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Abstract

The technique of inductively coupled plasma mass spectrometry (ICP-
MS) has been evaluated with a special emphasis on analyte speciation,
namely the formation of oxides, hydroxides and doubly charged ions. The
general analyte behaviour in response to changes in instrumental parameters
of both the ICP and the MS was determined. Analyte signals are most effected
by ICP power and nebulizer flowrate, ion lens settings and by the sampling
distance from the load coil. The power, nebulizer flowrate and sampling
depth have an interactive effect with one another although a single set of
optimized conditions may be achieved for a large mass range. The ion lenses
in the vacuum system have an apparent mass discrimination due to the
energy differences for ions of different mass caused by the expansion process.
This results in the need for different lens settings for various mass ranges if

optimum signal intensity is to be attained.

The oxide, hydroxide and doubly charged species respond to changes in
instrumental parameters in a similar fashion to the M* ion although often
optimum conditions differ for each species type. The presence of thzse species
is undesirable because interferences from these species occur in the form of
direct spectral overlaps with M+ species. These overlaps are tabulated for easy
reference. Although oxide and hydroxide formation may be minimized by
careful adjustment of instrument parameters corrections to the data for their
presence is sometimes required and may be accomplished by conventional

Gauss elimination methods or by employing factor analysis.

Changes in parameter behaviour and analyte speciation as a function

of sample and skimmer orifice size were studied. The resulting information



supports the idea that the majority of oxide species are formed in the
boundary layer around the edges of the sampler. There is evidence from the
orifice experiments and ion lens studies that the signal from the mass
spectrometer is influenced by the instrument settings and interface design.
While this poses no problem when the ICP-MS is used for analysis, any
fundamental statements about the plasma itself based on ICP-MS data must

be made with caution.
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Chapter 1

Introduction.

The inductively coupled plasma - mass spectrometer (ICP-MS) has
captured the interest of many since it has become commercially available. The
high sensitivity of the system is perhaps its most attractive characteristic
although the capability for rapid qualitative analysis and isotope ratio
information is also appealing. Being a combination of two techniques, the
ICP-MS is a complex piece of instrumentation and much work has been done
on how to take full advantage of its capabilities. Although the instruments
vary somewhat with the manufacturer, they all contain the same basic
components. These include an inductively coupled plasma (ICP), an
atinospheric pressure sampling interface between the the ICP and the
vacuum system of the mass spectrometer, a lens system used to direct jons to

the quadrupole, a quadrupole mass analyser, and a detector.

A schematic of the P.E. Sciex Elan 250 ICP-MS is presented in Figure 1.1.
The ICP supply has been modified to support a center tapped ground on the
load coil. It has also been repositioned from a vertical orientation to a
horizontal one. Although Sciex provides an ICP torch with an extended outer
tube, a standard emission torch can be employed and was routinely used
throughout this work. The atmospheric pressure sampling interface consists
of the sampler and skimmer cones and the region between them. The ion
optics are located behind the interface in the high vacuum region and consist

of an einzel lens and a bessel box. These lenses function to direct the ions into
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the quadrupole mass analyser where the ions are separated and those with

the proper mass to charge ratio enter the jon detection system.

1.ICP as an Ion Source,

The inductively coupled plasma has been recognized as a source of
elemental ions from its use as an atomic ion emission source [1-4). The ICP
used in emission and mass spectrometric measurements is formed and
sustained at the open end of an assembly of quartz tubes [5]. The end of the
tube assembly is positioned inside a load coil which is usually made of copper
tubing and is water cooled. Radio frequency (R.F.) power is transferred from
the load coil to the plasma. High frequency currents flowing in the induction
coil generate oscillating magnetic fields whose lines of force are axially
oriented inside the quartz tube and follow elliptical closed paths outside the
coil. With Ar flowing through the torch, a tesla coil is used to seed electrons
in the gas and the electrons and ions thus formed travel in closed annular
paths inside the quartz tube. The induced magnetic fields are time varying
and the electrons and ions are accelerated every half cycle. The accelerating
electrons and ions meet resistance to their flow and Joule or ohmic heating

results which in turn results in additional ionization and a stable plasma.

In a typical‘ ICP torch there are three tubes through which Ar is
introduced into the plasma. There is a central gas flow, an intermediate gas
flow, and an outer gas flow. (See Figure 1.2.) The outer gas flow is the main
Ar source in the plasma with a flowrate typically in the range of 11 - 12L/min.
The intermediate gas flow functions to keep the plasma off the central

injector tube, it serves to move the plasma up and down slightly and can vary
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in a range from 0 to 1.4L/min or greater. The central aerosol or nebulizer gas
flow is used to introduce the aqueous samples into the ICP. This gas flows
through the nebulizer, through the central tube of the torch and forms the
central aerosol channel in the plasma. The flowrates used are typically

between 0.6 and 1.3L/min, although they vary with the nebulizer used.

Fine droplets of a nebulized aqueous sample sre swept along by the
central gas and the following processes occur [6]. The sample is desolvated,
vapourized, atomized and then excited, ionized or both. The degree of
ionization, a, varies from analyte to analyte and a may be calculated as

follows [6,7].

_m o nngn, - Kn_
Mt netnngn, netKy 1.1

na= number density of atoms
nj = number density of jons
ne = electron number density

Km= Saha equilibrium constant

The Saha equilibrium constant in the o relationship is obtained from the
Saha equation [8-10] which represents the relationship between the ionization

energy, Ej and the temperature, Tion.
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ne = electron density

m = mass of electron

Ej = ionization energy

Tion = ionization temperature
Na = number density of atoms
Nj = number density of ions
Zj = partition function of ion
Z, = partition function of atom
k = Boltzmann's constant

h = Planck's constant

The degree of ionization for the elements based on Tjon (Ar) = 6680K and ne=
1.475 x 1014 em-3 is listed in Table 1.1. A large number, although not all
elements, are strongly ionized in the ICP. Under the conditions described

above 40 elements are over 90% ionized.

2. 1CP-MS Interface.

The interface between the inductively coupled plasma and the mass
spectrometer is of critical importance. It must be capable of sampling the
plasma at atmospheric pressure and yet introduce the ions into the
quadrupole mass spectrometer at a pressure of 10-5 torr. Small sampling
orifices (70um) were tried during the development of the technique but there
was trouble with orifice clogging and boundary layer sampling resulted [1,12].

Consequently the interface chosen was a Campargue type [13,14] taken from



TABLE 1.1 Degree of ionization (Based on Furuta [11)).

Element LP.(eV) Degree of Ionization (%)
Cs 3.894 99.98
Rb 4177 99.98
K 4.341 99.97
Na 5.139 99.91
Ba 5.212 99.96
Ra 5.279 99.95
Li 5.392 99.85
La 5.577 99.91
Sr 5.695 99.92
In 5.786 99.42
Al 5.986 _ 98.92
Ga 5.999 99.00
Tl 6.108 99.38
Ca 6.113 99.86
Y 6.38 98.99
Sc 6.54 99.71
A 6.74 99.23
6.766 98.89
Ti 6.82 99.49
Zr 6.84 99.31
Nb 6.88 98.94
Hf 7.0 98.89

Mo 7.099 98.54



Element  LP. (eV) Degree of Ionization (%)

Tc 7.28 97.50
Bi 7.289 94.14
Sn 7.344 96.72
Ru 7.37 96.99
Pb 7.416 97.93
Mn 7435 97.10
Rh 7.46 95.87
Ag 7.576 94.45
Ni 7.635 92.55
Mg 7.646 98.25
Cu 7.726 91.59
Co 7.86 94.83
Fe 7.870 96.77
Re 7.88 94.54
Ta 7.89 96.04
Ge 7.899 91.64
w 7.98 94.864'
Si 8.151 87.90.
B 8.298 62.03
Pd 8.34 94.21
Sb 8.641 81.07
Os 8.7 79.96

Cd 8.993 85.43



Element LP. (eV) Degree of lonization (%)

Pt 9.0 61.83
Te 9.009 66.74
Au 9.225 48.87
Be 9.322 75.36
Zn 9.394 74.50
Se 9.752 30.53
As 9.81 48.87

S 10.360 1147
Hg 10.437 32.31

I 10.451 24.65

P 10.486 28.79
Rn 10.748 35.74
Br 11.814 3.183
C 11.260 3.451
Xe 12.130 5.039
cl 12.967 0.4558
o) 13.618 0.04245
Kr 13.999 0.2263
N 14.534 0.04186
Ar 15.759 0.01341
F 17.422 0.0001919
Ne 21.564 0.0000005468

He 24.587 0.000000061007



work done on molecular beams [15]. This interface consists of two cones, a
sampler and a skimmer, having orifices typically in the range of 0.9 - 1.4mm.
The arrangement of these cones in the ICP-MS is shown in Figure 1.3. These
cones may be made from a variety of metals such as nickel, copper or
platinum. The region between the two cones is pumped mechanically to a
pressure of approximately 1-5 torr. The region behind the skimmer, where
the jon lenses, quadrupole and detector are located, is pumped to a running
pressure of approximately 10°5 torr. During operation of the ICP-MS the
sampler is positioned such that the plasma flows around the cone with a
portion of the plasma flowing through the sampling orifice. The gas flow
through the sampler is dependent on the orifice diameter, plasma pressure

and temperature and may be calculated as follows [16,17]:

U< HEONDIP
4(mRTy R | 13

where f(y) is a constant for a given gas (for Ar f(y) = 0.73) and may be calculated
by:

- bl
LU Frey P

and

14

m = molar mass
R = gas constant
Po = initial pressure

To = initial temperature

10



Figure 1.3

ICP-MS sampling interface showing sampler and skimmer.
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Na = Avagadro's Number

¥ = ratio of specific heats cp/cy (5/3 for Ar)
Dy = orifice diameter

Up = total flowrate

For the Sciex Elan ICP-MS with a 0.89mm diameter sampler orifice (Do =
0.89mm), assuming a To = 4900K and Pp = 101.3kPa, the gas flow, Up, through
the sampler may be calculated to be 6.9x1020s-1,

Because of the difference in pressure between the plasma and the 5 torr
region a supersonic expansion of the plasma gas results. The size of the
sampling orifice is large (0.89mm) compared to the mean free path of the gas
so the behaviour of the expansion through the sampler falls into the regime
of continuum gas dynamics. The resulting flow field from the expansion of
the gas through the sampler is shown in Figure 1.4. The plasma gas expands
outward until the collisions with the residual gas in the chamber hinder
further expansion and shockwaves are formed. In these shockwaves, the
barrel shock and the Mach disc, the density increases and the flow stagnates
and becomes subsonic. The shockwaves surround an undisturbed region of
the expansion referred to as the zone of silence and serve to protect this
region from the background gases. What is desired, then, is skifnming the
beam from within the zone of silence. The gas flow through the skimmer
depends on the initial gas flowrate through the sampler, the skimmer orifice

diameter, and the sampler to skimmer distance. The flowrate is given by:

12
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Figure 1.4  Flow field for the expansion of gas through the sampler.

13



U, =Udfep(2f 15

Dg = skimmer diameter

xg = skimmer to sampler distance

In the Sciex Elan the sampler-skimmer distance is 6.lmm and assuming a
skimmer diameter Dg of 0.89mm, Ug = 1.1x1019 s'1. The relative positions of
the skimmer and the Mach disc are important for effective sampling of the
plasma. The position of the Mach disc may be calculated using the well

established relationship [16]:

X, = 0.67D{Fe)"?
P, - 1.6

Xm = position of the Mach disc
Do = orifice diameter
Po = initial pressure

P1 = pressure in first expansion region

Assuming the pressure in the first expansion region is 5Storr, the position of
the Mach disc would be 7.4mm behind the sampler. Once the position of the
Mach disc is known the skimmer must be properly positioned for effective
beam production. Improper insertion of the skimmer into the zone of silence
can cause loss in beam intensity. Depending on the position of the skimmer

with respect to the sampler, Figure 1.5, the Mach disc can be in front of (Figure

14



(a)

(b)

©

Figure 1.5 Relative positioning of the skimmer with respect to the Mach
disc. (a) disc in front of skimmer, (b) disc attached to skimmer,
(c) disc behind skimmer.



1.5a), attached to (Figure 1.5¢) or penetrating downstream (Figure 1.5¢) of the
skimmer orifice [18]. The maximum beam intensity is obtained when the

skimmer is attached to Mach disc, Figure 1.5b, [19]. Under these conditions

16

there is no shock wave formation in the center of the expansion to scatter the

beam. Douglas and French [20] report an equation which may be used to
calculate the sampler - skimmer separation yielding the best neutral beam

intensity downstream of the skimmer.

x‘m 4 P 13
=0.12 -‘-n)
Do K""Px 17

Xs,m = sampler skimmer distance

Do = sampler orifice diameter

Pg = initial pressure

P1 = pressure in first expansion region

Kno = Knudsen number at the sampling orifice

Kp, the Knudsen number, is the ratio of the mean free path of the gas to the

sampler orifice diameter.

K, =&
"D, 18
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The mean free path may be calculated using [22]:

3\ o C16/5N
nmrkT/m)2 19

n = viscosity coefficient of Ar (0.6mP)
n = number density at skimmer orifice
m = mean atomic weight of Ar

k = Boltzmann's constant

The number density at the skimmer orifice n, may be obtained using the
relationship for the number density as a function of distance, x, along the

streamline from the sampler [17,20].

2.(}-)-3 X -2
ne = 0.161G%) 140

For the Sciex Elan, no = 1.5x102¢ m-3, Ao = 7.5x107m and Kno = 8.4x10¢ m
which gives an optimum sampler-skimmer distance, Xs,m of 6.3mm. Thus
with the proper positioning of the sampler and skimmer, the expansion of
the gas through the interface may be assumed to be nearly isentropic and to a
first approximation adiabatic. As the expansion proceeds, a sizable fraction of

the random thermal motion gets converted into directed translational



motion. The atoms and ions in the jet have the same bulk speed, that of Ar,
regardless of mass. This results in a variation of jon kinetic energies for the
analyte ions as a function of ion mass. Such variations have been observed
[22]. For example 48Ti and 208Bi have ion energies of 3.3eV and 7.5eV

respectively.

As the plasma expands through the interface, the kinetic temperature
and the density of the gas decrease. As long as the beam can be treated as a
freely expanding bulk gas, the Mach number and kinetic temperature may be

estimated as a function of distance, x, along the axis of expansion [20,23].

M) =3.26(29)%8 - 061X
(Do) (Do) (Do) 1.11

and

-1
T=T,| 1+1/2(y- 1)M(E-)?
of 1+1/2(r HM(Z) 112

For example at x = 40mm, M(40/0.89) = 41 and T = 8.7K. Eventually the
number of collisions reduces to the point where the flow changes from
isentropic to nonisentropic, or collisionless. At this point the gas can no
longer achieve equilibrium and the thermodynamic parameters at that time
are frozen in and remain unchanged with further flow. The limiting or
terminal Mach number is reached at this point. For Ar, the value is given by

[23]):

Mp=133(PDy)%* 1.13
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where Do is in cm and Py, in atmospheres. For the Sciex Elan, as described, Mt
= 50. As Douglas and French note [20], equilibrium of the plasma is not
achieved at the expansion temperature or else the ions of even low

ionization potential would not be detected.

Finally, the collision frequency that occurs in the plasma expansion
must be considered. Lubman, Rettner and Zare (23], discuss collision rates in
molecular beams in detail. Douglas and French [20] use this information to
make an estimate of the total number of collisions an ion from the plasma
will undergo during the expansion process. They divide the expansion into
two sections, before and after the M=1 plane, where x = 0.5Dg. Assuming that
the plasma starts to cool significantly at M= 0.7 they consider first the region
from M= 0.7 to M=1. In this region the flow speed, temperature and density
do not change greatly so the region is approximately characterized using M=

0.8. From the relationships:

(&)2=__L_
Bl 2 4(r1)

M? 114
no _ (10 Y1 a2 Y
7= (5 M) 115
Too 14(¥ M2
T N3 1.16
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where ag = speed of sound, U = flow speed and where ng = Po/kTo, U =

0.73ag, n=0.75ng and T = 0.85 Tp at M = 0.8. Using Vi, the thermal velocity,

where

A (nm 1.17

and substituting for T from above, the collision frequency may be calculated

as:

Z=n(x)V, 0o 1.18

where 6 = 50A2. The number of collisions may be estimated by multiplying
the collision frequency, Z, by the time an jon spends traveling through the
region. This time is obtained by calculating the distance between the M = 0.7
and M=1.0 planes and dividing by the flow speed (for M=1.0 x/Dg = 0.5 and for
M= 0.7 x/Dg =0.414).

For the region M =1 to M = e the following approximations are made:

To = T{126-DMY 1.19

for Ar
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Tz Lo |
Mm? 1.20
and
ML) = 3.26(3)%
Do 4] 1-21
Using equation 1.18 and approximating the flowspeed as :
- (SkTo)R
v '( m 1.22
the number of collisions may be estimated as:
83
aN = 0.061(22) "nsoax 123
Upon integration, the total number of collisions is obtained as:
N, = 0.116Dn 0 1.24

Combining the total number of collisions for both regions yields an
approximation of the total number of collisions an ion would undergo
during the expansion. For the Sciex Elan with D, and Ds both equal to

0.89mum, Ntot =77.



d.1on Optics

The ions sampled from the ICP undergo a rather convoluted path in
reaching the quadrupole mass analyser. Due to the photon noise from the ICP
emission a photon stop is included in the ion optics. In the Sciex Elan there
are two photon stops. The first, a grounded solid disc, is located just
downstream from the skimmer and shadows the second photon stop which
is located inside the bessel box. The first photon stop protects the second
photon stop from being bombarded with too many ijons which has a
deleterious effect on the stability of the voltage of the second photon stop. In
order for jons to reach the quadrupole mass analyzer, they must be traveling
at an angle in order to avoid the first photon stop. After that, the voltages on
each lens element must be set such that the ions pass through the einzel lens
into and through the bessel box. The ion trajectories are dependent on ion

energy and are studied in more detail in Chapter 6.

4. Quadrupole Mass Spectrometer and Ion Detector

Ion separation in ICP-MS is usually achieved using a quadrupole mass
filter. The quadrupole was chosen for its simplicity, economy, its ability to run
at fairly high pressures (10-5 torr) and because it is amenable to electronic
control over ion transmission and resolution. Spectral scan rates may be
varied. Rapid scanning is possible, or when need be, the spectra can be
obtained by counting over extended periods of time. Peak hopping, where
only selected masses are scanned and large sections of the spectrum are

skipped, is also a useful feature of electronically controlled quadrupole
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systems. The quadrupole mass filter is a line focussing ion lens which has

been studied extensively and has been described in detail elsewhere [24, 25].

_ The jon detector used in the Sciex Elan 250 ICP-MS is a continuous
dynode channel electron multiplier, operated in a pulse counting mode. The
detector is located off axis from the quadrupole to reduce noise from the light
emitted by the ICP. The instrument is designed to go into a shutdown mode
to protect the detector if the ion count becomes too large. Depending on the
sensitivity of the element being measured, this can put a ceiling on the

concentration levels for aqueous samples in the range of 10ug/mL.

5. Background and Thesis Objective

The combination of an inductively coupled plasma and a mass
spectrometer was first reported in the literature in 1980 in a paper by Houk et
al. [1]. Four years after the publication of that paper two companies, VG, in
Britain and Sciex, in Canada, began selling the instruments. There has been a
rapid increase in the number of publications in the field since then. As with
any new technique, there has been a lot of effort directed toward
understanding the general instrumental behaviour in ICP-MS. A detailed
study of the effects of the ICP parameters, power and Ar gas flowrates was
made by Horlick et al [26]. They determined that the most important of the
ICP parameters affecting ICP-MS signals were power and nebulizer flowrate
and they established an ion count versus nebulizer flowrate-power parameter
format for displaying the data which proved very useful. Shortly after that
study was completed there were changes made by the instrument company
(Sciex) to the ion optics and instrument electronics. Consequently, as part of

this thesis work the ICP parameter studies in ICP-MS were repeated on the
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upgraded instrument and expanded to include the effects of sampling depth
on the nebulizer flowrate-power parameter plots and the effects of ion lens

voltages on signal intensities.

Zhu and Browner [27] investigated the effects of changing operating
conditions on signal intensities for a VG PlasmaQuad ICP-MS. The intensity
versus nebulizer flowrate plots they obtained have characteristic mountain
shapes which shift to higher flowrates for higher power settings and are
similar to those reported by Horlick et al. [26] and those observed in this work.
Gray and Williams [28] have also published plots of ion response versus
nebulizer flowrate for data taken with a VG PlasmaQuad. Their data revealed
that the position of the maxima are insensitive to the element being detected
which is what we observed using the Sciex Elan ICP-MS. Although the VG
and Sciex instrument designs are different, the basic nebulizer flowrate-power

parameter behaviour observed is common to both instrument types.

An important difference in instrument design between the two
instruments involves the load coil for the ICP. The Sciex instrument has a
center tapped ground on the load coil of the ICP. This modification is
described by Douglas and French [29]. Langmuir probe measurements made by
Gray et al [30) on a VG type instrument were in the range of 5 to 20V and were
dependent on operating conditions. Similar measurements made by Houk et
al [31] on a Sciex were lower, 0.5 to -3.5V, and were only moderately
dependent on operating conditions. Load coil geometry also effects the jon
kinetic energies and those measured by Fulford and Douglas [22] on the Sciex
were in the range of 2 to 9V; lower than those measured by Olivares and

Houk [32] on a VG type measurerrent.
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The range of kinetic energies for the ions entering the ICP-MS jon lens
system affects the settings required for optimum signal intensity. With the
Sciex Elan we observed a mass dependence of signal intensity as a function of
ion lens voltage. Plots of signal intensity versus ion lens voltage reached
their maxima at different voltages depending on the element measured.
Schmit and Chtaib [33] also looked at the effect of ion lens voltages on
multielement analysis using a Sciex Elan 250. Their results are in agreement
with the lens behaviour observed in this work. Gray and Williams [28]
discussed the ion lens system in a VG PlasmaQuad. The kinetic energies of
the ions are different for this instrumeftt design and they vary with changes
in plasma power and nebulizer flowrate. They report that at the usual
operating flowrate there is very little difference in ion energy with respect to
ion mass. However, at low potentials they observed a similar dependence on
mass as is seen with the Sciex. They also report that for flowrates above the
usual operating flowrate the ion energies diverge again. Although a narrow
energy range for jons entering the ICP-MS ion lens system is desirable it is
also desirable that the ICP power and nebulizer flowrate have a minimal

effect on ion lens settings.

The first step in this thesis work, then, was to characterize the
parameter behaviour of the Sciex Elan ICP-MS. The study is presented in
Chapter 2. From this work we understand what is required to reach the
desired operating conditions and know the effects of: the ICP parameters,
power and nebulizer flowrate; the ion lens settings; and the position of the

plasma with respect to the sampler of the ICP-MS interface.



The basic parameter behaviour in ICP-MS is vital in running the
instrument most effectively. Once the instrument is optimized for a strong
M+ signal the spectral characteristics of the technique may be studied. Ideally
it would be desirable for the spectra to consist only of the M+ jon for each
element. Unfortunately the spectra are more complex than that. There are a
number of doubly charged ions and molecular ion species formed resulting in
spectroscopic overlaps that complicate both qualitative and quantitative
analysis. These species may be formed from the analyte, from matrix
components in the sample, from the plasma gas, or from some combination
of these sources. Reports of these species began to appear shortly after the
technique was announced. These species may be arbitrarily split into two
groups: those formed from the matrix materials and those associated with
the analyte ions. lons in the first group include Arp+, ClO+, and NO* to name
a few. Tan and Horlick [34] have reported an extensive listing of these species
in their tabulation of the background ion species formed for several common

acids.

The jons associated with the analyte species that cause spectroscopic
interferences are usually the oxides, hydroxides and doubly charged analyte
ions. Zhu and Browner [27] discussed the formation of the three species, M2+,
MO+ and MOH* and studied their parameter behaviour with a VG
PlasmaQuad. A VG PlasmaQuad was also employed by Gray [35] in his study
of doubly charged ions and molecular ions. Longerich et al. [36] used a Sciex
Elan to investigate the analysis of rare earth elements. They included a study
of the oxide ions of the rare earth elements as part of their parameter

investigation.
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The formation of M2+, MO* and MOH* ions is an area where the VG
and Sciex instruments differ in their behaviour and there has been a great
deal of debate in this area. Although the nebulizer flowrate-power parameter
plots for these species for the two instruments are similar, as demonstrated by
a comparison of Ba data in the work of Zhu and Browner [27] and Chapter 3 of
this thesis, the relative amounts of each type of ion differ. With the VG
PlasmaQuad the most intense ion of the Ba species other than Ba+ is Ba2+. In
contrast the oxide and hydroxide species, BaO+ and BaOH* are the more
intense jons with a Sciex ICP-MS. The behaviour of the ion ratios for M2+/M+
as a function of power and nebulizer flowrate are opposite for the two
instrument types. In this thesis work we show that the ratio increases with
increasing power and decreases with increasing nebulizer flowrate. Data
presented by Gray and Williams (28] for a VG PlasmaQuad and by Olivares
and Houk [37] with their VG type instrument show the opposite effect, the
ratio decreases with increasing power and increases with increasing nebulizer
flowrate. In contrast the behaviour of the MO+/M+* ratio as a function of
power or nebulizer flowrate is the same for both instrument designs. The

ratio increases with nebulizer flowrate and decreases with power.

The problem of spectral overlap caused by these species has been
reported in numerous application papers by users of both instrument types.
For example the problems of spectral overlap caused by the formation of M2+,
MO+ and MOH* have been reported by McLeod et al. [38] in their analysis of
nickel based alloys and Doherty and Vander Voet [39] report oxide
interferences that complicate their analysis of geological materials. Regardless
of the percent formation of these species, which varies with instrument type,

if the concentration of the element is large enough there is potential for
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spectral interferences. Interferences from oxide, hydroxide and doubly charged
ion species in ICP-MS have been tabulated in Chapter 3 of this thesis.

The second section of this thesis work deals with thé problems of oxide,
hydroxide and doubly charged ion species formation in ICP-MS. The
parameter behaviour of these species must be known in order for us to
understand whether we can reduce the problem instrumentally and if so,
how and to what extent. It is also vital to know where interferences will
occur, which prompted the compilation of the interference tables. These
topics are addressed in Chapter 3 of this thesis. It is also important to be aware
that reducing the levels of these species, especially the oxides and hydroxides,
to negligible amounts is not always possible. When this situation exists, the
data must be corrected for the presence of the undesired species. This may be
done by the traditional algebraic method of Gauss elimination or by
employing principal components analysis. These methods are demonstrated

in an analysis of the rare earth elements in Chapter 4.

As well as spectral interferences, non-spectral matrix effects are
observed in ICP-MS and are of extreme importance because of the severity of
the signal suppression under certain conditions. Olivares and Houk [40]
studied the effects of various concomitant salts and they report that ICP-MS is
more susceptible to ionization suppression effects than is ICP-atomic
emission spectrometry (ICP-AES) and that total solutes above 1% are
complicated by orifice plugging problems. Tan and Horlick [41] carried out a
major study on matrix induced intensity changes in ICP-MS. They observed
that high concentrations of any element caused signal suppression, heavier
matrix elements cause more severe suppression, and the lighter analyte

elements zre suppressed more than the heavier ones. These results are
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supported by Kawaguchi et al [42] who propose an ion scattering mechanism
as the source of the effect. Gregoire [43) studied the effects of easily ionizable

cdncomitant elements on ICP-MS and observed the same behaviour as

29

others. He has speculated that ambipolar diffusion effects may be responsible

for the non-spectroscopic interferences. A comparison of ICP-MS and ICP-AES
was carried out by Pickford and Brown [¢4] and they reported the potential for
considerable matrix suppression in ICP-MS compared to ICP-AES.

The existence of the non-spectroscopic matrix effects in ICP-MS is well
documented and there has been some attempt at understanding why such
effects are observed. Toward that end, Gillson et al. [45] have investigated
space charge effects in the einzel lens of the Sciex Elan instrument and Crain
et al. [46] have investigated some effects of skimmer orifice diameter and ion
lens voltages. The actual cause or causes of the non-spectroscopic matrix
effects observed in ICP-MS is not yet known, however, there are ways to
reduce the effects. Careful selection of operating parameters can help reduce
problems, as reported by Tarn and Horlick [41] and, where feasible, sample

dilution can help.

Hutton and Eaton [47)] report the analysis of solutions containing high
levels of dissolved solids by using a flow injection sample introduction
method. With the flow injection method solutions with high levels of total
dissolved solids can be analysed with minimum problems of orifice blockage.
This approach reduces the physical effects of large amounts of dissolved solids
being deposited on the sampler thereby reducing the orifice size and lowering
the signal intensity. It does not reduce the matrix suppression from other

sources.



Although the topic of non- spectroscopic matrix effects was not the
focus of this thesis it is of vital importance in ICP-MS5 when methods
development is undertaken. A number of groups have used the instrument
for the elemental analysis of geological materials [48-53] with a fair bit of
attention on the rare earth elements [48-50). There is an interest in Os isotopic
ratios [54,55] for the dating of geological samples as well as studying the trace
components in silver artifacts [56], steels [57], and iron ores [58]. There has
been a lot of work done on water analysis: ocean waters [59,60], river water
[61], and acid precipitation samples [62]. Stable isotope dilution analysis [63]
has been done on hydrologic samples, primarily surface waters. Sea sediments
have also received attention [64] including analysis done with stable isotope
dilution [65]. Organic materials such as a reference material lobster
hepatopancreas [67] have been analysed and the ICP-MS has been used for
trace elemental analysis of foods [68]. The ICP-MS is also being employed in
clinical chemistry for multielement analysis [69] and for Pb and Pb isotope
ratio measurements [70,71] and for stable isotope measurements of Mg [72]
and K [73]. For all of these analyses consideration of the relevant spectroscopic
and non-spectroscopic interferences had to be made during method

refinement.

In Chapter 5 of this thesis, the method development for the analysis of
steel is described. The information obtained in the earlier studies is used as a
guide to the stepwise approach to the problem. Qualitative spectral scans aid
in identifying potential spectral interferences, instrument stability and non-
spectroscopic interferences are addressed and the function of the internal

standard is discussed.
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The remainder of the thesis deals with understanding why we observe
some of the things we see in ICP-MS and whethgr the results of ICP-MS are
useful as indicators of what is occurring in the undisturbed plasma. The ion
lenses play an important role in the ICP-MS. They are required to direct the
ions into the quadrupole for mass analysis and are usually designed to block
light from the plasma, thus reducing photon noisé at the jon detector.
Consequently the paths of the ions can be rather convoluted, having to travel
around some sort of photon stop. The ion lens system for the Sciex Elan was
modeled and the ion trajectories were studied under varied conditions. The
modeling helps in the understanding of the lens data collected with the ICP-
MS.

Another question that arises from the study of the ICP-MS is that of
where the oxide species are formed. This is an interesting question, due in
part to the similarities in oxide behaviour as a function of power and
nebulizer flowrate between the two instrument designs (even though users of
the VG PlasmaQuad report lower levels of oxide). The question of oxide
formation is addressed in detail in a parameter study involving the orifice
sizes of the sampler and skimmer cones. The changes in parameter behaviour
ard in oxide formation with orifice size indicate that the «:xides are formed in

a boundary layer around the sampler.

Finally the question of how useful are the results of ICF-MS as an
indicator of what is occurring in the undisturbed plasma is addressed. The
comparison of mass spectrometric and atomic emission data is difficult due in
part to the complexity of the ICP-MS. There has been some attempt at using

ICP-MS results to give an indication of plasma conditions such as
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temperature [74]. We have observed the method to be insensitive to
significant changes in ICP-MS conditions which limits its usefulness for this

purpose.

Thus this thesis addresses three general areas in ICP-MS. The first area
is the behaviour of parameters which influence signal intensity, including
those parameters which have an effect on the basic nebulizer flowrate
parameter plots such as power, sampling depth, photon stop lens voltages
and the orifice sizes of the sampler and skimmer. Analyte ion species
formation is the second area of study. This section addresses the types of ions
formed and the parameter behaviour they exhibit, the resulting problems
from these species and correction schemes to handle the resulting
interferences. The third area is the qualitative and quantitative capabilities of
ICP-MS. The importance of parameter behaviour and ion species formation

in the development of an analytical method for this instrument is stressed.
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Chapter 2

Effect of Operating Parameters on Analyte Signals in Inductively Coupled
Plasma Mass Spectrometry *

Inductively coupled plasma mass spectrometry (ICP-MS) is a fairly new
technique for trace element analysis. In order to utilize a technique efficiently
and to take full advantage of its capability, it is necessary to know the effect of
instrument operating parameters on the analytical signal. Being the
combination of an inductively coupled plasma and an atmospheric pressure
sampling quadrupole mass spectrometer the instrumentation involved in
ICP-MS is complex and a large number of variables affect the analytical signal.
The majority of studies to date have focused on the basic analytical capability

at one set of operating parameters.

In an initial investigation on a commercial instrument (SCIEX ELAN)
Horlick et al. [1] carried out a study of the effect of plasma operating
parameters on analyte signals in ICP-MS. The key ICP variables were found to
be nebulizer flowrate and power and it was particularly informative to plot
the analyte ion signal as a function of nebulizer flowrate for a set of power
levels. Such graphs, for a wide range of elements, are useful for selecting
compromise operating conditions because they clearly illustrate signal trends

and clarify single parameter observations.

* A version of this chapter has been published. M. A. Vaughan, G. Horlick
and S. H. Tan, J. Anal. Atom. Spectrom. 2, 765-772,(1987).
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During this initial study some instrumental variables and components
were undergoing modification. In particular, the SCIEX instrument was
delivered with a so-called long torch, which was 2 cm longer than that
normally used for atomic emission work. As such, most of our first
observations were made at a sampling depth (distance from the load coil to
the sampling cone) of about 30 mm. Since that time we have standardized on
using a normal ICP torch identical with that used in atomic emission work
which we typically run at a sampling depth of about 15 mm from the load
coil. As will be seen from the data presented in this chapter, an important
consequence of this change is that the nebulizer flowrate - power parameter
plots are more consistent over a wide range of elements and that there is less
variability in the optimum settings. Data are presented for a wide range of
elements, studied not only as functions of nebulizer flowrate and power, but
also as a function of the sampling depth. The elements studied include the
transition metals from groups 4B (Ti, Zr and Hf), 6B (Cr, Mo and W) and 8B
(Ni, Pd and Pt), a set of light elements (Li, B, Na and Al), and main group
elements from 2A (Sr and Ba), 3A (Ga, In and T1), 4A (Ge, Sn and Pb) and 5A
(As, Sb and Bi).

A second key set of variables in ICP-MS, in addition to the ICP
parameters, are the settings of the mass spectrometer input ion-optic voltages.
The effect of these lens voltages on the analytical signals was not presented in
our initial investigation because the manufacturer was in the process of
developing major modifications to the input ion optics. The design of these
optics has been stable since then and results are presented in this chapter on

the effect of ion-optic voltage settings on analyte signals.
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Experimental

A SCIEX ELAN Mode! 250 ICP-MS was used for all data acquisition. A
standard length MAK torch was used with a Meinhard nebulizer and a Scott
spray chamber. The Ar coolant flowrate was 11L/min and the auxiliary
flowrate was 1.4L/min. The flowrate of the nebulizer gas, which was also Ar,
was varied. Both the nebulizer and auxiliary gas flowrates were controlled by
Matheson Model 8240-0423 mass-flow controllers. The plasma power was
varied from 0.9 to 1.5kW. Sampling of the plasma into the mass spectrometer
was carried out using a copper sampler with a 0.94mm diameter orifice. The

skimmer was made of nickel and had a 0.89mm diameter orifice.

All solutions were prepared from Spex Industries standard solutions
and were diluted to volume with deionized water. The solutions were
0.1ug/mL in each element. The data acquisition was carried out in low
resolution (lamu at the base of the peak) in sequential mode. An integration
time of 0.1s per point for ten points across the peak was used for all elements
except the power - flowrate study of the light elements. For these elements
seven points across the peak were used. The number of points across the peak
was reduced for these elements because of the structured background in the
low mass region. In all instances six replicate determinations were carried
out. All data were uncorrected for isobaric interferences, except for Hf and In

which were corrected for W and Sn respectively. The background count was

41

low and was not subtracted. All data were taken at a sampling depth of 15mm

from the load coil unless otherwise stated.
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The data for the lens study were taken at 1.3kW plasma forward power

and a nebulizer flowrate of 1.18L/min. The ion-lens voltages for each of the

types of experiments are given in Table 2.1. For the ion-lens experiments the

voltage on one lens was varied while the remaining three lenses were kept at

the voltages listed under Lens study in column two of Table 2.1. The lens

voltages for the power-flowrate studies that yielded Figures 2.1 and 2.2 are

listed in the third column of Table 2.1 under Power -flowrate. For the power-

flowrate study of the light elements the lens settings are listed under Light

elements in the fourth column of Table 2.1. Finally, the lens voltages for the

data acquired at a series of depths are listed in the fifth column of Table 2.1

under Depth study.

Table2.1  Lens voltage settings (V).

Lens Light Depth
Lens study elem. __study
Bessel box barrel (B) 4 5 5
Photon stop (S2) -9 -6 -11
Bessel box plates (P) -18 -18 -18
Einzel lens (E1) -16 -16 -16
Results and Discussion

The effects of nebulizer flowrate and power on the analyte ion signals

for Ti+, Zr+, Hf*, Cr+, Mo*, W+, Ni+, Pd+ and Pt+ are shown in Figure 2.1.

Clearly all these elements exhibit similar behaviour. At any one power, the
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signal has a relatively sharp maximum value at a particular nebulizer
flowrate. Note that at one power setting, all of these elements have their
maximum signal value at essentially the same nebulizer flowrate and thus a
single nebulizer flowrate and power setting is optimum for all these elements
with little compromise. It is also clear that if either parameter is altered, the
other parameter must also be adjusted in order to re-maximize the signal.
Thus changing power from 1.3 to 1.5 kW does not increase the signal level

unless the nebulizer flowrate is also increased from 1.2 to 1.3 1 L/min.

It should be noted that the absolute position of these maxima along the
flowrate axis can vary from day to day. The exact position of maximum
response depends on the exact torch dimensions, sampling depth and lens

settings. However, the over-all relative patterns are consistent.

A similar set of data is show in Figure 2.2 for Gat, In*, T1+, Ge*, Sn*,
Pb+, As*, Sb+ and Bi* and it is remarkably similar to the set of data shown in
Figure 2.1. Although ion counts are not normalized for natural abundances,
there is a general trend, which can be noted from the data shown in Figures
2.1 and 2.2, for the jon counts to decrease steadily in going from left to right
and in particular from top to bottom within each figure. This trend is caused
by the facts that in general the ionization potential of the elements increases
from left to right, the solutions are not equimolar (i.e., all 0.1 pg/mL), thus
there are fewer moles of the heavier elements, and finally the ion-optic

voltage settings were closer to being optimum for the first row elements.

The nebulizer flowrate - power parameter graphs for the light elements
Li+, B*, Nat* and Al* are shown in Figure 2.3. The basic parameter behaviour

of these elements is similar to those already illustrated although for a given
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power level, their signals are maximi\z\ted at a lower nebulizer flowrate. This
means that the same set of comproi\\\ise: operating conditions cannot be used
for these elements and for those presented in Figures 2.1 and 2.2. These
lighter elements when present together can, however, be determined

individually under a single set of conditions.

2. Effect of Sampling Depth.

Nebulizer flowrate - power parameter graphs are shown in Figure 2.4
for Ni+, Pd+ and Pt* at sampling depths of 10, 15, 20 and 25 mm. The
sampling depth is the distance from the tip of the sampling cone to the load
coil of the ICP torch. The data were not collected on the same day as those
shown in Figure 2.1 and shifts in sensitivity and absolute positions of the

maximum signal response can be noted.

The nebulizer flowrate - power parameter graphs are basically similar
at the various sampling depths except for a shift along the nebulizer flowrate
axis. For a given power, as sampling depth is increased, the nebuiizer flowrate
must also be increased in order to maintain a maximum ion count. It is as if a
zone of maximum ion density in the ICP is being adjusted to correspond to
the sampling cone distance. For atomic emission reference, Koirtyohann et al.
[2] have designated two major zones in the ICP, the initial radiation zone
(IRZ) and the normal analytical zone (NAZ). It is known that the nebulizer
flowrate has a major effect on the position of these zones relative to the load
coil. The NAZ is generally associated with the position at which the best ion

line emission is observed in the ICP-AES while the IRZ is that where neutral
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atom line emission is observed. With reference to ICP-MS, it appears that the
best observation zone is somewhere in between the IRZ and the NAZ at a
position 2-5 mm above the IRZ as visualized by aspirating Y. Other workers
have come to this same conclusion for ICP-MS and ion fluorescence data
published by Gillson and Horlick [4] have confirmed that ground-state ions
have a maximum density that occurs below the NAZ. In addition, Gillson
and Horlick [4] noted the similarity between nebulizer flowrate - power
parameter graphs for the ionic fluorescence of Sr in ICP-AES and the ion

count of Sr in ICP- MS.

Nebulizer flowrate - power parameter graphs are shown in Figure 2.5
for Sr+ and Ba* as a function of sampling depth. In our initial investigation
[1] of parameter behaviour, Sr and Ba seemed to be different in that their
parameter graphs did not conform to those of most of the other elements (see
Figure 12 in reference 1). However, based on the data presented here in Figure
2.5, their parameter behaviour is seen to correspond basically to that of the
other elements. In general, our data have been far less element specific when
the switch was made to a normal ICP-AES torch along with sampling depths
in the range of 10-15 mm, a fact that is clearly seen in the data presented in

this study.

3, Effects of Input lon-optic Voltages.

A schematic diagram of the current input ion optics of the SCIEX
ELAN is shown in Figure 2.6. These lenses are located after the skimmer and
before the quadrupole. There are four pushbutton indexing switches, labeled
B, S2, P and E1, accessible to the user. These correspond to the bessel box barrel

(0 to +10 V), the photon stop (0 to -20 V), the bessel box plates (0 to -60V) and
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cylinders 1 and 3 of the einzel lens (0 to -20 V), respectively. E2, the supply for
the center cylinder of the einzel lens is not accessible to the user with an

indexing switch but is set by the manufacturer at -130 V.

The change in analyte signal upon changing the voltage of each of the
four accessible ion lenses was measured for a set of nine elements covering a
range of atomic masses. The elements chosen were Ti, Ni, As, Zr, Pd, Sb, Hf,
Pt and Bi, ranging in atomic mass from 48 to 209 amu. Plots of ion count
versus einzel-lens potential for these nine elements are shown in Figure 2.7.
The einzel lens potential is the voltage on cylinders 1 and 3 of the einzel lens.
For the elements Ti to Sb, in the voltage range available, the more negative
the potential applied to the lens, the larger the resultant ion count. The plots
for the heavier elements, Hf, Pt and Bi have more curvature. The signal
increases with increasingly negative voltages to a particular point and then
starts to decrease. The discriminating effect of this lens to ions of different
masses is not too severe and, in general, a compromise setting of -16 V on the

einzel lens has been used.

A set of graphs of ion count versus bessel box plate voltage is shown in
Figure 2.8. All of these graphs have a distinct peak shape with the peak
maxima occurring at less negative voltages for the singly charged ions of
higher mass. Titanium, for example, has a maximum jon count at -21 V
while Hf has a maximum at -15 V and Bi at -12 V. For work where the
sensitivity of the instrument does not have to be pushed to the limit and a
group of elements covering a wide range of masses are of interest, a

compromise voltage such as -18 V is satisfactory on the plate voltage.
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The effect of the bessel box barrel voltage on the ion signal is presented
in Figure 2.9. The curves are broader than the peaks obtained for the bessel
box plate voltage. The maxima for this group of elements occur over a voltage
range from 3 to 5.5 V. The peaks are fairly broad at the top with only small
changes in ion count at $0.5V of the maximum. The peaks appear broader for

the higher relative atomic mass elements such as Bi or even Sb, compared
| with the peaks for Ti and Ni. A compromise condition for this lens over a
wide range of masses is more difficult. It may be desirable to deal with two
sets of lens settings in a particular analysis, one for the lower masses and one
for the higher masses. For most of this work a compromise setting of 5 V was
chosen which favoured the heavier elements at the expense of only the light
elements such as Ti and Ni. This seemed the best choice as our ICP mass
spectrometer displays a high sensitivity for elements such as Ti, Cr and Ni
and therefore some sacrifice in the ion count for these elements was

acceptable in this work.

The final lens to be dealt with, and perhaps the one most sensitive to
mass, is the photon stop inside the bessel box. The graphs of ion count versus
photon stop voltage are shown in Figure 2.10. As with the bessel box barrel,
the curves in this figure are peak shaped with narrower peaks for elements of
lower atomic mass. Maximum signals are obtained at a lens voltage of -8 V
for the elements in the first row in the figure. This voltage is an adequate
choice for the elements in the second row as well. The third row elements,
Hf, Pt and Bi require a voltage of 11 V on the photon stop to reach maximum
signal. If these elements are determined at a photon stop voltage of -8 V, the
signal for Hf is down to 62% of the maxirnum signa! wl.ile B’ is down to 45%.

Power - flowrate ¢ cperiments of the type shown in Figures 2.1 and 2.2 were
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carried out at different photon stop voltages. The res-uts for Ti, Pd and Bi at
photon stop voltages of -9, -11 and -13 V are presented in Figure 2.11. The
absolute jon count obtained for a given element changed depending on the
voltage setting, and the position of the peak shifted along the flowrate axis,
but the over-all shape of the parameter behaviour graph remained much the
same as shown in Figures 2.1 and 2.2. Similar data for the effect of lens

voltages on analyte signals have recently been published by Schmi: and

Chtaib [6].

The evidence suggests that the bessel box barrel voltage and the photon
stop voltage are the two voltages that cause the greatest mass discrimination.
For ultra-trace analysis, where the maximum sensitivity of the ICP mass
spectrometer must be exploited, there is probably no good compromise setting
on the lenses for analysis over a wide mass range. It is quite possible,
however, to set up two or possibly three sets of conditions and to carry out the

analyses over a more limited mass range.
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Conclusions

Considering the results presented here, some conclusions can be drawn
about choosing appropriate operating conditions for a particular analysis. A
sampling depth of 15 mm from the load coil is a good choice. Sampling
further out, 20 or 25 mm, does not provide any advantage and signal intensity
is sacrificed. Sampling closer to the load coil, at 10 mm for example, while
increasing the signal intensity, is iikely to shorten the sampler lifetime.
Indeed in some instances there is no gain in sensitivity in going to a 10 mm
sampling depth. Platinum, for example, yields comparable signal intensities
when measured at 1.5 kW and 10 or 15 mm; see Figure 2.4. Higher plasma
powers, 1.3 or 1.5 kW, give stronger ion counts; however, in some instances
there is no advantage in increasing the power above a certain level. For
example, the jon counts for Hf, W and Pt, see Figure 2.1, are no larger at 1.5
kW than those at 1.3 kW. For Ti, Cr and Ni on the other hand, the counts at
1.5 kW are definitely larger. When a forward power for the ICP has been
chosen, the flowrate can be adjusted for maximum signal intensity. Whether
the flowrate that provides the maximum signals is the best choice for analysis
is not known. It is known (5] that working at lower flowrates can reduce oxide
formation but how this choice of flowrates affects precision and signal to

noise ratios has not yet been determined.

A compromise condition involving the lens voltages is more difficult
to achieve. The mass discrimination displayed by the bessel box barrel and the

photon stop limits the mass range over which the analyses can be performed
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if maximum sensitivity is required. The best choice for the voltages on the

ion lenses will depend on the analysis to be carried out.

Finally, while this study has focused on the SCIEX ELAN ICP-MS
instrument it should be noted that similar studies have been carried out on
the VG PlasmaQuad. In particular, the studies by Zhu and Browner [7] and by
Gray and Williams [8] indicate that the nebulizer flowrate - power parameter

behaviour of the two instruments is relatively similar for analyte ion signals.
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Chapter 3

Oxide, Hydroxide, and Doubly Charged Analyte Species in Inductively
Coupled Plasma Mass Spectrometry *

Inductively coupled plasma/mass spectrometry (ICP-MS) is a sensitive
technique for trace and ultra-trace elemental analysis. In this technique, singly
charged elemental analyte ions generated in an ICP are extracted into and
measured with a quadrupole mass spectrometer. For a large number of
elements, the singly charged elemental analyte ion (M*) is by no means the
only analyte species that is observed. Many elements form mono-oxides
(MO*), some form doubly charged ions (M2+), and some form hydroxide

species (MOHY).

The presence of these species has been noted in a number of papers.
Date and Gray [1] reported observing 138Ba2+ and show spectra for Ba*, BaO*,
BaOH?*, .42+, AsO*, AsOH*, UO*, and UO;* [2]. They also reported the
presence of ThO* [3]. Houk and Thompson [4] reported seeing Sr2+, StOH*,
and PrO*, UO*, and UOs*. They also discussed the formation of MO* and
MOH* species in general. Gray and Date [5] reported the formation of rare
earth oxides, in particular HoO*, TmO¥, and LuO*. The behaviour of Sr2+,
Ba2+, MoO*, WO*, and CeO* with power and nebulizer flowrate was
discussed by Horlick et al. [6]. Douglas and Houk measured ThO*/Th*,

Ba2+/Ba*, and UO*/U+ ratios and discussed the potential of MQ*

* A version of this chapter has been published. M. A. Vaughan and G.
Horlick, Applied Spectrosc. 40, 434-445, (1986).
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interferences in ICP-MS [7]. They suggested CeO+ as one of the worst-case ions
for oxide formation. Houk et al. [8] used M2+/M?+ ratios of Sr and Ba in Saha-
type calculations for the ICP. They included spectra of Sr2+, SrOH*, Ba2+, and
BaOH* in their work. In addition, analogous species have been reported in
the spark source mass spectrometer literature by Bacon and Ure [9]. This is a
particularly interesting paper dealing with interelement oxide corrections in

the determination of the rare earth elements.

In ICP-MS these species are important from several points of view.
Perhaps the most important aspect is that analyte oxide species may result in
serious spectral interferences at other analyte ion masses. For example, Ti has
five naturally occurring isotopes: 46Ti (7.99%), 47Ti (7.32%), 48Ti (73.98%), 49Ti
(5.46%), and 50Tj (5.25%). The corresponding oxide species (160) at masses 62,
63, 65, 65, and 66 result in spectral interference problems for 62Nji, 63Cu, 64Zn,
65Cu, and 66Zn, respectively. This is but one of literally hundreds of potential
spectral interference problems involving oxide species. As well as this
obvious interference, which results in falsely high values for the element that
is overlapped by an oxide species, there can be another problem. Isobaric
corrections are frequently required in ICP-MS when the chosen mass of a
sought-for element suffers a spectral overlap caused by a naturally occurring
isotope of another element. Normally, an interference-free isotope of the
interfering element is measured and, based on its signal level and the
natural-abundance information of the interfering element, a correction can be
calculated to be applied at the mass of the sought-for element. However, the
presence of oxide species from a third element could cause non-applicable and

inappropriate isobaric corrections to be implemented.
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The species distribution of an analyte among several forms is also
important from a pragmatic point of view. For best sensitivity it is desirable to
set conditions so that the analyte is all in one form, the singly charged
elemental ion, M*. To the extent that other species are formed, analyte

sensitivity is reduced.

Finally, investigation of analyte species distribution is important with
respect to fundamental studies of the plasma discharge. Are the M2+/M* and
MO+/M+ ratios that can be measured by ICP-MS accurately representative of
the plasma discharge and thus usable for theoretical calculations? Or, are
these ratios altered in the sampling process and, hence, misleading about the
unperturbed conditions in the ICP? These are not easy questions to answer,
but characterization of analyte ion species distribution in the ICP by ICP-MS

may provide some answers.

In this study the distribution of analyte among singly charged element
jons (M+*), mono-oxide ions (MO*), hydroxide ions (MOH*), and doubly
charged ions (M2+) is reported as a function of ICP-MS operating conditions.
The key parameters varied include ICP power, nebulizer flowrate, and
sampling depth. The elements Sr and Ba are used to illustrate the basic
behaviour of these analyte species. Although they are not particularly strong
oxide-forming elements in ICP-MS, they do form, to some extent, all of the
listed species (M+, M2+, MO*, and MOH¥) and are generally illustrative of the
dependence of species distribution on ICP-MS measurement conditions.
However, data are also presented for Ti, W, and Ce, as oxide formation is a

greater problem with these elements than it is with Sr and Ba.



In addition, a major component of this chapter is the presentation of
extensive tables documenting the potential spectral interference problems
that could arise from MO+, MOH*, and M2+ species in ICP-MS. Two table
formats are presented. One table is presented in terms of increasing mass of
the sought-for element, with the MO+, MOH*, and M2+ interferences listed
adjacent to each mass. This allows identification of a potential interference at
a given mass. The second table is grouped in terms of the interfering element.
This format allows identification of the elements which could suffer

interference from the species of a particular matrix element.

Experimental

A SCIEX ELAN Model 250 ICP-MS was used for all data acquisition. It
was run in sequential mode, at low resolution (1 amu width at base of peak),
peak hopping to masses of interest except during the acquisition of spectra. A
Meinhard nebulizer and a Scott =pray chamber were used. The extended torch
supplied with the instrument was replaced with a standard-length torch to
allow sampling of the plasma closer to the load coil. Sampling distances used
were 15 mm, 20 mm, and 25 mm between sampler tip and load coil. All data
were taken at 15 mm unless otherwise stated. The coolant flow rate was 11
L/min of Ar for all work. The nebulizer and auxiliary gas flow rates were
controlled by Matheson Model 8240-0423 mass flow controllers. The Ar
flowrate for the auxiliary gas was 1.4L/min, while the flowrate for the
nebulizer gas, also Ar, was varied from 0.9 L/min to 1.45 L/min. A copper
sampler was used, fashioned after the nickel sampler su};iied by SCIEX, and

had a 0.94mm orifice. The solutions used were prepared from SPEX
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Industries, Inc. standard solutions and were diluted with deionized water to

the desired concentrations.

Results and Discussion

Previous work in ICP-MS [6] on the dependence of analyte ion signals
on plasma operating conditions has indicated that plasma power, nebulizer
flowrate, and sampling depth are the major parameters to consider. In
particular, plots of signal (ion count) as a function of nebulizer flowrate at a
family of different powers clearly illustrate trends in behaviour. Four such
plots are shown in Figure 3.1 for Ba2+, Ba*, BaO*, and BaOH*. The data
shown for Ba* are typical of that for most analyte ions; at one particular
power, the signal peaks as a function of aerosol flowrate. As power increases,
the flowrate value at which the signal is maximized also increases.
Interestingly, the associated analyte species have essentially the same basic
behaviour. The nebulizer flowrate - power parameter plots for BaO* and
BaOH* are very similar to that of Ba* except that the signals peak at
successively higher nebulizer flowrates when compared at the same power.

On the other hand, the Ba2+ plots are shifted to lower nebulizer flowrates.

The ion count for the Ba species as a function of nebulizer flowrate is
shown in Figure 3.2 for one power setting (1.3 kW). The correct relative ion
counts are plotted in the upper figure, and in the lower figure they have been
normalized. It is clear from the data presented in Figure 3.2 (a) that under
most conditions the singiy charged ion, Ba*, is the major analyte species. Only

at high nebulizer flowrates do the oxide and hydroxide species dominate. The
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crucial role of nebulizer flowrate in controlling the relative distribution of the
analyte species is emphasized by the normalized plot shown in Figure 3.2 (b).
With this representation, it is easy to see how the population changes as the
nebulizer flow rate is increased. At low flowrates, around 1.0 L/min, the
doubly charged species reaches a maximum. Increasing the flowrate, the
condition for the Ba*+ maximum signal is reached at around 1.2 L/min for this
particular power, 1.3 kW. Similarly BaO+ and BaOH* reach their maxima at
even higher flowrates, around 1.3 L/min and 1.4L/min, respectively. From
this it can be seen that it may be impossible or at least very difficult to get
minimum oxide counts and a maximum signal for the singly charged ion. It
is clear that in order to reduce oxide and hydro.cide problems the plasma must
be detuned to lower flow rates (i.e., conditions that give sub-optimal M+
counts). Of course, that may lead to the conditions where the doubly charged
ions are formed, but these are not formed o as great an extent, and, in
general, fewer elements form detectable doubly charged jons in the plasma

than form oxides.

Data similar to that shown in Figures 3.1 and 3.2 have been measured
for Sr species distribution, and the results are identical. It should be noted that
care must be exercised in measuring the parameter behaviour of low
abundance species such as Ba2+ and Sr2* in order that they are not confused
with background species. If Cl is present, a background peak attributable to
37C1160160+ appears at mass 69, interfering with the measurement of Ba?+.
The background species 12C160160+ can cause similar problems when one is
attempting to measure Sr2+ at mass 44. These and other background species

have been documented by Tan and Horlick [10].
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As indicated at the beginning of this section, sampling depth (distance
of mass spectrometer sampling cone from the load coil) is also an important
experimental parameter. Some depth data are shown in Figure 3.3 for the Ba
species. These plots show signal level as a function of nebulizer flowrate at
three different depths: 15 mm, 20 mm, and 25 mm from the load coil. At a
sampling depth of 15 mm, the signal shows a peak response at a particular
flowrate; and, at greater sampling depths, the flowrate must be increased to
again maximize the signal count, not unlike a power family plot. At greater
sampling depths, the peak signal responc= for all species but Ba2+ appears to
be shifted off scale to a larger nebulizer flowrate than that tested in this work.
The basic trend that can be perceived for the behaviour at 20 mm and 25 mm

is, however, similar to that observed at 15 mm.

A performance rating often reported in the ICP-MS literature is the
ratio of an oxide count to that of the singly ionized species (MO*/M?*), from
the viewpoint that the smaller the ratio the less that oxide species will present
a spectrai interference problem. Depending on the element, ratios range from
about 0.2% to 3%. However, it is clear from the data presented in Figures 3.1-
3.3 that such a ratio for one element is very dependent on measurement
conditions. The results for the effect on nebulizer flowrate on the x/Ba* ratio
where x = Ba2+, or BaO*, or BaOH* are shown in  .re 34. These

experiments were done at one power, 1.3 kW.

" The two ratios BaO*/Ba+ and BaOH*/Ba* show similar behaviour.
The ratios increase nonlinearly as flowrates increase. The BaO*/Ba* starts its
rapid increase at a lower flowrate than does BaOH+/Ba*. This is not
surprising; it could be predicted from the combined species plot shown in

Figure 3.2. The behaviour of the Ba2+/Bat ratio is opposite to the oxide and
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Dependence of barium species ratios as a function of nebulizer
flowrate at 1.3kW.
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hydroxide ratios. The ratio drops off with increasing flowrate, also in a

nonlinear fashion.

Perhaps the effect of nebulizer flowrate on these ratios can be explained
to some extent by the cooling effect the nebulizer gas has on the plasma. At
low flowrates that plasma is hotter and the doubly charged ions are favoured,
but not the oxides or hydroxides. As the nebulizer flow is increased, the
plasma cools a little, favouring firs. the oxides and then, finally, the

hydroxides.

The second set of ratio graphs, shown in Figure 3.5, consists of x/Ba*
vs. power at a flowrate of 1.2 L/min. Again BaO*/Ba+ and BaOH*/Ba* show
similar behaviour, the highest values being at lowest powers and decreasing
as the power is increased. Ba2+/Bat vs. power’has the opposite sort of trend.
The Ba2+/Ba+ ratio increases with increasing power. This makes sense; the
Ba2+/Ba* ratio is larger in the higher energy conditions of higher power.
Likewise, the oxides and hydroxides prefer the lower powers and less energy,
and the BaO+/Ba+ and BaOH+/Ba* ratios are higher at these lower power

settings.

The signals corresponding to Sr and Ba singly charged ions, plus all the
associated ions have interesting responses to changes in power, nebulizer
flowrate, and sampling depth. The power flowrate plots and ratio graphs are
effective summaries of the data, but it is always informative to see spectra of
the species being studied. In order to show pictorially just how the ion
population changes with power and flowrate, a series of spectra was recorded.
From the power and flowrate plots it is obvious that similar things happen at

the various power settings if the flow rate is adjusted to the appropriate
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value. Therefore, spectra were recorded at a variety of flowrates but at only
one power, 1.3kW, and sampling depth, 15 mm. Four spectra scanned from
m/z 45 to 160 at flowrates of 1.1L/min, 1.2 L/min, 1.3 L/min, and 1.4L/min
are shown in Figure 3.6. A 1-uM solution was used for all the spectra. The jon
count scale is the same for all four spectra in this figure. At 1.1 L/min the
largest peak is the argon dimer, Ary*; Sr* and Ba+* are prominent features in
the spectrum; and no peaks for oxides, hydroxides, or doubly charged ions are
seen at this scale. Looking at 1.2 L/min, it is easily seen that this is the best
flowrate of the four for Sr+ and Bat signals. The largest jon count is for Sr+,
followed by Bat, and the Arp* peak is significantly lower at this nebulizer
flowrate. The oxide peaks are just visible above baseline on this scale.
Increasing the flowrate to 1.3L/min or 1.4L/min introduces the hydroxide

peaks along with the oxides of Sr and Ba.

The spectra shown in Figure 3.7 focus on Bat* and the oxides and
hydroxides as they vary with nebulizer flowrate from 1.0 L/min to 1.4L/min
at 1.3kW. Once again it is clear that 1.2 L/min is the best flowrate for the Ba+*
signal, with the signal dropping at flowrates higher or lower than 1.2 L/min.
As with Ba* it can be seen at a glance how the oxide and hydroxide values
change with flowrate. This makes it clear that a single value of an oxide ratio

is not all that meaningful.

The next set of spectra (Figure 3.8) is an enlargement of the BaO* and
BaOH* peaks in Figure 3.7. The overlapping of the oxide and hydroxide peaks
is the reason the isotope pattern does not look exactly like that for Ba* and
why it changes with flowrate. The peak at 1.1 L/min is mainly BaO* (m/z =
154), but at higher flowrates all the peaks are BaO* plus BaOH* except for m/z

= 155, which is BaOH*. This overlap of associated species can seriously
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Figure 3.7  Spectra of Ba* and BaO*/BaOH* species at different nebulizer
flowrates.
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complicate the calculations needed to correct for these interferences and the

measurement of isotope ratios.
2. Species Distribution of Ti. W, and Ce.

A few spectra are presented in this section for Ti, W, and Ce to indicate
that the same basic species distribution behaviour exists for most elements,
although the degree of formation of specific species varies considerably. The

three elements were chosen to represent different sections of the periodic

table.

Ti was chosen as an oxide-forming, first-row transition element, and
W as an oxide-forming, third-row transition element. Ce was chosen to
represent the rare earths, some of which form both doubly charged ions and
oxides. These spectra were taken in an argon plasma, 15 mm from the load
coil. The power was 1.3kW, the coolant flowrate was 11 L/min, and the
auxiliary gas flowrate was 1.4 L/min. A MAK torch was used in a SCIEX
ELAN 250 ICP-MS. Appropriate B lens settings for each element were used. B
lens settings for Ti and W were 5V and 9V, respectively. For Ce, B lens

settings of 7V and 5V were used. All solutions were 1 ug/mL.

The isotope patterns of the M* ions are seen for the MO*, MOHY, and
M2+ spectra if the ion counts are high enough. This helps in ideﬁtifying the
associated species. The Ti (Figure 3.9) and W (Figure 3.10) spectra show the
oxide peaks becoming larger as the nebulizer flowrate increases from 0.95
L/min to 1.25 L/min. Ce and CeO also behave in this manner. On the scale
chosen for the Ce spectra (Figure 3.11), with the B lens set at 7V, the Ce2+

peaks are not seen above baseline. Ce2* is present, however, at 1.05 L/min, as
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can be seen in the insert in the lower spectrum in Figure 3.12. Figure 3.12 also
shows the effect of changing the B lens from 7V, appropriate for Ce*, to 5V,
appropriate for the lower m/z of Ce2+. The Ce2+ signal increases by over a
factor of 10 and a drop in both the Ce* and CeO+ signal results. Lower B lens

settings are more optimal for lower m/z species.

From these spectra the importance of choosing the proper I''P-MS
operating conditions can be seen. We must also be aware of the possibility of
oxide, hydroxide, and doubly charged jon interferences. It is possible to detune
the instrument to reduce these interferences, although mathematical

corrections are likely needed in some cases, especially if the concentration of

the interfering element is high.

From the foregoing data and discussion, it is clear that complex
interelement spectral interferences can result in ICP-MS when one is
analyzing multielement solutions. Depending on operating conditions,
several element species can coexist (M*, MO*, MOH*, and M?*) and serious
spectral interferences are possible, particularly from a matrix element present
at a much higher concentration than a trace or ultra-trace sought-for
constituent. Two tables have been prepared to assist other workers in
recognizing the potential for such spectral interference problems. In the first
table (Table 3.1) the elements are listed in order of increasing mass. At each
mass, potential mono-oxide, hydroxide, and doubly charged species
interferences are also listed. In the second table format (Table 3.2), the

elements that are most likely to form mono-oxide, hydroxide, and doubly
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charged species are listed, along with the elements they are most likely to
interfere with. Thus, if a parﬁcular sample matrix has a high concentration of
one of these elements, potential spectral interference problems can be

anticipated by referring to this table.

It should be cautioned that, if anything, these tables are conservative.
Only strong oxide-forming elements have been included. At high
concentrations ( > 1000 ug/mL), almost any element will show oxide species
in its ICP-MS spectrum. At the 1000 pg/mL level, mono-oxides have been
observed for Se, Ge, Ru, and Cd. In addition, such species are only one source
of spectral interference. In a companion study, tables of background species
observed in ICP-MS are presented [10]. The reader should consult those tables
in conjunction with the tables presented here in order to be more thoroughly

aware of potential problems.
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Table 3.1 Oxide, hydroxide and doubly charged ion interferences in order
of increasing mass. (Expressions in boldface refer to the most
abundant isotope; expressions in parentheses refer to the
percentage natural abundance.)

Mass Elements Interferences

20  Ne(90.9) 40Ca2+

21 Ne(0.26) 42Ca2+, 43Ca2¢

2  Ne@ds2) 43Ca2+, 4Ca2+, 455¢2+
23 Naaom 455¢2+, 46Ca2+

24  Mg(na 48Ca2+

40  Ar9.6), Ca97.00, K001  24MgléO

41 K6.91) BMgléo

42  Caos) 2€Mgl60, 452+

43  Ca0.14) 86Gr2+, 87612+

44  Ca08) 876r2+, 88Gp2+

56  Fe(91.7) 40Cal8D

58  Ni(67.n, Fe(033) 23160

59  Col100 43Ca160

60  Ni(26.2) UCalt0

61  Ni(1.25) 455c160

62  Ni(3.66) 46Cal60, 4Til60

63 Cue.n 47Ti160

64  Zn(es.9), ivi(1.16) 43CaléQ, #8Ti160

65  Cu(30.9 49Tj160, 130Ba2+

66  Zn(27.8) 50T{160, S0V160, 30Cr160, 132Ba2+
67  Zn@.11) S51y16Q, 134Ba2+, 135Ba2+



Mass Elements

68

69

70
71
72
73
74
75
76

78
79
80
81
82

& 2

87

100
101

Interferences

Zn(18.6)
Ga(60.2)

Ge(20.5), Zn(0.62)
Ga(39.8)

Ge(27.4)
Ge(7.76)
Ge(36.6), Se(0.87)
As(100

$e(9.02), Ge(?.77)
Se(7.58)

5e(23.5), Kr(0.35)
Br(s0.5) |
Se(49.9), Kr(2.27)
Br(49.5)
Kr(11.6), Se(9.19)
Kr(11.6)
Kr(36.9), Sr(0.56)
Rb(r2.2)
Kr(17.4), Sr(9.87)
Rb(27.8), Sr(7.04)
Sr(82.3)
Ru(12.6), M0(9.62)
Ru(17.1)

32Cr160, 135832+, 136Ba2+, 137832+,
136Co2+

S3Cr160, 13732+, 138832+, 138Ca2+
138 32+, 1397 32+

MCrl60,1391 32+, 140Ca2+, 141pp2+
141pr2+, 142Ca2+, 142N 2+, 143N 2+
3N 2+, 1N G2+, 144gm2+, 145N d2+
145N d2+, 146N d2+, 1475 m2+
1479m2+, 148N 2+, 1485 m2+, 1496 m2+
149G m2+, 1505 m2+, 150N d2+, 1S1Ey2+
1S1Ey2+, 1526m2+, 152G d2+, 153Ey2+
153Ey2+, 1545m2+, 134G 2+, 155Gd2+
155Gd2+, 156Gdz2+, 156Dy2+, 157Gd2+
157Gd2+, 158Gd2+, 158Dy 2+, 159TH2+
159THR+, 160Gd2+, 160Dy2+, 161Dy2+
161Dy2+, 162Dy2+, 16212+, 163Dy 2+
1639},24», 164Dy2+, 164Er2+, 165H 02+
165H02+, 1662+, 1672+

167Ep2+, 168Er2+ 168YpH2+, 169Tm2+
169Tm2+, 17052+, 170Yp2+, 171Yp2+
171yp2+, 1RYp2+, 173yp2+

173yp2+, 1742+, 1752+

175 y2+, 176 y2+, 176 Yp2+

8461160

845r1601H



Interferences

Mass Elements

102 Ru(31.6), Pd(0.96)
103  Rhaom

104 Ru18.6), Pd(11.0)
105 Pd@22)

106 Pdar3), Cda.2n
107  Ag(s1.8)

108 Pd(26.7), Cd(.88)
109 Ag4s.2)

110 Cdaas), Pda1.8)
111 Cd(128)

112 Cd24.1), Sn(0.95)
113 Cda23), In@4.28)
114  Cd(28.9), Sn(0.65)
116  Sn(14.2), Cd(7.58)
117 Sn@z5n

118  Sn24.0)

119 Sn(s.58)

146 Nda72)

147  Sm@s.)

148  Sm(11.4), Nd(5.73)
1499  Sm(14.0)

150 Sm(7.47), Nd(5.62)
151 Euw@?8)

152 Sm(26.6), Gd(0.21)
153  Eu(s2.2)

154  Sm(22.4), Gd(2.23)

85r160
86r1601H, 8751160
87Sr1601H, 8851160
885r1601H, 89Y160
90Zr160

917,160

9271160, 2Mo160
93INBIEO

94Zr160, 94Mo160
95Mol60

9Zr160, %Mol60
Mol€0O

%BMolé0
100Mo160, 232Th2+
23412+, 23512+
83512+

2382+

130Balé0
130Ba160'H
13282160
132B1160H
134Balé0

134831@11-1’ 1358a1@
135Ba1601H, 13683160, 136Ce160
136Balé0O1H, 137Bal60

89

137Bal601H, 138Ba160), 138Cel60, 1383160



Mass Elements

Interferences

155 Gdas.n

156  Gd(0.), Dy(0.05)

157  Gdas

158  Gdi2¢.), Dy(0.09)

159  Thi100)

160  Gd(21.6), Dy29)

161  Dy(189)
162  Dy(ss), Er0.14)

163  Dy(s.0)

164 Dy(28.2), Er(1.56)
165 Ho(100

166  Er(33.0)

167 Er29

168  Er@7.1), Yb0.14)
169  Tm(100)

170  Er(14.9), Yb3.03)
171 Yb(143)

172 Yb(21.8)

173 Yb(6.1)

174  YbOLs), Hf(0.18)

175 Lu©97.e

176  Yb(12.7),Hi5.2), Lu2.59)

177  Hf(185)
178 Hf(@7.1)
179 Hf(138)

138B31601H, 13913160
140Cel60

41prle0

142Ce160, H2NG160
43NG160

144N J160, 1445 m160
USNJ160

146Nd160

147§m160
UENQ160, 1485160
149160
130Nd160, 1505m160
151Ey160

1525m 160, 152Gd160
133Eul60

154sm!160, 134Gd160
155G4160

1%G4160, 156Dy 160
157G4160

158Gd160, 158pyl60
159TH160

160G4160, 160Dy 160
161py160

12Dy160, 162Er160
1639y160
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91
Interferences

180  Hf(38.2), W(0.14), Ta(0.01)
181  Ta(99.9)

182 W63

183 W(4.3)

184  W@30.7), Os(0.02)

185 Re(37.1)

186 W(28.6), Os(1.59)

187  Re(62.9), Os(1.64)

188 Os(133)

189  Os(16.1)

190  Os(26.4), Pt0.01)
191  1Ir38.5)

192 Oslsn), Pt0.78)
193 In615)

194  Pt32.9)
195  Pt(3sa)
196  Pt2s.2), Hg(0.18)

197  Au(100)

198  Hg10.0), Pt(7.19)
199 Hg(168)

200 Hg@®n

202 Hg(98

248

250

251

254

164Dy 160, 164Er160
165Ho160

166E£160

167Er160

168Er160), 168YB160
169Tm160

170Er160, 170YB160
171ypl60

12ypléO

173ypl60

174yp160), 174160
1754160

176yp160, 1761160, 176Lu160
1710760

17811160

1MHA60

1801160, 180W160, 180T3160
181T3160

182W160

183W160

184wW160

186W160

232Th160

34y160

851160

287160



Table 3.2

Table of elements most likely to form oxides, hydroxides and
doubly charged species, plus elements potentially affected by
these interferences. (Expressions in boldface refer to the most
abundant isotope; expressions in parentheses refer to the
percentage natural abundance.)

Elem. Mass %Ab. Assoc. Spec. Mass  Affected Elements

PERRLL QERPERPE

E&ES

wn

C

Ti
Ti
Ti
Ti
Ti

40
42

45

45

46
47
48
49
50

78.8 MgO
10.15 MgO
11.05 MgO
96.97 Cal+
0.64 Ca2+
0.145 Ca2+
2.06 Ca+
0.003 Ca2+
0.185 Cal+
96.97 CaO
0.64 CaO
0.145 CaO
2.06 CaO
0.003 Ca0
0.185 Cao
100 Sc2+
100. SO
7.99 TiO
7.32 TiO
73.98 TiO
5.46 TiO

5.25 TiO

40
41
42

20
21
21.5
2
23
24

56
58
59
60
62
64
25

61

62
63

65

Ar(99.6)
K(6.91)
Ca0.64)

Ne(90.9)
Ne(0.26)
2Ne(8.82)
Ne(8.82)
Na(100
Mg(78.8)

Fe(91.7)
Ni67.7
Col(100)
Ni(26.2)
Ni(3.66)
Zn(48.9)

BNa(100)
Ni(1.25)

Ni(3.66)
Cu(69.1)
Zn(48.9)
Cu(30.9)
Zn(27.8)

Ca7.0) K0.01)

21Ne(0.26)

Fe(0.33)

Ni(1.16)

22Ne(8.82)

Ni(1.16)
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Elem. Mass %Ab. Assoc. §ggg. Mass Affected Elements
vV 50 0.24 VO 66  Zn27.8)
vV 51 99.76 VO 67  Zn4an
Cr 50 4352 CrO 66 Zn(278)
Cr 52 8374 CrO 68  Zn(18.6)
Cr 53 9.509 CrO 69 Ga(60.2)
Cr 54 2375 CrO 70 Ge@0S)  Zn0.62)
Sr 8 056 Srv2 42 Caosh
Sr 86 9.87 Sr+2 43  Ca(0.14)
Sr 87 7035 Sr+2 435 HCa0s 43Ca0.14)
Sr 88 82535 Sr+? 4  Caeos
St & 056 SrO 100 Ru(126  Mo(9.62)
Sr 86 9.87 SrO 102 Ru31.e Pd.96)
Sr 87  7.035 SrO 103  Rh(100
Sr 88 82535 SrO 104 Ru1ss  Pda1.0
Sr 8  0.36 SftOH 101  Ruaz.y
Sr 8  9.87 StOH  103° Rh(100)
Sr 8  7.035 SrOH 104 Ruass Pdaino
Sr 88 82535 SfOH 105 Pd222)
Y 89 100. YO 105 Pd222)
Zr 90 51.46 Zr0 106 Pd@73) Cda.2y
Zr 91 11.23 ZrO 107 Ag(sis)
Zr 92 17.11 2O 108 Pd2s.n Cd(0.88)
Zr 9% 17.4 Zr0 110 Cda24) Pd1.8)
Zr 9 2.8 ZrO 112 Cd@4  Sn(0.95)
Mo 92 15.86 MoO 108 Pd@en  Cdoss)
Mo 94 9.12 MoO 110 Cda24 Pd(11.8)
Mo 95 15.7 MoO 111 Cda2®
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Mo
Mo
Mo
Mo

Nb
Ba
Ba
Ba
Ba
Ba
Ba
Ba

Ba
Ba
Ba
Ba
Ba
Ba
Ba

Ba
Ba
Ba
Ba
Ba
Ba
Ba

Ce
Ce
Ce
Ce

96
97
98
100

93

130
132
134
138
136
137
138

130
132
134
135
136
137
138

130
132
134
138
136
137
138

136
138
140
142

16.5
9.45
.75
9.62

100.
0.101

- 0.097

242
6.59
7.81
11.32
71.66

0.101
0.097
242
6.59
7.81
11.32
71.66

0.101
0.097
242
6.59
7.81
11.32
71.66

0.193
0.25

88.48
11.07

MoO
MoO
MoO
MoO

Ba+*t2
Bat+2
Ba*2
Ba+2
Ba*t2
Ba+2
Bat2

BaO
BaO
BaO
BaO
BaO
BaO
BaO

BaOH
BaOH
BaOH
BaOH
BaOH
BaOH
BaOH

Ce+2
Cet2
Ce*+2
Ce+2

112
113
114
116

109
65
66
67
67.5
68
68.5
69

146
148
150
151
152
153
154

147
149
151
152
133
154
155

69
70
71

Cda4.)
Cdaay
Cd(s.9
Sn(14.2)

Ags.2)
Cu(30.9)
Zn(27.8)
Zn(4.11)
68Zn(18.6)
Zn(18.6)
#0Ga(60.2)
Gal60.2)

Nda7.2)
Sm(11.4)
Sm(7.47)
Eu(47.8)

Sm(26.6)
Eu(s2.2)

Sm(22.4)

Sm(15.1)
Sm(14.0)
Eu(47.8)

Sm(26.6)
Eu(s2.2)

Sm(22.4)
Gdas.y

Zn(18.6)
Ga(60.2)
Ge(20.5)
Ga(39.8)

Sn(n.95)
In(4.28)
Sn(0.6%5)
Cd(7.58)

67Zn(4.11)

68Zn(15.6)

Nds.73)
Nd(s.62)

Gd.21)

Gd.23)

Gdo.21)

Gde.2)

Zn(0.62)
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Ce
Ce
Ce

B Eg

Y

Pr

Pr

Nd
Nd
Nd
Nd
Nd
Nd
Nd

Nd
Nd
Nd
Nd
Nd
Nd
Nd

Sm
Sm

136
138
140
142
138
139

138
139

141

141

142
143
144
145
146
148
150

142
143
144
145
146
148
150

14
147
148

0.193
0.25
88.48
11.07
0.089
99.911

0.089
99.911

100.

100.

27.11
1217
23.85
83
17.22
573
5.62

27.11
12.17
23.88
83
17.22
573
5.62

3.15
15.09
11.35

., AS

CeO
CeO
CeO
CeO
La*+e
La*2

LaO
Lao

Pr+2

Nd+2
Nd+2
Nd+2
Nd+2
Nd+2
Nd+2
Nd+2

NdO
NdO
NdO
NdO
NdO
NdO
NdO

Sm+2
Sm+2
Sm+2

ASS
152
154
156
158

69.5

154
155

70.5

157

71
715

725
73
74
75

158
159
160
181
162
164
166

72
735
74

Sm(26.6)
Sm(22.4)
Gd(20.6)
Gd2s.8)
Ga(60.2)
#0Ga(60.2)

Sm(22.4)
Gdas.1)

1Ga(39.8)
Gdas.n

Ga(39.8)
71Ga(39.8)
Ge(27.4)
2Ge274)
Ge(7.76)
Ge(36.6)
As(100)

Gd(2¢.9)
Th(io0)

Gd(21.6)
Dy(18.9)
Dy(255)

Dyt282)
Er(33.¢9)

Ge27.4)
78Ge(36.6)
Ge(36.6)

Gd.21)
Gd.23)

Dy(0.08)
Dy(0.09)

70Ge(20.9)

Gd.23)

70Ge(20.5)

NRGe(27.9)
3Ge(7.76)

Se(0.87

Dy(0.09)
Dy29)

Er(.14)
Er(1.56)

3Ge(7.76)
Se(0.87)

70Zn(0.62)

70Zn(0.62)

74Se(0.87)
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Elem. Mass %Ab. Assoc. Spec. Mass Affected Elements

Sm
Sm
Sm
Sm

Sm
Sm
Sm
Sm
Sm
Sm
Sm

RRARKRRR RLEERLRLR

149
150

152

154

144
147
148
149
150
152
154

151
153

151
153

152
154
155
156
157
158
160

152
154
155
156
157
158
160

13.96
7.47

26.55
22.43

3.15

15.09
11.35
13.96
7.47

26.55
2243

47.82
52.18

47.82
52.18

0.205
223
15.1
20.6
15.7
24.5
216

0.205
223
15.1
20.6
15.7
24.5
216

Sm+2
Sm+2
Sm+2

Sm+2

SmO
SmO
SmO
SmO
SmO
SmO
SmO

Eu+2
Eu"‘z

EuO
EuO

Gd+2
Gd+2
Gd+2
Gd+2
Gd+2
Gd+2
Gd+2

GdO
GdO
GdO
GdO
GdO

74.5
75
76
77

160
163
164
165
166
168
170

75.5
76.5

167
169

76

77.5
78
78.5

80

168
170
171
172
173
174
176

75A8(1000 74Ge(366)  74Se(0.87)
As(100)

Se(9.02)  Ge(?.7n

Se(7.58)

Gd@1.e)  Dy.29)
Dy(25.0)
Dyt282)  Er(1.56)
Hol(100)
Er(33.4)
Er@27.1) Yb(0.14)
Er(14.9) Yb(3.03)

SAs(1000  765¢(9.02)  76Ge(?.™
765¢(9.02) 76Ge(77n)  77Se(7.38)

Er22.9
Tm(100)

Se9.02)  Ge(?.77)

Se(7.58)

7880(23.5) 77Se(7.88)  78Kr(0.35)
Se23.5)  Kr(0.3s)

PBrs0.s)  78Se238)  78Kr(0.35)
Br(s0.%)

Se498)  Kr2.27

Er@27.1) Yb(0.14)

Er14.9) Yb(3.03)

Yb(14.3)

Yb(21.8)

Yb(16.1)

Yb(31.8) Hf(0.18)

Yi12.7 Hf(5.2) Lu(2.59)



Elem. Mass %Ab. Assoc Spec. Mass Affected Elements

d Jd PPPYPPY PIPPPRYY

S U R L L

ggeq

Er

156
158
160
161
162
163
164

156
158
160
161
162
163
164

159

159

162
164
166
167
168
170

162
164
166
167
168
170

0.052
0.09

2284
18.88
25.53
24.97
28.18

0.052
0.09

2.284
18.88
25.53
24.97
28.18

100.

100.

0.136
1.56

33.41
294
27.07
14.88

0.136
1.56

3341
294
27.07
14.88

78
79
80
80.5
81
81.5
82

172
174
176
177
178
179
180

795

175

81

GRALEBG
wn

178
180
182
183
184
186

Se(23.9)

Br(s0.8)

Se(49.8)
80Ge(49.9)
Br(49.5)
81Br(49.5)
Kr(11.6)

Yb(21.8)
Yb(31.9)
Yb(12.9
Hf(18.5)
Hf@7.1)
Hf(13.8)
Hf(38.2)

MBr%0.5)

Lu(97.9)

Br(49.5)
Kr(11.6)
Kr(11.6)
4 Kr(86.9)
Kr(s6.9)
Rix72.2)

Hf(27.1)
Hf(352)
W(26.3)
W(14.3)
W(30.7)
W(28.6)

Kr(0.3%)

Kr2.27)
81Br(49.5)

82Kr(11.6)

Se(9.19)

Hf(0.18)
Hf(5.2)

W.1)

0G5 e(49.9)

Se(9.19)

83Kr(11.6)
Sr(0.56)

W(0.14)

Os(0.02)
Os(1.59)

Kr@2n

82Ge(9.19)

Lu(2.59)

Ta(0.01)

80Kr(2.27

845r(0.56)

Ta(0.01)
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Elem. Mass %Ab. Assoc. Spec. Mass Affected Elements

Ho 165 100. Ho*2 825 8Kra1e 83Kraie  82Se(9.19)

Ho - 165 100. HoO 181  Ta99.9)

Yo 168 0.135 Yb+2 84  Krs69  Sr(0.56)

Yo 170 3.03 Yb*2 85  Rbod

Yo 171 1431 Yb+2 855 85Rb(22) B86Kr(17.4)  86Sr(9.87)

Yo 172 2182 Yb+tZ 8  Kra74)  Sr(9.8"

Yo 173 16135 Yb+t2 863 87Rb(278) 86Kr(17.4)  86Sr(9.87)
87Gr(7.04)

Yo 174 31.84 Yb+2 87 Rb278)  Sr(7.08)

Y 176 1273 Ybt2 88  Srsas)

Yb 168 0.135 YO 184 W(@o.n Os(0.02)

Yo 170 3.03 YO 186 W86  Os(1.59)

Yb 171 14.31 YO 187 Re(62.9 Os(1.64)

Yo 172 2182 YO 188  Os013.3

Y 173 16.135 YO 189 Os(16.1)

Yo 174 31.84 Yoo 190 Os(25.4) Pt(0.01)

Yo 176 1273 YO 192° Osi41) Pt(0.78)

Tm 169  100. Tm+2 845 85Rb722) MKrs69  84Sr(0.56)

Tm 169  100. TmO 185 Re(37.1)

Hf 17¢ 0.18 HO 190 Os@264)  Pto.01)

Hf 176 52 HO 192 Os(41) Pt0.78)

Hf 177 185 HO 193  In6Ls)

Hf 178 27.13 HfO 194 Pt(329

Hf 179 13.75 HO 195 Pt(33.8)

Hf 180 35.24 HfO 196  Pt(25.2) Hg(0.15)

Lu 175 9741 Lu*2 875 88Spg2sm 87Rb27.8) 87Sr(7.04)

Lu 176 259 Lu+t2 88  Srs2.9)



Elem. Mass %ADb. Assoc. Spec. Mass Affected Elements

Lu

ccc

ccca

175
176

180
181

180
182
183
184
186

232

232

9741
2.59

0.012
99.988

0.14
26.29
14.31
30.66
28.6

100.
100.
0.0056
0.7205
99.274
0.0056

0.7205
99.274

LuO
LuO

TaO
TaO

wo
woO
WO
WO
WO

Th+2
ThO
U+2

U+2
U+2

Uo
8[¢)
Uo

191
192

196
197

196
198
199
200
202

116
248
117
117.5
119
250

251
254

Ir(38.5)
Os(e1)

Pt(25.2)
Au(100)

Pt(25.2)

Hg10.0)
Hg(16.8)
Hg(23.1)
Hg(29.8)

Sn(14.2)

Sn(7.57)

1186n(24.00 1178n(7.57)

Sn(s.s8)

Pt(0.78)

Hg(0.15)

Hg(0.15)
PY7.19)

Cd(7.58)

99
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Chapter 4

Corrections for the Spectroscopic Overlap of Oxides and Hydroxides on Rare
Earth Elements in ICP-MS

The analyte ion of interest in routine analysis in ICP-MS is the singly
charged ion, M*. In a number of cases, however, the element M is distributed
among several species: M+, M2+, MO*, or MOH*. Although the formation of
these oxides, hydroxides and doubly charged ions reduces the sensitivity at
M+, the larger problem is the overlap of these associated species on the singly
charged species of other elements. The formation of these species and the
effects of instrumental parameters on their intensities have been discussed in
the previous chapter. Although the amounts of these species can be
minimized by instrumental settings, it is not always possible to eliminate
them completely and still have an adequate M* signal. The rare earth
elements (REE's) are a group of elements which include some of the strongest
oxide formers in ICP-MS. The problem of spectral overlap is clearly
demonstrated with these elements since the strong oxide formers are mostly
at the lower mass end of the rare earth elements and their oxides overlap the

rare earth elements at the upper mass end as shown in Table 4.1.

Traditionally, spark source mass spectrometry has been used for rare
earth element analyses [2,3], although inductively coupled plasma atomic
emission spectroscopy (4] and fluorescence [5] have also been employed.
Recently, a number of people have used ICP-MS in rare earth element
analysis. Date and Hutchison [6] and Hirata et al. [7] reported low levels of

oxides and no correction scheme was employed by either group. Longerich et
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Table 4.1

$S
155
156
157
158
159
160
161
162
163
164
165
166
167
168
169
170
171
172
173
174
175
176

Spectral overlap of rare earth element oxides LaO to DyO on rare
earth elements Gd to Lu.

eme

Interferences

Gdas.n
Gd(20.6), Dy(0.05)
Gdasn
Gd(24.5), Dy(0.09)
Th(100)

Gd(21.6), Dy(2.29)

Dy(18.9)

Dy(25.5), Er(0.14)
Dy(25.0)
Dy(28.2), Er(1.56)
Ho(100)

Er(33.4)

Er(22.9)

Er(27.1), Yb(0.14)
Tm(100)
Er(14.9), Yb(3.03)
Yb(14.3)

Yb(21.8)

Yb(16.1)
Yb(31.8), Hf(0.18)

Lu(97.4)

Yb(12.7),Hf(5.2), Lu(2.59)

138Ba31601H, 13912160
40Cel60

41prI60

142Cel60, 2N 160
3N 160

4N 160, 14Sm160
45N 4160

UENQ160

1476m160

BN 160, 1485m160
1495m160
150N d 160, 1505m 160
151EL160

1526m160), 152G4160
153Eul160

145m160, 14Gd160
155G4160

15%G4160, 15%6Dy160
157Gq160

158Gd160, 188Dy 160
159TH160

160G4160, 160Dy160

102



103

al. [8] provided a detailed discussion of oxide formation with the rare earth
elements and the interferences that they observed. Lichte et al. [9] used
instrumental settings to minimize oxide formation and they employed an
algebraic correction scheme in their data processing step. Algebraic correction
schemes are one approach to take to correct for the oxide and hydroxide
overlap problem. This approach has been used in spark source mass
spectrometry [3] as well as in ICP-MS. An alternate approach is to employ a

principal components analysis method to the system.

Principal components analysis (PCA), is a method of data analysis used
extensively in the social sciences and is being successfully employed in a
number of areas in chemistry [10-15]). Principal components analysis can be
applied whenever a measurement can be expressed as a linear sum of product
terms and has been found to be useful in areas of chemistry such as
spectrophotometry and mass spectrometry. By employing PCA, a
measurement composed of the sum of the signals from a number of
components may be separated into each of the independent components. The
technique has been described in detail by Malinowski and Howery [16]. In this
application, each component is an element and the spectra including the M+,
MO+ and MOH* signals for each element should appear in a distinct region of
hyperspace, thus allowing the separation of overlapping oxides and singly
charged species. A comparison of rare earth analysis using a traditional
algebraic correction scheme and a principal component analysis approach is

discussed in this work.
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Experimental.

Solutions for the rare earth analysis were pre?ared from SPEX
Industries Inc. standard 1000ug/mL stock solutions. Single element standards
were prepared for each of the seven REE's, Ce, Sm, Gd, Dy, Ho, Er and Yb and
various mixtures were prepared as samples. Cs was used as an internal
standard. The ICP-MS was run in the usual manner. The power was set at
1.3kW and the nebulizer flowrate was adjusted typically between 0.95 and 1.0
L/min to yield maximum ion count. The torch was positioned 15mm from
the load coil to the sampler tip and the ion lenses were adjusted for the mass
range of the rare earth elements (140-174m/z). The system was well
overdetermined by measuring ion counts, uncorrected, at the masses listed in
Table 4.2. The measurements were made in low resolution using 3 points
/peak, multichannel mode with with a measurement time of 0.1s, 6 repeats/

integration and a 50 ms dwell time.

Results and Discussion.

The problems resulting from isobaric overlaps, oxide formation and
hydroxide formation are demonstrated in this group of seven rare earth
elements, Ce, Sm, Gd, Dy, Ho, Er and Yb. The severity of the interference that
results from each depends on the relative intensities of the signal from the
element of interest and from the interferent. Data were collected for each
single element standard and for the mixtures at 22 masses in order to have
the system well overdetermined. The spectra for each element at the 22
masses measured are presented in Figures 4.1 and 4.2. Note that the mass axis

is a category axis only, not a linear scale, since only the masses used in this
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Table4.2.  Rare Earth Isotope List.

140Ce 1683py
142Ce 164Dy
147Sm 165Ho
1496m 166y
1526m 167y
156Gd 168y
157Gd 170y
158Gq 171yp
1604 172vh
161Dy 173vp
lﬁzpy 174yp

133Cs (internal standard)
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study are included. Because of this, the isotope pattern may not appear as one
is used to seeing on a linear mass scale. From the data presented in these bar
graphs the necessary oxide ratios and abundance ratios for Gauss elimination
may be obtained. It is the characteristic pattern for each element, easily seen in
these plots that results in each element ending up in a distinct region of

hyperspace, critical for principal components analysis.

The signal intensities obtained for a mixture of 6 rare earth elements
are plotted in Figure 4.3a. Below, in Figure 4.3b, is a plot of the components of
the sample built up from weighting the measured signals from the
appropriate standards. The intensities are in arbitrary units. From the pattern
of Figure 4.3b, it is easy to see how complicated the spectra can become even

within this limited system and why a reliable correction scheme is valuable.

1._Gauss Elimination.

Gauss elimination is the method of solving n equations in n
unknowns algebraically. This method can be used to provide a correction
scheme for spectral overlap problems involving the rare earth element
oxides. As an example, consider the system of seven rare earth elements: Ce,
Sm, Gd, Dy, Ho, Er and Tb and their oxides and hydroxides. A partial list of

the interferences within this set is shown in Table 4.3.

The method of Gauss elimination has been used to determine the
concentrations of these seven rare earth elements assuming that Nd, Pr and
Hf are not present in the standards or the samples. The following terms are
used in the Gauss elimination method of oxide correction and rare earth

element
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Figure 43 Mass spectrum for a mixture of rare earths,Yb, Er, Ho, Gd, Sm

and Ce (a). Synthesized mass spectrum for the same mixture
built up from the mass spectra of each of its components (b).
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Table4.3  Rare Earth Element Interferences on Isotopes Required for Gauss

Elimination.

e ic
140Ce
1526m 152¢d 1%CeO
149¢m
157Gd 140CeOH
1884 158])5, 142CeO
164])y 164y 148smO
16py 47§mO
1650 149¢mO
166y 1506mO

174yp 174p3¢ 158GdO, 158pyO



111

determination: Iy, the ion count at mass n; M(x)/M(y), the abundance ratio of
isotopes at masses x and y of element M; M(x)O/M(y), the oxide ratio of

MO/M where the isotope of M is not necessarily the same; and C, the

concentration.

The equations yielding the concentration of each element are derived

in the following manner. As an example consider Sm. The concentration of

Sm is given by:

Ismi1s2urk c
Sm, oad

Comuk =7 ——
" sy, 41

In order to solve this equation the term Ism(152),unk must be found. From the

list of interferences (Table 4.3) we can see that:

I152,unk = Ism(152) + IGd(152) + I Ce(136)0 4.2

This equation introduces the new variables Ig4(152) and Ice(136)0 -We can

write an equation for Ice(136)0:

Iceq136Y0 {M) Ice(140),unk
Ce(140) 4.3

and an equation for Igd(152):



lgaais2) M) IGdasn
Gd(157) 44
Another new variable has been introduced, Igdq(157) . which may be
determined by:
I157,unk = IGd(157) + ICe(1400H 4.5

which introduces a sixth variable, Ice(140)0H . This variable may be

determined by the following equation.

I Ce(140)0OH
Ce(140)0H W 140,unk 46

At this point we have six equations in six unknowns, Csm,unk, Ism(152),
Icda152) Ice(136)0, Id(157) and Ice(140)0H and can solve for Cgm,unk (see
equation 4.8, Table 4.4). The same procedure was followed for the remaining
elements and the resulting equations are presented in Table 4.4. This method
may be easily extended to include Nd, Pr and Hf or all the rare earths but in
order to keep the rorrection equations from becoming too cumbersome it was

decided to keep the system relatively small.

In order to use these equations ion counts must be measured at each of
the masses for the isotopes listed in Table 4.3. Measurements for single
element standards for each of the rare earth elements will provide the needed
oxide ratios and abundance ratios. The abundance ratios may also be taken
from tables of natural abundances of stable isotopes. The measurements for a
set of standards and samples at each of the 10 masses listed in Table 4.3 were
used for this section of the study. The standards were 10ug/mL as was the Cs
internal standard. The concentrations of the elements were calculated by

Gauss elimination according to the equations in Table 4.4. The results are



Table44  Equations from Gauss Elimination.

Equation 4.7, Ce at mass 140:

IA“OU*

e T o

Equation 4.8, Sm at mass 152:

[1 I Ce(136)0)_[1 1 Ce(140)OH] Gd(lSZ)
152,unk™ * 140,u Ce(140) 157,urk "140,u Ce(140) Gd(157)

Com= ‘ Lo,

Equation 4.9, Sm at mass 149:

g
CSm -

C
“Sm, sd
1149. o

Equation 4.10, Gd at mass 158:

fr -[1 1. [Sm(470 ]Dy(ISS) Ce(142)0
l 158,unk 18,urk “149,u Sm(149) Dy(163) Ce(140)

Lisg w1

CGd =

Equation 4.11, Gd at mass 157:

‘I L. [Ce140)0H
co - 157,urk  “140,u Ce(140)
7|

Coama

Ly, a
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Equation 4.12, Dy at mass 164:

T164,unk '[1166-“'*'“49'“ Sm(149) )| Er(166) ~'**""{"Sm(149) _

Cpy=

Sm(150)0 ] Er(164) T Sm(148)0
}C y.std

164,514

Equation 4.13, Dy at mass 163:

I I Sm(147)0
1683urk ~ *149,u Sm(149)
CDy =
\ I,

Equation 4.14, Ho at mass 165:

’I L. [Sm(149)0
C. = 165,urk ~ *149,u Sm(l 49) C
Ho ™ 1 Ha sud
\ 5

Equation 4.15, Er at mass 166:

I I Sm( 150)0
166urk = *149,u Sm(l 49)
CEr = CEr.m‘l

1166,

Equation 4.16, Yb at mass 174:

hu,..,k-[x,,,,,rn Ce(140)0H KGd(lSS)o [Imw_lw Sm(147)OlDy(158)0 ]\
Cyv= Ce(140) Gd(1157) Sm(149) A Dy(163) ‘cu, .
17424
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presented in Table 4.5. Thei'e are iwo equations that may be used to calculate
the concentrations of Sm, Gd and Dy in this system and the results for both
are included. In general, the concentrations determined in the analysis match
the prepared concentrations. In sample 1 the concentration of Ce was found to
be lower than expected being only 9.5ug/mL instead of 10.0ug/mL. The
determination of Sm in sample 4 was also low but the 100pg/mL
concentration in that sample is beyond the linear range of the calibration
curve. Sample 5 was prepared with 550ug/mL of Sm and since the signal
intensity corresponding to that much Sm exceeds the capabilities of the
detection system the ICP-MS was forced into its shutdown mode for the Sm
measurements for that sample. Because the Sm intensities could not be
determined for this sample the concentrations of Gd, Dy, Er, Ho and Yb could
not be calculated. This is a limitation to the Gauss approach for determining

element concentrations.

2. Applying Principal Components Analysis.

The limitations in the Gauss elimination appreach to correcting for the
spectroscopic overlaps caused by oxides in ICP-MS lead us to investigate the
applicability of principal components analysis to the problem. Data
corresponding to the standards and mixtures of the rare earth elements are
placed in a data matrix, [D], as set up in Figure 4.4. A covariance matrix, [Z] =
[DIT[D], is obtained from this data matrix and principal components analysis
is done using the NIPALs method [17]. The principal components analysis
yields two matrices, one of which (the scores matrix) contains a series of
eigenvalues and one of which (the loading matrix) contains the associated

eigenvectors. The eigenvector associated with the largest eigenvalue spans



Table 4.5

Results from Gauss Elimination. (Concentration in pg/mL)
Elem. Sam. Prep. GE!l GE2
Ce 1 10.0 9.5
2 0 0.0013
3 10.0 9.8
4 0 0.0019
5 0 0.0028
Sm 1 8.0 8.2 8.0
2 10.0 9.8 9.1
3 100 9.6 9.4
4 100 90 89
5 550 - -
Gd 1 6 5.9 58
2 0.0 0.006 0.005
3 0.0 0.045 0.026
4 0.0 0.005 0.0007
5 0.0 - 0.0011
Dy 1 4.0 4.2 39
2 0.0 0.047 0.020
3 5.0 5.0 5.0
4 5.0 4.2 5.0
5 25 - -
Er 1 0.0 0.002
2 6.0 6.2
3 1.0 1.1
4 5.0 5.0
5 25 -
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Elem. _Sam. Prep. GEl GE2 _
Ho 1 0.0 0.001
2 8.0 8.1
3 1.0 1.1
4 5.0 4.9
5 25 -
Yb 1 0.0 0
2 4.0 3.8
3 1.0 0.98
4 0.0 0.003
5 0.0 -
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masses
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Figure 44 Data matrix for factor analysis.

118



119

the maximum variance in the data in one direction. The eigenvector
- associated with the second largest eigenvalue spans the maximum remaining
variance in a direction orthogonal to the first eigenvector. This continues
until all the variance in the data is accounted for and the factor space is

defined. In this study each factor represents an element.

All raw data consists of two terms, pure data and experimental error.
Because of this the PCA results yield more eigenvalues and eigenvectors than
elements in the system. The eigenvectors associated with the larger
eigenvalues are associated primarily with the data and the eigenvectors
associated with the smaller eigenvalues are associated primarily with the
error. An indicator is required to enable us to decide where the cutoff is
between the eigenvectors representing data and those associated with error.
Two such indicators are the IND function, an empirical relationship described
by Malinowski and Howery [16] and the eigenratio used by Wirsz and Blades
(10]. The IND function reaches a minimum and the eigenratio reaches a
maximum at the number of factors required to span the data space. The
eigenratios and IND function results for the data presented in Table 4.6 are
displayed in Figure 4.5. Seven factors are recommended from these indicators
which equals the number of elements in the sample. Extracting the proper
number of factors tells us that we have chosen a good selection of masses to
represent our system. Obtaining an unexpected number of factors may give an
indication that we may have missed an element or that another set of masses
may be better. The qualitative capabilities of the ICP-MS are excellent and can

be employed to help sort out a problem in this area if one occurs.

Upon completion of this first step, we have determined the number of

factors required to span the factor space, ie. the number of elements in our



Concentrations of the seven rare earth elements as determined

Table 4.6

by PCA. (Concentration in pg/mL)

Ce Sm
m_izep_____M.eas Prep. Meas.
1 0.10 097 0.25 0.26
2. 0 0 0.10 0.089
3. 0 0 0.50 0.51
4. 1.0 1.03 0.75 0.77
5. 0.75 0.85 1.0 1.03

Gd Dy
Sam. Prep. Meas. Prep. Meas.
1, 0.50 0.51 0.75 0.79
2. 0.25 0.25 0.50 0.51
3. 0.10 0.095 0.25 0.27
4. 0 0.014 0.10 0.106
5. 1.0 1.05 0 0.0002

Ho Er
Sam. Prep. Meas. Prep. Meas.
1. 1.0 1.01 0 0.0001
2. 0.75 0.71 1.0 0.96
3. 0.50 0.53 0.75 0.79
4. 0.25 0.24 0.50 0.52
5. 0.10 0.107 0.25 0.26
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0.0011
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Figure 4.5 Typical eigenratio plot (a) and IND plot (b) obtained from abstract
factor analysis.
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system. We also have these factors (elements) separated in space. The
problem that exists at this point is that there is no physical significance to the
data. A transformation step is now needed in order to obtain a set of factors
that are physically significant. We must rotate the abstract factors from an
abstract factor space into an element space. This is done by target
transformation [16]. The requirements of target transformation are straight
forward. A transformation matrix is required to rotate the abstract data into
element space. In order to obtain the transformation matrix a set of test
vectors that are independent and cover the factor space are required. In this
application these are the individual mass spectra for the elements in the
system; in this example, the spectra displayed in Figures 4.1 and 4.2, The target
matrix has the same form as the data matrix and consists of target vectors
composed of the spectra of the single element standards. The same masses

that were used in the original data matrix are required here.

If the test vectors are good they will not introduce excess error into the
system. If they are inappropriate, however, they will add excessive error to the
system and spoil the results. Malinowski and Howery describe an indicator
function called SPOIL [16] which provides an indication of whether or not the
test vector is applicable to a given system. A small SPOIL value suggests that
the test vector should be used and a large SPOIL indicates that it should be
discarded. The SPOIL values for the seven pure element standards used as test
vectors are plotted in Figure 4.6a. All seven SPOIL values are less than 2.5 and
are acceptable. Malinowski and Howery [16] suggest a SPOIL of 6 as the
maximum for a cutoff between acceptable and unacceptable test vectors. The
SPOIL values for nine test vectors are plotted in Figure 4.6b. In this set of test

vectors the first seven are the pure element standards and vectors 8 and 9 are
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Figure 46 Typical SPOIL plot for target transformation analysis. Plot (a)

corresponds to seven applicable target vectors. Plot (b) includes

two inappropriate target vectors, 8 and 9.
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synthetic and unrelated to the data; that is they consist of a set of numbers
unrelated to any element spectrum. It is clear from the large SPOIL values

associated with them that they are inappropriate for use in this system.

Once all the test vectors are found a transformation matrix may be built
and the target factors may be calculated. These factors are obtained by using
the transformation matrix to rotate the abstract factors into element space.
Thus we obtain an axis in hyperspace for each element and a set of factors
projected onto each of these axes which give an indication of the element
concentration. Following this step, the actual concentration of each element
in each sample may be obtained by multiplying the target factors by the
concentration of the appropriate rare earth element standard. The measured
concentrations for this set of data are presented in Table 4.6. In this data set all
22 masses (Table 4.2) were used in the principal components analysis and the
standards were all 0.50ug/mL. An internal standard of 0.50pg/mL Cs was

used.
3. Comparison of Gauss Elimination and PCA.

In the previous section wusing PCA, the system was well
overdetermined using measurements made at 22 masses, as listed in Table
4.2. Although one of the requirements of PCA is that the system must be
overdetermined, the data analysis car: be successful when fewer masses are
employed. PCA was employed on the data used in the Gauss elimination
section using the same masses (Table 4.3) required for the algebraic equations
listed in Table 4.4. The results are presented in Table 4.7. The "0" entries

indicate that a negative target score was obtained in the factor analysis process.

A small negative number eg. -0.0003 was usually obtained. Large negative
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numbers indicate a problem in the system such as the use of an inappropriate

target vector.

In general, the results obtained with the principal components analysis
are acceptable, in agreement with the Gauss elimination results and with the
prepared concentrations. As with the Gauss results the Sm concentration in
sample 4 is low since it is beyond the linear dynamic range for the element.
The Ce concentration in sample 1 was low but in agreement with the Gauss

results.

Also included in Table 4.7 are the PCA results for the analysis of the
same solutions using a different set of ten masses than the set of ten masses
required for Gauss elimination. The alternate mass set is presented in Table
4.8. The results are essentially the same, demonstrating the greater flexibility
of the PCA method. If a required mass for Gauss elimination cannot be
measured the concentrations of the affected elements cannot be determined.
With PCA the loss of a single mass may not be as critical unless of course the

mass is that of a mono-isotopic element of interest.

To illustrate the point, the concentrations of the elements Gd, Dy, Er,
Ho and Yb were determined by PCA for the 550ug/mL Sm s<:iution, samiple 5,
Table 4.5. Data for all masses listed in Table 4.2 were used ex:ept for the
masses associated with Sm+. The Gauss elimination technique cannot yield
the concentrations for these elements because Sm+ intensities are required in
the equations for the oxide corrections. The desired information, namely the
element concentrations, can be obtained through PCA, however. The results
are presented in Table 4.9. The measured concentrations are in agreement

with the prepared concentrations.
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Table4.7  Results from principal components analysis. (Concentration in

pg/mlL)

Elm. ng. .E_x;gp. Qgggg Massas Alggmgtg Mgﬁﬁgﬁ

Ce 1 10.0
0
10.0

o W

8.0

10.0
10.0
100

Sm

_ W N

0.0
0.0
0.0
0.0

D e W N e

0.0
5.0
5.0

- W N

9.5
0*
9.8
0

8.1
9.7
9.6
90

5.9
0
0.03

4.0
0.005
5.0
48

9.5
0
9.8
0

8.1
9.8
9.6
90

5.9
0
0.036

4.1

5.0
48



Elm. Sam. Prep. Gauss Masses lternate Masses
Er 1 0.0 0.001 0
2 6.0 6.2 6.2
3 1.0 1.1 1.0
4 5.0 5.0 5.0
Ho 1 0.0 0 0
2 8.0 8.1 8.1
3 1.0 1.1 1.1
4 5.0 49 49
Yo 1 0.0 0 0
2 4.0 3.8 3.8
3 1.0 0.97 0.97
4 0.0 0 0

* Factor analysis result was a negative number.

- Not able to calculate.
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Table 4.8 Alternate PCA Mass Set.

140ce 165H0
152Gm 166Ey
158G4 168Ey
1621)}, 12vp

164Dy 174y



Table 4.9 PCA results in a 550pug/mL Sm matrix. (Concentration in pg/mL)

Elem. Prep. Meas.
Gd’ 0 0

Dy 25 25

Er 25 24
Ho 25 25
Yb 0 0
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Conclusions,

The classical approach to correcting oxide overlap problems, that of
Gauss elimination, may be employed in ICP-MS although it does have
limitations. Separate standards must be run for each element in order to
obtain the needed oxide ratios under the operating conditions used. These
would have to be re-measured each day the analysis is to be done since the
oxide ratios are sensitive to instrumental conditions. Abundance ratios are
required either from tables or calculated from data measured for the
individual element the standards. The correction equations become more
complicated as more elements are included in the system and if a required
intensity is above shutdown calculation of the element concentration is not

possible.

In contrast the principal components analysis approach is more
flexible. It, too, needs individual pure element standards to be used as targets
and these must be run every day an analysis is done. This approach, however,
removes the need for abundance ratios as the correction for isobaric overlap
occurs automatically with the oxide correction due to the nature of the
method. As the system becomes larger, ie. more elements are included, the
matrices become larger but no new algebra is required. Another attractive
feature is the flexibility in choosing the masses to be used in the analysis.
There is more than one combination that may be used. The ability to
determine some elements in the presence of high concentrations of

interfering oxide formers is also an advantage.
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Chapter 8

Analysis of Steels Using Inductively Coupled Plasma Mass Spectrometry*

Inductively coupled plasma-mass spectrometry (ICP-MS) has now been
used for the trace metal analysis of a variety of sample types. These include
geological materials [1-5], sediments [6, 7], natural waters [8-11] and biological
samples [12-14]. As experience has been gained with the technique the
important areas to address during method development have now been
delineated. These include compromise instrument settings [15-18], spectral
interferences [16, 19] and matrix effects [20-23]. In addition, the analytical
methodology normally incorporates the use of internal standardization. In
this report these areas are addressed with respect to the analysis of steel

samples.

Experimental

All analyses were carried out using a SCIEX (Perkin Elmer-Sciex) Elan
Model 250 ICP-MS. A standard MAK optical emission ICP torch was used in
conjunction with a Meinhard nebulizer and a Scott-type spray chamber.
Referring to the study carried out by Vaughan et al. [18], it can be seen that
compromise conditions of power and nebulizer flowrate are easily obtained

for a range of elements. Indeed, the flow rate yielding maximum ion count

* A version of this chapter has been published. M. A. Vaughan and G.
Horlick, J. Anal. Atom. Spectrom.,4, 45-50, (1989).
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for a given power and sampling depth is essentially the same for the majority
of elements. For this work a sampling depth of 15 mm from the load coil and
a plasma forward power of 1.5 kW were chosen. A plasma pc;wer of 1.5 kW
was used because of the high sensitivity that can be obtained at that power.
The ion focusing lens voltages were a compromise chosen to cover a large
mass range. Some sacrifice in intensity for the lighter elements was accepted
in order to obtain stronger signals for the heavier elements. The ion lens

voltages used are listed in Table 5.1.

Six National Bureau of Standards (NBS) Standard Reference Material
(SRM) steel samples in chip form were chosen for this work. Three stainless
steels; SRM 121d, SRM 123c and SRM 160b were selected along with SRM 361
and the modified steels SRM 362 and SRM 363. These steels were dissolved
using a high temperature, high pressure decomposition method described by
Fernando [24]. A 1 g sample was weighed into a 100 mL plastic beaker and 2
mL of concentrated HNO3 was slowly added. This was followed by the slow
addition of 4 mL of concentrated HCl. The mixture was warmed, 2 mL of HF
was added and the mixture was warmed again until the reaction subsided.
The contents of the beaker were transferred to the PTFE cup of a Parr bomb
using a few milliliters of water and heated at 180°C for 1 h. The cooled
mixture was diluted with deionized water, typically to 100 mL. All acids used
were reagent grade. All standards were prepared from SPEX Industries Inc.

standard solutions.
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Table 5.1  lon lens voltage settings.

Lens Setting. Voltage (V)

Bessel Box Barrel (B) 50 5
Bessel Box Plates (P) 30 -18
Einzel Lens (E1) 80 -16

Photon Stop (S2) 50 -10
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Results and Discussion

L. Qualitative Spectral Scans

One of the key features of ICP-MS is the ease with which qualitative
analysis of a sample can be carried out. Mass spectra for one of the stainless
steel samples (NBS 160b) are shown in Figures 5.1 and 5.2. The spectrum
shown in Figure 5.1 is for a solution that had a total steel composition of
0.01%. The certified values for Ni, Cu and Mo are 12.26%, 0.172% and 2.38%
thus the concentration of these species in this solution were 12.26 pg/mL,
0.172 pg/mL and 2.38 pug/mL. The spectra shown in Figure 5.2 are for a 0.1%
solution of the NBS 160b stainless steel. Cd, Sn, Sb, Ba, W, and Pb were all
readily identified. Of these, only Pb has a certified value (0.001%).

The simplicity of these spectra is in marked contrast to the
corresponding atomic emission spectrum for this sample. The complexity of
the atomic emission spectra of steels and stainless steels is well known and
these mass spectra clearly illustrate the ease with which the elemental
composition of such samples can be determined. This is further illustrated in
Figure 5.3. Among the more difficult elements to determine in steels by
atomic emission spectrometry are the rare earth elements. A mass spectrum
of a low alloy steel (NBS 361) is shown in Figure 5.3a, illustrating the presence
of a number of rare earth elements (La, Ce, Pr, and Nd) in this sample. The
solution run to obtain this spectrum was 1% in steel. This steel (NBS 361) has
certified values for Ce and Nd of 0.004% and 0.0007% and uncertified values
for La and Pr of 0.001% and 0.0003%. These elements, often difficult to identify
by emission spectrometry, can be easily verified and determined by ICP-MS.
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The mass spectra shown in Figures 5.1-5.3 also illustrate some potential
problems when using ICP-MS for the analysis of steel samples. In particular,
spectral interference problems can arise from metal oxide species as shown in
- Figures 5.2 and 5.3 This problem and additional spectral interference

problems are discussed in the next section.

2. Evaluation of Potential Spectral Interferences

The basic isobaric and background spectral interferences in ICP-MS are
well documented [16, 19]. Some of the major problein épecies are summarized
in Table 5.2 for Fe and the more common elements deterf.\wined in ferrous
alloys. Only the major background species are listed for w;ter, and dilute
nitric acid, sulfuric acid and hydrochloric acid solutions, and the tables of Tan

and Horlick [19] should be cons' '*~d for more details.

Unfortunately, some of the key elements of interest in ferrous
metallurgy (S, Si, P and S) cannot readily be determined because of spectral
overlaps with species basic to the ICP discharge. These include 14N+3,
14N160H* and 160+; which affect the major isotopes of Si, P and S. Iron itself
is a problem, with its major isotope (56Fe) affected by 40Ar!60+, and its next
two most abundant isotopes 54Fe and 57Fe affected by 40Ar14N+ and
40Ar160H*. That leaves only S58Fe which, alas, has an isobaric overlap with

the major Ni isotope.

Molecular background ions can also be formed from the components of
the overall sample matrix. Sulfur and chlorine containing components can be

particularly troublesome [19]. For example, with the dissolution procedure



Table5.2  Basic spectral interferences for elements of major interest in
ferrous alloys.

Element Isobaric Background Species
Overlaps HyO0,HNO3 HjS04 HCl

27 A1 (100)

286i (92.21) 14N, , 12C160

31P (100) 14N160OH

325 (95.02) 160, 325

487j (73.98) 48Ca (0.19) HUGMN, 326160

51y (99.76) 37CJMN, 35C1'6O

52Cr (83.76) 40Ar12C, 6Ari60 365160 35C'6OH

54Fe (5.82) 34Cr(238) 40ArlaN 37C1160H

55Mn (100) 40Arl4NH

56Fe (91.66) 40Arl60

57Fe (2.19) 40Arl60OH

58Ni (67.77) 38Fe (0.33)

62N (3.66)

59Co (100)

63Cu (69.1)

98Mo (32.5) 98Ru (1.87)
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used in this study, the use of HCI presents some major potential problems.
Two key elements that can be affected are V and As. A chloride containing
matrix results in the formation of CIO* and ArCl*+. 35C1160+ interferes with
S1V+. This is a serious problem because 50V+ is the only other naturally
occurring isotope of vanadium and it has an abundance of only 0.25%. As
well, S0V+ suffers from isobaric overlaps from 50Ti+ and 50Cr+ and 36Ar14N+,

35CI15N+ and 345160+ background species. 90Ar35Cl+ interferes with 7SAs+ and

as arsenic is monoisotopic this can be a major problem. These are just two of
the problems with a chloride matrix; other chlorine-based background species
have been tabulated by Tan and Horlick [19]. Should such species cause
problems for elements of interest, as illustrated for V and As above, chloride
must be eliminated from the sample dissolution proce: ire or removed from

the final solution matrix.

Elements within the sample itself can also contribute to spectral
interference problems. For steels, potential spectral interferences can occur
because of FeO* and FeOH* formation. A spectrum of FeO*+ and FeOH*
| species is shown in Figure 5.4. With an oxide bond dissociation energy of 92
kcal/mol, iron is not a strong oxide former and it took a solution of 2000
ng/mL of Fe to produce the spectrum shown in Figure 5.4. At most the
FeO+/Fe* ratio was about 0.5%. Even so, the FeO+ and FeOH* species can
result in spectral interferences. These are summarized in Table 5.3. The most
serious problem concerns Ge, where four out of five of its isotopes are
affected, including the major Ge isotope at mass 74. The one remaining
isotope (76Ge) suffers an interference from 36Ar40Ar+. Thus, determinations

of trace Ge in steels cannot readily be done by ICP-MS.
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Table5.3  Spectral interferences due to FeO and FeOH

Species

Ma

A2

FeO

FeOH

70
72
73
74
71
73
74
75

5.82
91.66
2.19
033
5.82
91.66
219
0.33

% Abund. of Fe Isotope _ Affected Species

Zn (0.62), Ge (20.51)
Ge (27.4)

Ge (7.76)

Ge (36.56), Se (0.87)
Ga (39.84)

Ge (7.76)

Ge (36.56), Se (0.87)
As (100)
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In addition to Fe, other sample components may cause MO+ and MOH*
spectral interference problems. For example, it can be seen in Figure 5.2 that
some masses of both Cd and Sn suffer spectral overlap from MoO*'s. Also, as
shown in Figure 5.3b, the rare earth elements are particularly strong oxide
forming elements as the oxides of La, Ce, Pr, and Nd are all readily observed.
These oxides present spectral overlap problems for some masses of Gd (LaO),

Gd, Sm (CeO's), Gd (PrO) and Gd, Tb, Dy, Er (NdO's). Detailed tables of these
interferences have been published by Vaughan and Horlick [16).

Finally, major sample components (X) can combine with argon to form
ArX+ species. An example of this is ArCl* formation, discussed earlier, in
samples having hydrochloric acid as one of the major components. Another
of these species, ArFe*, should be considered when doing ferrous analysis,

however, this ion was not observed even with Fe levels of 2000 ug/mL.

The short term stability of the ICP-MS was measured over a period of
11 min for Cu*, Mo* and W* in a 0.1% steel solution which was aspirated
continuously. The standard deviation of the signal over that time period was,
on average, 3.5%. Rh, added to the sample at 1 pg/mL level to act as an
internal standard, was also monitored and the stability of the response using
the internal standard was measured. The standard deviation was 3.2% on
average, comparable to the results obtained without using the internal

standard.

The change in signal intensity over a longer period of time was also

investigated. Data for the medium term drift were acquired over a period of
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30 min while the 0.1% steel solution was aspirated. Plots of the medium term
drift with and without the use of Rh as an internal standard are shown in
Figure 5.5 The unratioed ion counts show a continuous downward drift with
respect to time. However, when Rh is used as an internal standard, the drift
in signal intensity with time is greatly reduced. The drift in signal is not as
severe as presented in Figure 5.5 if a rinse solution is aspirated periodically
during analysis, a practice which is routinely employed. The standard
deviations for both short term and medium term drifts are presented in Table
5.4. In the medium term, the internal standard reduces the standard

deviation of the signal significantly, from 10.9% on average to 2.3%.

Rh was chosen as the internal standard for steel work for several
reasons. It is not present in the steel samples at significant levels. It is
monoisotopic so there are no extra isobaric corrections to be made on account
of the internal standard. It is not a strong oxide former, indeed no RhO+ was
observed in this work. Finally, it is in the mid-mass range, 103, a compromise

position for any mass effects.
4. Matrix Effects

In ICP-MS, large amounts of concomitant elements are known to affect
analyte sensitivity and most often signal suppressions are observed [20-23].
Thus, for steel analyses, the effect of high iron concentrations on analyte
sensitivity must be evaluated. A set of plots illustrating the effect of 1000
ng/mL Fe on Zr, Ce and Ta signals is shown in Figure 5.6. Signal intensities
are plotted as a function of nebulizer flowrate with the solid line

corresponding to the analyte solution (0.1 pg/mL) containing no iron and the

hatched line corresponding to a solution containing 1000 pg/mL Fe in
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Table5.4  RSD's for short (11 min) and medium term (30 min)"
measurement times with and without internal standardization.

ort Te
Element % RSD
Cu 3.5
Cu/Rh 2.4
Mo 3.5
Mo/Rh 34
w 34
W/Rh 38
Medium Term
Element % RSD
Cu 13.2
Cu/Rh 25
Mo 114
Mo/Rh 1.0
w 8.1

W/Rh 34
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addition to 0.1pg/mL analyte. As shown by Tan and Horlick [20], the most
severe suppression occurs at the nebulizer flowrate corresponding to the
maximum analyte signal intensity. Overall though, suppressions are not too

severe as iron is a relatively light matrix ion [20].

The matrix effect due to the high concentration of Fe can be minimized
by a small reduction in the nebulizer flowrate from that which results in the
maximum analyte signal. The dependence of the matrix effect on nebulizer
flowrate and iron concentration is shown in Figure 5.7 for Zr+. At the
nebulizer flow rate for maximum analyte signal, the Zr+ signal is suppressed
by increasing amounts of Fe, but the matrix effect is eliminated at the lower
nebulizer flowrate. This reduction in matrix effect does, however, come with
a minor loss in analyte sensitivity. The loss in signal intensity resulting from
the lower nebulizer flowrate is listed in Table 5.5 for a number of analytes. In

the worst case the sacrifice in signal intensity was only 50%.

In ICP-MS, this type of matrix effect is a general effect [20] and mass
trends have been observed for the matrix effect. Heavy matrix elements cause
more severe matrix effects and light analytes are more seriously affected.
However, the degree of the matrix effect changes slowly as a function of mass
and over a modest mass range of analytes and for a relatively light matrix
element (such as Fe) all analytes experience a similar matrix effect. One
important consequence of this is that the use of internal standard
methodology (as mentioned earlier, required to compensate for drift
problems) will also compensate for matrix effects. Matrix effect data are
shown in Figure 5.8 for Rh (internal standard) and two analytes (Nd and Ce)
as a function of Fe concentration. These data were taken at a nebulizer

flowrate corresponding to maximum signal response. The matrix effect is



100000 1 UG SEon
80000 + " Renacen (@)
g MATRIX EFFECTS
2 80000 ;
U 40000 -
2
2 20000
0 - ' - v —
0.9 1 1.4 1.2 1.3 1.4
NEBULIZER FLOWRATE (L/min)
50 >
2r MAXMUM SiGnAL (b)
25 ¢
% 0 TW.W‘\
E .25 .\'
Me
AF
T - -50 - - :
E 0.1 1 10 100 1000
R ¢
T
50
X r FLOW RATE FOR (c)
2 S
25
0 L} ® Oocmmmmssnaciszisty
-25
-50 ; - ‘ —~
0.1 1 10 100 1000
Fe CONCENTRATION
ug/mL

Figure 5.7. Effect of increasing Fe concentration on the Zr signal at the
nebulizer flowrate yielding maximum signal intensity and at a
reduced nebulizer flowrate.

"~



Table5.5 A comparison of signal intensities at nebulizer flowrates
yielding maximum signal or reduced matrix effects.

Element  Flowrate for Flowrate for % Loss in
maximum reduced matrix  signal intensity
intensity effects

Ce 22000 12500 43

Nd 6600 3600 45

Zr 20000 11500 43

Ta 12000 6000 50

Rh* 310000 190000 39

*The concentrations of all elements are 0.1 pg/mL except for Rh which is 1

pg/mL.
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clearly similar for all species. Thus, when Rh is used as an internal standard

(Figure 5.9) it compensates for the Fe induced matrix cffect.

This method of compensating matrix effects is only effective if the
analyte and the internal standard experience the same matrix effect. Ta, a
heavier analyte, does not experience the exact same matrix effect and as such,
Rh is not quite as effective in correcting for the matrix effect as it was for the
lighter elements closer in mass to Rh. This is shown in Figure 5.10. Overall,
however, the combined utilization of a reduced nebulizer flowrate and an

internal standard provides robust compensation for matrix effects in ICP-MS.

It should be pointed out that while most published ICP-MS analyses
have used internal standard methodology, the authors have either not
realized or underestimated the extent to which the internal standard is
compensating for matrix effects. They have emphasized the traditional role of
the internal standard in compensating drift, 1/f noise and multiplicative
noises in general. As a result, the real extent and universal existence of matrix

effects in JCP-MS has been under appreciated.
5. Analytical Results

Aqueous calibration curves (i.e. no matrix matching) were used for the
determination of Cu, Co, Ni, and Mo in the steel samples. Rh (1 pug/mL) was
used as the internal standard. The calibration curves were linear over the
three orders of magnitude needed for the samples. A calibration curve for Mo
is presented as an example in Figure 5.11. All of the samples were 0.01% steel.

The concentration ranges and the slopes of the log-log plots for the caiibration

curves are presented in Table 5.6. The analytical results plus the certified
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Table5.6  Concentration ranges and slopes for aqueous calibration curves.

Element  Concentration Slope of log-log plot
range (ug/mL)

63Cu 0.001000-1.000 1.01

9Co 0.001001-1.001 1.01

62Nj* 0.02090-20.10 1.01

%Mo 0.005015-5.015 1.07

*Minor jsotope 62Ni was used.



values are presented in Table 5.7. The agreement between the experimental

and the certified value was good with errors between 2 to 5%.

For‘ a series of elements found in steels at lower concentrations, the
method of standard additions was employed. Table 5.8 contains the results for
two steels, NFS SRM 363 and 361. The sample solutions were 0.1% steel and
again Rh was used as an internal standard. The standard addition curves were
linear and yielded reasonable results although in the case of Ce the results

were low. A sample standard addition plot, for W, is displayed in Figure 5.12.

Aqueous calibration curves were also used for the analysis of the major
component of steel, namely iron. The analyses were done using a minor
isotope of iron, 37Fe 2.19% abundant. Background subtraction was used to
correct for the interfering species 40Ar160H*. The concentration range of the
calibration curve was from 50 to 120 pg/mL Fe and a 0.1 ug/mL Rh internal
standard was used. The results are presented in Table 5.9. Only three of the six
steel samples had NBS values for % Fe in steel. There was gdod agreement
between the reported values and the measured values with an error of only

1% on average. )

160



Table 5.7

Analysis of 0.01% solutions of the standard reference steels.
Results reported as % in steel; precision expressed as the

standard deviation (n = 4). Aqueous calibration solutions used

with Rh used as an internal standard.

161

% In Steel
Cu Co

Certified Certified
Sample Measured Value Measured Value
121 0.115+0.002 0.121 0.100 + 0.003 0.10
123 0.103 £ 0.002 0.103 0.128 £0.003 0.12
160 0.162 £ 0.002 0.172 0.110£0.002 0.101
361 0.0400 £ 0.001 0.042 0.0293 £ 0.0005 0.032
362 0.476 £ 0.008 0.50 0.285 £+ 0.008 0.30
363 0.0921 £0.001 0.10 0.00424 £ 0.001 0.048

% In Steel

Ni Mo

Certified Certified
Sample Measured Value Measured  Value
121 10.74 £ 0.27 11.17 0.168 £ 0.008 0.165
123 11.05+0.21 11.34 0.2316 £ 0.005 0.22
160 11.88+0.20 12.26 2.324 £ 0.010 2.38
361 1.91+0.02 2.00 0.204 +£0.013 0.19
362 0.552 £ 0.006 0.59 0.0743 + 0.007 0.068
363 0.271 £ 0.003 0.30 0.038 £ 0.006 0.028



Table 5.8

Analysis of 0.1% solutions of the NBS standard reference steels
361 and 363 by the method of standard additions. Results
reported as % in steel. Precision expressed as the standard
deviation for one standard adclmons curve. Rh used as an
internal standard.

SRM 361 SRM 363
Exp. Cert. Exp. Cert.
- 0.000025  0.0017+0.001 0.00186
0.004710.02 0.0042 0.0020+0.002 0.002
0.01310.02 0.009 0.055+0.07 0.049
0.01910.007 0.017 0.04910.03 0.046
0.0034£0.001 0.0040 0.0012+0.02 0.003
0.009410.004 0.010 - 0.104

0.022+0.01 -0.020 - -



163

4

‘prepue)s
TeWLIDJUT Ue SE Pasn Y *M 10) UOREIGIYD) UOBIPPY piepue)s g1’ amIig

(Jw/Bn) NOILIGAV 40 NOILVHINIONOD
L ¥ 3 G0 0 m 0-

0

\
o

!
F

N
—Z~WUZ=>

\n
Y



Table 5.9

SRM
361
362
363
121
123
160

*No NBS values by difference reported. The tabulated values above

were obtained by difference upon summing the amounts of the certified

values.

Analysis of standard reference steels. results reported as % in
steel. Aqueous calibration solutions used with Rh used as an
internal standard.

%

94.0
93.9
93.9
68.4
66.5
63.1

Stee

N alue ifference)
95.6
95.3
94.4
68.2*
67.7¢
64.3*
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Conclusions.

ICP-MS can be successfully applied to the analysis of steel samples. However,
basic spectral interferences make the determination of some important
elements (Si, P and S) difficult if not impossible. In addition MO+ and MOH*
species from the sample (M = Fe, Mo, W, rare earth elements) and from the
solution matrix (M - Cl, S) may cause important spectral interferences that

must be evaluated on an individual basis as part of method development.

Suppressive matrix effects are an important aspect of ICP-MS analyses
and it was shown that a nebulizer flowrate setting of slightly less than that
producing the maximum analyte signal was advantageous in reducing matrix
effects. In addition it was seen that internal standardization was important,
not only from the point of view of compensating for instrumental drift, but
also for helping to compensate for matrix effects. With due attention to
instrument settings, spectral interferences, matrix effects, and internal
standardization excellent results can be obtained for most transition metals

and the lanthanides (rare earths) in steel samples.
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Chapter 6

ICP-MS Ion Lens Simulations.

The success of ICP-MS depends upon the ability to sample ions from
the plasma, to direct the ions to the quadrupole, to separate the ions in the
quadrupole and to detect the ions as they eair. Ion separation and detection in
ICP-MS is accomplished using conventional quadrupole mass spectrometry
methods. The sampling procedure, which allows atmospheric pressure
sampling of the plasma into a vacuum, has its basis in molecular beam
studies. The step between these two, directing the ions to the quadrupole, is

done with electrostatic lenses and is the part of the process of interest here.

A very general study of the ion lenses in ICP-MS is not possible due to
differences in instrument design. Lens design varies from manufacturer to
manufacturer. Also of importance is the interface between the ICP and the
MS which also varies with manufacturer. The interface affects the ion energy
and therefore the ion behaviour in a given electrostatic lens system. lon
kinetic energies have been measured by Olivares and Houk [1] and by Fulford
and Douglas [2]. The results obtained by the two groups differ piimarily due to
the center tapped grounded load coil on the Sciex system used by Fulford and
Douglas. This design eliminated any detectable discharge between the plasma
and the sampler or skimmer and the resulting ion kinetic energies were
lower than those measured for the system not having a center tap ground on

the load coil.
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~ There has been a limited amount of jon lens mpdélii\g pﬁblished
relating specifically to the iCP-MS. Kawaguchi (3], ixi his reviéw, discusses ion
lens systems and presents some ion trajectories for a somewhét simplified
mode! of the lenses used in their instrumentation. Gillson et al. [4] also
employed ion lens modeling in their study of non-spectroscopic interelement
interferences in ICP-MS. Their work involved a comparison of ion

trajectories through the einzel lens elements of a Sciex Elan 250 with and

without the effect of space charge.

The ion lenses modeled in this study are based on the Sciex Elan 250
ICP-MS. The numerical simulation program MacSimion (Montech Pty. Ltd.)
was used to model the lenses and calculate the ion trajectories. The model
included the entire set of electrostatic lenses from the skimmer to the back of

the bessel box. No space charge effects were considered.

Theory

All of the properties of motion of a particle in a potential field depend
on a function of the velocity and particle position. In ion optics the ion .
velocity is proportional to the square root of the potential experienced by the

ion. Snell's Law, which is commonly written for light optics as:

sin6; _ M
sing; ™ 6.1

may also be written for ion optics as [5]:
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sing, _ ()"
sind 9o/ 62

where 0 is the angle of the particle’s path, n is the refractive index and ¢ is the
potential. From this we can see that the square root of the potential affects the
ion path in the same manner as the refractive index affects the path of light.
Ion trajectories depend on the potential experienced by the ion and, therefore,
on the electrostatic field established by the lenses. Although in theory, once
the electrostatic field is known, Snell's Law could be employed directly to
determine ion trajectories, in practice cumulative errors grow rapidly.
Consequently a numerical methods approach is used to calculate jon

trajectories.

Programs such as MacSimion are available for ion lens simulations.
First the ion optics are modeled and the voltages are assigned to each
element. The program then calculates the electrostatic field. Once this is
accomplished, ions with different initial parameters, such as energy and
angle, may be introduced into the system and the trajectories are calculated
and displayed on the computer screen. The equipotential lines for a simple
einzel lens as calculated by MacSimion are displayed in Figure 6.1a. The ion
trajectories for two 7.5eV ions through this lens system are presented in
Figure 6.1b. The initial angles of the ions are 9° and -9° from a horizontal axis
of symmetry running through the center of the figure. An importani
characteristic of electrostatic ion optics is that jon trajectories depend on
energy not on mass/charge. The trajectory is the same for any charged particle
no matter what its mass to charge ratio provided it enters the field with the
same initial kinetic energy. Ions with different charges but the same energy

come to the same focus but arrive there at different times.
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Figure 6.1  Equipotential lines for the einzel lens (a) and ion trajectories
through the einzel lens (b). Ion energy, 7.5eV. Entry angles, 9°
and -9°. E1 = -30V, central einzel element, -130V.
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Since the lenses discriminate on the basis of kinetic energy we must
consider the kinetic energies of the ions entering the ICP-MS in order to
understand their behaviour in the lens system. Fulford and Douglas [2] have
measured jon kinetic energies in the Sciex Elan 250. Following their work, we
can establish an equation for calculating the kinetic energies of the ions in the
ICP-MS. From the assumption that the jons get most of their energy from the
supersonic expansion we may calculate the kinetic energy. In the expansion

the jons move at the speed of the Ar neutrals.

Since
E= %— mv? 63
we have
Ear=3 v 6.4
Ev= M 65

assuming that the velocity of the ions equal the velocity of Ar ( Var= VM) we

get:

EM)=E, M
M=EaMy 6.6

The value of EAr is usually obtained from consideration of the terminal

velocity in the supersonic expansion. The terminal velocity is given as:

U =YSZa
= 6.7

where o is defined as:



a={&T 6.8

substitution into 6.4 yields:
=2

Enr=3 kT 69

Assuming a reasonable value for T, the gas kinetic temperature in the ICP,

(4900K for this work) we can calculate EAr and Eg. Fulford and Douglas report

a plasma potential of approximately 2V which must be added to the kinetic

energies of the ions. Thus taking this into consideration we get:

E=E;+P 6.10
where P = 2.0eV.

According to these equations the kinetic energy of an ion sampled
using a supersonic expansion such as the one used in the ICP-MS, depends, in
a linear fashion, upon the ion mass. With T = 4900K the kinetic energy of the
ions may be calculated by E = 0.026M+2.0eV. From this 48Ti will have a
calculated kinetic energy of 3.26eV and 208Bj a kinetic energy calculated to be
7.46eV. This explains why there is an apparent mass effect when studying ion

signal intensities as a function of lens voltages. (See Chapter 2.)

Experimental

The lens system from a P.E. Sciex Elan 250 ICP-MS was disassembled
and measured. The information obtained was used in the ion lens simulation

program MacSimion (Montech Pty. Ltd. Australia) to model the ion lenses in

-
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this ICP-MS. MacSimion was run on a Macll Macintosh computer. The
calculations for determining ihe electric field were done using cylindrical
symmetry. lon trajectories were determined for a variety of initial conditions
for a variety of ions plus the effects of varied potentials on individual lens

elements were studied. In all cases no space charge was assumed.

Results and Discussion

A schematic of the ICP-MS system for a P.E. Sciex Elan 250 is presented
in Figure 6.2. Jons formed in the ICP are extracted by the sampler, through the
skimmer into the ion focussing optics. The jon optics of interest in this study
are those elements from the skimmer down to and including the bessel box.
The quadrupole, although an ion lens itself, is a special line focussing lens
which has been studied extensively and is described in detail elsewhere [6-8].
A schematic of the lenses as they were drawn in MacSimion is shown in
Figure 6.3. The skimmer and the first photon stop were at ground potential at
all times. Element 2 of the einzel lens was kept at -130V. Elements 1 and 3 of
the einzel lens are tied together and have the same potential. This is also true
for the front and back plates of the bessel box. The lenses where the voltages
were varied shall be referred to as follows: El shall indicate the einzel lens
elements 1 and 3; P shall indicate the front and back bessel plates; B shall
represent the bessel box barrel; and S2 shall represent the photon stop in the

bessel box.
1. Basic Lens Behaviour,

Equipotential lines for the lens system with the following voltages: E1

= -30V, P =-18V, B = 4V and S2 = -9V are displayed in Figure 6.4. The first
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thing to catch the eye is the characteristic equipotenﬁal distribution around
the einzel elements. The region of interest is inside the cylindrical lens
elements. Provided the potentials are properly adjusted for the kinetic energy
of the ion of interest, the ion trajectory shall be such that the ion passes
through the einzel lens and into the bessel box through the hole in the front
plate. There are only two equipotential lines drawn in the bessel box but it is
enough to get a feel for the ion behaviour. Again, depending on the field
strength and ion kinetic energy, the first set of equipotentials, inside the bessel
box behind the front plate, serve to deflect the ions away from the photon
stop. The jons are forced around the sides of the photon stop and then the
field established around the back plate serves to bend the ion trajectory
towards the exit of the bessel box. lons with the appropriate kinetic energy
will exit the bessel box through the hole in the back plate and enter the AC
entry rods of the quadrupole system. A trajectory for an ion successfully
traversing the lens system is shown in Figure 6.5. Actually the figure contains
the trajectories for three singly charged ions with masses of 48, 148 and 248
amu. In agreement with the theory discussed, these trajectories are
overlapped because ion trajectories under these conditions are independent
of mass/charge depending only on kinetic energy. A kinetic energy of 3.3eV

for each of the three masses was used in this simulation.

The effect of changing the kinetic energy under these lens conditions
may be observed in Figure 6.6. From the top set of ion trajectories, Figure 6.6a,
we see that a range of kinetic energies may successfully exit the lens system.
Ion paths for ions with a larger range of kinetic energies are displayed in
Figure 6.6b. The ion with the lowest kinetic energy, 1eV, gets deflected too
much in the back of the bessel box and crashes into the back plate. The higher
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Figure 6.5 Typical ion trajectory. lon energy is 3.3eV, entry angle is 9°. Lens
settings: E1 = -30V, P =-18V, B = 4V and 52 = -9V.
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(A)

®ogae
Nl

(B)

Figure 6.6  Trajectories for ions of varying kinetic energies. (A) small energy
range: (a) 3.3eV, (b) 4.3eV, (c) 5.3eV, (d) 6.3V and (e) 7.3eV. (B)
larger energy range. Lens settings: E1 = -30V, P = -18V, B = 4V and
S2 = -9V. Entry angle is 9°
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energy ions, 9eV and 13eV, are not deflected eno\igh ..ai;d also crash into the
back plate of the bessel box. The 5eV ion, for which the lens voltages are
correct, exits properly from the lens system. The ion energies can be selected

in the bessel box by prcpar adjustment of the lens potentials.

Another characteristic of cylindrically symmetrical systems is that the
charge on the ion does not affect the ion trajectory. Trajectories for the Ba+
and Ba2+ jons are plotted in Figure 6.7. Mass 138 and a kinetic energy of
5.62eV were used for these ions. Clearly the two trajectories overlap, in

agreement with theory.

One final consideration to discuss, before we proceed to a more detailed
look at the ion behaviour through these lenses, is that of the ion entry angle.
Since there is a photon stop, 51, directly behind the skimmer (see Figure 6.3)
ions from the skimmer travelling straight down along the axis of symmetry
shall crash into the photon stop and be lost. Likewise, ions exiting the
skimmer at too large an angle will hit the walls or, depending on the E1
voltage, will crash into the first einzel element. Thus only ions whose paths
fall within a certain range of angles will successfully enter the lens system. Of
those, not all will successfully exit. Referring to Figure 6.8 we can see that ions
with initial angles of 9° and 12° made it through the lenses but ions entering
at angles of 6° and 15° crashed into the plates of the bessel box. Thus in order
for an ion to successfully traverse the lens system the potentials must be set
according to the kinetic energy of the ion and the ion must enter the lenses at

the proper angle.

The original plan for this study was to simulate the ion lenses in the

ICP-MS and study ion trajectories for the conditions, ie. lens voltages, used in
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Figure 6.7 Ion trajectories for Ba+ and Ba2* (5.62eV). Lens settings: E1 = -
30V, P = -18V, B = 4V and S2 = -9V. Entry angle is 9°.



Figure 6.8

Ion trajectories for a 4.8eV ion with entry angles of 6°, 9°, 12° and
15°.
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the parametér study done on this instruiﬁent (see Chapter 2). The lens
settings used in the parameter study were B=4V, §2 = -9V, P = -18V and E1 = -
16V. When these settings were used in the lens modeling we found that for
the ion kinetic energies calculated the jon paths did not lead out of the lens
system and into the quadrupole. Instead, the ions were deflected too much by
the einzel lens and crashed into the front plate of the bessel box. In order to
get ions in the calculated kinetic energy range into the bessel box, the einzel
lens voltage had to be increased. A value of El= -30V was found to be

acceptable.

In an attempt to understand the discrepancy between the experimental
results and the simulation, we tried to get ions through the lens system by
modifying the parameters other than the einzel lens voltage. The position of
the first photon stop was varied but this did not help. If the stop was removed
completely the ions made it through the lens system. This constituted a large
change in the jion optics, however, and was not acceptable. Making small
changes in the positions of the rest of the lenses with respect to each other did
not improve the ion throughput either. Since the ion trajectories depend on
ion kinetic energy our next step was to assign larger kinetic energies to ions in
the simulation. In the range of 16eV, ions successfully traversed the lens
system so it may be possible that the assumption about the ion energies
discussed earlier is incorrect. This is disturbing because with the higher
kinetic energies it is difficult to associate ion energy with mass. This also
disagrees with the measurements made by Fulford and Douglas. There is
some circumstantial evidence supporting the idea that the kinetic energies
are in the 2eV to 8eV range. Once the ions enter the bessel box, the voltage

ranges for the bessel box lens elements that result in successful trajectories are
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closer to expeximental voltage ranges for the ions in the 2eV »tvb ng réhge
compared to those ions in the 14eV to 17eV range. Althbugh this problefn is
essentially unresolved we are still able to get, at least, a qualitativé feel for the
jon behaviour in this lens system, to understand how the voltage changes
alter jon trajectories and to see why compromise lens settings are sometimes

required.

2. Effects of Individual Lens Elements,

A systematic study of each of the lens elements - the einzel lens (E1),
the bessel box barrel (B), the bessel box plates (F), and the photon stop (S2) -
was carried out. Each lens was set at a default value as follows: B = 4V, 82 = -
9V, P = -18V and E1 = -30V. Then, varying the voltage of only one lens in the
set of four, a series of jon trajectories were obtained. This was repeated for all
four lenses. A series of trajectories for four different einzel lens settings
ranging from -25 to -45V are shown in Figure 6.9. At each potential, the
trajectories for leV, 5eV and 9eV ions are shown. For the default set of
voltages the ion trajectory for 13eV is also included. With a potential of -25V
on the einzel lens, E1, the 1eV ion is deflected too much in the einzel field
and is lost to the front plate of the bessel box. Both the 5eV and 9eV ions enter
the bessel box. Due to the field within the bessel box only the 5eV ion exits
toward the quadrupole. For both the -30V and the -35V einzel lens (E1)
settings, the ions in the range leV to 9eV enter the bessel box with only the
5eV ion making it through. Finally the E1 = -45V setting resulted in a series of
ion trajectories where only the 1eV ion enters the bessel box and it crashes
into the photon stop. The other jons, 9eV and 5eV, are not deflected

sufficiently in the einzel field to enter the bessel box.
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Figure 6.9  Trajectories for 1, 5 and 9eV ions at varied E1 voltages. Lens
settings: P = -18V, B = 4V and 52 = -9V. Entry angle is 9°.



The jon fr#jecfories presented in Figure 6.10 demonsuété the efféct of thé
photon stop voltage, S2. At a voltage of -3V a 1eV ion is deﬂécted into the
photon stop. The ions of higher kinetic energy, 5eV and 9eV, are deflected
around the photon stop but do not get deflected enough in the back of the
bessel box to bring them through the exit. The set of conditions where the
photon stop voltage = -9V are the default conditions and have already been
described. This set of conditions (default conditions) has been included in
Figures 6.9 - 6.12 for the sake of comparison. The conditions where the
photon stop voltage = -15V results in both the 5eV and the 9eV ions
traversing the lens system and entering the quadrupole. In contrast, the leV
ion crashes into the back plate of the bessel box. When §2 =-18V the potential
is high enough that the 5eV ion, like the leV jon, crashes into the back plate
as a result of being deflected too strongly in the field. The 9eV ion trajectory

still exits the bessel box successfully.

The next lens to look at is the bessel box barrel. Trajectories for different
potentials on this lens are displayed in Figure 6.11. When B=2V the only ion
with a trajectory passing through the entire lens system is the leV jon. The
5eV and 9eV ions were not deflected enough to get to the exit in the back
plate. The B=4V plot is the plot of default conditions. Changing the bessel box
barre] to 6V results in acceptable trajectories for 5eV and 9eV ions where both
exit the bessel box. The 1eV jon crashes into the photon stop. When B= 12V
none of the ions 1eV, 5eV or 9eV exit. The 5eV and 9eV ions get deflected too
much and crash into the photon stop or the back plate respectively. The leV
ion enters the bessel box, is repelled by the field, changes direction and crashes

into the back of the front plate of the bessel box.
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Figure 6.10 Trajectories for 1, 5 and 9eV ions at varied S2 voltages. Lens
settings: E1 = -30V, P = -18V and B = 4V. Entry angle is 9°.
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Figure 6.11 Trajectories for 1, 5 and 9eV ions at varied B voltages. Lens
settings: E1 = -30V, P = -18V and S2 = -9V. Entry angle is 9°.
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Ps= -10V

P=-18V

Ps -21V

Ps= -30V

Figure 6.12 Trajectories for 1, 5 and 9eV ions at varied P voltages. Lens
settings: E1 = -30V, B = 4V and S2 = -9V. Entry angle is 9°.
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~ The final lens of the four consists of the bessél box élétes. The
trajectories for vch;nrges m this léns voitige are shown in Figure 612 At
P= -10V jons with energies of 5eV and 9eV will exit the bessel boi but the leV
ion crashes into the photon stop. P = -18V is the default set of conditions. The
trajectories for P= -21V are similar to those for the default conditions
although all the ions are deflected a little less. At a besse! box plate voltage of
-30V only the leV ion exits; the 5eV and 9eV ions do not get deflected enough
to avoid the back plate of the bessel box.

From this simulation of the behaviour of the jons of various energies
under different lens potentials a list of trends can be compiled. The trends
observed for this lens system are presented in Table 6.1. Condition 1a deals
with the case where the ions are deflected too much by the field established by
the einzel lens. The jons are deflected past the bessel box opening and crash
into the front plate. The 1eV ion at E1 = -25V, Figure 6.9, is an example of this.
By increasing the einzel lens (E1) potential to -30V, the 1eV jon enters the
bessel box. Condition 1b describes the opposite problem. Ions do not get
deflected enough to enter the bessel box. The 5eV and 9eV ion trajectories for
El = —45V'(Figure 6.9) are not deflected enough. Reducing the potential to -
35V allows both the 5eV and the 9eV ions to pass into the bessel box. An
example of condition 1c, the conditions where ions crash into front of the
photon stop following a fairly straight trajectory, is also displayed in Figure
6.9. When E1 = -35V the 9eV ion crashes into the phbton stop. Reducing the
einzel lens (E1) voltage to -30V results in an ion trajectory for the 9eV ion that

passes around the photon stop toward the back of the bessel box.

The second set of trends relate to the bessel box. Consequently there

may be more than one way to correct a condition; not every correction
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Table 6.1 Major Behaviour Trends.

The larger the voltage on einzel lens elements 1 and 3, (E1), the smaller the
angle of deflection in the jon trajectory moving from the einzel lens toward
the bessel] box.

la.Condition Ions deflected too much by the field established by the
einzel lens voltage to enter the bessel box.

Correction Increase the einzel lens (E1) voltage.
b.Condition Ions not deflected enough by the field established by the
einzel lens voltage to enter the bessel box.
Correction Decrease the einzel lens (E1) voltage.
¢. Condition Ions crash into front of the photon stop following a fairly
straight trajectory.
Correction Decrease the einzel lens (E1) voltage.

The larger the photon stop (S2) voltage or the lai'ger the bessel box barre! (B)
voltage or the smaller the bessel box plate (P) voltage the more curved the ion
trajectory becomes through the besse! box.

2a.Condition Once inside the bessel box, ions are not deflected enough
to exit.
Correction 1. Increase photon stop (S2) voltage.

2. Increase bessel box barrel (B) voltage.
3. Decrease bessel box plate (P) voltage.

b.Condition Once inside the bessel box jons are deflected past the exit
into the back plate.
Correction 1. Decrease photon stop (S2) voltage.

2. Decrease bessel box barrel (B) voltage.
3. Increase bessel box plate (P) voltage.
¢. Condition Tons crash into photon stop following a curved trajectory.
Correction 1. Decrease bessel box barrel (B) voltage.
2. Increase bessel box plate (P) voltage.
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method will apply in every case and changing the potei\tidl on mbre than one
lens element may counteract the effect obtained by oniy changing oné.
Condition 2a describes the situation where ions, once inside the bessel box, do
not get deflected around the back of the photon stop to the hole in the back
plate of the bessel box. To correct for this we may increase the photon stop (S2)
voltage, increase the bessel box barrel (B) voltage, or decrease the bessel box
plate (P) voltage. In Figure 6.10, where S2 = -3V, the 5eV and 9eV ions end up
vn the back plate of the besse! box. By increasing the photon stop (§2) voltage
to -9V the 5eV ion exits. When the photon stop (S2) voltage is increased
further to ~15V both the 5eV and the 9eV ijon exit properly. Note how the
angle of exit increases as the potential increases. The same situation for the
5eV and 9eV ions exists for the bessel box barrel setting of B=2V, displayed in
Figure 6.11. The ions end up on the back plate of the bessel box. Increasing the
bessel box barrel (B) voltage to 4V allows the 5eV ion to exit and a further
increase to 6V allows both the 5eV and the 9eV ions to exit. The bessel box
plate (P) voltage also effects the degree of deflection an ion undergoes in the
bessel box. Looking first at the trajectories for P = -30V in Figure 6.12 we see
that the SeV and 9eV ions are not deflected enough. Changing the bessel box
plate voltage to -21V allows 5eV jons to exit and P= -10V allows both 5eV and

9eV ions to exit to the quadrupole.

Condition 2b, where once inside the bessel box ions are deflected past
the exit into the back plate, is the opposite of condition 2a discussed above and
consequently the corrections are also opposite. In Figure 6.10 where 52 =-18V
the 5eV ion crashes into the back plate because it has been deflected too much.
Reducing the photon stop (S2) voltage to -15V corrects the problem. Similarly,
referring to Figure 6.11, B=12V, the 9eV ion trajectory terminates on the back
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plate of the bessel box after being deflected past the exit. Reducing the bessel
box barrel (B) voltage to 6V results in the trajectory which passes through the
bessel box and exits successfully. The ion trajectory for a 1eV ion which has
been deflected past the exit and into the back plate of the bessel box is shown
in Figure 6.12 ( P = -21V). Increasing the bessel box plate (P) voltage to -30V

resulted in an acceptable trajectory for the leV ion.

Condition 2c, where ions crash into photon stop following a curved
trajectory, and condition 1c, where the ions crash into the photon stop
following a fairly straight trajectory, differ in the amount of curvature in the
trajectory and in the type of the correction applied. An ion trajectory for the
1eV ion which crashes into the photon stop is presented in Figure 6.11
(B=6V). Note how curved the trajectory is compared to the 9eV trajectory in
Figure 6.9 (E1=-35V). When the bessel box barrel (B) voltage is reduced to 2V
the 1eV ion trajectory passes through the exit of the bessel box. Similarly, in
Figure 6.12 (P = -10V) the 1eV jon crashed into the photon stop. When the
bessel box plate (P) potential was changed to -30V the leV ion trajectory
passed through the exit of the bessel box.

Using these trends, predictions may be made on how to better adjust
the lenses for jons of a given energy. Take, for example, the case where the
bessel box plate voltage =-21V. This set of trajectories is displayed again in
Figure 6.13a. In this figure the 9eV ion is not deflected enough to exit the
bessel box. One possible correction for the problem is to increase the voltage
on the photon stop, S2. The trajectory for an increase in this voltage from -
9V to -15V is plotted in Figure 6.13b. This change is sufficient to correct the
the ion path through the bessel box. Another option is to increase the bessel

box barrel (B) voltage. The results of changing this voltage from 4V to 6V are
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Figure 6.13 Trajectories for 1, 5 and 9eV ions. Lens settings: E1 = -30V, B =
4V, §2 = -9V and P = -21V (a). Lens settings:E1 = -30V, B = 4V,
62 = -15V and P = -21V (b). Lens settings:E1 = -30V, B= 6V, S2 =
-9V and P = <21V (¢). Entry angle is 9°.



196
shown in Figure 6.13c. Again the trajectory of the 9eV ion is sufficiently
modified to enable the ion to exit toward the quadrupole. Thus either of these

adjustments would improve the high mass response of the Sciex instrument.

The trajectory for the 1eV jon in Figure 6.14a provides an example of
an ion inside the bessel box that gets deflected too much. By decreasing the
bessel box barrel (B) voltage to 2V, Figure 6.14b, the 1eV jon trajectory passes
through the bessel box exit. If the bessel box barrel (B) voltage of 2V is
maintained and the photon stop voltage, S2, is increased to -12V, the
changes in the l1eV ion trajectory caused by reducing the bessel box barrel (B)
voltage is partially counteracted, Figure 6.14c. This demonstrates the
interactive behaviour of the ion lenses, which is something we have
observed experimentally.

3. Higher Energy lons.

Thus far, all the ion trajectories have been acquired for jons of leV,
5eV and 9eV with the lens voltages chosen around a default set of conditions
where E1 = -30V, P = -18V, B = 4V and S2 = -9V. For these ion energies
successful jon trajectories required the einzel lens elements 1 and 3 (E1) to be
set in the range of -30V. This setting differs from the settings used in
experimental measurements where E1 = -17". In order to investigate the lens
settings exactly as they were set in the experimental work, higher energy ions
were studied. Ion trajectories for ions with energies of 14eV, 15eV, 16eV and
17eV were generated for the lens settings E1 = <16V, P =-18V,B=4Vand S2 =
-9V. In the same manner as before, the voltage of each lens was varied in turn

to see how it affected the ion trajectories. The results were in agreement with

the general trends summarized in Table 6.1.
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Figure 6.14 Trajectories for 1, 5 and 9eV ions. Lens settings: E1 = -35V, B =

4V, S2 = -9V and P = -18V (a). Lens settings: E1 = -35V, B = 2V,
§2 = -9V and P = -18V (b). Lens settings: E1 = -35V,B= 2V, §2 =
-12V and P = -18V (c). Entry angle is 9°.
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A set of trajectories for three einzel lens settings is shown in Figure
6.15. As with the lower energy ions, the lower the voltage on the einzel lens,
E1, the greater the deflection of the ion path from the einzel lens to the front
of the bessel box. It is interesting to note that in this energy range the ion
paths are not bent around the photon stop as much as in the case of the lower
energy jons. A series of ion trajectories for a series of photon stop voltages is
presented in Figure 6.16. For these ions, the larger the photon stop voltage the
more bent the trajectory of the ions becomes in the back of the bessel box. The
same is true for the bessel box barrel, B, lens. The larger the the barrel lens
voltage the more the ion trajectory curves in the back of the bessel box. The
trajectories supporting this are plotted in Figure 6.17. Figure 6.18 rounds out
the set with trajectories generated for two bessel box plate, P, lens settings. As
above, the results support the data acquired for the lower energy ions. The

lower the plate voltage the greater the trajectory curvature in the bessel box.

4. Signal Intensity as a Function of Lens Potential.

An attempt was made to estimate relative signal intensities as a
function of lens potentials. To this end the following argument was used. In
these simulations there is a range of entry angles @ tob where ions will
successfully traverse the lens system. Due to the cylindrical symmetry these
angles will cut a ring in space the area of which should be proportional to

signal intensity. Via basic trigonometry the area of the ring may be given by:

B=tan2b -tana 6.11
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Figure 6.15 Trajectories for 14, 15, 16 and 17eV ions at varied E1 voltages.
Lens settings: P = -18V, B = 4V and S2 = -9V. Entry angle is 9°.
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Figure 6.16 Trajectories for 14, 15, 16 and 17eV ions at varied S2 voltages.
Lens settings: E1 = -16V, P = -18V and B = 4V. Entry angle is 9°.
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Figure 6.17 Trajectories for 14, 15, 16 and 17eV ions ai varied B voltages.
Lens settings: E1 = -16V, P = -18V and S2 = -9V. Entry angle is 9°.
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16aV

Figure 6.18 Trajectories for 14, 15, 16 and 17eV ions at varied P voltages. Lens
settings: E1 = -16V, B = 4V and S2 = -9V. Entry angle is 9°.
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This B value was used as an estimate of lens th;oughput, Tlié :esﬁlfs of
estimated ion throughput in arbitrary units Vefsds the pl\oton stop vbliégé is
shown in Figure 6.19 . For plot (a) the other potentials were set at E1 =-30V, P
= -18V and B = 4V. The maximum range of angle throughput was 7° - 18° for
Ti, 6° - 14° for Pd and 5° - 11° for Bi. These element assignments are based on
the assumptions relating energy to mass as reported by Fulford and Douglas
[2]. The results obtained by repeating the experiment with E1 = -25V, keeping
all other conditions the same is presented in the bottom plot, Figure 6.19b.
With the reduced einzel lens voltage the 3.3eV jon corresponding to Ti did
not successfully exit the system. Of the remaining two, Pd, (4.8eV) had a solid
angle range of 7.2° - 8.9° and Bi (7.5eV) had a range of 4.4° -9.5° These ranges
are much smaller than those obtained with the einzel lens setting of El = -
30V and the resulting area values, B, are of reduced magnitude. The effect is
more severe for the lower energy ions. The Pd signal is reduced by 83% while
the Bi signal is reduced by 27%. It is important to note the effect the einzel
lens voltage has on the relative magnitudes of the jon throughput. It is
tempting to look at the top plot in Figure 6.19 and compare it to the
experimental results from the ICP-MS since the intensities for both go as
Ti>Pd>Bi. We cannot draw any conclusions from this, however, because of
the large number of factors that affect experimental signal intensities such as
the quadrupole, the degree of analyte ionization in the plasma, the natural

abundances of the elements and so on.

The ion throughput, calculated as B (equation 6.11), was determined as
a function of ion lens voltage for the photon stop, S2, the bessel box barrel, B,
and the bessel box plates, P, using the two sets of default conditions and the

two sets of ion energies. The signal versus lens voltage plots for the three
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Figure 6.19 Estimated ion throughput (arbitrary units) as a function of
photon stop voltage. Lens settings: E1 = -30V, P = -18V and B =
4V (a). Lens settings: E1 = -25V, P = -18V and B = 4V (b). Entry
angle is 9°.
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lenses when E1 = -30V is shown in Figure 6.20. The signaj ver‘sus_léhs voltage
plots for E1 = -16V may be found in Figure 6.21. The béh#v_iouf of the ion
signal with respect to the lens voltage as measured on the ICP-MS closely
resemblesA the solid angle transmitted as a function of voltage when E1 = -30V.
The signal maxima are reached within the voltage ranges testéd. When E1 = -
16V it appears that the voltage ranges may need to be extended to reach

maximum signal intensities.

Using the results from the E1 =-30V then, the response to the voltage
changes for experimental and simulated data were compared. All the data
were normalized to the peak value in each case for the following reasons. The
peak amplitude can be a function of other lens settings and, in the case of the
experimental results, the intensity fluctuation from element to element is so
large that Bi, for example, would be lost on the baseline if the appropriate
scale for Ti were used. In Figﬁre 6.22 the simulated results (Figure 6.22a) and
the experimental results (Figure 6.22b) for intensity as a function of photon
stop voltage are presented. In both cases the response takes the shape of a
peak, however, the experimental results cover a smaller voltage range.
Similarly, in Figure 6.23, the results for the plate voltage, P, are given. The
simulated data are presented in Figure 6.23a and Figure 6.23b contains the
experimental results. Again the experimental results are not exactly like the
simulated data, especially for Bi, but there are similarities in general shape.
Finally, to complete the set, the results for the barrel voltége are presented in
Figuré 6.24. In this case too, there are similarities in shape of the curves

generated by simulation and by experiment.

In all three sets the comparison between simulated and experimental

results must be done with caution. In the ICP-MS the ions for each mass have
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Figure 6.20 Estimated jon throughput (arbitrary units) as a function of
photon stop voltage (a), plate voltage (b) and barrel voltage (c).

El = -30V.
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Figure 6.22 Estimated ion throughput (arbitrary units, normalized for each
element) as a function of barrel voltage (a). Experimental results
of intensity as a function of barrel voltage, normalized for each
element (b).
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a range of energiés Wi\ile ohly one éneigy is cbnsidé:féd in tﬁe sxmulatmu
There is also a ciuestion as to the validity of assigi\ing ioﬁ eﬁergies fo mésses
as discussed earlier. However, keeping that in mind, it is ihteresting to see
that for} both the expeﬁmental and simulated results the order in which thé
peaks appear are the same; eg. Ti before Pd before Bi for the photon stop, and

there is a general similarity in the shape of the response curves.

5, Effect of Photon Stop Voltage on Parameter Plots,

The effect of changing the photon stop voltage on the nebulizer
flowrate power parameter plots was first mentioned in Chapter 2. Although
voltage changes did not affect the general mountain shape of the plots, in
some cases the position of the peak maxima shifted for a given power.
Parameter plots for Ni* obtained at photon stop voltages of -9V and -13V are
presented in Figure 6.25. Changing the photon stop voltage from -9V to -13V
resulted in an overall drop in signal intensity and the nebulizer flowrate
corresponding to the peak maxima at each power has been reduced by

0.05L/min typically.

From the lens studies involving the photon stop we know that
changing the voltage from -9V to -13V causes a larger deflection of the ions
around the photon stop in the back of the bessel box. This results in ions of
higher energy successfully traversing the bessel box. Since we have to lower
the nebulizer flowrate to regain the maximum ion count for Ni after the
photon stop voltage is changed it would appear that lowering the nebulizer
flowrate causes an increase in the ion energy. If this is true, however, then
why are the positions of the nebulizer flowrate power parameter plot maxima

so insensitive to mass? For example, at 1.5kW, both the Ti (3.26eV) and the Pt

11
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Figure 6.25 Nebulizer flowrate power parameter plots for Ni+ at two photon
stop voltages, -9V and -13V. Power in kW shown on each line.
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(7.12eV) ion signal intensities reach a maxxmum at _1.3011.‘/ min (Chapter 2,
Figure 2.1). I’ there was a simple relationship bétwéeti ihe !iebﬁiizer ﬁowraté
and the ion energy, ions of higher energy (ie. larger mass) should reach a
maximum signal at lower nebulizer flowrates. While it dppéars that ion
energy and the ion optics have some effect on the parameter plots the reason
for the mountain shape has not yet been determined. Since the parameter
plots are affected by so many factors, it is not easy to pin-point the cause of the

mountain shape. Clearly this is an area requiring further study.

Conclusions

The series of ion trajectory simulations through this lens system has
proven beneficial from the viewpoint of the basic understanding of the ion
lenses. It has become clear that ion trajectories through the lenses are
independent of mass/charge and of absolute ion charge or mass. The apparent
mass effect on jon lens behaviour observed experimentally may be explained
by considering the individual ion energies. Since ions traveling through the
molecular beam expansion attain the velocity of the Ar neutrals, there is a
kinetic energy spread in the ions which is a function of mass. This is why
compromise conditions are needed in ICP-MS when a large mass range is to

be covered.

Ideally the ions entering the ion optics in ICP-MS should have a low
energy spread; this would remove the need for compromise lens settings. The
ion energy should also be independent of the ICP conditions. This is not what
is observed for the ICP-MS systems which have a secondary discharge

between the plasma and the interface to the mass spectrometer. Obviously
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there is more work to be done on instrument design addressing these

problems.

Ion trajectories through the lens system depend on ion energy entrance
angle and lens potential. Despite our inability to get the simulation to work
under the exact experimental conditions general trends were observed which
aid in our understanding of how these jon optics work. In general, the larger
the E1 voltage, the smaller the angle of deflection in the ion trajectories from
the einzel lens toward the bessel box. Also the larger the photon stop (S2) "
voltage or the larger the bessel box barre! (B) voltage or the smaller the bessel
box plate (P) voltage the more curved the trajectory becomes inside the bessel

box.
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Chapter 7

Effect of Sampler and Skimmer Orifice Size on Parameter Behaviour and
Oxide Formation

Ideally the sampling of an inductively coupled plasma (ICP) into a
mass spectrometer would involve obtaining material from a known point in
the plasma followed by immediate quenching of any chemical reactions that
might occur in the sampled material. In this way the composition of the
plasma would be accurately represented by the mass spectra obtained.
Unfortunately such an ideal situation does not exist. As well as reactions
occurring in the supersonic expansion of the sampled material, the insertion
of a relatively cool metal sampling cone into the plasma results in changes in
the composition of the plasma gases that come in contact with the metal
surface. A boundary layer of cooler gases is formed along the surface of the

metal. This is a region rich in ion molecule reactions.

The earliest reports of work in inductively coupled plasma mass
spectrometry (ICP-MS) by Houk et al. [1] and Date and Gray [2] involved ion
extraction after transport through a boundary layer. It was estimated that an
jon could undergo up to ~106 collisions [1] in the 1 - 2ms it took to traverse the
boundary layer. Sampling through such a boundary layer can produce a
variety of molecular ions causing interelement interferences and an increase
in mass spectral complexity. To get around this problem, continuum flow ion
extraction of the ICP into the mass spectrometer was developed. Gray and
Date [3] reported that larger orifices than those in the 50 - 80um diameter

range used in boundary layer sampling were needed in the samplers for

216
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sampling o the bulk plasma. They stated that sampling apertures of a leas
0.2mm diameter were required. With these larger orifices a'ndth“efpr:obl’em
appeared. A secondary discharge between the plasma and the sampling cone
developed [3]. The formation of this discharge is discussed in detail by Hieftje
and Vickers [4] who point out that from a fundamental point of view an
orifice linked discharge produces a distorted view of species that intrinsically

exist in the plasma.

Douglas and French [5] describe an interface for the ICP-MS that reduces
such a discharge to negligible proportions. Thus with this interface and with
sampling orifices with diameters in the range of 0.2 - 1.0mm it should be
possible, in principle, to have continuum sampling of the plasma through
the sampler. Even though continuum sampling is obtained it is important to
know if the ions sampled are truly representative of the plasma or if there are
processes occurring that modify the sampled plasma material. Longerich et
al. [6] reported that the design and condition of the sampler and skimmer
have an effect on oxide formation and on the shape of the intensity versus
nebulizer flowrate plots. Hayhurst et al. [7), in their report on MS sampling of
ions from atmospheric pressure flames state that the composition of the
sampled flame may be affected by reactions occurring on the surface of the
cone as well as by reactions occurring during the expansion. These
observations suggest that changes in the sampled plasma gas caused by the

ICP-MS sampling interface are possible and even likely.

In this study we will discuss the effect of simple changes in the
sampling interface of the ICP-MS, namely changing the orifice size in the

samplers and skimmers used. Intensity versus nebulizer flowrate data shall
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be presented and discussed for the various orifice sizes as well as a discussion

of the dramatic changes in oxide formation that result.

Experimental

All measurements were made on a Sciex Elan 250 ICP-MS. A MAK
torch was positioned such that the tip of the sampler was 15mm from the
load coil. All data were collected with the ICP power set at 1.3kW and the
central plasma and auxiliary Ar gas flows set at 12L/min and 1.4L/min
respectively. The Ar nebulizer flowrate was varied between 0.75 and
1.25L/min and was controlled by a Matheson Model 8240-0423 mass flow
controller. The ion lenses were optimized for ions in the rare earth element
mass range. Data were acquired in low resolution, multichannel mode using

3points/peak, 0.1s integration time, 50ms dwell time and 6 repeats.

The samplers and skimmers were made in house from Cu and
stainless steel respectively. The design of the samplers, modeled after those
provided with the instrument, was kept the same except for the orifice size.
Orifice diameters used were 0.51, 0.64, 0.76, 0.89 and 0.94mm. Similarly, the
skimmer design, modeled after the skimmer provided with the instrument,
was unchanged except for the orifice diameters which were 0.76, 0.89 and
1.0mm. Except where otherwise stated a skimmer with a 0.89mm diameter

orifice was used.

Multi-element solutions were prepared from Spex Industries Inc. |

standards and were 1ug/mL in each element.
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Resﬁlia and Diucusiidn

'I'hé intensity as a function of nebulizer flowrate was measured for a
series of nine elements, Zn, Ge, As, Sr, Y, Zr, Ru, Te and Ba at five sampler
orifice diameters, 0.51, 0.64, 0.76, 0.89 and 0.94mm. The oxides for Sr, Y, Zr, Ru,
Te and Ba were also measured. There were some interesting changes in the
shape of the plots for the different samplers, especially for the smaller orifice
sizes. The narrowest intensity versus nebulizer flowrate peaks were obtained
with the 0.5Imm diameter orifice. See Figure 7.1. The maxima for the nine
elements occurred at 1.15L/min except for As* and Te* which had maxima at
1.10L/min. The intensity versus nebulizer flowrate plots ail seem to have low
but moderately flat tails on the low flowrate end. The plot for As* contains a
tail that appears larger than the rest but it is exaggerated because of the low
ion count of only 9000counts/s maximum. Of the oxides measured strong
YO* and ZrO+ signals were obtained while signals were moderate for SrO*
and BaO* and small for ReO* and TeO*. Oxides for Ge and As were not

measured due to interferences with 90Zr and 91Zr respectively.

From the intensity versus nebulizer flowrate plots for a sampler orifice
diameter of 0.64mm, displayed in Figure 7.2, we can see a loss of distinct peak
structure so commonly seen under normal operating conditions (0.89mm).
Compared with the results from the 0.51mm sampler the Sr+, Ru* and Ba*
signals have decreased while the signals for Zn+, As+, Ge* and Te* have

increased. Signals have also increased for Y* and Zr+ although the YO* and
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ZrO* signals have dropped considerably. There has been a general decrease in

oxide levels with this orifice. -

A further increase in sampler orifice diameter to 0.76mm, Figure 7.3,
resulted in the re-establishment of a peak shape in the intensity versus
nebulizer flowrate plots. The peaks seen here are broad and double humped.
There is an intensity increase for all nine elements and although the absolute
~ion count is up the relative oxide levels are down for SrO*, YO+ and ZrO+.
Such double humped peaks have been observed from time to time in our
laboratory using a 0.89mm diameter orifice sampler. Longerich et al. [8] have
also reported bimodal curves, specifically for Bi+ and Pb* (figure la, reference

8), but could not explain why they were obtained.

A sampler orifice diameter of 0.89mm resulted in intensity versus
nebulizer flowrate plots which have a peak shape with a shoulder on the low
flowrate side, Figure 7.4. The signal intensity increases for all M+ and MO+
ions and the shape of the' oxide plots resemble those observed at 0.76mm. It
should be noted that this is the usual sampler orifice size used in this

laboratory.

Finally, the results for the 0.94mm orifice diameter sampler are
displayed in Figure 7.5. The intensity versus nebulizer flowrate plots are peak
shaped and the peaks are fairly smooth. The levels of the YO+ and ZrO+ are
increased a little with respect to Y+ and Zr+ compared with the results
obtained with the 0.89mm sampler. There is not much change in signal
intensity for Sr*+ and Ba+ although the signal decreases for the seven other

elements.
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From the results above it is clear that the effect of orifice size on oxide
formation warrants further attention. Consider then the four elements, La,
Ho, Lu and Yb, which have oxide dissociation energies of 8.90, 6.12, 5.51 and
3.81eV respectively. These four elements include a strong oxide former, La,
moderate oxide formers, Ho and Lu, and a relatively poor oxide former, Yb.
The intensity versus nebulizer flowrate plots for La* and LaO* are presented
in Figure 7.6. At an orifice diameter of 0.5Imm LaO* is the dominant ion,
being roughly seven times the intensity of the La* signal. At 0.64mm, the
LaO+* signal is still dominant but the La* ion signal is stronger in both
absolute and relative terms and has its peak maximum at a much lower
nebulizer flowrate. When the orifice size is increased to 0.76mm diameter the
La* signal is dominant and reaches its maximum at a lower flowrate than the
LaO* signal. The La* signal has a more distinct peak shape compared to the
La* signal for the 0.64mm sampler. The results for the 0.89 and 0.94mm
diameter orifice are similar in shape and intensity except the LaO* signal
reaches a higher intensity with the 0.94mm sampler. The plots for both the
La* and LaO* signals have peak shapes. The peak maximum for LaO* falls
between 1.15L/min and 1.20L/min for the orifice diameters 0.51, 0.64 and
0,76mm but then shifts to 1.10L/min, closer to the La* peak when the larger
orifices 0.89 and 0.94mm diameter are used. The position of the Lat* peak
shifts more than the LaO* peak. The La* signal reaches a maximum at
1.10L/min for the 0.51mm diameter orifice, the same flowrate at which the
LaO* maximum is reached. The La* maximum then shifts farthest to the left

to 0.95L/min with the 0.64mm sampler. The remaining maxima occur at 0.95,
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Figure 7.6  Nebulizer flowrate parameter plots for La* and LaO*. Sampler
orifice diameters: 0.51, 0.64, 0.76, 0.89 and 0.94mm.
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1.00 and 1.05 L/min for the 0.76, 0.89 and 0.94mm diameter orifices

respectively.

The data for Ho* and HoO* are presented in Figure 7.7. For this
moderate oxide former, the Ho* and HoO* signals are approximately equal at
their maxima which occur at the same flowrate for the 0.51mm sampler.
When the orifice size is increased to 0.64dmm diameter the Ho* signal takes
on a double humped shape, one local maximum at 0.95L/min and the other
at 1.15L/min. The Ho* signal is now stronger' than the HoO* signal. At the
0.76mm diameter orifice, a broad Ho* peak with a maximum at 1.00L/min is
observed and the HoO+ inten#ity is reduced although its maximum still
occurs in the 1.15 - 1.20 L/min range. For orifice diameters of 0.89 and 0.94mm
the Ho* signal is dominant and the HoO* signal is low. The signal intensity
increased with orifice size and the oxide peak shifted to a lower nebulizer

flowrate of 1.10L/min.

The results for Lut and LuO* are presented in Figure 7.8. Lu is another
moderate oxide former and the results are much like those observed for Ho

except the oxide levels are lower.

The fourth in this set is Yb, a relatively poor oxide former. It is easy to
see from Figure 7.9 that little YbO+ was measured. The largest amount was
1000counts/s at 0.51mm; all other levels were less than 500counts/s. The
shapes of the plots of intensity versus nebulizer flowrate for Yb+ are similar
to those obtained for Ho* and Lu* although there are some differences.
Consider, for example, the data obtained using the 0.64mm orifice diameter.
The Yb* plot (Figure 7.9) has two peaks, a small one at 0.95L/min and a larger
one at 1.20L/min. The Lu* plot (Figure 7.8) has a similar shape except the
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a3
second Lu* ?eak occurs #t L15L/min and is cléser in size to the peak at
0.95L/min. The shgpe of the Ho* plot (Figufe 7.7) resembles the Lu* plot. The
shape of the La* plot, (Figure 7.6) however, is distinctly different from the Yb*
plot. The peak at 0.85L/min is the larger one and the signal at 1.10L/min is no
more than a shoulder on the curve. Actually the best comparison of peak
shapes occurs between Yb* and Bi+. If you look at the Bi* data for 0.64mm in
Figure 7.10, you will see that it most closely matches the shape the Yb+* plot.
This is in fact true for Yb* and Bi+ at all five orifice sizes. It does not hold true
for Lut, Ho* or La*, however, but this appears to be due to the presence of the

oxides.

Thus the shape of the nebulizer flowrate parameter plots for M+ are
similar for non-oxide forming elements of similar mass. The shapes of the
M+ nebulizer flowrate parameter plots become more diverse as the degree to
which M+ forms oxides increases. The smaller sampler orifice sizes (0.51mm
diameter) result in conditions which yield larger relative amounts of oxides
for the oxide forming elements. At these small orifice sizes the parameter plot
peaks occur at higher nebulizer flowrates, typically 1.15L/min, for both the M+
and the MO* species. The intermediate sized sampler orifices (0.64mm
diameter) yielded double humped peaks, the predominant one at higher
flowrates. Where MO+ was formed, ihis species was formed almost
exclusively at the higher flowrates of the second peak. The M* ion is the
predominant jon in the peak at the lower flowrate. At the larger orifice sizes,
0.89mm and 0.94mm the M+ peak moves to a higher nebulizer flowrate and
the MO+ peak moves to a lower flowrate. It appears that some sort of
relationship between the M+ and the MO+ species exists and that the sampler

orifice size has a strong influence on the species distribution.
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3. The (M + MO ) Phenomenon.

Longerich et al. [6] have presented similar intensity versus riebulizer
flowrate plots (figure 3, reference 6) for one orifice size for the rare earths and
their oxides. They observed differences in the peak maxima for M+ and MO+
signals and noticed that the sum of the Ce* ﬁnd CeO* signals reached a
maximum at the same flowrate as the Cs* signal. Based on this they suggested
an equilibrium between the the elemental ion and its oxide ion. This
observation led us to try summing the M* and MO* signals at each flowrate
and plotting the sum as a function of nebulizer flowrate. The plots of
(Lu*t+LuO+) versus nebulizer flowrate are presented in Figure 7.11. The
shapes of the summed data resemble the shapes of the plots for Bit+ closely
except at 0.76mm. The (Ho*+HoO*) plots, Figure 7.12, are also close in shape
to Bi* except, once again, for the results at 0.76mm. The two plots at 0.76mm

for (Lut+LuO+) and (Ho*+HoO*) resemble each other, however.

When the summed signals for La* and LaO*, Figure 7.13, are compared
to the Bi* signal the shapes are close for 0.51, 0.89 and 0.94mm orifice
diameters but not for 0.64 or 0.76mm. Actually a much better correlation
exists between the (La*+LaO*) shapes and the shapes of the Cs* plots, Figure
7.14. This is probably because La* and Cs* are closer in mass (139 and 133) than
are Lat and Bi* (139 and 209). With the Cs* data we can go back to
(Lu*+LuO*) and (Hot+HoO*) at 0.76mm and suggest that the plots may

resemble a combination of the Bi*+ and Cs* plots at that orifice size.

The observation that the sum of the singly charged ion and its oxide as
a function of nebulizer flowrate results in a plot where not only the peak

maximum but the general peak shape correlate to that of a plot of intensity -
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Figure 7.12  Nebulizer flowrate parameter plots for the sum of (Ho* + HoO*)

signals. Sampler orifice diameters: 0.51, 0.64, 0.76, 0.89 and

0.94mm.
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versus ;ie_Buiiz_gr ,flowrarte‘ for a non-oxide fouﬁét of siniil#f h\ass is a cunous
phenomenon that is not limited to the rare earth oxides. Thefe are a series of
plots in Figure 7.15, comparing Rut to (Y*+YO+); Cs+ to (Ce*+CeO+) and
(Pr++PrO*); and Bi* to (Ho*+HoO*), (Tm*+TmO*) and (Th++ThO*). In all

cases the similarity is striking.
4. Temperature Estimates from Oxide Formation.

Although the source of the oxides in ICP-MS is still debated, oxide
ratios have been used to calculate temperatures based on a Boltzmann
distribution. Temperatures in the range of 6000 - 8000K would be expected if
the oxides are derived from undissociated MO* in the plasma. The reported
temperatures calculated in this manner have been rather high. Longerich et
al. [6] reported a temperature of 10100K and Douglas and French calculated an
even larger temperature of 21000K. Douglas and French concluded that given
such a large temperature the oxides could not be derived from undissociated
MO* in the plasma but probably occur in the sampling process. Since the
oxide formation is so clearly affected by the sampler orifice size we decided to
look at the resulting temperatures for the five orifice sizes. A flowrate of
1.15L/min was chosen for these calculations since the In(MO*/M*) versus
dissociation energy is non-linear at lower flowrates. The plots of (MO*/M*)
versus dissociation energy for all five orifices are displayed in Figure 7.16. The
temperatures are presented in Table 7.1 along with the oxide count and oxide

ratios for La.

The values for the temperature obtained here are closer to what would
be expected for an ICP than are the values reported by Longerich et al. [6] and

Douglas and French [5]. It is disturbing, however, that the values vary over a
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Table7.1  Calculated temperature based on oxide ratios (MO+/M+) for

different sampler orifice sizes.

Diameter (mm) LaOt LaOt/Lat  Temperature (K)
0.51 918200 16.3 8900
0.64 318400 13.6 8200
0.76 180800 6.4 8300
0.89 280100 6.8 7600
0.94 366600 3.2 7700

242



_ 243
range of 1300K simply as a resul t of changes in orifi'vcév siié. It is a:lsd Vcrlivs_tu‘rbing
that the highest temﬁerqnue, 8900K, obtained whén the 0.51m sa:i\pler was
used, corresponded to the largest absolute and relative levels of dxide; for
example, a LaO* count of 918200 and a LaO*/ La* ratio of 16.3. If the plasma
were the primary source of MO* the higher temperatures should correspond
to lower absolute values of oxide. Based on these observations it seems
unlikely that the primary source of MO* is from undissociated oxide species
in the plasma.

5. Skimmer Orifice Size Effects.

Since the effect of the sampler orifice size can be so dramatic, the
skimmer orifice size was also varied to determine its effect on the intensity
versus nebulizer flowrate behaviour for singly charged ions and oxides. Since
the skimmer data were collected on different days the absolute ion intensities
cannot be compared. However, the intensity versus nebulizer flowrate plot
shape and relative M* and MO* formation may be. As an example of the
skimmer effect the results for La* and LaO* at each sampler orifice size and
for skimmer orifice sizes of 0.76 and 1.0mm are presented in Figure 7.17.
These results may be compared to the La* and LaO* results in Figure 7.6.
From a comparison of the results obtained for the three skimmers at a
sampler orifice diameter of 0.51mm we can see that in all cases the LaO* peak
is dominant. The plots for the 0.89mm skimmer (Figure 7.6) and the 1.0mm
skimmer (Figure 7.17) have similar shapes and although the results obtained
with the 0.76mm skimmer (Figure 7.17) are also similar the LaO* peak did not
drop off on the high flowrate end for the flowrate range covered. For all three

skimmers and the 0.64mm sampler the shape of the intensity versus



-“2coo zo-

~“ZCoO0 zZ0-

~Zcoo zZo-

0.76 mm

—“2Co00 =Z0-—

25000
20000
18000
10000

§000

04
0.7

~Z2Cc00 ZO—

120000
100000
80000
80000
40000
20000

o8

0.9 1

0
0.7

200000
150000
100000

$0000

04
0.7

0.8

0.94mm

La0

0.9 1 1.1 1.3

NEBULIZER FLOWRATE
{Lmren)

1.2

300000
250000
200000
180000
100000

§cco0

pL 2

1.0mm

0
0.7

250000
200000
150000
100000

$0000

0.7

400000
350000
300000
250000
200000
150000
100000

$0000+

LaC 0.64mm
L8
0‘

0
0.7

700000
600000
$§00000
400000
300000
200000
100000

0
0.7

600000
$00000
400000
300000
200000
100000

s 0.94mm
120
0

0.7

08 09 1 1ty 12 13

NEBULIZER FLOWRATE
(Lmin)

Figure 7.17 Nebulizer flowrate parameter plots for La* and LaO*. Sampler
orifice diameters: 0.51, 0.64, 0.76, 0.89 and 0.94mm. Skimmer
orifice diameters 0.76 and 1.0mm.



245
nebulizer flowrate plots are dominated by the LaO* peak while the Lé* signal
is lower, broad and does not have a distinct peak shape. The more familiar
mountain shape of the intensity versus nébulizef flowrate pfot is observed
for the sainpler orifice diameter of 0.76mm. The plot shape is similar for all
three skimmer orifice sizes except that the plots are broader and the oxide
level is higher, in a relative sense, for the 0.76mm skimmer. The same basic
shape is observed for the plots corresponding to each skimmer and the 0.89
and 0.94mm samplers. With both of these samplers we see an increase in the

oxide level and a narrowing of the peaks as the skimmer orifice size increases.

In general it appears as though there are not many drastic changes in
the intensity versus nebulizer flowrate plots for the M+ or the MO* jons as a
function of skimmer orifice diameter, especially compared to the changes
corresponding to changes in the sampler orifice size. It is interesting to note
that the (M*+MO+) intensity versus nebulizer flowrate plots still have a
similar shape to intensity versus nebulizer flowrate plots for non-oxide
formers of similar mass for all skimmer orifice sizes tested. The (La*+LaO*)
data presented for the 0.76 and 1.0mm skimmers in Figure 7.18 can be
compared with the Cs+ data in Figure 7.19. The shapes of the curves are are
very close especially for the 1.0mm diameter skimmer orifice. There are some
differences in the shapes of the curves but the differences are not large. In a
similar fashion (Yb++YbO*) data (Figure 7.20) may be compared to Bi* data

(Figure 7.21). Once again the shapes of the curves are similar.

The curves corresponding to (Lu++LuO+) (Figure 7.22) and
(Ho++HoO*) (Figure 7.23) are also close to the Bi+ results, especially for the
1.0mm skimmer and the 0.51, 0.89 and 0.94mm samplers. Again the plots for

these elements and their oxides appear as if they are some sort of combination
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Figure 7.21 Nebulizer flowrate parameter plots for Bi*. Sampler orifice
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diameters 0.76 and 1.0mm.
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Figure7.22 Nebulizer flowrate parameter plots for (Lu* + LuO*). Sampler
orifice diameters: 0.51, 0.64, 0.76, 0.89 and 0.94mm. Skimmer

orifice diameters 0.76 and 1.0mm.
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of thé result§ for Cs* and Bi*, especially the resﬁlts for sampler and skimmer
orifice diameters of 0.76mm and 0.76m_m‘ Howevei', reggrdless of whether
they are a coxﬁbinétion of the Cs* and Bi+ patterns the curves for (Lu*+LuO*)
and (Ho*+HoO¥*) for a given skimmer size resemble each other very closely.
This holds for all three skimmer sizes and seems too consistent to dismiss as

mere coincidence.

6. General Discussion.

The number of collisions occurring in the supersonic expansion

increases with increasing sampler orifice size and may be estimated by [9]:
Ntot = 0116Donoc 7.1

If the majority of oxides were formed in this process we would see more
oxides at large orifice diameters. Since the larger amounts of oxides are
detected using the smaller orifice sizes it is unlikely that reactions in the
expansion are respousible for most of the oxide formation. Since it is also
unlikely that the oxides are due to undissociated species in the plasma, the
oxides must be formed in the boundary layer around the edge and along the
sides of the sampler cone. Although the sampler orifice sizes used in this
work are large enough to allow continuum sampling of the plasma, some of
the material from the boundary may be swept into the mass spectrometer.
How this might occur is demonstrated by the flow field around the sampler
[11], displayed in Figure 7.24. The boundary layer is formed around the edge of
the cone as the hot plasma comes in contact with the cooler sampler. Not all
of the material that enters the sampler orifice comes directly from the plasma;

some of the boundary layer is drawn in from around the sides of the orifice.



Figure 7.24 Flow field around the sampling cone. (Modified from reference
(11). |
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Hayhurst et al Y] m their discussion of boundary laygrs ‘stateczi\( that a larger
orifice diameter results in a larggr total flowrate into the samrlef which
causes a reduction in boundary layer thickness. This Would result in lower
oxide levels for larger sampler orifice sizes which is what has beeh observed.
The effect of ‘skimmer orifice size on oxide levels is less clear. At smaller
sampler orifice diameters the oxide decreases with increasing skimmer orifice
diameter while at larger sampler orifice sizes oxide levels increase with

increasing skimmer orifice diameter.

We usually see mountain shaped intensity versus nebuiizer flowrate
plots in ICP-MS but the reason for this has not been determined. We do know
that the shape of the plots can be affected by the diameter of the sampler
orifice and the positions of the mountains on the nebulizer flowrate axis can
be affected by ion lens voltages (see Chapter 2 and Chapter 6). The position
changes, as a function of lens voltage, hints that the mountain may be related
to ion energies. Consider for a moment the energy of an ion sampled in ICP-
MS. It is assumed that the energy of the jons will be the same as the energy of

the argon neutrals because of supersonic expansion [10].
Es(M) = EAr(M/May) 7.2

We know that EAr = mv2/2 and it is often assumed that in ICP-MS Ex, =
5kT/2 [10]. This assumption is based on the terminal velocity of the

expansion being :

U=»\/—£a l
Tv2 7.3

where
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The characteristic velocity in the reservoir, a, comes from cléssical moiécular
beam work [11]. In ICP-MS we do not have a simple reservoir of atoms; we
have a directed flow toward the sampler orifice and, therefore, the velocity of
the atoms change as a function of nebulizer flowrate. There may also be a
cooling effect on the material in the central analyte channel when the
nebulizer flowrate is increased. This would serve to decrease Eay. If the

velocity of Ar and EAr change with flowrate so should Eg(M). Perhaps this is

why the ion lenses have an effect on the position of the mountain.

It is not as easy to relate the orifice size to an energy change in the ions.
We do know that the ion energy depends upon the terminal velocity reached
in the expansion and that the velocity depends on the temperature in the ion
reservoir. We also know that the boundary layer is cooler than the bulk
plasma. When the small orifice samplers are used more jons travel through
the boundary layer so perhaps their energy is reduced which is reflected in
the position and shape of the intensity versus nebulizer flowrate plots. This
may be why bimodal character is sometimes observed. One hump may
correspond to ions from continuum sampling while the other hump
(including the oxides) is related to those ions passing through the boundary

layer.

Regardless of whether ion energy is the cause of the mountain shaped
intensity versus nebulizer flowrate plots, the plots can be considered as

windows for ion detection across the nebulizer flowrate range. All of the ions,

o
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oxivde:fpfi;'\.ers and poﬁ_-oxi_dg foﬁnersr s#hﬁial_ed from _:th;;e ICI’ ,foliqvjv thé_;amg
fiqy& fields véfound‘: the:s‘ai:ui::ler._ Some iohé ,W°91Fi, ﬁow directly ihto_fﬁg
sampler while othérs would pass through the bound_ary layer fqiined around
the sampler edge. Fof oxide forming jons sﬁch as La* some of the collisions in
the boundary layer would result in the formation of monoxide ions LaO*
while collisions with non-oxide formers such as Cs* would not produce oxide
ions. Thus for a given mass there is a window across the nebulizer flowrate
range where jon detection is possible. The analyte species detected in this
window may be in the form M* or may be distributed between the singly
charged ion, M+ and other species such as MO* . lons of similar mass may
have similar shaped "windows" as seen when the intensity versus nebulizer

flowrate plots for Cs+ and (La*+LaO*), for example, are compared.

Conclusions

Parameter plots of intensity versus nebulizer flowrate are affected by
the size of the orifice in the sampler in ICP-MS. The larger orifices yield larger
signals although oxide levels are larger for the smaller orifice sizes. It appears
likely that the boundary layer around the edges of the sampler is the region
where most oxide formation occurs. A portion of the boundary layer material
gets drawn into the sampler even when there is continuum sampling of the

plasma.

The shape of the intensity versus nebulizer flowrate plot appears to be
significant. A similarity in shape for (M+MO) intensity versus nebulizer
flowrate plots and intensity versus netulizer flowrate plots for non-oxide

formers of similar mass has been observed. It is as if there is a window for ion
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detection along the nebulizer flowrate axis and the analyte species may be

detected in more than one form within the window.

The effect of the orifice size of the skimmer is not as dramatic as the
effect of the sampler orifice size. The intensity versus nebulizer flowrate plots
remained much the same with the different skimmers although some

changes in oxide levels were noticed.
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Chapter 8

The Use of Inductively Coupled Plasma Mass Spectrometry Results for
Plasma Diagnostics |

There is interest in gaining a fundamental understanding of the
inductively coupled plasma (ICP) and a great effort has been applied in this
area. With the development of inductively coupled plasma mass
spectrometry (ICP-MS) as an analytical tool it has been tempting to try and use
the mass spectral information obtained to help gain insight into the workings
of the ICP [1-3]. The mass spectrometer gives us access to ion populations such
as M* analyte ions and a variety of other species. Since the M* signal
measured with the ICP-MS does not depend on the excited electronic state of
the element the information obtained is different in nature than the

information obtained through jon emission.

If data obtained with the ICP-MS are to be used in plasma diagnostics
we must be sure that the results obtained from ICP-MS measurements are
representative of the undisturbed plasma. Unlike emission measurements,
sampling ions for mass spectrometry is an invasive technique and there is
evidence that the measurements made by ICP-MS are affected by the sampling
system and the ion lenses. We shall look at the comparison of emission and
mass spectrometer measurements in this regard. We shall also discuss the use
of CsI temperature estimates for the plasma based on the measurement of Cs*

and I* with the ICP-MS.
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Exﬁetimental
A Sciex Elan 250 ICP-MS was run in the standard fashion for aqueous
samples using a MAK torch, a Meinhard nebulizer and a Scott spray chamber.
Except where otherwise indicated sampling of the plasma was done 15mm

from the load coil and the ICP power was 1.3kW. The central plasma gas and
the auxiliary gas flowrates were 12L/min and 1.4L/min Ar respectively.

A Plasma -Therm ICP with a MAK torch, a Meinhard nebulizer and a
Scott spray chamber was used for separate emission measurements. The Srll
emission was measured at 407.7nm using a Mimiteman monochromator.
Simultaneous mass spectrometric and emission measurements were made
using the ICP-MS fitted with a fiber optic probe leading to a monochromator.
The system has been described in detail elsewhere [4). For the simultaneous
measurements Srll was measured at 421.6nm. The fiber optic was positioned
such that the emission measurements were measured Imm in front of the

sampler which corresponded to 14mm from the load coil.

The solutions were prepared from SPEX induciries Inc. standard
solutions and were 1pg/mL in each element. The Csl solution was prepared

from Aldrich 99.999% pure CsI powder.
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Results and Discussion

The data for Sr* as measured with the ICP-MS are presented in Figure
8.1 in a common nebulizer flowrate - power parameter format often used in
ICP-MS. The plots of intensity versus nebulizer flowrate yield mountain-like
peaks at each power. As the power increases the maxima move to greater
flowrates. This is typical signal behaviour in ICP-MS. Although the jon
emission measured from the ICP has been traditionally presented in an
intensity versus height above the load coil format [5,6], the data may be
presented in the nebulizer flowrate power parameter format used in ICP-MS.
Emission data from Sril measured 15mm above the load coil are presented in
such a format in Figure 8.2. It is obvious immediately that the change in
signal intensity as a function of nebulizer flowrate is different for emission
compared to ICP-MS. In emission the peaks at each power are much broader
and the signal increases with increasing power at all flowrates covered in the

data set.

These two sets of results are different but they were acquired on
different instruments. Making simultaneous emission and mass
spectrometric measurements can help determine whether the presence of the
sampler in the plasma changes the emission profile of the plasma.
‘Simultaneous emission and mass spectral measurements were made for Sr+
using the ICP-MS and a fiber optic and monochromator. The results for Sr*
and Srll are presented in Figure 8.3. It appears that the emission data

measured Imm in front of the sampler are similar to the data obtained using
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the ICP emission system (Figure 8.2). Under these conditions the presence
the sampler does not appear to cause large changes in emission behaviour :

a function of nebulizer flowrate.

The differences in the plots for emission and mass spectral results ma
be attributed in part to the different populations being measured. Sr
emission results are related to the population of the first excited electron
state of the Sr+ ion while Sr+ mass spectral results are dependent on the St
population regardless of electronic state. Although the populations fro
which the measurements are taken are different, the species, singly charge
ions, are the same and because of this it is reasonable to assume that ti

results should somehow be related.

Relating the emission and mass spectral results could be difficu
however, because of the effect of the sampling and lens systems in ICP-M
Unlike the emission measurements the ion sampling for MS analyses is i
invasive technique. While the extent to which this modifies the plasma
unimportant when employing the ICP-MS as an analytical tool, it
important if statements about the plasma itself are made based on ICP-M
measurements. The presence of the sampler may not effect the emissic
profiles but we have seen previously (Chapter 7) that the orifice diameter
the sampler can effect the shape and position of the signal intensity vers
nebulizer flowrate. We can also re-position the mountain on the nebuliz

flowrate axis by changing the photon stop voltage (Chapters 2 and 6).

Thus the position of the mountain in the nebulizer flowrate paramel
plots depends not only on power but also on ion lens voltages and on orifi

diameter of the sampler. The general shape of the nebulizer flowrate pow



parameter plois in ICP-MS appear to reflect less the plasma from which the
material is sampled and more the conditions under which the sampling
occurred. If this is so then there is little that can be said based on the relative
positions of the emission and mass spectrometric data on the nebulizer

flowrate axis.

2. Csl Measurements.

The ratio of I*/Cs* measured from a Csl solution has been used in a
number of cases as an indicator for estimating a, the degree of ionization in
the ICP [3]. In a solution prepared from Csl there are equal amounts of Cs and
I atoms and since Cs is easily ionized it is assumed to be 100% ionized in the
ICP. In contrast the I, being harder to ionize, will be less than 100% ionized.
Assuming that the Cs* count represents the total I level, the ratio I*/Cs*
should give an indication of the degree of jonization for I. From the degree of
ionization the Saha equation is used to calculate an ion temperature. The
calculated values are often compared to temperatures obtained from emission
measurements and have been studied as a function of distance above the load
coil [3]. Figure 8.4 contains a series of three plots composed of combinations
of intensity versus distance from the load coil and the I*/Cs* ratio versus
distance from the load coil. The I+ /Cs* ratio is plotted instead of temperature
because we do not have values of electron density as a function of distance
from the load coii. The I*/Cs* plot has a minimum at 12mm from the load
coil. Wilson'et al. [3] included similar results (Figure 1, reference 3) in their
work. They explained that the drop in temperature corresponded to the

normal working position in the plasma. At lower heights they were in the

fireball where the temperature is higher and at greater heights they attributed
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the increasing temperature to a secondary discharge between the plasma and
the sampler. It is generally held that with the Sciex Elan iCP-MS, there is
negligible discharge between the plasma and the sampler [7] so the increase in
I+/Cs* at distances greater than 12mm cannot be explained that way for our
system. The minimum in the I+/Cs* ratio we measured corresponds to the
maximum in the Cs* signal. The maximum in the I+ signal occurred at a
greater distance from the load coil. The Cs* and the I+ signals are plotted
together in Figure 8.4c. The dip in the I+/Cs* ratio may be a result of the

different positions of the signal maxima for the two ions.

Returning to our more usual format for ICP-MS data, the I+/Cs* ratio
was studied as a function of nebulizer flowrate. A set of plots of intensity
versus nebulizer flowrate for Cs* and I+ along with overlay plots of I+/Cs+
ratio versus nebulizer flowrate is presented in Figure 8.5. The ratio of I+/Cs+
seems fairly constant at low flowrates and starts to drop as the Cs*and I+
signal intensities increase. The Cs* and I* peaks do not reach their maxima at

the same nebulizer flowrate which is clearly displayed in Figure 8.5¢.

We know from previous studies that we can move the intensity versus
nebulizer flowrate mountain by changing the photon stop lens voltage so the
effect of such a lens voltage change on the I*/Cs* ratio was investigated. The
intensity versus nebulizer flowrate plots for Cs* and I* at photon stop
voltages of -9V and -5V are displayed in Figure 8.6. The peak porition and
signal intensities for Cs*+ and I+ are dependent on the voltage. The bottom
frame, Figure 8.6¢c, contains I+/Cs*+ versus nebulizer flowrate for -9V and -5V
lens settings. The ratios are lower for the photon stop voltage setting of -5V. If
we assume an electron density of 1015 then at 0.95L/min we get an I*/Cs*

ratio of 0.1790 + 1.5% corresponding to a temperature of 7200K for -5V and an
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I+/Cs* ratio of 0.2145 * 0.34% correspon_ding to a temperature of 7300K when
the i:hoton stop is -9V. For a 17% difference ih I+/Cs+ we have a 1.4%
difference in temperature.

The orifice diameter of the sampler can also affect the power flowrate
peaks in ICP-MS. The signal intensity for a range of flowrates was measured
using a series of samplers with orifice diameters ranging from 0.94mm to
0.51mm. Figure 8.7 contains the plot of I*/Cs* versus nebulizer flowrate for
the series of orifice diameters. Although the same basic shape is maintained,
in general the smaller orifices yield lower I*/Cs* ratios and drop off at lower
flowrates. Table 8.1 lists the I+/Cs* ratios and calculated temperatures for the
various orifice diameters at 1.05L/min. Although the I+/Cs* ratio is doubled
when the 0.94mm diameter orifice is used instead of the 0.51mm diameter

orifice, the temperatures vary by less than 5%.

It is puzzling that the I+/Cs+ ratio has such a consistent shape when
measured with the different samplers since the Cs*and the I* intensity
- versus nebulizery flowrate plot shapes are so varied. The results plotted in
Figure 8.5 are for a sampler orifice diameter of 0.89mm. The Cs* signal
maximum occurred at 1.00 L/min and the I+ signal maximum at 0.95L/min.
The shoulder of the I+/Cs* plot occurred at 0.95L/min. In Figure 8.8, the
I+/Cs+, Cs* and I* data obtained using a sampler with a 0.5Imm diameter
orifice are presented. The maxima for Cs* and I+ occur at 1.15 and 1.10L/min
respectively and the shoulder of the I+/Cs* plot occurs at 0.95L/min. With
this orifice size the I*/Cs* ratio drops at a flowrate farther away from the Cs*
or the I+ maxima compared to the results obtained with the 0.89mm

diameter orifice. Figure 8.9 contains a similar set of plots for CsI data taken

¢
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Table8.1  I*/Cs* Ratios and Temperature Estimates for a 1.3kW Plasma
with Different Sampler Orifice Sizes (Assuming ne = 1015),

Diam. (mm) I+/Cs* 7%RSD (I*/Cs*)  Temp. (K)
0.94 0.1433 4.1 7100
0.89 0.1116 7.2 7000
0.76 0.1106 7.0 7000
0.64 0.0880 6.6 6900

0.51 0.0704 6.2 6800
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I*/Cs* versus nebulizer flowrate overlay plots. Sampler orifice
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with a 0.76mm diameter orifice.}lvn this case the Cs* and I+ signél intensities
as é functioh of ﬁébulizer ﬂowiate aie significahtly différéht in shapé yet the
plot of I*/Cs* versus nebulizer flowrate still resembles the plots obtained for

the other sampler orifice sizes.

Conclusions

The signals measured with the ICP-MS may be modified by changing
the jon lens voltages and by changing the sampler orifice size. Because we can
move and change the shape of the intensity versus nebulizer flowrate plots in
this manner we must be cautious about what we conclude about the plasma

based on simultaneous mass spectrometric and jon emission measurements.

The I*+/Cs* ratio is also affected by the orifice size and the photon stop
lens voltage. The effect of these parameters on the I+/Cs*+ ratio is seen
primarily as a change in magnitude with the basic shape of the I+/Cs+ ratio
as a function of nebulizer flowrate remaining unchanged. Although the
I*+/Cs+ ratio can be doubled by some of these changes only small changes in
temperature result. Consequently it seems to be a rather insensitive method
for temperature determinations and care should be taken when using I+/Cs*

ratios to estimate the degree of ionization in the ICP.

It is clear that we must understand more fully the sampling process in
the ICP-MS and why we get the nebulizer flowrate power parameter plot
mountains. Until this is understood we must be cautious about drawing too
many conclusions about the fundamentals of the ICP based on ICP-MS

measurements.
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Chai:ter 9
Conclusions and Future Directions

The inductively coupled plasma mass spectrometer (ICP-MS) has been
available commercially now fo: five years and many of its features and
limitations are being realized. It is a very sensitive technique with detection
limits in the sub-ng/mL range and the calibration curves are linear over 4 -5
orders of magnitude [1] on average. The spectra are simple, especially when
compared to atomic emission, and the majority of elements can be detected. It
is not interference free, however, and matrix effects, both spectroscopic and
non-spectroscopic [1], can be serious. The ICP-MS is a complicated piece of
instrumentation and it is no surprise that the signal variation with

instrumental parameters is complex.

The basic parameter behaviour of the ICP-MS, changes in signal
intensity as a function of power, nebulizer flowrate, sampling depth and ion
lens potential, has been presented in Chapter 2. A standard intensity versus
nebulizer flowrate parameter plot format was chosen to present the data.
Under useful analytical conditions, the parameter plots have the shape of a
mountain. The position of the mountain can be varied by changing the ICP
forward power, sampling depth and the photon stop lens voltage. Similar
mountain shaped plots have been reported by Zhu and Browner [2] and by
Gray and Williams [3] on instruments built by other manufacturers so it
appears that this is not a characteristic specific to the Sciex Elan used in this

work.
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- The siz#\él intensity also varies with the :vol,iasés on t*ieion 1erisés,' the
einzel lens, fhe bessel box b!ages and barrel and the iahoton stbp‘. An apparent
mass effecf wés observed when these lenses weré stﬁdie_d. Thé signals fof
different masses i'eéched their maxima at differe;it lens volfages. This mee;ns
that compromise lens settings are required if a large mass range is to be
covered. This apparent mass effect is actually an energy effect (see Chapter 6)

and results from the kinetic energy spread of the ions sampled in the ICP-MS

as a function of mass.

Although for the majority of elements the main analyte species is the
singly charged positive ion, M* , the analyte may be distributed among
several species including oxides, hydroxides and doubly charged species.
These species display similar power - nebulizer flowrate parameter behaviour
although the position of the mountain may vary with the species under
consideration. The presence of oxides, hydroxides and doubly charged species
reduce the sensitivity of the M* signal but the more serious problem is the
spectral overlap that results from the presence of these species. Such overlaps
can cause direct interference with another M* of interest or can cause
inappropriate isobaric corrections to be made. An extensive list of the

overlaps is included in Chapter 3.

While it is true that the oxide or hydroxide ratios for an element may
be small, <1%, the interference may be significant if the element is present in
large enough quantities in the sample. The oxide and hydroxide levels may be
reduced by lowering the nebulizer flowrate but it may be necessary to correct
the data for the presence of the interfering species, if the signal intensity is

above the background level. This may be accomplished by using gauss



evlir_ziinaggtivoﬁ (an algebraic co:rectiqxi sche_in_é) or By abst;@_cf féctorién‘ralygié.‘ The
tWo schemes yield compa_rable :resu‘l.ts'but the advéntﬁges of ébsffécé fécfor
ahalysis ‘inclurdé fiexibility in choosihg the :x.nasses to be measured and the

ease with which the system may be expanded.

The parameter and species information described above is useful when
developing an analysis method for various sample types. The proper
parameter settings yielding strong signal intensities are determined first,
followed by qualitative spectral scans to give preliminary information about
the contents of the sample and to help evaluate the potential spectral
interferences. These preliminary scans also help in choosing a proper internal
standard for the process. The internal standard corrects for instrumental drift
and helps compensate for moderate non-spectroscopic matrix effects. The
development of an analytical method has been described for steel in Chapter

5.

Although ICP-MS is suitable for both qualitative and quantitative
analysis as is, it is interesting to try and determine where species such as
oxides are formed. Toward this end, the effect of the sampler and skimmer
orifice sizes was investigated. Changes in orifice size in the sampler had a
much more dramatic effect on the nebulizer flowrate parameter plots
compared to the effect of the skimmer orifice size. The plot shapes changed
quite dramatically with the changes in sampler orifice diameter. The relative
amounts of oxide detected also varied with sampler orifice size. Although the
larger orifice sizes yielded larger signal levels, the relative amount of oxide
formed was smaller. It seems likely that the majority of oxide formation
occurs in the boundary layer formed around the edge of the sampler and part

of the boundary layer is drawn into the sampler orifice. The actual shape of



thé neb@iizer fipwrgte pa;faineter plot Qppeéfs. 1mportant ,IE may be thought of
as a._:window for ioﬁ detg;tion where the iongdg;é;fed may bé dxstnbuted
amonrgvseveral species. This is supborted by the obsfer\"avtiqn that thé ﬁlbt of
the sum of the intensities (M*+MO*) versus ,nebul}i‘zer ﬂowraie has a ’fweék
shape similar to that of an intensity versus nebulizer ﬂowrate plot for a non-

oxide former of similar mass.

It is clear then that there are many instrumental parameters that affect
the signal obtained from ICP-MS, including power, nebulizer flowrate,
sampling depth, saméler and skimmer orifice size and ion optic lens voltages.
While changes in signal intensity associated with changes in power, nebulizer
flowrate and sampling depth may reflect changes in the plasma, changes
corresponding to different sampler and skimmer orifice sizes or different ion
lens voltages do not. One must be cautious in the interpretation of the ICP-
MS data at a fundamental level and clearly the sampling process in the ICP-

MS must be more fully understood.

It would be interesting to continue studying the ICP-MS interface, both
optically and with the mass spectrometer. The interface material and
geometry are areas which could be explored further along with the effect such
changes would have on the optimum ion lens settings and non-spectroscopic
matrix effects. It may be of use to somehow equalize the ion energies after the
expansion through the ICP-MS interface. Although this would modify the
sampled plasma even further, it would remove the mass effect observed with
the ion lens settings. It would be interesting to see how that would effect the
nebulizer flowrate parameter plots. Further study is also warranted in the

modeling of the ion optics. The discrepancies between simulated and real lens
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dat& couid be mvestxgated and astudy of the effects of séaqg_charge would be
beneficial in trying to understand the non-spectroscopic matrix effects.

The sfudy of fCI’-MS has reached é poir{t whére we have a basic
understanding of how the instrument will respond to changes made in
instrument settings. We are also aware of many potential interferences, both
spectroscopic and non spectroscopic, that limit aquedus samples to low levels
of total dissolved solids. People are trying to get around the limitations set by
the total dissolved solids problem by using alternate sample introduction
methods such as flow injection [4-6], laser ablation [7] and direct sample
insertion [8,9]. The disadvantage with these methods is the transient nature of
the signals that limits the total measurement time for each sample. The
problems of spectroscopic interferences are being addressed at this time by
studying alternate plasma gas compositions [10,11] and by dry sample
introduction [8,9]. It is likely that the matrix effect problems will receive much
attention in the next while for if they can be reduced significantly while
maintaining the sensitivity of the ICP-MS we shall have a powerful

technique available to us.
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