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1 Introduction

This series of two reviews introduces in part I some basic
concepts, operation principles and features and discusses the
peculiarities and performance of commercially available instru-
ments. Selected analytical applications will be discussed in part 11
to demonstrate the versatility of the devices described and some
future trends will be pinpointed. Because more than 5000 articles
related to sector field instruments for elemental analysis and
more than 3000 related to isotopic analysis have been published
up to now, it is only possible to discuss some selected examples in
order to give an overview of the capabilities of this instrumen-
tation. Additionally, this series of two papers will cover mainly
the last 12 years, which is the period after the first reviews related
to this topic were published.* A more comprehensive overview?
or historic overviews*> can be found elsewhere. It should be
mentioned that this review does not cover all general aspects of
inductively coupled plasma mass spectrometry (ICP-MS) and
therefore, we recommend all those readers who are not familiar
with ICP-MS at all to read the relevant books or book chapters
first.*1¢

Sector field instruments have a long and diverse history.
Although we exclusively find sector field mass instruments in the
early days of mass spectrometry, their importance declined and
grew mainly related to their application in organic mass spec-
trometry, where high mass resolution was needed in particular
for the analysis of complex samples. In parallel, sector field
instruments have gained more and more relevance in inorganic
mass spectrometry for quantitative elemental analysis and
isotope ratio measurements. Different ionization devices such as,

e.g, thermal ionisation (TIMS), electron impact (IRMS),
secondary ionisation (SIMS) or the use of an ICP or glow
discharge (GD) are found in the majority of today’s inorganic
mass spectrometers.

The goal of this tutorial is to discuss the main features, prin-
ciples of operation and resulting applications of sector field mass
spectrometers equipped with plasma (ICP or GD) sources. ICP
and GD devices are discussed together since they show similar
ionization properties of the analyte atoms in a plasma environ-
ment and use a similar mass spectrometer. Other devices are
mentioned in some parts for comparison and are described in
detail elsewhere.'" Instrumental details will be described only for
currently commercially available instrumentation.

A magnetic sector field can be used as a mass spectrometer in
which ions are spatially separated as a function of their mass to
charge ratio. Most often, the combination of a magnetic sector
with an electric sector can be found in a variety of geometries.
The electrostatic sector is used for focusing ions of different
energies at an exit slit and thus the energy spread of the ions
doesn’t compromise the achievable mass resolution. Classic
geometries include the Bainbridge-Jordan, Hinterberg—Konig,
Takeshita, Matsuda, Mattauch-Herzog and Nier—Johnson
geometries. The latter two geometries are used in commercial
ICP and GD mass spectrometers and will be discussed later.

An important feature which accounts for much of the success
of these devices is the capability to be operated at higher mass
resolution (i.e., greater than unity) in order to resolve interfering
ions from the ions of interest. Thus, the instruments are most
often applied whenever spectroscopic interferences become the
limiting factor to the analytical performance. Even though high
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Table 1 Commercial sector field mass spectrometer with plasma based ion sources 1985-2010

Name Manufacturer? Year of introduction Status Type of instrument Geometry
VG 9000 VG Elemental 1985 discontinued GD-SFMS reverse Nier—Johnson
Plasmatrace 1 VG Elemental 1988 discontinued ICP-SFMS Nier-Johnson
JMS-Plasmax 1 JEOL 1991 discontinued ICP-SFMS reverse Nier—Johnson
Plasma 54 VG Elemental 1992 discontinued MC-ICP-SFMS Nier-Johnson
Element Finnigan MAT 1993 discontinued ICP-SFMS reverse Nier—Johnson
Plasmatrace 11 VG Elemental 1994 discontinued ICP-SFMS reverse Nier—Johnson
JMS-Plasmax 2 JEOL 1995 discontinued ICP-SFMS reverse Nier—Johnson
Nu Plasma Nu Instruments 1997 discontinued MC-ICP-SFMS Nier—Johnson
Axiom VG Elemental 1998 discontinued ICP-SFMS Nier—Johnson
Axiom MC VG Elemental 1998 discontinued MC-ICP-SFMS Nier-Johnson
Element 2 Thermo Quest 1998 available ICP-SFMS reverse Nier—Johnson
Nu Plasma 1700 Nu Instruments 1999 available MC-ICP-SFMS Nier-Johnson
Neptune Thermo Quest 2000 available MC-ICP-SFMS Nier—Johnson
IsoProbe-P GV Instruments 2004 discontinued MC-ICP-SFMS magnetic sector + hexapole
collision cell
Element XR Thermo Electron 2004 available ICP-SFMS reverse Nier-Johnson
AttoM Nu Instruments 2004 available ICP-SFMS Nier—Johnson
Element GD Thermo Electron 2005 available GD-SFMS reverse Nier—Johnson
SPECTRO MS Spectro Analytical Instruments 2010 available MC-ICP-SFMS Mattauch-Herzog
Nu Plasma IT Nu Instruments 2010 available MC-ICP-SFMS Nier—Johnson
Astrum Nu Instruments 2010 available GD-SFMS Nier-Johnson
Neptune plus Thermo Scientific 2009 available MC-ICP-SFMS Nier—Johnson

¢ Manufacturer names are according to their names when the instrument was introduced.

sensitivity and high mass resolution capabilities are the most
prominent specific characteristics, magnetic sector field instru-
ments offer another unique feature which is difficult or impos-
sible to achieve with other mass separators (e.g., quadrupole
based instruments): real simultaneous detection of ions, which is
the raison détre for instruments with multiple collectors. More
details on isotope ratio measurements are found in a compre-
hensive overview'? and an additional tutorial.'®

Therefore, inorganic sector field devices can be grouped in two
categories depending on their intended use: The first category
comprises instruments which are used in scanning mode for
multi-element analysis. These instruments are usually equipped
with one detector (electron multiplier) and can also have an
additional Faraday cup in order to extend the linear dynamic
detection range. Therefore, the intensity of the ion beam of one
particular nuclide is monitored at a time. These instruments are
called single collector ICP-SFMS and are mostly referred to just
as ICP-SFMS. In some occasions, the abbreviation HR-ICP-MS
can be found, which refers to single collector ICP-SFMS
instruments operated in high mass resolution.

The second category of instruments is usually operated in
static mode in order to detect multiple ion beams simultaneously
on a set of detectors (faraday cups and/or multiple ion counters
or on channel plate-type array detectors). This type of instrument
is called multiple collector ICP-SFMS (MC-ICP-SFMS). In
literature, the abbreviation MC-ICP-MS is commonly used as it
is expected to be clear that the mass separator of this instrument
is a magnetic sector field. The main application of these instru-
ments is isotope ratio measurements.

The following acronyms will be used throughout this paper,
irrespective of whether or not these are in agreement with other
literature: ICP-MS is used whenever general aspects of the
method are concerned. ICP-QMS is used whenever the mass

analyser in question is a low resolution quadrupole filter. ICP-
SFMS is used whenever an instrument with sector fields is
applied. As said before, the latter instruments can be operated at
low mass resolution (m/Am = 300-400) or at higher mass reso-
lution (m/Am > 1000). Multi-collector instruments are indicated
as MC-ICP-SFMS.

During the last 15 years, 20 commercially available instru-
ments were introduced to the market (Table 1). Historically, the
VG 9000 GDMS™ was the first commercially available double
focusing instrument used for elemental analysis. This instru-
ment had a glow discharge plasma ion source and was intro-
duced in 1985. In 1988, VG introduced the Plasmatrace, the first
single collector inductively coupled plasma sector field instru-
ment.’>'® While the response from the analytical community
fulfilled the expectation of the manufacturer for the VG 9000,
the acceptance of the Plasmatrace by the analytical community
was far more hesitant. This was mainly due to its complexity
(relative to quadrupole ICP-MS) and the consequently high
sales price. The situation changed significantly when a more
user-friendly second generation of a technically improved new
instrument was made available at a much lower price about five
years later.’” The instruments found their way into applied
science and routine analysis as limitations caused by spectral
interferences became more widely realized, along with a steadily
increasing demand for improved accuracy and lower limits of
detection in many areas of geological, environmental, medical
and biological research.

By 2010, about 700 single collector, about 250 multi-collector
ICP-SFMS and about 125 GD-SFMS have been sold. The major
reasons for the success can be summarized as follows (data from
ref. 18):

e the higher sensitivity (slope of the calibration graph) at
a resolution comparable to quadrupole-based instruments,
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e the low instrumental background (most often below 1 count
per second),

e the lower limits of detection (the higher sensitivity, lower
background and high mass resolution contribute to the lower
limits of detection, which most often are only limited by the
blanks of the chemicals and working tools used for analysis),

o the capability to separate the majority of chemically different
ions contributing to a signal at the same nominal m/z ratio as the
ion of interest (spectral interferences) by applying high mass
resolution,

e the capability of an accurate mass determination at high
mass resolution, by which, for instance, an interfering species can
be identified,

e higher precision due to the capability of simultaneous
measurement of ions of different m/z ratio (isotope ratios).

2 History

The long and splendid history of sector field instruments started
more than 100 years ago. They were used in the early days of
mass spectrometry by Joseph J. Thomson, who received the
Nobel Prize in Physics for the discovery of the electron in 1906
even though the roots of sector fields go back much further
(Fig. 1). In 1886, the German physicist Eugen Goldstein, who
studied under Hermann von Helmholtz, coined the term
‘cathode rays’ for the negatively-charged electrons discovered by
Johann Hittorf, which are emitted when electric current is forced
through a vacuum tube. He also discovered ‘Kanalstrahlen’
(canal rays), positively-charged particles formed when electrons
are removed from gas particles in a glass tube filled with gas at
reduced pressure and equipped with a perforated cathode. In
1898, Wilhelm Wien demonstrated that these canal rays could be
deflected by a strong superimposed electric and magnetic sector
field.

1946 Stephens
time of flight mass analyzer .

A.J Dempster
1886 - 1950

1942 Nier
sector field MS

1935 Dempster
scanning MS

F.W. Aston
1877 - 1945
1934 Mattauch/Herzog
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J.J. Thomson
1856 - 1940
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1899-1911 Thomson
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1898-Wien -
deflection of ,positive rays’
1868 Goldstein
anode rays

W, Wien
1856 - 1940

1949 Hippler/Somer/Thol
ion cyclotron resonance N

J. J. Thomson" started his studies of the ‘Kanalstrahlen’ in
1905 and he improved the blurred parabolas obtained by Wien
by reducing the pressure in his apparatus. Thus, he was able to
obtain sharp parabolas for H* and H,*. Later, he used a metal
plate in which a parabolic slit was cut. By varying the magnetic
field strength and measuring the current of the ion beam that
passed through the slit, he was able to plot the ion current versus
mass. He used his device to determine the isotopic composition
of stable elements (for instance neon) together with his student,
Francis Aston. The latter received the Nobel Prize in chemistry in
1922. In 1919, Aston® significantly improved the first mass
spectrometer by separating electric and magnetic fields and
arranging them in a way that all ions are focused in a plane of
a photo plate. At that time, he achieved a resolution of about
130. Of the 283 nuclides of the 83 elements known in 1948, 202
nuclides of 71 elements were found by Aston. While Thomson
was the father of mass spectrometry, Aston is definitely the father
of isotopes. He was the first who used the term ‘mass spectrum’
in 1920.

In 1929, Arthur J. Dempster (and Bartky) designed and built
a spectrometer with a 180° magnetic sector geometry with
directional and velocity focusing. Later, he combined the
instruments with new ion sources, such as an electron impact
source or spark source in 1934. In 1935, Dempster?! developed
the first ‘scanning’ mass spectrometer. In this device, the sepa-
ration of ions focused into an exit slit was already related directly
to the m/z ratio. Scanning was performed either by changing the
magnetic field or the acceleration voltage. He applied a Faraday
detector and electronic amplification for detection of the ions.
Later, he used his electron impact source for ion generation in
molecular mass spectrometry as well, resulting in the first
molecular mass spectrum. He is also famous for the development
of a radio frequency spark source (in 1934), a discharge gener-
ating a discontinuous short-term plasma, for direct generation of

A.0.C. Nier
1911 - 1994

commercial
P-AES

=3 misarov and Marshal

~ S
R.S. Houk

ICP-MS 1978

xst commercial ICP-MS
1985 VG 9000 first commercial GD-MS

1988 Plasmatrace first commercial ICP-SFMS

1992 Plasma 54 first commercial MC-ICP-SFMS

Fig. 1 History of mass spectrometry — highlights and developments.
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ions from conducting materials, such as metals.?> Dempster’s
research led to the discovery of the uranium isotope #°U in 1935.

Many scientists have been involved in the further development
of instruments with directional and velocity focusing. The team
of Mattauch and Herzog should be noted, as they have
contributed significantly to the development of double-focusing
instruments in 1934 with the well known Mattauch-Herzog
geometry — consisting of a 31.8° (w/4/2) electric sector field and
a 90° magnetic sector field of opposite curvature direction. With
this geometry, all ions of a mass spectrum could be ‘double-
focused’ in a plane in the magnetic sector field, and thus could be
detected simultaneously on a 25 cm long photo plate. This
instrument already provided a mass resolution of 6500.

Since electrostatic sector fields are focusing ions with different
energies to a single point, it is evident that double-focusing
instruments are perfectly suited for a combination with ion
sources generating ions with a broad energy distribution, such as
glow discharge or inductively plasma sources. With the devel-
opment of mono-energetic electron impact ion sources, single
magnetic sector instruments became powerful alternatives to the
relatively bulky double-focusing devices. For instance in 1940,
Nier? designed a 60° single magnetic sector field instrument,
which became commercially available as the famous CH4 gas
analyzer from Atlas MAT GmbH. Using his apparatus, Nier
enriched pg amounts of #°U from uranium of natural isotope
composition, and this type of instrumentation was widely used in
the Manhattan project (1940 to 1945).

In 1942, Nier constructed a 180° sector field instrument, which
became commercially available for organic analysis using an
electron impact ion source. Most modern sector field devices are
based on a theory first discussed by Alfred O.C. Nier and Edgar
Johnson in the early 1950’s, known today as Nier—Johnson
geometry.?* They reasoned that it would be easier to obtain
second order double-focusing at a single point, a slit, rather than
across a plane, as in the Mattauch-Herzog geometry. In the
Nier-Johnson geometry, the 90° electric sector is arranged
symmetrically and the 60° magnetic sector asymmetrically in the
same curvature direction (see section 4.4). This geometry accepts
a large divergence angle of the ion beam and guarantees
second-order directional focusing. The Bainbridge-Jordan or
Hinterberger-Konig geometry consists also of an electric sector
followed by a magnetic sector with the same direction of
curvature.

Modern commercially available GD- or ICP-SFMS systems
are based on reverse Nier-Johnson (GD-SFMS, ICP-SFMS),
forward Nier-Johnson (ICP-SFMS, GD-SFMS, MC-ICP-
SFMS) or on Mattauch-Herzog (MC-ICP-SFMS) geometry. In
the following text, the development of instruments based on glow
discharge or inductively coupled plasmas will be discussed
separately.

2.1 Glow discharge mass spectrometry (GD-MS)

A glow discharge (see section 5.1.1) source, producing both
atoms and ions, is well suited for mass spectrometry; it was used
for the first time already in the early days of mass spectrometry
by the pioneers Aston, Thomson and Dempster.>*?” Later on,
due to the development of the electron impact ionisation,
vacuum arc and spark discharges for ionisation in mass

spectrometry, the analytical interest in glow discharges increased.
For at least 25 years, beginning early in the 1960s, spark source
mass spectrometry (SSMS) based on the Mattauch—-Herzog
geometry dominated solid source mass spectrometry.

SSMS provided extremely low detection limits at sub ng g~'
levels and its true multi-element capability.®® The disadvantages
were poor precision (>10%), resulting from a discontinuous
operation of the radio frequency (rf)-sparks. The accuracy was
insufficient for many applications and the use of photo-plates for
detection was very laborious and time-consuming.

Due to these important limitations, researchers started to look
for continuous discharges, such as arcs and glow discharges. The
revival of the latter as ion source for mass spectrometry was
initiated by Coburn, who used a planar diode sputtering
arrangement (Glow Discharge), coupled to a quadrupole mass
filter.?® Later, he and his co-workers extended their work to
rf-discharges for the direct analysis of both conducting and non-
conducting solids and were even able to analyse Teflon in their
first work.>

W.W. Harrison, who started with SSMS, but was looking for
an alternative plasma discharge, contributed significantly to the
development of GDMS. A hollow cathode direct current (DC)
GD ion source was coupled to a SSMS instrument by Harrison
and Magee®! in 1974 and a couple of months later, a publication
followed by Colby and Evans.?* Only one year later, Harrison
and co-worker started to explore rf-glow discharges, again using
the SSMS instrument.3® Over the years, rf-sources were strongly
promoted by Ken Marcus,** but this is discussed in more detail in
a review article.?

The first commercial glow discharge instrument, the V'G 9000
(VG Elemental, Winsford, UK), was based on a sector field
organic mass spectrometer; it was introduced in 1985 and with
the first analytical results appearing in 1986.3¢ In its simplest
form, GD consists of two electrodes with one electrode being the
sample. The VG 9000 was often operated with the sample being
a pin and the cell including the sample was cryogenically cooled.
Other source designs were developed for flat samples, thus
allowing for depth profiling analysis and also became commer-
cially available.*”

A number of GDMS instruments were introduced in the
following 20 years including a second sector field device from
Kratos Instruments, several quadrupole-based instruments from
VG Micro Trace (Winsford, UK), Extrel (Pittsburgh, USA) and
Turner Scientific (Appleton, UK). Thermo Instruments (now
Thermo Fisher Scientific, Bremen, Germany) offered an add-on
GD source for their ICP-SFMS instrument (Element). The
Element was also used in combination with a home-built rf-GD
source by Becker and co-workers for the analysis of non-con-
ducting samples®® and it should be mentioned that a similar
source was also coupled to an SSMS instrument.*® By use of the
Element, they achieved detection limits in low mass resolution
mode of 10 ng g~' for B in GaAs, but they were limited by
memory effects arising from material deposited in the first lens of
the mass spectrometer.*®

Except for the VG 9000, further instrumental approaches
disappeared quickly, leaving room for further instrumental
developments. The need for further improvements finally led to
the launch of a new research project and the development of the
Element GD in 2005.

This journal is © The Royal Society of Chemistry 2011
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These improvements were mainly attributed to one limitation
of the first generation of instruments: Due to the low discharge
power (a few Watts only), the time needed to achieve stable
signals under equilibrium conditions and the slow analyser, an
analysis took as long as an hour or even more for some difficult-
to-analyze ultra-pure materials. Thus low sample throughput
was seen as one of the most limiting factors in GD-MS. In
optical emission glow discharge spectroscopy, sources are
operated with a power of up to 100 W and thus, a typical
analysis time is not longer than 5 min. Therefore, improvement
of the GD sources for MS instruments was required. Some of
the most successful sources are based on a special geometry: the
Grimm-type design. Sources based on this design principle have
been convincing due to their stability, robustness and simple
construction. This was the main reason for the development of
new ion sources for MS, using design criteria well accepted in
OES. The main advantage of the Grimm-type*' source is that
the flat sample itself served as the vacuum sealing part, thus
enabling fast sample changing and source cleaning. Due to
effective cooling, higher powers could be used and due to
a restricted discharge area, this source turned out to be superior
for bulk analysis in terms of stability in comparison to pin-type
sources. Depending on operational conditions, flat-bottomed
sputter craters could be achieved, so that depth analysis of
multi-layered (high-tech) materials became a very important
application for these sources. A Grimm-type source was first
coupled to a quadrupole mass analyser.** The analytical
performance of the system was originally characterized via the
bulk analysis of steel standard reference materials using oper-
ational parameters selected based upon extensive optimisation
measurements. The analytical results showed a satisfactory
agreement with the corresponding certified values for 30
elements. The detection limit for multi-element analysis was
about 0.1 pmol mol~! and was 5 times lower for single element
determination. The relative standard deviation (RSD) was in
the range from 2% to 15%. With optimized working conditions
(discharge power, pressure) the source was also deployed for
depth resolved analysis.** Later, the same Grimm-type source
was coupled to an ICP-SFMS instrument based on the proto-
type of the Element.***> Overall, detection limits at ng g~' levels
and below were achieved.

Over the years, many attempts were made to improve the
analytical figures of merit, as well as the sample handling of
various GD sources. Significant improvements in sensitivity
were achieved in GD-OES by applying a directed gas flow. In
the latter case, the gas flow was directed onto the surface of the
sample by using gas leading tubes or nozzles, so that a gas jet-
assisted sputtering was achieved. In such a device, several
processes contribute independently to the signal enhancement.
First, the fast gas flow entrains sputtered atoms, greatly
reducing lateral and back diffusion and thus, the transport of
material to the region where the analytical signal is measured is
improved. Additionally, the pressure is increased in front of the
sample, so that the discharge power is concentrated onto
a much smaller area. The concept of using a high and directed
gas flow in GD ion sources was first investigated by Mason and
co-workers for pin-type**” and flat samples.*®** They calcu-
lated a minimum residence time of the gas flowing through their
source of about 2.5 ms. This short residence time was the reason

why they named it ‘fast flow’ (ff) source. Hoffmann® used the
same concept, but with a modified Grimm-type source geometry
operated in a DC- as well as in an rf-mode and coupled this
source to a quadrupole mass spectrometer. In both experiments
- by use of the ‘fast flow’ of the discharge gas (up to some
hundred mL min™") - a significant improvement in sensitivity
was observed. This was attributed to an overall improvement of
the transport efficiency of ions into the mass spectrometer.
Additionally, a suppression of polyatomic ion species by orders
of magnitude was observed in comparison to mass spectra
obtained by conventional MS sources with much lower gas flow.
Bogaerts et al. showed by theoretical modelling of the Grimm-
type source design® that the directed high gas flow rate
improves transport efficiency of ions by gas convection, thus
reducing diffusion losses to the wall.

In 2000, a consortium of researchers coordinated by Thermo
Optek received European Community funding to develop
a new glow discharge source based on the ff-concept for a new
sector field instrument (Axiom). With the new source, the gas
flow was demonstrated to result in an increase of the sensi-
tivity combined with a suppression of polyatomic species.>* In
the corresponding paper, it was demonstrated that this concept
is best suited for bulk analysis of conducting materials. It was
shown that the matrix ion intensity exceeded that of argon by
about a factor of 10, whereas under low power conditions with
flow rates of far less than 1 mL min~', it amounted to 10%
only. As a consequence, spectral interferences originating from
the discharge gas were substantially suppressed at higher gas
flow rates. Additionally, the sensitivity for most elements was
improved by at least one order of magnitude in comparison to
a ‘static’ source. Moreover, at such high gas flow rates, the
pre-burn time required to get stable ion intensities could be
reduced from 10 min to less than one minute, which could be
attributed to the higher sputter rates, consequently leading to
a fast equilibrium. Although developed for bulk analysis,
a slightly modified gas flow in the source could be used to
improve the sputter crater shape, but at a slightly reduced
sensitivity. A flat crater bottom is a pre-requisite for successful
depth-profiling. The sensitivity and the depth resolution ach-
ieved are sufficient for the analysis of high-tech multi-layered
materials with layer thicknesses in the um range. A fast flow
GD source with a flexible modular design, enabling both
dc- and rf-operation by switching the power supply only, was
developed recently.*®

A fast flow GD source with a concentric flow tube (for more
details see section 5.2.1.2), is now used in the Element GD
instrument (see section 5.2.1.2). In 2008, MSI introduced an
updated version of the Kratos Concept GD, the Autoconcept
GD-90, which offers an rf-mode. In 2010, Nu Instruments
launched a new glow discharge mass spectrometer. The Nu
Astrum is based on the AttoM ICP-MS and is equipped with
a low pressure static discharge for maximum stability with high
sensitivity tantalum cell for ease of cleaning.

For completeness, it should be mentioned that an
alternative approach for GD-SFMS uses the Mattauch—-Herzog
geometry, allowing a simultaneous detection of all ions, but
instead of photo plates, Hieftje and co-workers used an elec-
tronic array detector for simultaneous detection of all ions at the
same time.**
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2.2 Inductively coupled plasma mass spectrometry (ICP-MS)

One of the most successful analytical plasma sources in emission
as well as in mass spectrometry is the inductively coupled plasma
(see section 5.1.1.1). The analytical inductively coupled plasma
(ICP) was described in 1964 by Greenfield> and later introduced
for analytical applications in atomic emission spectroscopy
(AES). The first commercial instrument was constructed in 1974.
A year later, Alan Gray started to couple a quite different
atmospheric plasma ion source to a quadrupole mass spec-
trometer, a combination via which first mass spectra were
obtained for sample solutions.*® However, the breakthrough of
atmospheric pressure ion sources was achieved in the Fassel
group at lowa State University. Fassel was already a pioneer of
the use of ICP in emission spectroscopy, to which he contributed
a novel torch design.”” In the group of Fassel, Houk started in
1978 to couple an ICP to a quadrupole-based mass analyzer in
the context of his PhD work.%® First results were published
already in 1980, the official birth year of ICP-MS.** In the
following years, papers from Gray and Date® and from
Houk and co-worker®' demonstrated the analytical performance
of the prototype devices. In particular Houk and co-workers
continued their pioneering work by providing the analytical
community with many fundamental studies and novel applica-
tions (for more details, the reader is referred to the books
previously cited®”-19),

2.2.1 Single collector sector field instruments (ICP-SFMS).
Commercialisation of ICP-MS was driven by two companies:
VG Instruments in the UK and Sciex in Canada. However, only
VG pursued the development of ICP sector field instruments
based on their existing sector field organic mass spectrometers.
Thus, existing technology was adapted for the development of
plasma-based magnetic sector field instruments and in 1983,
the first instrument based on a glow discharge ion source, the
VG 9000 was introduced in 1985, as discussed previously. The
basic instrumental design originated from the VG series 70,
a high resolution mass spectrometer with Nier—Johnson geom-
etry used for analysis of organic compounds. The first sector field
instrument with an ICP source followed in 1988 (Plasmatrace),
also using the VG 70. In 1992, the first MC-ICP-SFMS was
introduced (Plasma 54). JEOL introduced the JMS-Plasmax
ICP-SFMS in 1993 (followed by JMS-Plasmax 2 in 1995) which,
like VG’s Plasmatrace, was based on a previously existing
organic mass spectrometer. The JEOL instruments were not
successful outside of Japan (only one was sold to Egypt) and the
series was discontinued.

The very high purchase price and the complexity of operation
were the main issues why the first double-focusing instruments
were not widely adopted. This fact served as an incentive for
Finnigan MAT to apply for third body funding to develop
a novel ‘plasma monitor’ based on a sector field instrument.

The main design criterion for this instrument was a smaller
magnetic sector with a radius of 16 cm in a reverse Nier—Johnson
geometry, resulting in reduced production cost and thus, lower
price without compromising analytical figures of merit. The
instrument could achieve a mass resolution of 3000 in the
medium and 7500 in the high mass resolution mode, which
enables most of the commonly encountered interferences to be

resolved. The first hardware of this new instrument was already
assembled at the end of 1991, but it took some further time to
commercialize the instrument. The resulting instrument, the
Element, was presented in 1993 and was introduced to the market
in 1994.5%%5 An improved version of this instrument, the Element
2, was launched in 1998.

Other instruments were launched to the market as well, but not
all are still commercially available. Thermo Optek, after it had
acquired the assets of the former VG Elemental subsequent to
Thermo’s acquisition of Fisons Instruments, introduced a new
ICP-SFMS, the Axiom in 1998. The Axiom was discontinued in
2002, leaving the Element 2 and the closely related model, the
Element XR (introduced in 2004) as the only commercially
available ICP-SFMS for some time. In 2004, Nu Instruments
introduced a new high resolution double-focusing sector field
instrument, the Nu Plasma, which like the Plasmatrace and
Axiom, had a continuously variable slit system which could cover
resolution settings between 300 and more than 10 000. More
instrumental details of currently commercially available instru-
ments will be given in section 5.

2.2.2 Multi-collector ICP-SFMS. A limitation to the preci-
sion of isotope ratio measurements by scanning single collector
instruments is the time-staggered detection, by which one isotope
is measured after the other, resulting in reasonable precisions only.
To overcome this limitation, multiple collector instruments were
designed to allow static simultaneous detection of all isotopes of
interest at the same time, by which instabilities of the plasma
(flicker noise) or the sample introduction or drift of the signal
intensity are no longer substantially affecting the isotope ratio,
thus resulting in a significantly improved isotope ratio precision.

The first MC-ICP-SFMS instrument, the Plasma 54, was
a hybrid of the VG Plasmatrace ICP-SFMS combined with the
multi-collector system of the Sector 54 TIMS (thermal ionization
mass spectrometer). This instrument with an S-type-geometry
consists of two electric sectors — before and after the magnetic
sector — with a radius of 54 cm (Plasma ‘54°). It was equipped
with an array of adjustable Faraday collectors for precise isotope
ratio measurements and a Daly detector for ion counting. In this
design, the ICP and interface were floating at high potential,
while the rest of the instrument was operated at ground potential.
The first isotope ratio measurements with this instrument were
published by Walder et al.%® in 1992 and already one year later,
an application was shown for direct analysis of solid samples by
use of laser ablation as sample introduction.¢’

While only a few units were sold, the potential of such an
instrument was realized to be high. Micromass (the inorganic
mass spectrometry assets of which were later acquired by GV
instruments), a management buyout of some technologies from
Fisons Instruments, introduced the Isoplasmatrace (later
renamed the IsoProbe), which was based to a certain extent on
technology of the Plasmatrace 2 (ICP and front end design) and
the magnet and collector array from the Sector 54 TIMS. This
instrument is a single magnetic sector field device only. Energy
focusing is achieved by use of a hexapole collision and reaction
cell in front of the magnetic sector.

Phil Freedman took the experience gained with the Plasma 54
and started to design a completely new MC-ICP-SFMS with the
newly founded company Nu Instruments in 1995. The Nu
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Plasma was introduced in 1997 and the instrument was discussed
in a publication by Belshaw et al in detail.®® The instrument is
based on a Nier—Johnson double-focusing geometry and uses
a fixed detector array in combination with zoom optics. Later,
deficiencies in the instrument were corrected with the addition of
a high resolution slit system (Nu Plasma HR). In 2010, it was
replaced by Nu Plasma II. A larger geometry instrument, the Nu
Plasma 1700, was introduced in 2002. The large geometry and
large dispersion provides mass resolution of up to 5000 by full
transmission while maintaining flat top peaks.

Thermo Optek added a multi-collector array to the Axiom to
make the Axiom MC in 1998, which was later distributed by
Thermo Elemental. This instrument is no longer commercially
available. Thermo Quest (now subsumed into Thermo Fisher
Scientific) introduced the Neptune in 1999, which uses the ICP
interface of the Element 2 and the multi-collector technology of
a TIMS instrument (7riton, Thermo Fisher Scientific) and
combines high mass resolution, variable multi-collection, zoom
optics and multiple ion counting (MIC).

The main feature of multi-collector devices is the capability for
a simultaneous detection of isotopes by use of discrete detectors.
Over the years, the number of Faraday cups increased signifi-
cantly and more and more, secondary electron multipliers were
fitted into the instruments. This can be seen as answer to the fact
that the use of Faraday cups limited the concentration range of
the isotope of interest to higher ng g~' levels. This drawback
became even more evident when laser ablation was applied for
direct sample introduction. Small analytical quantities resulted in
low signals and poor isotope ratio precisions. In addition, the
introduction of high resolution systems (slit systems) again
reduces the sensitivity. Nonetheless, the number of analyzed
isotopes is still limited reducing the multi-isotope capabilities
especially on short transient signals (e.g., with LA-ICP-MS). In
principle, it is possible nowadays to design small cups by micro-
machining, so that all isotopes can be measured continuously as
they are separated by a magnet and imaged simultaneously at the
same focal plane. This idea is not new and was realized by using
a double focusing sector field device with Mattauch—Herzog
geometry. This design is promising because all ions are focused in
a single plane.®® In a collaboration of the groups of M. Bonner
Denton, Gary Hieftje and Dave Koppenaal, an array of micro-
machined Faraday cups was developed which were used to cover
the whole focal plane area of a Mattauch-Herzog type mass
spectrometer. This is the reason why this detector was given the
name ‘focal plane camera’.’®”! Special low capacitance inte-
grating amplifiers are applied for signal amplification and the
time resolution realized so far is already in the range of 1 ms
image™' (see ref. 70). Hieftjes group had pioneered the tech-
nology for many years and they demonstrated that such
a concept works for various types of plasma sources, including
GD” and ICP ion sources.”

A commercial Mattauch—Herzog instrument with an ICP ion
source and a focal plane camera was discussed in 2010 at the
“Winter Conference on Plasma Spectrochemistry” in Fort
Myers™ and was introduced as Spectro MS to the market a few
weeks later at the Pittcon conference by the company Spectro
Analytical Instruments (Kleve, Germany).”

More details of today’s commercially available instruments
mentioned in this section will be given in section 5.

3 Fundamentals
3.1 Spectroscopic interferences

30 years after the famous publication of Houk, ICP-MS has
matured to become one of the most important methods in atomic
spectroscopy. There are many reasons for this success, but the
most important are the extremely low detection limits achievable
and the true multi-element capabilities. Although even nowadays
the instrumental market is dominated by quadrupole mass spec-
trometers with approximately unit mass resolution, the current
generation of ICP-SFMS instruments has a broad user base and
has found widespread adoption by metrology labs, nuclear
research and production facilities, chemical oceanography and
geochemistry research groups and for diverse industrial applica-
tions, especially in the semiconductor industry. Over the years, the
applications in the field of ICP-MS changed from rather pure to
extremely complex samples and soon the old Achilles’ heel of ICP-
MS, which was described already in the first paper of Houk, was
discovered again: the limitation by spectroscopic interferences.”®
As a consequence, high mass resolution was discovered as the
most general principle to overcome this limitation.

Spectroscopic interferences may be subdivided into several
groups, as they can be attributed to the presence of isobaric
atomic ions, multiply charged ions and polyatomic ions of
various origins. Isobaric overlap exists when the signals of
nuclides of different elements coincide at the same nominal mass.
Since the mass difference between isobars is in general very small,
resolutions between 10* and 10° are required. The maximum
mass resolution setting of commercial ICP-SFMS instruments
(about 10%) is by far not sufficient to overcome interferences of
this kind. Therefore, an alternative approach to cope with this
problem is used. For each element — with the only exception of
indium — at least one isotope is free from isobaric overlap and can
be monitored instead, but in many cases this will not be the most
abundant one. This strategy is often successful. If more complex
samples are analysed, the number of analyte signals disturbed by
other kinds of interferences is drastically increased in the mass
range below 100. Since isobaric interferences are usually easily
predictable, they can also be corrected mathematically by using
the natural isotopic abundances.

Multiply charged ions will be found in the mass spectrum at
a position m/z (m is the nominal mass and z is the ion charge), i.e.,
for instance doubly charged ions are found at half of their
nominal mass. Multiply charged ions have usually a smaller
formation rate in an ICP and occur mainly in the medium mass
range. Doubly charged ions of the main matrix constituents are
frequent contributors.

Among the spectroscopic interferences, polyatomic ions
cause the most severe problems and thus their origin shall
briefly be discussed. Polyatomic interferences are less predict-
able and depend on the sample composition (analytes and
matrix) and the operational parameters of the ICP-MS system.
Therefore, it is difficult and sometimes impossible to correct
them mathematically. They require mass resolutions of 10° to
10* up to mass 70 and sometimes more than 10* at higher
masses. Polyatomic interferences may be introduced by the
sample itself, such as oxide ions which, owing to their high
bond strength, have a real chance of ‘surviving’ the passage
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through the hot zones of the plasma. They may also arise
from the discharge gas, contaminants, entrained air, the
reagents and solvents used and the matrix of the sample. They
might become extremely complex in organic matrices.”” The
formation of cluster ions from the dominant species in the
plasma (Ar, H, O, C, N) is a major source of polyatomic
interferences and they occur preferentially in cooler plasma
boundaries (possibly at the walls of the skimmer)” or in the
sampling and expansion areas of the interface. Nonose and
Kubota investigated the optical characteristics of micro
plasmas behind the sampler and skimmer cone and observed
an influence of the acceleration voltage on the formation of
polyatomic interferences, as well.”®

Many approaches to cope with the problem of spectral inter-
ferences have been discussed in literature and will be covered
later on in this paper as well. Most of them are limited to some
specific interferences or are applicable for some selected matrices
or elements only. The most straightforward method to overcome
limitations from spectroscopic interferences is the application of
high mass resolution as the interfering ion can be separated and
monitored directly in the mass spectrum. The mass resolution
ml/Am is commonly defined according to the 10% valley definition
for sector field instruments, where Am is the mass difference
between two adjacent peaks of equal height that are separated by
a valley which is 10% of the peak height at its lowest point. The
high mass resolution capability of I[CP-SFMS allows the identi-
fication of interferences and ions of interest on the basis of their
exact mass easily and from these experiences we can already
define major groups of possible spectroscopic interferences and
some of their features:

Ar-containing ions

e Ar is introduced for plasma generation at flow rates between
15 and 20 L min™".

e Under standard plasma conditions, Ar* and Ar," are always
observed as very intense signals, thus affecting detection of K*
and Ca* and Se*.

e Ar* can form polyatomic species with elements from the
solvent, ambient air and/or the matrix of the sample

Analyte M attached to oxide and hydroxide ions

e m/z + 16 (MO*) and m/z + 17 (MOH") are typical interfer-
ences

e The ratio of MO*/M™* depends on the M-O bond strength

e Usually it is observed that MO*/M* > MOH*/M*

e By optimization of the instrumental settings, the formation
of (hydr)oxide ions usually can be reduced to values of
MO(H)*"/M* < 5%

e The interference is a major problem if m/z (M;0%) = m/z
(M) and ¢(M) > ¢(M,)

e (Hydr)oxide interferences are formed in the ICP or ‘survive’
the ICP in regions with low temperatures (e.g., in the neigh-
bourhood of vaporizing droplets, particles)

Doubly charged ions

e The degree to which M** ions are formed depends on the
difference between the 2nd and the 1st ionization potential of the
element

e lons of this type always have a strong effect once they are
present as major components of the sample, solvents or the
discharge gas, for instance

e E.g., **Ba** can hamper the detection of gallium.

e The formation of M** strongly depends on the working
conditions and can be reduced by application of a shield between
the plasma and the induction coil to reduce capacitive coupling
of the high frequency.

Solvent and matrix based polyatomic ions

The most severe spectral interferences observed in many
applications most often belong to this group

e They are formed by constituents of the solvents used and can
take the form of: MCI*, MC*, MSO*, MNO*

e Or by components of the matrix such as: MNa*, MCa*, MK*

The formation of interferences is governed by thermody-
namics (exothermic and endothermic processes) and is possible if
the energy which is needed for the process is provided by the
plasma or the excess reaction heat. The product molecule usually
has a binding energy which is high enough to survive the short
passage through the plasma and the interface as exposure time of
particles in the plasma is only about 5 ms.* This is also the
reason why polyatomic species with low binding energy such as
ArH,O" and Ar H3O0" are not detected. If molecules of this kind
are measured in the mass spectrum, this would give us a hint that
they are formed in an environment with much lower tempera-
tures. This idea was used by Sam Houk to study the origin of
most spectroscopic interferences.?®!

3.2 How to cope with spectroscopic interferences

As afirst conclusion, we can say that a proper optimization of the
instrument is the very first step and most efficient way to over-
come interferences at the first instance and is even a prerequisite
in sector field mass spectrometry as it even may help to avoid
operation of the instrument in a high resolution mode, with its
inherent loss in sensitivity. Nonetheless, there are several strat-
egies to cope with residual interferences besides the use of high
mass resolution. The alternatives will be described shortly in the
following sections. High mass resolution will be discussed in
more detail in sections 3.3. and 3.4.

3.2.1 Mathematical correction procedures. Mathematical
correction is usually applied in case of simple corrections
(isobaric interferences) or if all other measures fail. In case of
isobaric interferences, the interfering element is measured at
another isotope mass along with the analyte of interest and the
contribution of the interference is calculated via the isotopic
abundances.

The situation is more complicated for polyatomic interferences
as they are not easily predictable and depend on the operational
parameters as well as on the matrix. Therefore, the formation
probability has to be estimated using external matrix-matched
solutions or the same interference has to be observed on
a different mass and used for further correction.

This is demonstrated via the following example: *As* suffers
from a spectral interference in Cl-containing solutions as a result
of the occurrence of the “*Ar**Cl* ion. As a consequence, the
following mathematical strategies can be used:

The *Ar**CI* interference is measured along with the **CI*
(or *’CI*) signal in pure matrix solutions containing only the
matrix and CI of increasing concentration, but with no As. The
ratio *“ArCI*/**CI* is calculated from these solutions and an
average ratio is further used as correction factor. Now, the signal
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on mass 75 is measured in the solution along with the signal of
3CI* on mass 35 (or *’Cl* on mass 37). The *CI* (or *’CI*) signal
is now multiplied with the previously calculated factor resulting
in the probable interference of *’Ar**Cl" on mass 75. The
remaining signal is most probably the requested As signal.

Another possibility would be that the “*Ar*’Cl* signal on mass
77 is measured along with the signal on mass 75. Via the isotopic
abundances of Cl, the **Ar*Cl"* signal can be calculated from the
“Ar*’Cl* signal. Again, the remaining signal is most probably the
requested As signal. Nonetheless, we can observe an additional
problem: We find also "’Se* on mass 77 where we expect our
Y“Ar¥Cl* interference. Therefore, we have to subtract the signal
of ”’Se* prior to calculate the “*Ar**Cl* from the **Ar*’Cl* signal.
We can correct "’Se”* via the isotopic abundances using, e.g., the
8Se* signal. Nonetheless, we have to consider that we find an
isobaric interference of ¥Kr* on mass 82. Not to consider any
“Ar,'H," interference. It is obvious that this strategy leads only
to satisfying results when a relatively high analyte concentration
and low matrix concentration are occurring.

As good strategy, it is always wise to monitor more than one
isotope (if possible), even if the other isotopes are less abundant.

3.2.2 Sample introduction systems. Among various strategies
discussed over many years, the appropriate selection of a sample
introduction system best suited for the analytical problem can
already help to overcome many solvent- and matrix-based
spectral interferences. Cooled spray chambers are applied to
reduce the amount of water vapour transferred to the plasma.
Systems use heating/cooling devices in order to condense and
drain the solvent. Advanced systems use desolvation systems to
significantly reduce interferences.®> Solvent molecules can pass
through membranes and are removed by a counter stream of Ar,
whereas the dried aerosol is transported to the plasma. E.g.,
oxide formation rates can be reduced by some orders of magni-
tude compared to conventional introduction systems. Depending
on the temperature programmes chosen for electrothermal
vaporization, solvent-based interferences can be reduced in
advance to the analysis of the trace elements. We refer to a recent
review for more details.®

Dissolution of solid samples and thus interferences caused by
mineral acids can be avoided if laser ablation is chosen as
a sample introduction device, even though other matrix-based
interferences can occur. Also here, more details can be found in
literature.?®®

3.2.3 Sample/matrix separation. One straight chemical
method to avoid formation of interferences is the direct separa-
tion of the matrix from the analyte of interest. Even spectral
interferences from samples with a high level of dissolved salts can
be avoided if, e.g., hydride or cold vapour generation is applied
for trace/matrix separations.® The analyte of interest can be
separated from the interfering matrix by chromatography as
well. This is accomplished either by using a batch process or by
direct coupling of chromatography to ICP-MS. A prominent
example is the separation of Sr from the matrix as Ca- and
P-containing polyatomic species along with the isobaric inter-
ference of Rb is causing significant difficulties in accurate Sr
isotope ratio determination. Batch processes, ion chromatog-
raphy or on-line separation using micro columns are applied.?*’

3.24 Coollcold plasma technique. A number of interfering
ions are formed directly inside the inductively coupled plasma or
at walls in contact with the plasma. Thus, changing the working
conditions of the plasma is a powerful tool for the reduction of
especially argon-based interferences. This approach was realised
in the ‘cool/cold plasma’ technology. This was accomplished by
increasing the nebulizer gas flow rate or addition of an additional
gas to the central channel of the torch, along with the reduction
of the rf-generator power. In this operation mode, the risk of
secondary discharges was high. The breakthrough was achieved
once effective plasma shielding was developed by appropriate
induction coil grounding or application of a plasma shield.?®

The cold plasma technique helps to reduce argon-based spec-
tral interferences such as Ar*, ArC*, ArO*, ArCIl*, Ar,*. This can
be used for an improvement of LODs for elements such as Ca, K,
Cr, and Fe, which are of importance, but difficult to analyze at
low levels, e.g., in the electronic industry. These advantages have
to be paid for under the form of many additional spectral
interferences coming from water clusters (combinations with
H,O and H30) and increased oxide formation. Additionally,
a loss in sensitivity for all elements with first ionization potential
above 8 eV have been observed and even worse, a loss of robust
plasma conditions causing elevated matrix effects hampers its
application. As a consequence, mainly pure samples with low salt
content can be successfully analyzed in this mode.

3.2.5 Collision and reaction cell technology. Among all
approaches for overcoming spectral overlap, those based on
instrumental improvements have been most successful and in
particular, the application of collision and reaction cells in front
of a low resolution quadrupole mass analyser have changed the
whole spectrum of applications in ICP-QMS. Although at the
beginning of this technology, the first experiments were very
disappointing. For instance, Douglas investigated collision-
induced dissociation for ICP-MS and found that the total loss
cross sections for analyte ions and interfering molecules are of
the same order of magnitude.®” On the other hand, he showed in
the same experiment that ion molecule chemistry occurring in
a cell of a triple quadrupole arrangement is a more powerful
approach to reduce spectral interferences generated by molecular
ions. Similar experiments were performed in parallel by Rowan
and Houk, using a MS/MS arrangement which consists of two
quadrupoles.®® Although the gas phase reaction and reduction
of Ar-associated molecular ions had been demonstrated, the loss
of ions from the first band pass quadrupole filter by scattering of
analyte ions as a result of their collision with background gas
made a practical use questionable. The breakthrough came with
multi-pole arrangements, in which collisions proceeding in the
reaction cell are stabilizing the ion beam on axis of the multipole
arrangement. This was used by Eiden ef al.®* and later by Turner
et al®® In both investigations, the reaction chemistry of H, for
reduction of Ar-related molecular ions was investigated in more
detail, demonstrating that this approach is efficient for the
interferences of interest (see also ref. 93).

In current cell technologies, a pressurized cell, equipped with
an ion guide (which — depending on the instrument — is an rf-only
band-pass quadrupole, a hexapole or an octopole) is used to
overcome a number of prominent spectral interferences by gas
phase reactions with a reaction gas (reaction cell) or by

702 | J. Anal. At. Spectrom., 2011, 26, 693-726

This journal is © The Royal Society of Chemistry 2011


http://dx.doi.org/10.1039/c0ja00161a

Downloaded by Universiteit Gent on 28 April 2011
Published on 17 March 2011 on http://pubs.rsc.org | doi:10.1039/COJA00161A

View Online

application of retarding fields in combination with a collision gas
(collision cell). In the latter case, molecular polyatomic species
are expected to lose more Kinetic energy by collisions with
a buffer gas. With application of a retarding field, their loss is
higher compared to that of the analyte ions (kinetic energy
discrimination). Reaction gas technology is based on the
formation of different molecular ions form the interfering poly-
atomic species (e.g., 2ArAr* + H, = 2ArArH™), neutralisation
of interferences (e.g., Ar* + NH; = Ar + NH;") or by making
use of shifting the analyte of interest to a higher mass (e.g., **S* to
2810 using O, as reaction gas). Usually reaction gas tech-
nology is advantageous to be coupled with an ion filter in order
to exclude newly formed interferences. All reactions depend on
gas phase thermodynamics and even though they can be pre-
dicted in theoretical approaches, optimization is usually based on
empirical parameters. More details of gas phase reactions taking
place in these collision/reaction cells are discussed in a compre-
hensive review article by Tanner et al.®®

Nevertheless, also a single reaction or collision gas or appli-
cation of the combination of a buffer gas and a retarding field is
not able to overcome all possible interferences from polyatomic
species and most often, the interfered element has to be analysed
in a separate run to achieve the best sensitivities for as many
elements as possible. Moreover, the matrix dependence of the
reaction/collision cell technology is not fully elucidated. None-
theless, the technology has especially its advantage over high
resolution ICP-SFMS if the requested resolution is more than
10 000. As an example, Sr and Rb were separated using reaction
cell technology by shifting *’Sr* to ’Sr'’F* by applying CH;F as
reaction gas.”* In principle, collision cells are also suitable for
ICP-SFMS, as it was commercialized in the IsoProbe MC-ICP-
SFMS, where a collision cell is used for energy focusing in
a single focusing sector field instrument (magnetic sector only).

3.3 Mass resolution

Whether or not an interfering ion signal will be separated from
an analytical signal depends on the mass difference and the
resolution of the instrument.

Mass resolution R is generally defined as

rR=" (3.3.1)

T Am

where Am is the mass difference necessary to achieve a valley of
10% between two neighbouring peaks of identical intensity at
mass m and m + Am as shown in Fig. 2.

100 %

Fig. 2 10% valley definition of mass resolution.

100 %

5%

Am

Fig. 3 5% definition of mass resolution.

However, since the intensities of two neighbouring peaks are
rarely identical, an alternative definition is much more useful in
practice. In this definition Am is determined from the peak width
at 5% of the peak height of a single interference-free peak
(Fig. 3). For Gaussian peaks this will lead to the same value as in
the 10% definition. Quadrupole-based mass spectrometers do not
lead to Gaussian peaks and the mass resolution is usually
determined by using the full-width at half maximum definition
(FWHM, Fig. 4). For other instruments, such as time of flight
mass analyzers, the full width at half maximum (FWHM) is
usually used as well. The numerical resolution values based on
the FWHM definition are about twice as high compared to the
10% valley definition. More details are given in section 6.1.2.
Finally, MC-ICP-SFMS are operated frequently at edge reso-
lution (see section 6.2.3).

In Table 2, selected examples are given for the most frequent
spectral interferences caused by various solvents commonly used
in ICP-MS. This table shows the most commonly investigated
elements with their major abundant isotope(s) and the most
frequent interferences. Low abundant interferences are excluded.
As can be seen from this table, most polyatomic species can be
separated from the nuclide of interest by application of high mass
resolution (m/Am < 10 000). In most of the relevant examples of
spectral interference, a resolution of about 4000 (most often
called medium resolution) would be by far sufficient for baseline
separation. Only in special cases, some polyatomic species are
observed, which require a higher mass resolution (4000 < mi/Am
< 10 000). In the example given for *As in Table 2, such inter-
ference is caused by chlorine which in combination with Ar from
the discharge gas can cause interference at the nominal mass 75.

100 %

50 %

Fig. 4 Full width at half maximum (FWHM) definition of mass
resolution.

This journal is © The Royal Society of Chemistry 2011

J. Anal. At. Spectrom., 2011, 26, 693-726 | 703


http://dx.doi.org/10.1039/c0ja00161a

Downloaded by Universiteit Gent on 28 April 2011
Published on 17 March 2011 on http://pubs.rsc.org | doi:10.1039/COJA00161A

View Online

Table 2 Selected typical polyatomic interferences in ICP-MS and
required mass resolution to separate the nuclide of interest from the
interfering polyatomic ion

Nuclide Polyatomic ion Resolution
2#8i* HN,* 958
3]P+ 14N]601H+ 968
3]P+ ISN](\O+ 1458
2Cr* *CI'O'H* 1671
28+ °0,* 1801
64Zn+ 328]602+ 1952
#*Cr* OArN* 2031
54Fe+ 4()Ar14N+ 2088
SﬁFe+ 40Arl(xo+ 2502
BTi 32810 2519
51V+ 35C1160+ 2572
#“Ca* #8i'°0* 2688
“Zn* 28,* 4261
BAs* WOAr*Cl 7775

A resolution of about 8000 is sufficient to overcome this
problem.

Of course, high mass resolution is not a panacea against all
spectral interferences. As mentioned already, isobaric interfer-
ences are far beyond the scope of most commercially available
devices besides others. For instance, MO* ions, where oxygen is
a constituent of many mineral acids and water, can cause prob-
lems in the mass range below 100 u and above 140 u, and
a resolution of less than 10 000 is sufficient for a complete
separation. In the mass range between 100 and 140 u, a resolu-
tion of up to 1 000 000 would be necessary. The required reso-
lution exceeds by far the resolution attainable with commercially
available instrumentation. This is a crucial point for, e.g., low
level rare earth element (REE) analysis if formation of oxides is
not prevented by other means. This example demonstrates that
high mass resolution is a very powerful approach to overcome
many, but not all of the spectral interferences occurring in
routine applications.

3.4 Instruments with high mass resolution

High mass resolution of sector field instruments is a feature
which depends on the geometry of the electric and magnetic
sector, and the slit configuration (see section 5). However, high
mass resolution is not a capability exclusive to sector field
instruments, because other analyzers, including quadrupoles can
be operated at higher mass resolution. Conventionally [CP-QMS
instruments provide approximately unit mass resolution, but
they can also be operated in higher regions of stability and reach
for instance in the 2™ region of stability resolutions of up to
9000.% Another approach based on quadrupole instruments are
tandem devices, with a subsequent series of quadrupoles. If both
quadrupoles have reflecting grids, ions can be reflected in this
trap many times and by multiple passes, resolutions of up to
20 000 were realized.”® Another trapping concept is provided by
ion traps and they have been investigated for their use in ICP-MS
by Koppenaal.®” They consist of a ring electrode in the centre,
with two hyperbolic end caps above and below. They are oper-
ated with rf-voltages and are read-out by a high voltage pulse
which injects the ions into a channeltron multiplier. Depending
on the number of cycles the ions spent in the trap, the resolution

achieved can be increased from m/Am 200 to 2000 (FWHM). A
different type of mass analyzer applied in ICP-MS is the so called
Time-of-Flight (ToF) analyzer, which has been investigated in
Hieftje’s group for a long time. They could show that if such
instruments are operated with a reflectron to overcome differ-
ences in ion energy, they could be easily operated with a m/Am of
up to 2200 (FWHM) in ICP-MS and GD-MS applications.”® In
ion cyclotron resonance Fourier transform (FT) analyzers, the
ions are injected into a strong magnetic field and are gyrating on
circles. The gyration frequency is depending on the mass of the
ion and this frequency is picked up by a condenser-like detector.
By transforming the frequency domain into a mass domain, an
approach known as Fourier transformation, mass spectra are
obtained. Resolutions in GD- and ICP-MS operation of m/Am of
up to 100 000* and more than 1 000 000 (FWHM) have been
reported.’®'" A similar device in which ions are gyrating in
a field, but this time an electrical, has been invented by Alexander
Makarov'®? for organic applications and has become known
under the trade mark: Orbitrap. Again, Fourier transformation
results in mass spectra. Koppenaal started with a challenging
experiment to use an Orbitrap in combination with a linear
quadrupole ion trap with an ICP ion source. At the FACSS in
2009, he demonstrated that resolutions of m/Am up to 150 000
could be achieved.

As a summary, it can be said that instruments mentioned in
this section are becoming more powerful and look therefore very
promising for future ultra-high mass resolution applications, but
so far they are not commercially available yet and thus will not be
discussed here in more detail (a more detailed discussion is given
elsewhere™®).

3.5 Mass fractionation effects and isotopic variations

As mass spectrometers are isotope-specific, isotopic variations
caused in nature or by fractionation in instruments have to be
taken into account not only for isotope ratio analysis and will be
discussed for this reason in more detail in this section.

The isotopic composition of elements is generally assumed to
be invariant in nature and taken as constant. The natural isotopic
variation is small, but existing for most isotopic systems. An
overview of the isotopic composition and average masses are
given in the TUPAC tables, which are updated on a regular
basis.’®® For quantification by external calibration with total
combined uncertainties of several percent (mainly influenced by
repeatability, blank and calibration), the natural variation is,
certainly in most cases, negligible. For quantification by isotope
dilution, these variations have to be taken into account only for
a limited number of elements (e.g., Pb). Isotope ratio determi-
nations on the other hand make use of the natural variations in
order to use them in, e.g., geochemical, environmental or tech-
nological applications.

Variations in nature but also variations in the isotopic
composition induced by engineering and science are applied in
many fields of science. Isotopic variations are based on mainly
four different effects based on kinetic or thermodynamic reasons:

The first effect is radioactive decay or generally nuclear reac-
tions. When one or more isotopes of an element are daughter
nuclides of a radioactive decay, the isotope ratio(s) of the element
depend on the original concentration of the mother nuclide in the
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sample and the time. The natural radioactivity is, e.g., used for
dating via the half-life in archaeometry (e.g., radiocarbon
dating)'**'% and geochronology (e.g., U-Pb dating)'*’'*° or for
using the isotopic variation as natural fingerprint (e.g., Sr,
Pb).lw_l”

The second effect derives from simple mass-dependent ther-
modynamic processes (e.g., evaporation), simply influenced by
preferential diffusion of lighter isotopes. This can be observed for
volatile elements or compounds (e.g., H,O, where, e.g., the rain is
getting isotopically lighter from sea towards inland by prefer-
ential precipitation of ‘heavier water’)."'*!** This effect can also
be observed for other elements, such as Hg or Cd, in technical
processes as well as during or after impacts of meteorites.**¢*

The third effect is called isotope effect and refers to chemical
reactions. The rate of a chemical reaction is defined by the acti-
vation energy, which is the difference between transition state
and ground state of the reactant(s). Because molecules with
different isotopes show different zero point energies, the activa-
tion energy is different and so is the reaction rate for kinetically
controlled reactions. A good example is the reaction of breaking
a C-H bond. In practice, the rate constant for breaking the C-H
bond is 3 to 8 times higher than that for breaking a C-D bond.'*®
Another possibility is if products differ by their ground energy
and the reaction is ruled by thermodynamics, but not by kinetics
as for boron. In aqueous solution, two boron species are present,
B(OH); and the B(OH),~ anion. Here "B prefers the trigonal-
planar structure of B(OH);, while "B prefers the tetrahedral
structure of B(OH), ."* In rocks preferably B(OH), is being
incorporated, so that B(OH); remains in the aqueous phase,
which leads to isotope fractionation in nature.'?® Fractionation
of C, N or S in biological processes can also be guided by
a combination of kinetic and thermodynamic effects, leading to
significant natural variations.'?!

The fourth effect is ‘artificial adulteration’. In technical and
scientific applications, enriched isotopes are used or added to
samples or systems to yield certain effects or to study certain
processes. In the technical field, B is used as neutron absorber in
nuclear power plants working with pressurized water reactors.
This is due to the very high neutron cross-section of '°B, which
amounts 3.84 x 10° barns and therefore exceeds 8 x 10° times that
of '"B." In science, enriched isotopes are used for tracer experi-
ments in biology and medicine,'**"'?¢ or quantification in analyt-
ical chemistry applying isotope dilution mass spectrometry.'?”-128

Since effects 2 and 3 affect all isotopes of an element and lead
to a shift in the isotopic composition, this process is denoted as
isotope fractionation.

It is evident that mass fractionation induced by thermody-
namic and kinetic effects occurs in all physical and chemical
processes (to a different extent). Therefore, it is evident that mass
fractionation also occurs in the mass spectrometer during
measurement, e.g., during diffusion of ions of different mass in
the plasma, in the interface and during their way through the
mass analyzer as a result of electrostatic repulsion (space charge
effects) and collision with, e.g., residual gas molecules (in the
latter case it is obvious that significantly higher mass discrimi-
nation can be found in reaction or collision cell arrangements).
From a physical point of view, a high acceleration voltage can
reduce space charge effects, but nevertheless they can not be
neglected even in sector field devices. The resulting difference in

transmission efficiency for the isotopes of an element in ICP-MS
is generally referred to as mass discrimination (additional details
see section 6.3).

3.6 Background noise and abundance sensitivity

Abundance sensitivity normally refers to the contribution of an
ion peak (at a particular mass), to an adjacent peak at lower or
higher mass. Peak tailing is normally caused by small differences
in the ion energy or different angles of motion compared to the
ideal ion path of the ions. The latter differences are mainly
caused by collisions of the ions with residual gas molecules in the
analyzer region, thus a good analyser vacuum is essential, or by
electrostatic repulsion of the ion beam itself (space charge) for
intensive ion beams. Scattered ions are moreover generated at
slits, apertures and the flight tube walls. Ions that suffered one of
these interactions have lost kinetic energy and/or have changed
their direction of motion. As a result, these ions appear at
incorrect mass positions along the analyzer focal plane. For an
intense isotope, the scattered ions can appear in the spectra even at
neighbouring masses contributing to an elevated background. In
order to reject these scattered ions, an electrostatic filter can be
applied. It rejects scattered ions on the basis of both their lower
kinetic energy and their irregular flight paths. In order to reduce
the amount of such low energy ions, a retarding potential at a lens
is applied and thus, the energy of the ions is reduced. Only ions
above a particular energy threshold are passing this lens and are
determined at the detector. These filters are positioned in front of
a single multiplier, thus improving the abundance sensitivity for
only that multiplier in a multi-collector arrangement. More details
are given with the respective instruments in section 5.2.

Usually, in low mass resolution, the abundance sensitivity of
sector field instruments is slightly worse in comparison to that of
quadrupole-based instruments, but it is improved in high mass
resolution mode.

As already mentioned, in comparison to quadrupole-based
ICP-MS instruments, sector field devices excel by a number of
features, among which the high mass resolution capability is the
most important one. Additionally, these instruments show
a much higher sensitivity and a much lower non-spectral back-
ground, so that the limits of detection are improved significantly.
The improved sensitivity is often attributed to a higher trans-
mission of sector field devices especially for high mass elements,
for which losses are much higher in a quadrupole device. The
lower noise background can be attributed to the bended geom-
etry, as a result of which noise produced by fast neutrals or
photons is very effectively suppressed. Moreover, magnetic
sector field devices are operated under vacuum conditions, which
are usually one to two orders of magnitude lower in pressure
compared to quadrupole systems.

4 Theory
4.1 Magnetic sector

The magnetic sector is the core part of a sector field mass spec-
trometer. Its function can easily be explained with the help of the
motion of a charged particle (electron, ion) in a magnetic field.
Charged particles with charge g (= ze), velocity » and mass
m injected into a magnet field B are forced by the Lorentz force
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(perpendicular to direction of ion motion and magnetic field)
onto a circular path with radius ry,.

@.1.1)

The centripetal force is then equal to the Lorentz force which
gives

my
L= 412
=t (4.12)
" _ B, (4.1.3)
q

Therefore, the magnetic analyser is dispersive with respect to
the mass and energy of the ions (or better the momentum), such
that the magnetic analyzer is a ‘momentum separator’ and can be
used for mass separation if all ions with different mass have the
same energy. To achieve this condition to the best possible
extent, the ions generated in the ion source are accelerated over
a potential difference U, (the acceleration voltage), thereby
minimizing the ratio of AE/E (AE = energy spread of the ions;
E is energy of the ion). The kinetic energy of the accelerated ion is:

qUy = %mv2 4.1.4)
and therefore:
1 ZWZU()

m == — 4.1.5
=5\ g (4.15)

m B*r?
— = n 4.1.6
7~ 20, (4.1.6)

From eqn (4.1.6), it can already be seen, how a mass spectrum
can be acquired:

e First, keeping B and r,, constant and changing the acceler-
ating voltage U results in a so-called electric scan (E-scan). Due
to a loss in sensitivity and focusing properties (increase of
aberrations), the mass range which can be scanned in this mode is
usually limited to 30%—40% of the magnet mass. This operation
mode can be used for fast scanning, because alteration and sta-
bilisation of the acceleration voltage can be achieved very quickly
and is independent of mass.

e Second, keeping r,, and Uy, constant but varying B results in
a so called B-scan. In principle the mass range is unlimited and
only dependent on the applied magnetic field, which is technically
limited for iron core magnets to about 2 T. To retain sufficient
field homogeneity for high mass resolution, a practical limit is
more like 1.5 T. This still allows using ion energies of some keV.
In comparison to other mass spectrometers, such as quadrupoles,
this scan mode is slower, because the speed of magnetic field
changes is limited by the self-induction of the magnet (eddy
currents) and the power supplies needed. Therefore, a certain
settling time is always necessary after changing the magnetic
field. This settling time is depending on the magnitude of the
change in magnetic field (required for ‘jumping’ from one mass to
another) in a peak hopping mode. In practice, for signals

corresponding to ions with masses within a relatively narrow
mass range, the same magnetic mass is used. Scanning across
a spectral peak is accomplished via E-scanning, followed by
a jump of the electric field to the next mass followed by the next
E-scan across the spectral peak of interest. When the scan range
limit is reached, the magnetic field is adapted, resulting in
a “jump” to a new magnetic mass. This mode is the preferred
operation mode in scanning ICP-SFMS.

e The two previous ways to obtain a mass spectrum are mainly
used for scanning single collector instruments but a third way,
keeping U, and B constant, is the operation in static mode as
used for multi-collector instruments, for instance Faraday cups
located at different positions, corresponding to different ry,. This
mode is always applied in multi-collector instruments for
simultaneous measurements of the intensities of all ions moni-
tored, thus providing high precision for isotope ratio analysis.
Another way to use this concept is to place a detector array in the
focal plane in instruments based on the Mattauch—Herzog
geometry.

Eqn (4.1.6) shows already that the m/q scale is not linear, such
that peaks of heavier ions are spaced more closely. For intro-
duction of these equations, it is usually assumed that the
magnetic field fills a whole plane area, but the electromagnets
used in commercial devices usually have a specific sector geom-
etry and thus, the magnetic field is restricted to a certain space or
area.

A sketch of the geometry of a magnetic sector is shown in
Fig. 5. It consists of an ion source, an entrance (alpha) slit, the
magnetic sector with radius r,, the collector (beta) slit and
a collector/detector for instance a Faraday cup.

There are three basic features of a magnetic sector as an ion
optic element: mass dispersion, angular focusing and energy
dispersion, which will be briefly discussed in the following
sections (more details are given in the following books!?*-'31),

4.2 Dispersion

The term dispersion might be already known from optical
spectroscopy, where it describes the power of refraction of
a dispersive optical element, such as a prism, where the refraction
is typically a function of the wavelength. In mass spectrometry,
the magnetic sector is a mass dispersive element and therefore
dispersion D can be defined as the physical separation distance
Ar (e.g., in mm) of two masses with a mass difference Am along
the focal plane in the region of the collector slit (the collector
plane).

At
# " alpha slit

source slit (object)

collector slit (image)

lon source collector

Fig. 5 Sketch of the geometry of a magnetic sector arrangement.
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A magnetic sector has many physical properties which can be
compared with “optical” devices and it best can be compared
with a prism, because it has dispersive and magnification prop-
erties, depending on its geometry. For a magnetic sector with
a 180° geometry, the dispersion at the focal plane at 180° is 2Ar
(Fig. 6) when two ion trajectories of the same origin show
a difference in the radii of Ar. Rewriting eqn (4.1.6) results in eqn
(4.2.1) and differentiation results in the relation of Ar and Am,
the dispersion D (eqn (4.2.3)).

20,
- W\/a 4.2.1)
Ary, = Orm Am=>Ar,, = rmALn (4.2.2a-b)
om |uv,,B 2m
—~D = 2Ar, =31, (4.2.3)
m

It is clear that for a mass difference of Am at mass m, the
dispersion is 2Ar, or in other words, for this geometry the
dispersion is proportional to the magnet radius and indirectly
proportional to the mass. This holds true for other geometries as
well.

The dispersion in a general form can be written as

A
=>D:_ml)0
m

The dispersion coefficient Dy is only depending on geometrical
parameters of the magnet (angle of deflection, entrance angle,
exit angle) and the magnitude is usually in the range of the radius
of the magnetic sector.

The dispersion is an important parameter of a sector field
instrument, because it is directly related to the resolution
achievable with the device. During a scan, the ion beams of mass
m and m + Am are moved across the collector slit. They are 100%
resolved, when the ion beam of mass m already passed the slit
and the ion beam of mass m + Am has not entered the slit yet. The
slit widths of the entrance and collector (exit) slit are s’ and s”,
respectively. The distance between the centres of both ion beams
is the dispersion D (Fig. 7) and the ion beam has the width b.
Therefore, the dispersion can be expressed by eqn (4.2.4)

A
D=s"+b= Dy~
m

424
— (4.2.4)
Am  s"+b
m N\ m+Am
': ar 2Ar
@ L

Fig. 6 Dispersion at the focal plane at 180°.

Fig. 7 Mass resolution in a magnetic sector field.

The beam width at the collector plane is equal to the source slit
width multiplied with the magnification M of the instrument,
a parameter defined by the geometry of the magnet that is usually
around 1.

Since also the sum of aberrations 4 of the system contributes
to the beam size at the collector plane the resolution can be
expressed as follows:

m D()
= - 4.2.5
Am 5"+ |M|s+> A (*4.2.5)
For instance, in case of the Element 2 (M ~ 1), the dispersion is
about 140 mm. In order to achieve a resolution of 4000, a slit
width of the entrance and the exit slit of about 17 pm is required.

4.3 Electric sector

Eqn (4.1.6) shows that the m/q value for a given radius is indi-
rectly proportional to the accelerating voltage, or more precisely,
to the kinetic energy of the ion. Thus, ions with the same mass,
but with slightly different kinetic energies will be focused at
different positions, which will result in peak broadening and
a loss of resolution. In ICP-MS, the ions that reach the magnetic
sector show a kinetic energy to which several factors have
contributed. Usually ions have a kinetic energy which is directly
related to the temperature of the plasma and which can be
calculated by the Boltzmann equation. Additionally, ions are
generated in the plasma at a potential different from the potential
of the interface and additionally, in the interface the ions are all
accelerated by gas dynamics to the same velocity of the argon gas
flow. This means that the kinetic energy increases proportional to
the mass of the ion. All these factors contribute to the final ion
kinetic energies and can affect the resolution of the magnetic
device. This is the reason why a device is needed by which
differences in energy can be compensated for. In most instru-
ments, an electric sector is used for this purpose. Only in one type
of instrument (IsoProbe), collisional cooling and focusing is
accomplished by collision with a buffer gas in an rf-mutipole cell.

For a particle, with charge ¢, mass m and velocity v, injected
into an electric field produced by a cylindrical condenser at
a radius r,, the centrifugal force of motion (left hand side of eqn
(4.3.1)) must be equal to the centripetal force of the electric field

my

— 4E 4.3.1)

Te

The kinetic energy (right hand side of eqn (4.3.2).) of a particle
accelerated in an electric field is
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1
qUy = Emv2 4.3.2)
Thus the velocity can be calculated by
2
=/ 9Y (4.3.3)
m
And combining with eqn (4.3.1)
2mat _ g (4.3.4)
Fem
20 _ g (4.3.5)
rC
20U,
. = —— 4.3.6
=" (4.3.6)

This equation is similar to eqn (4.1.5), but does not contain the
mass of the ion and thus, the electric sector does not have any
mass dispersion. If a slit is placed at a particular position behind
the system at the radius r., the system acts as an energy filter.
(It should be mentioned here that due to the very low energy
spread, e.g., in thermal ionization these instruments typically
don’t require an electric sector.)

4.4 Double-focusing conditions

Summarizing so far, we know that the magnetic sector is
a dispersive ion optical element with respect to mass and energy
(momentum) and the electric sector is a dispersive ion optical
element with respect to energy only. Both systems provide angular
focusing properties. This means that an ion beam with a certain
angular divergence is focused at an image plane. If the energy
dispersion of the magnet ™Dg and of the electric sector *Dg are
equal in magnitude, but of opposite direction, magnet and electric
sector (or sometimes named electrostatic analyzer — ESA), focus
bothion angles (first focusing) and ion energies (double-focusing),
while being dispersive for m/q only. This is the reason why devices

Fig. 8 Schematic of a forward Nier-Johnson geometry.

which consist of an electric and magnetic sector fulfilling the
following requirement (e: electric; m: magnetic)

*Dg+™Dg =0 “44.1
are termed “double-focusing” instruments.

Only for some well-defined combinations of electric and
magnetic sector angles, the directional (angular) focus coincides
with the energy focus.

In general, eqn (4.4.1) can become very complicated even for
a basic design. This should be discussed here by means of the well
known Nier—Johnson geometry. The parameters and angles are
explained in Fig. 8.

The energy dispersion for a homogenous magnetic sector of
a total angle ¢,, is given as

. I'm .
Dg = 5 1 — cos¢,, + rﬂsm¢m (4.4.2)

And the energy dispersion for a homogenous cylindrical
electric sector of a total angle ¢, is given as

a l// )
Dy = ’5{(1 - cosﬁqﬁe) +< \/ismx/i(be} (4.4.3)

Using the double-focusing condition of eqn (4.4.1) this
equation results in:

Fe (1 - cosx/id:e) + I'V25inV2¢, + (1 — cosg,,)

+1 sing,, =0 (4.4.4)

Using eqn (4.1.2) for r,, it can be recognized that the equation
is mass dependant and thus the double-focusing conditions is
valid only for a single mass focused at the exit slit. As a conse-
quence, such geometry is very well suited for a single collector
arrangement operated in a scanning mode.

Fig. 8 shows the geometry of a multi-collector arrangement in
a forward Nier-Johnson geometry. This arrangement is based on
the fact that the double-focusing conditions are fulfilled on
a curved graph to which the collector arrangement is fitted.

Eqn (4.4.4). looks rather difficult for most geometries, but can
become very simple in case of the Mattauch—Herzog geometry
which is shown in Fig. 9.

For this geometry the magnetic and electric sector are given in
the following way:

image curve

Fig. 9 Schematic of a Mattauch-Herzog geometry.
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¢I11 = 900

b= — 318

g 04‘5 (4.4.5a-1)
& = —45°

I"—

For all masses, the foci are located on a plane and thus this
geometry is perfectly suited for simultaneous detection and
found widespread applications with photo plates for ion detec-
tion in SSMS. Nowadays, instruments with such a set-up are
commercially available under the form of transportable gas
analyzers with an electronic focal plane camera (for details please
visit http://www.oico.com). As has been mentioned previously,
prototype GD- and ICP-MS instruments relying on the Mat-
tauch—-Herzog geometry have been developed in Gary Hieftje’s
group and recently, Spectro Analytical Instruments GmbH,
Kleve, Germany, launched an instrument based on this geometry
to the market (see section 5.2.2.5).'3?

5 Instrumentation
5.1 Components of a sector field instrument

All ICP/GD sector field instruments consist of

e an ion source,

e a sampling interface,

e an electrostatic lens system,

e a magnetic sector,

e an electric sector (or a collision cell),

e a flight tube,

e an entrance and a(n) collector (exit) slit, the combination
which defines the resolution,

e transfer, zoom and/or filter optics,

e a detection system and

e a vacuum system

5.1.1 Plasma ion sources. Plasma-based sector field instru-
ments are commercially available with an inductively coupled
plasma (ICP) or a glow discharge (GD) plasma ion source. The
source has an impact on the front end design only and will be
discussed briefly in the following sections.

5.1.1.1 Inductively coupled plasma (ICP) source. ICP sour-
ces have a similar design in all commercially available instru-
ments, independent on the type of mass separator (e.g., sector
field, quadrupole, time-of-flight) used. The ICP is generated
according to an electrodeless approach in a discharge gas
(usually argon) by application of a high frequency electrical
current to an induction coil, which results in electromagnetic
induction by a time-varying magnetic field. The coil is located
around a torch and usually consists of 2 or 3 turns of copper
tube, that is cooled with either water or Ar. The torch itself
consists of three concentric tubes. The outer tube carries the cool
or plasma gas (typically 13-15 L min~"), which is responsible for
the main supply of Ar to the plasma. The cool gas also helps to
stabilise the plasma and finally cools the outer glass jacket of the
torch. All tubes are made of fused silicate glass or quartz. The
middle tube provides the auxiliary gas (0.5-2 L min~"). The role
of the auxiliary gas is to lift the plasma off the injector. The cool
and auxiliary gases are injected tangentially in order to create

a vortex and stabilise the plasma. The Fassel torch (most
commonly used torch design) is designed to produce a stable
toroidal plasma through the centre of which the sample aerosol
(sample, carrier or nebulizer gas 0.8-1 L min~') is injected. After
external ignition by a spark, an oscillating magnetic field is
developed around the coil, which in turn, induces a high
frequency oscillating electron and ion current, by which the
plasma gas is heated to high temperatures (gas-kinetic tempera-
ture of 5000-8000 K, ionization temperature about 7500 K,
excitation temperature 6500-7000 K, and electron temperature
about 10 000 K).

The ICP is thus maintained by inductive heating. The electrical
power applied ranges typically between 1000 and 1500 W, which
is much higher than the typical value of 100 W for a glow
discharge. Ranges from 500-800 W are usually applied when
cold plasma conditions are accomplished.

The aerosol which is generated from the sample (created most
often by nebulisation of a liquid sample solution or consisting of
solid particles carried by a gas flow when sample material is
ablated by a laser) is transferred into the centre of the plasma by
an Ar gas flow. The temperature in this plasma is sufficiently high
to give rise to efficient volatilization and atomization of the
sample components and subsequent excitation and ionization of
the atoms thus formed. Predominantly singly charged ions are
generated for all elements of the periodic table. The ionization
efficiency calculated from the Saha—Eggert Equation'*® by using
the electron densities and temperatures typical for the ICP
discharge show that all elements with first ionization potentials
below 8 eV are completely (>90%) ionized and even elements
with first ionization potentials between 8 and 12 eV are ionized
by more than 10%. Thus, the mass spectrum observed mainly
consists of signals corresponding to the singly charged elemental
ions of the nuclides of all elements present in the sample.

The plasma is generated in a torch arrangement and for some
instruments, this torch is equipped with a guard electrode (GE)
or plasma shield, which is a grounded metal plate placed in-
between the plasma torch and the load coil. This device decreases
the ion energy spread, and thus can help to increase the overall
ion transmission of a sector field device. For some instruments
(e.g., the Element 2), the GE is in particular required for cold
plasma to prevent secondary discharges between the ICP and the
grounded interface.

5.1.1.2 Glow discharge source. Glow discharge plasmas are
the simplest to generate. In its simplest form, a glow discharge
plasma is created by applying a dc potential difference (on the
order of 500 to 1500 V) between two electrodes (anode and
cathode), which are inserted in a container filled with a (noble)
gas, most often at a reduced pressure. Depending on the distance
between the electrodes, different plasma forms are established
and one of these plasmas closest to the cathode was given the
name glow discharge because of the emission of glowing light.

This plasma is generated by fast electrons emitted from the
cathode, ionizing and exciting the noble gas atoms. Ions from the
plasma that are close to the cathode (which is the sample to be
analyzed) are accelerated towards the cathode, where they
sputter the electrode material and produce those fast electrons
which are needed to sustain the discharge. The neutral atoms
sputtered from the electrode material diffuse into the glow
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discharge plasma, where they can become excited or ionized.
Conducting materials, such as metals, alloys and semi-conduc-
tors, can be used as cathode material and thus, be analyzed by
either emission or mass spectrometry.

For typical analytical applications (such as mass spectrometry
or optical emission spectrometry), the gas is usually argon (or
sometimes neon) and the gas pressure is set typically in the range
50-700 Pa. Because the processes of sputtering and ionization are
separated, minimal non-spectral matrix effects are expected.
More details can be found in text books'**!*5 and in the litera-
ture’®137 and selected applications will be discussed in part II.

5.1.2 Sampling interface. The sampling interface is a crucial
and non-trivial part of the mass spectrometer and has to transfer
ions from the plasma, which is operated at ambient pressure in the
case of ICP or at a few hundred Pa in the case of GD, to the mass
analyzer, which is operated under vacuum (see section 5.1.8). The
interface design is thus very similar to those of quadrupole-based
instruments, even if it is operated for some instruments at high
voltage to provide the ion acceleration (and thus increase the
kinetic energy of the ions) as needed for operation.

The interface of an ICP ion source is usually water-cooled and
made of materials with good thermal conductivity. It holds the
sampler and skimmer cones, which are in general hat-shaped
metal plates with a small orifice (0.4-1.2 mm) in the centre in
order to sample the centre part of the ion beam generated in the
plasma. The diameter of the orifice has to be large enough to
allow maximum transmission and reduce clogging, whereas the
vacuum still has to be maintained. The skimmer cone is in
general sharper and has a smaller orifice than the sampler cone.
The cones are placed co-axially at a short distance (several mm)
from one another, allowing a sequential pressure decrease.
Shape, material and orifice diameter can have an impact on the
instrumental performance in terms of, e.g., transmission effi-
ciency or formation of interfering polyatomic ions. The cones are
usually made of Ni, even though Pt covered cones are preferable
for low Ni blank level or for analyzing very corrosive solutions.
For laser ablation purposes, cones manufactured from Al are
used, as well. In order to reduce effects of electrostatic coupling
between the load coil and the plasma discharge, resulting in an
electrical discharge between plasma and sampler cone, the load
coil is usually grounded at the side facing the sampler cone.

In case of a GD plasma ion source, usually only one cone is
needed, because the pressure in the ion source is already reduced
to a few hundred Pa. A roughing pump is used for differential
pumping in both ion source arrangements.

The ions from the ICP or GD source are accelerated after
passing the interface region. An acceleration voltage ranging
from 4000 to 10 000 V — depending on the particular instrument —
is applied behind the interface. There are two possibilities: a) the
ICP and interface are at high potential and the analyzer at
ground potential or b) the ICP and the interface are at ground
potential and the mass analyzer is floating at high potential. Due
to the curved shape of sector field devices, no additional means
(e.g., photon or shadow stop or ion mirror) are required to
hinder neutrals and photons generated in the plasma from
reaching the detector. Whereas a neutral ‘cloud’ of ions and
electrons can be observed within the interface region, the elec-
trons diffuse much quicker in the high vacuum region after the

skimmer cone. Together with a first lens displaying a potential
more negative than that of the ICP, this is resulting in a positively
charged ion beam, which is further guided and shaped by a series
of electrostatic lenses.

5.1.3 Lens system. The lens system is used to guide, focus and
accelerate the positively charged ion beam onto the entrance slit
and to shape the circular peak profile of the ion beam behind the
skimmer to a more rectangular (in reality eliptical) profile in
accordance to the geometry of the entrance slit. Therefore, the
lens system is more complex in a sector field device than in
a quadrupole-based instrument. It consists of number of elec-
trostatic lenses (cylindrical and quadrupole). An extraction lens
is usually placed directly behind the skimmer cone to attract and
accelerate ions leaving the extraction chamber via the skimmer
cone aperture. In comparison to quadrupole instruments much
higher acceleration voltages are used and this is one of the
reasons why sector field instruments show a higher transmission
of low mass elements and a more uniform response throughout
the mass range. In some instruments, the ion beam is accelerated
in this lens system to the full acceleration voltage (e.g., ~8000 V
for the Element 2). Sector field instruments provide the possi-
bility of electric mass scanning or FE-scanning by means of
adapting the acceleration voltage (see section 6.).

In common with most ion optical focusing devices, a magnetic
sector mass spectrometer typically has some significant aberra-
tions which are, among other, function of the angular spread of
the ion beam. To obtain a high resolving power and to reduce
transmission losses, these aberrations must be kept below certain
limits. The angular divergence « of the ion beam is inversely
proportional to the square root of the accelerating voltage.

1
vy
Therefore, it is usually preferred to apply a high acceleration

voltage, which usually is limited only by practical and econom-
ical factors.

(5.1.1)

oo

5.1.4 Magnetic sector. The magnetic field disperses ions
according to their mass and energy (momentum). Single collector
ICP-SFMS instruments require an electromagnet with mini-
mized hysteresis because of the need to scan the magnet.
Therefore, laminated magnets are used in different shapes or
geometries (see description of the instruments). Moreover,
(water) cooling of the magnet coils is a prerequisite for highest
mass stability. When using MC-devices with Nier—Johnson
geometry for isotope ratio measurements, the magnet is typically
operated at a constant field (static mode). Nevertheless, also
these devices require a laminated magnet with minimum
hysteresis, (i) because the magnet settings need to be changed
when defining another mass range, containing the isotopes to be
measured, and, thus also, (ii) for allowing dynamic operation
(wherein a change of the magnetic field is required during the
isotope ratio measurements) in MC-ICP-SFMS. The field
strength of the electromagnet can be changed by alternating the
electric current at the coils usually made of copper wires. The
magnetic field is controlled by a magnetic field regulator with
a high power stage, which allows a very fast scan speed and
provides an extremely stable field.
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The Mattauch—Herzog geometry does not require a change in
the magnetic field as it is operated in full static mode and all ions
are focused on one focal plane without scanning. Therefore, this
instrument does not require an electromagnet and thus can be
equipped with a (cheaper) permanent magnet of constant field
strength instead.

5.1.5 Electric sector. In the electric sector, differences in ion
energies are compensated for to a certain extent. A spread in
the ion energy limits the mass resolution attainable. The
energy spread of ions originating from the ICP plasma can be
up to 20 electron volts (eV), thus requiring an electric sector in
order to achieve high resolution capabilities. The energy
spread can already be reduced significantly down to a few eV
by applying a shield at the ICP source. It should be mentioned
here that this energy spread is more pronounced for ions
coming from an ICP ion source than for those produced in
a GD source.

As has been mentioned before, the combination of radius and
angle of the magnetic and electric sectors need to fulfil certain
conditions to guarantee double-focusing conditions, either for
a single mass (or slit for single collector devices) or on a well-
defined curve (on which the Faraday cups are located in a multi-
collector device). Small magnets typically require small electric
sectors as well, the smallest being 105 mm only in the Element 2,
whereas the largest can go up to 943 mm with an angle of 70° in
case of the Nu Plasma 1700. Cylindrical or toroidal geometries of
the electric condenser electrodes are typically chosen.

As alternative approach, the IsoProbe has only one (magnetic)
sector and the energy spread is reduced by means of a collision
cell. As this instrument is no longer commercially available, the
literature is referred to for more details.'!

5.1.6 Slit system. The slit system is required in order to shape
the geometry of the ion beam. Moreover, the resolution depends
on the width of the incident ion beam, which is defined by the
width of the entrance (alpha or source defining) slit. After
passing through the entrance slit, the ions are injected perpen-
dicular to the magnetic field and traverse the field on different
circular trajectories, according to their mass/charge ratio. The
image of the entrance slit is focused onto a second (exit, collector
or imaging) slit. Decreasing the source (and/or collector slit
widths) can be used to increase mass resolution. Full high reso-
lution spectra are accomplished when decreasing the slit width of
both entrance and exit slit simultaneously, whereas multiple
collector devices are typically operated in pseudo-high resolution
mode, using the entrance slit only. The interference is clipped
away on the slit infront of the detector. More details on the
operation principle are given in sections 6.1.2 and 6.2. Finally, it
has to be considered that the continuous bombardment of the
entrance slit with ions of keV energies leads to a continuous
sputtering of material. Even though the sputtered material is not
detected during operation (as generated ions do not show the
correct energy, required to pass through the mass analyzer), it
leads to a continuous degradation of the slit geometry and results
in a deterioration of the beam profile. The consequences hereof
are loss of resolution and degradation of the peak profile and
increased abundance sensitivity. Therefore, slit systems have to
be exchanged regularly.

5.1.7 Zoom lens and energy filter. After mass separation is
accomplished, multi-collector devices use ion optical systems in
order to maintain the direct guidance of the incoming ion beams
into the detector. The corresponding optics are generally referred
to as ‘zoom lens’ or ‘zoom optics’ as is it is used to magnify or
demagnify the ion beam image. Two different setups of zoom
optics will be discussed (for the Neptune Plus and the Nu Plasma
IT, respectively). (see section 5.2.2.1).

In order to improve abundance sensitivity (see section 3.6),
special energy filters, permitting ions with sufficiently high
kinetic energies to pass only, are sometimes applied in sector field
devices.

5.1.8 Detectors. The detection systems of single collector
sector field instruments are similar to those in other ICP-MS
instruments. All commercially available single collector instru-
ments are equipped with an electron multiplier (discrete dynode
detector), which can be operated in analogue and counting mode,
thus allowing to cope with a large variation in the number of
incident ions. In some cases, an additional Faraday cup is
available for measuring higher intensities, expanding the linear
dynamic range by about three to four orders of magnitude
(instrumental details see section 5.2).

Multi-collector devices use a number of Faraday detectors
which are arranged along the focal plane to measure all isotopes
of interest simultaneously, which is a prerequisite for optimum
isotope ratio precision. In addition to Faraday cups, electron
multipliers, including both discrete dynode detectors and
Channeltrons are used for the monitoring of nuclides with low
isotopic abundance or at low analyte concentration (instru-
mental details, see section 5.2). A detailed description of detec-
tors can be found elsewhere.'*®

5.1.9 Vacuum system including flight tube. A peculiarity of
sector field mass analysers is the curved flight tube, which is
located between the poles of the electromagnet. The vacuum
system of a sector field instrument is of crucial importance since
the high kinetic energy and the longer flight path (compared to
quadrupole-based instruments) would otherwise lead to a signif-
icant scatter of ions, loss of transmission and deteriorated
abundance sensitivity.

Asan ICPis operated at ambient pressure, differential pumping
systems are used to decrease the pressure (plasma: about 100 000
Pa — interface: 10-500 Pa — analyzer: 10° to 1077 Pa) and thus,
ensure maximum transmission efficiency of the ions is achieved.
The interface region is pumped by a regular rotary pump. As the
sampler cone provides a permanent aperture between ambient
atmosphere and the high vacuum part, the mass analyzer can be
separated from the interface region via a slide valve, which is
located usually directly behind the skimmer cone. This valve is
only opened when the plasma is operating stable and is closed
before plasma shutdown. Therefore, the pumping of the interface
is only required if the plasma is in operation. As a consequence, the
interface pump is operating separately from the high vacuum
system. A higher amount of corrosive gases can be found in the
interface region, which is pumped by the interface pump. There-
fore, the oil of the interface pump requires a regular change. The
vacuum which is obtained by the interface pump has an impact on
the instrumental performance features, such as transmission
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efficiency or abundance sensitivity. As a consequence, stronger
vacuum pumps are becoming popular in ICP-SFMS systems.

The lens system is usually operated in a medium vacuum range
(1073 Pa), whereas the analyser must be operated under higher
(compared to a quadrupole-based instrument) vacuum condi-
tions (~10~ Pa). The vacuum required is achieved by using
a differential pumping system (vane-type rotary pump in
combination with turbo-molecular pumps). An even higher
vacuum has proven advantageous in the case of multi-collector
devices. Multi-collector instruments use additional ion getter
pumps in order to provide a vacuum down to 1077 Pa in the
analyzer part of the instrument. The analyzer part can be sepa-
rated by an additional valve from the lens system.

5.2 Commercially available instruments

Over the years, the significant reduction in cost has led to
a noticeable increase in number of sector field instruments, which
now account for almost 10% of all ICP-MS instruments world-
wide. Table 1 gives an overview of instruments which have been
launched onto the market.

In the following section, we provide more detailed information
on sector field instruments which are currently commercially
available.

The Element series (Element, Element 2 and Element XR)
(Thermo Fisher Scientific, Bremen, Germany) is the most wide-
spread commercially available single-collector ICP-SFMS. Nu
Instruments (Wrexham, UK) introduced the A¢fo M in 2004. The
three multi-collector instruments currently available are the
Neptune plus (an improved version of the Neptune) (Thermo
Fisher Scientific) and the Nu Plasma IT (Nu Instruments) and the
Nu Plasma 1700 (Nu Instruments). In January 2010, a new sector
field device with Mattauch-Herzog geometry came to the
market, the Spectro M'S (Spectro, Germany).

For completeness, it should be mentioned that older instru-
ments that are no longer produced are still in use and some
applications carried out with these types of units are partially
covered in part II of this series of review papers. This holds true
for the first multi-collector instruments, including the Plasma 54
(VG Elemental), the Axiom (Thermo Optek) and the IsoProbe
(GV Instruments) and single collector ICP-SFMS, including

electrostatic analyzer

detector

“ lens system
interface
(S
plasma source
- nebulizer and spray chamber

magnet \

Fig. 10 Schematic drawing of the Element 2 (Thermo Fisher Scientific).

Fig. 11 Slit holder of the Element 2 (Thermo Fisher Scientific).

Plasmax and Plasmax 2 (Jeol), the Axiom (Thermo Optek), the
PlasmaTrace 2 (Micromass) and the Element (Thermo Fisher
Scientific). These instruments will not be discussed in more detail
here.

5.2.1 Single collector instruments

5.2.1.1 Element 2 and XR. The ICP-SFMS instruments
Element 2 and XR (Thermo Fisher Scientific) both evolved from
the Element and thus share a number of hardware components.
They have a small magnetic sector with a radius of only 16 cm,
followed by a 10.5 cm radius toroidal electrostatic sector in
a reverse Nier-Johnson geometry. The whole mass analyzer,
including the lens system, the flight tube and also the electric
sector is operated at a high potential of about 8 kV and thus, the
interface is kept at ground potential, allowing to keep the
interface pumps at ground potential and providing easy coupling
of different inlet devices.

A schematic sketch of the Element 2 is shown in Fig. 10. The
slit system of the Element 2 and Element XR, consists of three
fixed slits arranged on one single holder (Fig. 11). The slit width
for a resolution of ~10 000 is about 5 um only, increasing to 16
um for a resolution of ~4000. In the low resolution mode
(R ~300) flat top peaks are achieved. The slit holder is operated
pneumatically under computer control and functions like
a pendulum which can swing to the left and right hand side, thus
switching reliably between low (LR), medium (MR) and high
(HR) mass resolution within less than one second. Recently, the
precision for isotopic analysis of chromium (RSD for **Cr/**Cr:
0.005% at 1 ppb) and sulfur (RSD for **S/**S: 0.01% for 100 ppb
IRMM-643) could be improved with the Element 2 and Element
XR by using flat top peaks at a resolution of about 2500, as
obtained with a built-for-purpose slit.

A single secondary electron multiplier can be operated in
a combination of ‘analogue’ and ‘counting’ modes to provide
a linear dynamic range of ~9 orders of magnitude. Both detec-
tion modes are “cross-calibrated” automatically. The dark noise
measured with the instrument is below 0.2 cps and the sensitivity
achieved with a standard inlet system is more than 1 x 10° cps/
ppm (measured at a mass resolution of 300 for a solution con-
taining indium at a concentration of 1 pg mL~"). With the new
introduced “Jet Interface” option, the sensitivity for indium is
even more than 2 x 10" cps/ppm under the same conditions.
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In the Element GD and Element XR, an extended dynamic
range of more than 12 orders of magnitude is provided by
addition of a Faraday cup with a fast amplifier. In the Faraday
mode, integration times down to a millisecond are achieved when
going from high sensitivities to low or vice versa. Such a large
dynamic range, exceeding that of quadrupole-based instruments
significantly, is useful to measure matrix components in one run
together with the ultra-trace elements, e.g., in laser ablation
analysis. To improve the abundance sensitivity, the Element XR
has an retardation filter lens, e.g., allowing the determination of
extreme isotope ratios. The example in Fig. 12 shows the effect of
the retardation lens on the signal for the minor Th isotope **Th.
The standard used is IRMM-036 with a ratio of »*°Th/**Th =
3.11 ppm. By using the filter lens, the peak tail of the intense ***Th
peak is no longer contributing at >**Th. For these measurements,
a new slit combination was used that allows flat top peaks at
a resolution of ~2500.

5.2.1.2 Element GD. Thermo Fisher Scientific introduced
a GD-SFMS instrument, the Element GD, in 2005. The Element
GD combines a new fast flow dc GD ion source (see picture and
schematic representation in Fig. 13a,b) with the mass analyzer
from the Element 2 ICP-SFMS instrument. The anode and the
cathode plate of the source are separated by an insulator. The flat
sample is pressed by a holder against the cathode body. Sample
cooling is provided to the anode plate by means of a Peltier
cooling device. In this source, a flow tube is used to direct the gas
flow perpendicular to the sample surface and by application of
high flow rates, the ion transport towards the sampling orifice is
improved. Gas flow rates of a few hundred mL min~' are used,
resulting in discharge powers of up to 100 W.

Fig. 14 is a picture of a Cu sample after sputtering, which
clearly shows the glow discharge sputter crater with as diameter
of 8 mm. Sensitivities of more than 10" cps (1.6 x 1072 A as peak
height) are achieved for a copper matrix measured at medium
mass resolution (R ~ 4000).** Analytical applications with this
device are presented in part II.

By incorporation of a Faraday cup into the ion detection
module (the same design as used in the FElement XR), this

a)

b Cone
Anode
Insulator

Cooled Cathode  Gas Inlel &; Flow Tube

Sample (Cathode)

Sample Holder

Fig. 13 (a) Photo of the GD sample holder of the Element GD (Thermo
Fisher Scientific) showing the sample holder and the cathode body. The
metallic sample is pressed against the cathode body by the sample holder.
(b) Schematic of the ff-GD ion source of the Element GD (Thermo Fisher
Scientific) which consists of two electrodes: a cathode with the sample and
an anode. A flow tube the argon gas flow is directed onto the surface of the
metallic sample. A cone, very similar to the skimmer cone of an ICP-MS
is used to extract the ions from the GD source.

instrument covers a dynamic range of more than 12 orders of
magnitude. This is essential for bulk analysis, where the signal
intensities for the measured trace elements are always related to
the matrix ion intensity, serving as internal standard to overcome
possible drift effects, as well as to perform quantification via

b)
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Fig. 12 Illustration of improved abundance sensitivity offered by the filter lens, which only transmits ions with appropriate kinetic energy —
measurement of the Th isotope #°Th in the standard IRMM-036 by means of an Element XR (Thermo Scientific): (a) without filter lens, the *°Th signal is
superimposed on “the wing” of the much more intense ***Th signal, (b) with filter lens, on the other hand, the signal intensities in the vicinity of the **Th

peak are reduced to normal background levels.
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Fig. 14 Crater from 3 different sputtering events in the GD source of the
Element GD (sample: BCR copper standard CRM 075).

relative sensitivity factors (RSFs)."* Except for the ion source
and the interface flange, most of the other hardware and software
features are similar to those of the Element 2/ XR.

52.1.3 AttoM. The AttoM (Nu Instruments) is a double-
focusing, high resolution ICP sector field mass spectrometer
from Nu Instruments and was introduced to the market in 2004.
The mass analyzer consists of a 320 mm radius ESA and a 250
mm radius magnet in Nier-Johnson geometry. A schematic
representation of the instrument is provided in Fig. 15 The
interface and the fore pump are floating at a potential of 6 kV,
whereas the analyzer is at ground potential. The AttoM uses 3
variable computer controlled slit assemblies to provide resolu-
tions from 300 to >10 000. Besides entrance and exit slit, the

Adjustable
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Fig. 15 Schematic drawing of the Nu AttoM (Nu Instruments) (source:
Nu Instruments).

AttoM has an additional Alpha slit in front of the ESA in order
to correct for beam aberrations and to limit the energy spread. A
single secondary electron multiplier provides a linear dynamic
range of 9 orders of magnitude. In contrast to the Element 2, this
is achieved by ion beam attenuation in the lens system, and thus
no cross-calibration between the analogue and counting modes is
required. Also here, an extended dynamic range of up to 12
orders of magnitude is provided by an additional Faraday cup
with a fast amplifier. In order to avoid mass discrimination
effects introduced by a change of the acceleration voltage, the Nu
AttoM incorporates an ion optics system which allows alteration
of the ion trajectories within the magnet. This offers the advan-
tage of beam deflection at constant acceleration energy and ESA
voltages and therefore, avoiding additional mass discrimination
effects (see section 6.3). By applying different voltages to the lens
assembly, the entrance angle of the ion beam is altered, such that
its trajectory is changed. An ion beam of a certain mass can
therefore be deflected either to a lower or higher “apparent”
mass. A mass range of up to 40% of a given mass can be covered
in that way. This feature is also used in combination with the fast
magnetic scanning to increase the integration time for selected
nuclides during elemental analysis along the whole mass range
(see section 6.1.1).

5.2.1.4 Astrum. The Astrum (Nu Instruments) is a double-
focusing, high resolution GD sector field mass spectrometer,
based on the hardware of the Nu AttoM ICP-SFMS instrument
and was introduced in 2010. At the time of writing, there are no
installations. The glow discharge source is based on a low pres-
sure static discharge and consists of a tantalum cell allowing both
pin and flat sample configurations. A cryogenic cooling option
allows analysis of samples with low melting points. The combi-
nation of an electron multiplier and a Faraday detector enables
a linear dynamic range of 12 orders of magnitude, enabling
monitoring of matrix and trace elements in a single scan. The
hardware configuration of the mass spectrometer is that of the
AttoM ICP-SFMS.

5.2.2 Multi-collector ICP-MS instruments. Since the intro-
duction of the first MC-ICP-SFMS system in 1992 (the Plasma
54 from VG Elemental), more than 225 MC-ICP-SFMS units
have been installed in about 200 different laboratories world-
wide. The initial hope for MC-ICP-SFMS was that it would
simplify measurements normally carried out via thermal ioniza-
tion mass spectrometry (TIMS) (e.g., Pb, Sr, Nd, U, Th, Pu, Os)
by marrying the favourable ionization characteristics of an ICP
source with the high isotope ratio precision required in many
applications. Such a high precision can be attained with a multi-
collector array in order to eliminate the problems encountered
with sequential scanning and plasma flicker in isotope ratio
measurements (for more details see ref. 141). Even though more
and more MC-ICP-MS are used for ‘traditional’ TIMS appli-
cations, both instruments have their (often complementary)
importance in isotope ratio analysis.

5.2.2.1 Nu Plasma II. The Nu Plasma II (Nu Instruments)
was launched in 2010 and is the enhanced version of the Nu
Plasma (launched in 1997). The instrument consists of a 350 mm
radius ESA and 250 mm radius magnet in Nier—Johnson
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Fig. 16 Schematic drawing of Nu Plasma II (Nu Instruments) (source:
Nu Instruments).

geometry. Interface and fore pump are floating at a potential of 6
kV, whereas the analyzer is at ground potential. The schematic
drawing of the instrument is given in Fig. 16.

The lens system of this instrument is shown in Fig. 17. The Nu
Plasma II MC-ICP-SFMS has a pre-selectable entrance (source)
slit system for three resolutions with slit widths of 30, 50 and 300
pum. The slits are mechanically moved into the ion beam via linear
drive. An additional a-slit is placed between source slit and ESA
entrance and is fully adjustable from 0 to 7 mm by computer
control. Basically, the a-slit reduces beam aberrations caused by
a diverging beam entering the magnet, producing a blurred image
at the collector. In case full resolution spectra are required,
a moveable slit can be moved mechanically in front of the
detector grid in order to reduce the entrance widths to the cups
from 1 to 0 mm. This is only possible since the detectors are in
a fixed position. Mass resolutions settings of 300 to >7000 can be
achieved (10% valley definition).
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The detector array consists of 16 Faraday cup detectors at
fixed positions. The steering of the ions into the cups is accom-
plished via variable zoom optics by which the mechanical
complexity of the detector array is significantly reduced. The
Nu Plasma II has a dispersion of about 500 mm, leading to
a separation of, e.g., the Pb isotopes of about 2.5 mm, which
corresponds to the fixed separation of the detectors in the stan-
dard array. For heavier elements, magnification of the ion beam
image is required for alignment into adjacent detectors. In
contrast, for the lighter elements, a larger separation of the
adjacent isotopes is obtained and therefore, the ion beam image
has to be demagnified. However, the range of dispersion is
limited without producing too much distortion. Therefore,
isotopes of significantly lighter masses cannot be aligned into
adjacent collectors, and every other collector or every third
collector may have to be used instead. A number of variables can
be altered for setting the zoom lens. These variables are provided
by a database for each isotopic system of interest.

Within the Faraday collector array, up to five full size discrete
dynode electron multipliers can be interspersed. A small double
ESA assembly can deflect the two outer ion beams into off-axis
secondary electron multipliers. The central beam passes through
a slot in the central block. There is a small deflection imposed
onto the ion beam to ensure that the multiplier does not lie
directly in line with its central channel. This is necessary to deflect
the ion beam if an intense signal is observed and also allows
directing the ion beam to the first dynode of the multiplier. The
same effect is achieved with the off-axis multipliers by slight
altering of the deflection ESA voltages.

The Nu Plasma II can be equipped with a deceleration filter
device which can be placed in front of each secondary electron
multiplier. The application of the ion deceleration lens system in
the Nu Plasma ICP-MS allowed, e.g., a reduction of peak tailing
from 2*U ions at m/z = 236 down to 3 x 10~°, whereas the
absolute sensitivity for uranium was reduced by only about 30%.
Thus, abundance sensitivity was improved by almost two orders
of magnitude and the minimum determinable >**U/***U ratio was
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Fig. 17 Lens system of the Nu Plasma II (Nu Instruments) (source: Nu Instruments).
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Fig. 18 Schematic drawing of the Neptune (Thermo Fisher Scientific).

improved by more than one order of magnitude compared with
conventional sector-field ICP-MS or TIMS.**?

5.2.2.2 Nu Plasma 1700. The large geometry of the
Nu Plasma 1700 (Nu Instruments) is used for high resolution
isotope ratio measurements. The ion source is floated at 6 kV,
whereas the analyzer is at ground potential. The instrument is
designed with a high dispersion and large geometry and uses
a single 750 mm radius, 70° magnet, combined with a 943 mm
radius, 70° ESA, to provide a double-focusing arrangement. This
assembly results in a mass dispersion of about 1760 mm, reflected
in the instrument’s name. Curved pole pieces and four multipole
elements rotate the focal plane for right-angle intersection with
the ion beams and ensure stigmatic focusing.

As opposed to other MC-ICP-SFMS instruments operated in
pseudo high-resolution mode, Nu Plasma 1700 simultaneously
rejects interfering masses at both the low and high mass sides of
the beams of interest. High-resolution tuning is achieved by
means of a continuously adjustable source defining slit in
combination with computer-controlled continuously adjustable
collector slits at all 19 detectors. Aberration is minimized by
selectable alpha restrictors and by higher-order functions applied
to the four multipoles. With these provisions, the instrument
achieves a resolving power up to 40 000 (m/Am, 5% peak height)
and maintains flat peak tops up to a mass resolution of 5000
(10% valley definition).

The Nu Plasma 1700 has sixteen Faraday detectors, ten of
which are incorporated in a fixed central array. The positions of
the three detectors at the low mass side and the three at the high
mass side are adjustable via a mechanical drive. The steering of
the ions is accomplished via two quadrupole zoom lenses. The
additional mechanical adjustment of the outer detectors is
permitting simultaneous recording of ion beams of high disper-
sion. Three discrete-dynode electron multipliers, one of them
equipped with a retardation filter, are interspersed with the fixed
collector array.

5.2.2.3 Neptune and Neptune plus. The Neptune (Thermo
Fisher Scientific, Bremen), has been commercially available since

2000 and is a double-focusing multi-collector ICP-MS instru-
ment. [t shares the ICP interface of the Element 2 and the multi-
collector technology of the TIMS instrument (7riton, Thermo
Fisher Scientific) and combines high mass resolution, variable
multi-collection, zoom optics and multiple ion counting (MIC). A
mass dispersion of 812 mm provides space for the collector array.
The mass dispersion is achieved by an ion optical magnification of
2. With increasing ion optical magnification, the divergence angles
of the ion beams are reduced and the dispersion is increased. As
a result, cups can be wider and deeper. Scattered particles released
at the cup’s side wall by the incoming ion beams are less likely to
escape and do not alter the “true” ion current.

A schematic overview of the instrument is given in Fig. 18. The
entrance slit system of the Neptune is designed like that of the
Element 2. If required, special high resolution cups can be used,
for which an exit slit is directly placed in front of that specific
detector. Eight moveable collector supports and one fixed centre
channel are installed on the optical bench of the high precision
variable multi-collector module. The centre channel is equipped
with a Faraday cup and optionally an ion counter, with or
without a retardation lens (RPQ) to improve the abundance
sensitivity. The eight detector supports where up to 17 collectors
(9 faraday cups and 8 electron multipliers) can be mounted are
motor-driven and can be precisely positioned along the focal
plane, according to the specific needs of the application, and all
of which can be used in a simultaneous multi-collector
measurement. A position sensor is located beneath each variable
detector platform inside the vacuum chamber to ensure reliable
positioning.

The maximum distance between the outermost channels
corresponds to a relative mass range of 17%, which is sufficient
for the simultaneous measurement of °Li and "Li or for the
range from **Hg to ***U. Each moveable support can carry
either a Faraday cup, or a miniature secondary electron multi-
plier (SEM), or a combination of both in a package. All
detectors are of ‘plug-in’ design and can be readily exchanged. It
is possible to equip one detector platform with a package of ion
counters plus one Faraday cup. The above combination is
applicable for specific elements in the high mass range, e.g., lead
and uranium, because the packages are very compact. The
configuration where the ion counter packages are attached to
the outer moveable Faraday cups maintains the full flexibility of
the Faraday cup array as the insertion of the additional ion
counters at these outer positions does not block any Faraday
cup configuration.

The Faraday cups are laser machined from solid carbon to
guarantee uniform response, high linearity, low noise and long
lifetime. Each Faraday cup is connected to a current amplifier.
The amplifier signal is digitized by a high linearity voltage-to-
frequency converter with an equivalent digital resolution of 22
bits. This ensures sub-parts per million (ppm) digital resolution
of all measured signals, independent of the actual signal inten-
sity. The amplifiers are mounted in a doubly shielded, evacuated
and thermostatic housing with a temperature stability of + 0.01
°C. The dynamic range of the current amplifiers is extended to 50
V in positive ion detection mode. The extended dynamic range
supports the measurement of large differences of the measured
isotope ratios, and it directly leads to an improved signal-to-
noise ratio for the minor isotopes.
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An enhanced version of the Neptune, namely the Neptune plus
was introduced in 2009.

Compared to the Neptune, new Compact Discrete Dynode
multipliers (CDD) with the same performance as standard-sized
discrete dynode multipliers enables simultaneous measurement
of all U, Th and Pb isotopes in a multi-collector setup. The
combination of a desolvation system and the “Jet Interface” also
improves the sensitivity. The Neptune plus can also be equipped
with the “Dual RPQ” option in order to, e.g., improve the
abundance sensitivity as required for adequate monitoring of the
minor U isotopes.

5.2.2.4 Spectro MS. The main feature of multi-collector
devices is the capability for simultaneous detection of all of the
isotopes of interest by use of discrete detectors. Over the years,
the number of Faraday cups in the collector array has been
increased significantly and nowadays, it is possible to manufac-
ture cups by micro-machining that are so small that all nuclides
can be measured all the time for instance in a Mattauch—-Herzog
geometry (see also section 2.2.2).

A commercial Mattauch—Herzog instrument with an ICP ion
source and a focal plane camera has been discussed last year at
the Winter Conference on Plasma Spectrochemistry” in Fort
Myers'** and has been introduced to the market as the Spectro
MS, a few weeks later at Pittcon by the company Spectro
Analytical Instruments, Kleve, Germany, where it also was
awarded for its innovative concept.™* The instrument’s core is
a small Mattauch-Herzog mass spectrograph with a 120 mm
focal plane permanent magnet, onto which a 120 mm direct
charge semiconductor detector is mounted. With this detector,
210 nuclides can be monitored simultaneously with an average of
20 channels per nuclide. Every channel is a combination of two
detector arrays with different signal amplifiers. In this way, it is
possible for the detector to cover 6 orders of magnitude of

Copyrigh SPECTRO Analytical Instruments 2010

Fig. 19 Schematic drawing of the Spectro MS (Spectro) (source: Spectro
Analytical Instruments).

working range in a single measurement; additional orders of
magnitude can be covered when using extended measuring time.
A schematic representation of the ion optical setup and the
instrument is provided in Fig. 19.

The range of applications for the new Spectro MS is diverse.
The manufacturer sees the most important application areas in
research and development laboratories with extremely high
sample throughput and high demand. With its precision, sample
throughput rate and permanent complete information on the
entire mass spectrum with every measurement, Spectro Analyt-
ical Instruments expects to establish this instrument as the
benchmark system for many new application areas. Especially
when using laser ablation as a means of sample introduction, this
full spectrum simultaneous monitoring is of great interest. Also
for the emerging field of nano-particle analysis, this feature is
extremely interesting. New applications can be developed with
the option to simultaneously examine multiple isotope ratios
even in mass ranges that lie far apart, together with the ability to
transfer the precision of the isotope ratio analysis to the quan-
titative determination of element contents using a multiple
isotope dilution approach (for more details see ref. 144).

6 Operational conditions

Most facets of using an ICP-MS instrument for trace element
determination, such as calibration, quantification, use of internal
standards and use of matrix-matched solutions, are identical for
most types of ICP-MS instruments. Nevertheless there are a few
significant differences in operation compared with quadrupole-
based instrumentation, which will be discussed here in more
detail.

6.1 Operation of single collector instruments

6.1.1 Scan modes. As has already been mentioned (see
section 4.1), two different scan modes are routinely applied in
sector field devices. Either the magnetic field strength is varied in
a so-called B-scan or, alternatively, the acceleration voltage is
varied in a so-called E-scan. Due to self-induction in the magnet
coils, the scan speed in the B-scan is limited, but owing to special
electronics, the cycling from 7Li to ***U and back to "Li can be
achieved with a magnet settling time of 90 ms only. E-scan is an
even faster scan mode with a settling time of one millisecond
only. In this scan mode, the electric sector (E) and the acceler-
ating voltages (U) are scanned simultaneously, to maintain the
ratio E%/U at a constant value, equal to the value providing
transfer of the main beam of ions through the electric sector. The
magnetic sector field is then set at a fixed value, such that main-
beam ions of a predetermined m/z are transmitted by the
magnetic field. At a first glance, the E-scan may be advantageous,
but due to a loss of sensitivity at larger mass ranges (accelerating
voltage decreases much), it is never applied to cover the whole
mass range and is therefore restricted to a partial mass range of
about 30-40% of the magnet mass only. In the low resolution
mode, the preferred scanning mode of the instrument is peak
hopping, as is the case for quadrupole mass analysers, too. With
the Element 2/ XR, this is usually done by setting the magnet to
a particular mass and scanning a small range at the corre-
sponding peak top via an E- scan, then jumping to the next mass
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of interest by changing the accelerating voltage, followed by
scanning the next peak, again using an E-scan. This procedure is
applied until the maximum E-scan range for the particular
magnet mass is reached. Subsequently, the magnet setting is
changed to address the next mass range of interest. In the high
mass resolution mode, the peak shape usually changes from
a flat-topped into a triangular shape.'*> As a consequence, it is no
longer the peak top only that is scanned, but the entire peak (or a
fraction thereof) of the nuclide of interest. Otherwise, the same
scan strategy as for low resolution mode is applied.

There are additional scan modes like the SynchroScan at the
Element 2/XR, wherein a combination of B- and E-scanning is
used. In this scan mode, the magnet field is increased continu-
ously and the acceleration voltage is changed in a saw tooth
manner. Therefore, the acquisition is carried out always at the
centre of a peak with nearly optimum acceleration voltage before
jumping to the next peak and thus, the duty cycle is high since
there is no loss due to magnet settling times.

With the AttoM, ion optics are used to alter ion trajectories
within the magnet in combination with fast magnetic scanning to
increase the integration time on selected isotopes during
elemental analysis along the whole mass range. For the fast
magnetic scanning, the Hall probe control of the magnet is
switched off. A high voltage is switched onto the magnet for 100
ms with the result that the magnet field increases linearly, thus
permitting the whole mass range from 6 to 250 u to be scanned.
During this period, the ion counter captures data at 10 ps
intervals. After 100 ms, the high voltage is turned off and the
magnet de-energises. In this way, the mass range from 250 to 6 u
is rescanned. During both (up and down) periods, two datasets
are acquired for each full magnet cycle. The next cycle starts after
a 20 ms wait time.

6.1.2 Mass resolution. Commercially available instruments
show a maximum mass resolution of typically up to ~10 000,
although a mass resolution of up to 43 000 has been reported for
a sector field ICP-MS device.’*® The resolution of the magnetic
sector is constant over the whole mass range, whereas in quad-
rupole-based instruments, the mass analyzer is operated such
that the peak width is constant over the mass range.

From the eqn (3.3.1), the consequences can be derived easily:

m

- (3.3.1)

With the constant resolution of magnetic sector instruments, the
peak width is smaller at lower masses compared to higher masses,
whereas the resolution of a quadrupole instrument varies with
mass, Le. it is lower at lower masses.

The final mass resolution for a given analyser geometry is
determined by the widths of the source (entrance) and exit slit
and the analyser geometry, as explained earlier. Because of the
mechanical definition of the ion beam using slits, the peak shapes
formed by magnetic sector instruments are ideally either flat-
topped or triangular. In practice, the latter peaks are more
Gaussian shaped.

The type of peak shape is defined by the ratio of the widths of
the entrance and the exit slits. If the source (entrance) slit is
considerably smaller than the exit slit, flat-top peaks are
obtained, whereas when both slit widths are of similar width

(depending on the design of the analyser), triangular peak shapes
are obtained in theory.

The advantage of flat-topped peaks is that the measured ion
beam intensity is constant over the mass range corresponding to
the flat peak top, so that small deviations in the mass calibration
are not affecting the result and thus, an improved isotope ratio
precision can be achieved compared to quadrupole instruments.
These peak shapes are also very well suited to operate the
instrument in a peak hopping mode. Usually, this peak shape is
obtained in low resolution mode (R ~ 300), but is not limited to
it. At the highest resolution setting however, triangular peak
shapes are typically observed.

It should be pointed out that increasing the resolution is
always inherently connected with a loss of sensitivity, because the
source slit (entrance slit) transmits only a fraction of the ion
beam. This fractional transmission is defined by the ratio of the
source slit size in the dispersive plane, to the size of the incident
ion beam directed onto it and thus, decreases with decreasing slit
width. Operational principles for MC-ICP-SFMS devices are
given in 6.2.

6.1.3 Mass calibration. Due to the fact that sector field
devices are always operated at fixed resolution, the peak width is
changing over the mass range, with smaller width at lower
masses. Compared to the peak width of typically ~0.7 u for
quadrupole-based instruments, the peak width with a double-
focusing magnetic sector instrument for, e.g., ’Li at a mass
resolution of 10000 is only 0.0007 u. Consequently, the
requirements concerning accuracy and stability of the mass
calibration are significantly higher for sector field instruments
than for quadrupole-based instruments.

Therefore, the magnetic field is usually controlled by a feed-
back loop with the determination of the magnetic field at
a representative location at the magnet, accomplished via either
a Hall probe or another type of magnetic sensor. The generation
of the magnetic field is accomplished by applying a particular
current to the coils of the magnet. The operator just enters the
isotope of interest into the steering software and, via the mass
calibration, this input is converted by means of a DAC (digital-
to-analogue converter) into a specific value that is provided to
the control electronics, which then applies the required current to
the magnetic coils. To perform a mass calibration, a solution
containing defined elements is introduced into the ICP-MS and
subsequently, a scan at a mass range around the expected mass of
the nuclides or interferences is performed. The DAC value cor-
responding to the centroid of the acquired peak together with the
accurate mass of the isotope is then entered in the mass cali-
bration table. Depending on the sensor used, the electronics
applied and the fact (see eqn (4.1.6).) that the mass is propor-
tional to the square of the magnetic field, the relationship
between mass and the digital control (DAC = digital analogue
converter) may not be linear. Due to the fact that the peak width
at low masses is smaller, it is preferred to have a steeper cali-
bration curve, i.e. the change in mass per DAC step is smaller. Fit
functions are used to calibrate the entire mass range on the basis
of experimentally calibrated masses, distributed over the entire
mass range of the mass spectrometer.

In order to reliably operate the instrument at higher resolution
while scanning only a small mass range around the nuclide of
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interest, the mass calibration has to be very stable. This is usually
achieved by very stable electronics and by using the lock mass
technique. Here, an ion signal that is always present in the
spectrum, e.g., that from *Ar*Ar*, is used to dynamically and
automatically adjust the mass calibration between analyses. With
the Element 2/XR, e.g., the mass stability is better than 25 ppm
without performing mass calibration for months. This allows the
use of small mass scan ranges of 1.2 peak widths in the highest
resolution mode and thus allows, short overall analysis times.

6.2 Operation of multi-collector instruments

Operation principles as described in the following section are
mainly based on the currently commercially available instru-
ments, the Neptune and the Nu Plasma I1.

6.2.1 Static mode. In contrast to single collector instruments,
where scanning is required to direct the ions of interest sequen-
tially into the detector, multi-collector devices are generally
operated in static mode: the magnetic field is kept constant and
the isotopes of interest are simultaneously measured using an
array of Faraday collectors. As a consequence, isotope ratio
measurements can be accomplished with very high precision.

In MC-ICP-SFMS devices, the electric sector has to be placed
before the magnet and thus both the Neptune Plus as well as the
Nu Plasma II are using Nier-Johnson geometry. The ESA
compensates for the energy dispersion and focusing of the
magnetic field. The magnet of a MC-ICP-MS device is set to
a constant field in order to direct the central mass into the central
detector. The other ions have to be directed into the adjacent
detectors, whereby the separation between adjacent detectors
depends on the mass dispersion of the magnet. The mass
dispersion is up to 17% for the Neptune Plus and about 15% for
the Nu Plasma II. The steering of the ions into the detectors is
accomplished by two different methods:

The Neptune Plus uses movable cups which are moved
mechanically to the position of the ion beam by means of
motorized detector carriers, which can be equipped either with
Faraday cups, channeltron ion counters or discrete dynode
multipliers. An additional dynamic zoom lens system is posi-
tioned in-between the magnet and the detectors. It supports
analysis at high mass resolution and enhances multi-dynamic
measurements by applying variable zooming for different
measurement sequences.

The Nu Plasma II has a variable dispersion zoom lens system
behind the magnetic sector. As the location of the ion beam is
adjusted by changing the dispersion of the zoom lens only, no
moveable cups are required. As a consequence, the instrument
can be operated in a dynamic mode. By changing the magnetic
field along with the lens settings of the zoom lens system,
a different set of isotopes can be analyzed. As no cup movement
is involved, the switching delay between subsequent sequences is
only some seconds.

6.2.2 Isotope ratio measurements. Isotope ratio analysis by
MC-ICP-SFMS is accomplished by measuring simultaneously
the intensity of the ion beams of interest for a preselected time
(usually a couple of seconds). The measured signals are inte-
grated and ratios are calculated. This is repeated several times,

leading to a subset of ratios, from which the mean and standard
deviation can be calculated. In contrast, single collector instru-
ments have to measure the signal intensities for the isotopes of
interest sequentially as fast as possible in order to establish a so
called ‘pseudo simultaneous measurement’ (see Fig. 20). The
latter means a fast switching between the isotopes of interest
(during the time the signal intensity for isotope M1 is measured,
no data are accumulated for M2 and vice versa) and data accu-
mulation for a specified period of time. This subset of data is
again integrated and an isotope ratio is calculated. This is
repeated for n times. The final ratio is calculated as average of the
single ratios from which the standard deviation is calculated as
well. It is important that, e.g., blank corrections and interference
corrections apply to signal intensities and are accomplished prior
to calculating the ratios whereas, e.g., mass bias correction is
conducted on the final ratio. This also has a specific impact on
the proper calculation of total combined uncertainties. More
details on isotope ratio determination are given in a specific

tutorial.'*”

6.2.3 Mass resolution. In order to obtain flat top peaks, MC-
ICP-SFMS instruments are usually operated at a mass resolution
of about m/Am = 300 to 400 (10% valley definition).

Nonetheless, a large number of isotopes show spectral inter-
ferences — even after target element isolation — which as
a consequence influence isotope ratio measurements. Therefore,
a number of interfered isotopes were not accessible for accurate
isotope ratio measurements before the implementation of high
resolution capabilities into MC-ICP-SFMS devices. Both, the
Neptune Plus as well as the Nu Plasma II, allow operation in
a pseudo high mass resolution mode by use of pre-selectable slits.
The Nu Plasma 1700 is a large geometry MC-ICP-SFMS which
shows a mass dispersion enabling full mass resolution of up to
5000 in standard operating conditions.

The use of a defining slit results in a smaller beam geometry
and as a result, analyte and interfering ions can be separated
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isotopes M,
isotopes M1 g
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= §§
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Fig. 20 Schematic representation of isotope ratio measurements using
multi-collector and single collector ICP-MS: while with multi-collector
ICP-MS, the signal intensities of the isotopes M1 and M2 are measured
simultaneously throughout the entire measurement, the total integration
time has to be divided between the two isotopes in the case of single-
collector ICP-MS. In order to mimic simultaneous monitoring to the
largest possible extent when using a single collector, M1 and M2 are
monitored alternately at a sufficiently high peak hopping speed.
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from one another. By using an imaging slit of the same dimension
as the defining slit in front of the detector, a fully resolved mass
spectrum can be obtained (Fig. 21). Nonetheless, the use of an
imaging slit in MC-ICP-SFMS is not always useful. In case of
moveable detectors (Neptune), each detector has to be equipped
with a high resolution imaging slit. This would result in a tedious
change of detectors in case of switching from low to high reso-
lution. In case of fixed detectors (Nu Plasma II), a grid of slits can
be moved mechanically in front of the detector entrances,
resulting in the gradual reduction of the entrance width and thus
defining an imaging slit width. Nonetheless, high mass resolution
results in the loss of flat top peak shapes and thus deteriorates the
precision of isotope ratio measurements significantly. As
a consequence, MC-ICP-SFMS instruments are more generally
operated in edge resolution mode (sometimes referred to by Nu
Instruments as “pseudo high resolution mode”) when high
resolution capabilities are required in order to separate the
analyte ion of interest from an interfering ion.*® In edge reso-
lution, a defining slit is used to reduce the ion beam width. As
a consequence, interfering ions can be separated from the ions of
interest. The beam is subsequently directed towards the slit in
front of the detector in such way, that the interfering beam is
simply clipped on one side of the collector slit while the analyte
beam is collected in the detector (see Fig. 22). Fig. 22 shows that
the width of the incoming ion beam (analyte + interference) is
defined by the entrance (defining) slit. The magnet leads to the
separation of the analyte and interference. In magnet position 1,
the analyte can be measured non-interfered since the interference
is clipped on the left side of the detector. When scanning the mass
spectrum up to a mass-to-charge ratio of ~80, most interferences
are occurring on the high mass side: Therefore, the first shoulder
corresponds to the analyte of interest, the highest platform is the
result of the analyte signal plus that of the interference and the
second shoulder corresponds to the interference only. The
magnet is set such that static analysis is accomplished at the first
shoulder.

This approach of edge resolution, which was introduced by
Thermo Fisher Scientific on the Neptune, and does not fully
resolve interferences, achieves high precision in isotope ratio
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Fig.21 Schematic of the measurement at (a) low and (b) high resolution
using ICP-SFMS.
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Fig. 22 Schematic representation of measurement at ‘pseudo high
resolution’ using multi-collector ICP-MS. Lower figure: mass spectral
peak obtained upon scanning the mass range of interest. The signals of
analyte and interfering ion are not completely resolved, but three peak
sections can be recognized - from left to right: contribution of analyte ion
only, contribution from both analyte and interfering ion and contribu-
tion from interfering ion only. Final data acquisition is carried out under
the conditions represented by the upper left figure: only analyte ions are
admitted to enter the detector. For completeness, also the situation
wherein both ions contribute to the signal and wherein only the inter-
fering ion contributes to the signal have been shown in the upper part as
the middle and right figure, respectively.

measurements by ensuring that adequate interference separation
is achieved, while retaining flat top peak profiles (flat shoulders).
This approach was adopted on the Nu Plasma II instrument and
is shown for S isotope ratio measurements. The **S/**S isotope
ratio measurements using a solution containing 2 ng g=!' S leads
to a average precision (repeatability) of better than 0.007% when
applying pseudo high mass resolution whereas the precision
deteriorates to average 0.013% when applying full high resolu-
tion mode.

It is evident that small mass drifts have no significant effect
on the final ratio when low mass resolution is applied as long as
flat top peaks are maintained. This is different in high resolu-
tion mode, as small drifts can already lead to a significant
change of the isotope ratio precision. Therefore, control of
temperature, amongst some other parameters, is of crucial
importance.

6.3 Mass discrimination

The large instrumental mass discrimination which is a result of
the preferential extraction and transmission of heavier isotopes is
a significant property of ICP-MS (a more detailed discussion is
given in ref. 149). As a result, an isotope ratio measured with
ICP-MS may show significant bias with respect to the corre-
sponding true value. This phenomenon is referred to as mass
discrimination and it ranges from 0,5-1,5% per mass unit for
heavier masses and up to 15% for light masses. As a consequence,
proper correction for mass discrimination is essential. Adequate
correction for mass discrimination is still a challenge, especially
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as it is affected by both the matrix, the analyte concentration and
operational conditions of the instrument. Even after isolation of
the target element — a common approach when pneumatic
nebulization is used for sample introduction into MC-ICP-
SFMS - proper correction for mass discrimination is not self-
evident. Various approaches have been developed and there is
still considerable debate among the specialists as to which
approach provides the best results.

In single collector devices, scanning is accomplished by
changing the acceleration voltage. As different isotopes are then
analyzed at different acceleration voltages, additional mass bias
effects can be observed which are reverse to the previously
described. This is a consequence of the ‘Liouville theorem’.*>® It
can be seen as the homogeneous form of the Boltzmann trans-
port equation and is explained in any good book on classical
mechanics. Therefore, it is evident that the mass bias observed in
single collector instruments strongly depends on the instrumental
setting. As a consequence, negative or positive bias can be
observed. When peak shifts are corrected for by changing scan
parameters (e.g., acceleration voltage), changes in mass bias may
effect isotope ratio measurements. To keep the acceleration
voltage constant, the AttoM, e.g., corrects for peak shifts by
beam deflection at constant acceleration voltage and ESA
settings.

6.3.1 External mass bias correction. In this approach,
a solution containing an isotopic standard of the target element
(with a known isotopic composition) is measured before or after
the sample. Bracketing — whereby the measurement of each
sample solution is preceded and followed by a measurement of
the isotopic standard — provides the optimum results as it covers
any instrumental drift. A correction factor is calculated on the
basis of the observed bias between the measured value and the
true value of the isotope ratio of interest.

k= Rtrue/ Rmeasured

The matrix exerts a quite pronounced influence on the extent
of mass discrimination (depending on the mass of the isotopes)
and therefore, it is preferable if the target element is isolated
from the matrix. The removal of possible interfering elements is
an additional advantage. (e.g., separation of ¥’Rb from %’Sr).151-153
It is even advantageous if the concentration of the target
element in the samples matches the standards within £+ 30%."%*
The standards are preferably certified reference materials with
certified isotopic composition, which are available for a range of
commonly investigated elements. Alternatively, ‘natural’ stan-
dards are used and their isotopic composition taken from the
TUPAC tables.’® Tt is clear that the latter approach is only
sufficient for, e.g., isotope dilution purposes, since the
measurement of natural variations of isotopic composition
could be affected by a systematic bias or at least an increased
uncertainty. In case of isotope dilution mass spectrometry, it is
preferable if the isotopic composition of the standard matches
the isotopic composition of the blend, which is not always
achievable.'*®

As an example for external correction, ¥Sr/*Sr isotope
ratios can be corrected for externally by using the NIST
SRM 987 SrCO; with a certified isotopic composition of

87Sr/*Sr = 0.71034 £ 0.00026 (National Institute of Standards
and Technology, Gaithersburg, USA).’s! A value of 0.710245 has
been used by the geological community.'s”

6.3.2 Internal mass bias correction. Internal correction is
applied if an isotopic pair is available in the sample with
invariant and known isotope ratio. This can be either an
invariant isotope pair of the target element or of a different
element (mostly preferable of similar mass and chemical prop-
erties). This element can be part of the sample already or can be
added into the sample. In the latter case, preferably a certified
reference standard has to be used. Otherwise, the isotopic
composition of elements with little naturally occurring frac-
tionation can be derived from the IUPAC tables, even though
a certain possible systematic bias might be taken into account.*
Several approaches can be used for correcting the investigated
isotope pair, depending on whether it is assumed that mass
discrimination varies according to a linear, a power-law or an
exponential function by taking into account the difference in
mass between the two isotopes Am:'%:1%°

Rtrue

=—=(1 + 8ineaerWl
11§0bs ( : )

K =2 — (14 eponer) ™" (6.2.1a~c)

Robs

_ Ruve _(exponcntiardrm)

= —— — e\%xp
Robs

In Russell’s equation’>®'*! on the other hand, the mass of the
isotopes rather than the mass difference between them is
considered as the factor determining the extent of mass

discrimination:
x - Rie _ (@)ﬁ
Robs myp

A further refinement in this approach consists of establishing
a linear relationship between the mass discrimination values per
mass unit for the target element and the internal standard,
respectively, on the basis of standard solutions. For the actual
samples, the experimentally measured B or & value for the
internal standard can then be converted into that for the target
element, as exemplified for Pb and Tl in Fig. 23 (figure provided
by the RSC from ref. 13 with permission from the author ref.
160).

Coming back to the example for mass bias correction for Sr
isotope ratios, the following procedure using the ‘exponential law
of mass bias correction” has been widely accepted and adapted
for routine use in the geochemical community: Therein, the
fractionation factor of Sr is calculated by the use of the internal
8Sr/%Sr ratio in a first step. (The strategy is based on the
circumstance that the *Sr/**Sr ratio is assumed to be stable in
nature'® even though recent investigations show that natural
variation can occur.’®®> This has of course an impact on the
correction strategy.) In the following, the correction of ¥’Sr for its
isobaric interference ¥Rb is accomplished using the **Rb/*’Rb
ratio.'®31%5 (This is made necessary as residual Rb can occur and
experimental approaches for Sr matrix separation are, e.g., not
applicable so far in LA-ICP-MS.) Besides, the mathematical Rb
correction of ¥’Sr/%Sr is questionable as it has been shown that an
increase of the Rb concentration in the sample leads to

(6.2.2)
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Fig. 23 Relationship (red line) between the mass discrimination factors
for Tl (internal standard) and Pb (target element) as established using
measurements on standard solutions (red circles). This experimentally
determined relationship can then be used to convert the mass discrimi-
nation factor for Tl into that for Pb for the samples, as demonstrated for
two data points displayed as blue diamonds.

a systematic shift of ¥Sr/**Sr when assuming similar discrimi-
nation of Sr and Rb in the ICP-MS.153:166:167 Aq an alternative, Zr
is added and Zr isotopes are used to correct for the mass bias on
87Sr/8()sr.162

As other examples, e.g., Tl is used in Pb'®® or Hg'**'" analysis
or Zr in Mo isotopic analysis.'” The bias between the measured
203T125T1 or *°Zr/*'Zr isotope ratio and the corresponding true
value is used to determine the mass discrimination per mass unit
¢, which is subsequently used to correct the Pb, Hg or Mo isotope
ratio data for mass discrimination.

6.3.4 Other approaches. There is an ongoing debate as to
which correction method provides the most accurate description
of mass discrimination effects. This is an issue of increasing
importance as a result of the continuously improving isotope
ratio precision attainable. Other approaches — such as the
generalized power law'’? or a double spike approach'”® — have
been reported to provide even more accurate results. For more
information on these approaches, the reader is referred to the
specialized literature.

6.4 Detector issues

6.4.1 Detector dead time. Detector dead time is an effect
which is observed for electron multipliers operated in pulse
counting mode. This effect does not exist neither for electron
multipliers operated in analogue mode nor for Faraday cups.
When an electron multiplier is used in a pulse counting mode for
measuring the signal intensity, a certain dead time of the detector
and its associated electronics exists, in which subsequent ion
pulses cannot be determined. The detection and electronic
handling of every pulse typically takes 5-100 ns (depending on
the type of multiplier and electronics used) and another ion
arriving at the detector within a shorter time frame after a first
one will not be detected. Self-evidently, this leads to signal losses
that become more pronounced as the rate of ions arriving at the

detector increases. As a result, measurement data for isotope
ratios differing from unity will show a bias with respect to the
corresponding true value. Also the linearity of a calibration curve
at higher concentrations (higher count rates) will considerably be
influenced. Detectors are categorized in paralyzable and non-
paralyzable ones. A non-paralytic detector is seen as a detector
where the arrival of a second ion within the time required for
handling the first one (deadtime) does not lead to an extension of
the time during which the detector is ‘dead’ or in other words not
capable of detecting another incoming ion. Usual detectors are
between paralyzable and non-paralyzable types. For the latter
type, the actual count rate can be calculated from the observed
count rate, provided that the dead time t is known.'”

1 1
observed count rate actual count rate

+ 7 (ins) (6.2.3)

As a consequence, the dead time of the detector system has to
be determined experimentally. Although there are various
approaches for experimental determination of the dead time,'”
they are all based on the fact that appropriate correction of the
measured signal intensities for dead time losses should result in
a sensitivity (signal intensity/concentration unit) independent of
the signal intensity and hence, independent of analyte concen-
tration.

The software of all ICP-SFMS instruments provides the
possibility of automatic correction for detector dead time. Some
instruments however, use a predefined value that is not accessible
by the user. Although this may be sufficient to some extent for
element determination, it is not an acceptable situation for
accurate isotope ratio determination. Some instruments provide
an automated means for the determination of the detector dead
time, e.g., based on the measurement of a single signal, the
intensity of which is changed by adapting the voltage applied to
the extraction lens and/or comparison of pulse-counting and
analogue intensities.'”® The most reliable methods for dead time
determination however rely on the measurement of a given
isotope ratio in standard solutions showing a sufficiently wide

- 20 microgram/l Pb
-+ 30 microgram/l Pb
- 40 microgram/l Pb
—+ 45 microgram/l Pb

206Pb/297Ph ratio

0.9 s s L s s s L
0 10 20 30 40 50 60 70 80

deadtime / ns

Fig. 24 Russ’ method for determination of detector dead time (electron
multiplier in pulse counting mode). Experimental (**Pb/*”’Pb) ratio,
corrected for detector dead time using a range of assumed values (x-axis),
divided by the corresponding true value for standard solutions with
different Pb contents. The lines thus observed (ideally) intersect in one
point, the x-value of which corresponds to the actual dead time.
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range of analyte concentrations. In Russ’ method,'”” a series of

standard solutions of a given element, spanning a sufficiently
wide concentration range, are measured. The value that the
instrument’s software is using for automatic correction for
detector dead time has to be set to zero for these measurements.
Next, for each standard solution, the signal intensities of the two
isotopes selected are corrected for dead time losses assuming
a number of detector dead time values in an appropriate range
and the isotope ratios thus obtained are plotted as a function of
the value applied for correction for each of the standard solu-
tions measured (Fig. 24 from ref. 177). For each concentration
level, the values thus obtained lay on a line and the lines for the
various concentration levels (should) intersect in one point (X,y),
The x-value provides the analyst with the detector dead time, the
bias between the y-value and the corresponding ‘true’ value on
the other hand, reflects the extent of mass discrimination.

6.4.2 Sag. When using an electron multiplier in the pulse
counting mode, the amplitude of every individual pulse is
compared with a threshold value by a ‘discriminator’. In this
way, it is possible to avoid ‘false’ signals (e.g., resulting from
ionization of residual gas molecules in the detector as a result of
the electron multiplication effect) from contributing to the
measured intensity. However, at very high count rates, the gain
of an electron multiplier is reduced to such an extent that
a substantial fraction of the incoming ions give rise to an output
pulse that is actually below the threshold. As a result, much more
pronounced signal losses than expected on the basis of the
detector dead time occur and cannot be adequately corrected for.
This phenomenon is referred to as sag and should be avoided in
isotope analysis.!78-180

6.5 Detector calibration in multi-collector arrays

As has been said already, neither for electron multipliers oper-
ated in analogue mode, nor for Faraday cups, detector dead time
effects occur. However, if Faraday cups are used in a multi-
collector array whereby each cup has its own amplifier, these
individual detectors have to be cross-calibrated in order to
provide the same sensitivity.

For traditional systems, the need for a precise cross-calibration
of the current amplifiers defines a precision barrier in static multi-
collection. Even with perfect Faraday cups giving uniform
response, results of static measurements are biased by the accu-
racy and reproducibility of the gain calibration. In the traditional
method of cross calibration, a high precision, constant current
source is sequentially connected to all amplifiers. However, with
this method, amplifiers cannot be calibrated to better than ~5
ppm per channel. The goal of the new multi-collector development
was to break through the 5 ppm precision barrier. The Neptune
uses a patented measurement procedure, which completely elim-
inates gain calibration biases: the Virtual Amplifier concept.'®! In
all previous multi-collector systems, the relation (connection)
between individual Faraday cups and amplifiers was fixed. In the
Virtual Amplifier concept, all Faraday cups involved in a certain
measurement are sequentially connected to all amplifiers. As
a result, all signals have been measured with the same set of
amplifiers and for the calculation of the isotope ratios, all cali-
bration biases of the amplifiers are cancelled.

Cross-calibration of Faraday cups and electron multipliers is
usually accomplished by direct measurement of isotope pairs of
a certified reference material and by assessing external correction
factors.

7 Summary

In this review, the basic concepts of sector field instruments have
been introduced with the main focus onto fundamentals,
instrumentation and instrument operation. A proper overview of
the capabilities of the commercially available instrumentation
has now been given. In part II, selected applications will be
presented to further discuss the peculiarities, performance and
analytical figures of merit of sector field devices in different areas
of applications. Finally, future trends and developments will be
pinpointed.
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