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Plasma Torch Design - The plasma torches used in 
ICP-MS instruments are typically based on the Fassel
design previously used in ICP-OES systems, see Figure 8.
The torches vary in the internal diameter of the central
(carrier or injector) gas tube, which affects both the aerosol
density in the plasma central channel and the velocity of
the carrier gas flow. For a given gas flow rate and aerosol
loading, a larger injector diameter will give a more diffuse
and slower moving aerosol, both of which lead to improved
matrix decomposition. Generally, the larger the injector, the
lower the sensitivity. However, it is often worth sacrificing
sensitivity for increased matrix tolerance and reduced
deposition on the interface. The largest injector diameter
currently used in ICP-MS is 2.5mm (standard on the Agilent
7500 Series), which gives maximum robustness and lowest
matrix interferences. The exception to this rule is when
volatile organic solvents are analyzed. In that case, small
injectors (1.0mm or 1.5mm) are used to reduce plasma
loading and improve plasma stability.

Figure 9 illustrates the improvement in matrix
decomposition, which is obtained by reducing the sample
flow, maintaining a high plasma temperature and producing
a diffuse aerosol with a long plasma residence time. As
well as much more efficient conversion of atoms into ions,
the problem associated with poorly decomposed material
passing into the interface region can be reduced.
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Figure 8 ICP-MS 
plasma torch based 
on the Fassel design

Figure 9: Effect of injector diameter on matrix
decomposition

Ease of Access - Since the sample introduction system 
is subject to exposure to harsh chemicals and mechanical
wear, there is an important requirement for easy
maintenance. Therefore, easy access to the sample
introduction hardware has a major impact on routine
maintenance operations. If the spray chamber or torch 
are difficult to remove, or complicated to dismantle and
reassemble for cleaning, maintenance will take longer and
the possibility of damage to the glassware will increase.

High sample load, narrow central channel –> inefficient matrix decomposition

Low sample load, wide central channel –> efficient matrix decomposition

Quartz "torch" made
of concentric tubes

Auxiliary or
coolant gas

Carrier or 
injector or
nebulizer gas

Plasma gas

RF load coil 

Sample aerosol is carried
through center of plasma ->
dried, dissociated, atomized,
ionized ~6500 K.

Radio frequency voltage induces
rapid oscillation of Ar ions and
electrons -> HEAT (~10,000 K)



Fundamentals of ICP-MS

Plasma

In the simplest terms, the purpose of the plasma is to form
positively charged ions from the sample aerosol. To ensure
good results from samples with high or varying matrices,
plasma loading should be optimized to maintain high
ionization temperatures while retaining good sensitivity. 
The goal is to achieve as high a degree of matrix
decomposition and analyte ionization as possible. Efficient
matrix decomposition reduces deposition on the interface
and contamination of the expansion stage pump oil. A well
optimized and high temperature plasma greatly improves
sensitivity for elements such as Hg, Be and As which have
high ionization potentials. Good plasma design is key to
achieving the above two goals.

The basic steps of ion production in an ICP (Figure 1) are:

• Sample droplets approach the plasma and are dried

• The dried sample particles are decomposed 
by the plasma to produce atoms (atomization)

• At this point (atomization stage), the process is
optimized for ICP-OES. In ICP-OES, emitted light 
is measured from excited atoms as these lines 
are typically more stable.

• ICP-MS measurement requires an extra step: the 
atoms must be ionized, since the mass analyzer can
only separate ions. Thus the ICP in ICP-MS is an ion 
source - this requires more energy.

The formation of ions from the sample atoms is achieved 
by the removal of a single electron. This occurs with varying
ease and efficiency for different elements. This variation is
usually quoted as the "Ionization Efficiency” for each
element, which is a function of the first ionization potential
of the element (the energy required to remove one electron
from a neutral atom), together with estimated values for
plasma electron temperature and density.

The ionization potential is specific for each element, 
but the plasma temperature is highly dependent on many
other factors, including sample introduction conditions, so
good design and optimization can benefit the analyst in the
following ways:

1. A high plasma temperature will result from a sample
introduction system that uses a low sample flow rate
and removes water vapor from the sample aerosol 
(i.e. by use of a cooled spray chamber), which in 
turn reduces the cooling effect of the aerosol 
on the plasma.

2. In addition to optimization of the sample introduction
system, the design of the ICP torch has a major effect.
As described earlier, if a torch with a wide central
(injector) tube is used, the aerosol will travel more
slowly and will be more diffuse in the plasma central
channel. Both of these factors allow better energy
transfer from the plasma to the aerosol droplets, so 
the sample matrix is decomposed more efficiently and
the atoms are ionized to a greater degree.

3. Increasing the distance from the load coil to the
sample cone, known as the sampling depth, also
increases the sample residence time in the plasma.
Sampling depth is commonly increased to allow a
longer time for decomposition of very high matrix
samples. Most modern ICP-MS instruments allow
computer control of the sampling depth. 
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typically expressed as the %MO+, relative to the parent M+

ion, e.g. the CeO+/Ce+ ratio. Most ICP-MS systems operate
at CeO/Ce ratios of 2-3%, whereas a well-designed ICP-
MS can achieve a ratio of 0.3 - 0.5% CeO/Ce – about 5-
10 times lower. This translates into 5-10x lower levels for
many other interferences, such as those based on 
matrices containing chloride and sulfate.

The reduction of ClO interference on V at mass 51 as
plasma robustness is increased (lower CeO/Ce) 
is illustrated in Figure 10. An instrument that can be
optimized at a low CeO/Ce level will significantly improve
data integrity for interfered elements (almost all transition
metals) in complex sample matrices, since reliance on
correction equations is greatly reduced. A further benefit 
to operating at low CeO/Ce levels is increased sensitivity
for elements with high ionization potentials such as Hg.
Finally, with the advent of collision/reaction cells (CRC) 
for interference removal in ICP-MS, an ICP-MS that
operates at low CeO/Ce levels produces less matrix
interferences which means that CRC conditions may 
not require such highly specific optimization to give 
efficient interference removal.

Refer to section on Control of Interferences in ICP-MS
starting on Page 27 for a more detailed discussion on
methods to overcome spectral overlaps, including the 
use of the Octopole Reaction System operating in 
helium collision mode to further reduce oxides.
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4. Some ICP generator designs are intrinsically better
suited to ICP-MS by virtue of their inherent ability 
to couple energy into the plasma. Solid state RF
generators are generally more efficient than vacuum
tube based systems, typically offering up to 85%
coupling efficiency compared to 55% on the 
older designs. 

5. RF generator frequency also plays a role in plasma
temperature. Two RF frequencies are typically used 
to produce an ICP; 27.12MHz and 40.68MHz.

Samples are ionized in the central channel of the
plasma, not on the outside. Electrical currents (induced
by the magnetic field from the RF generator) flow
more closely to the outer portions of the plasma and
this is  known as the "skin depth". Skin depth is
inversely proportional to the square root of the
frequency. The higher the frequency, the smaller the
skin depth with a consequent decrease in the transfer of
energy towards the central channel. This, in turn, results
in a lower temperature and a lower electron density.

40.68MHz is an excellent choice for ICP-OES where
stray background light must be kept to a minimum, 
but the higher central channel temperature produced
by a 27.12MHz plasma, such as that used on the
Agilent 7500 Series, gives significant performance
benefits for ICP-MS.  In addition to improved
ionization, the hotter plasma also decomposes the
sample matrix more efficiently, leading to superior
tolerance to high dissolved solids and lower levels of
interfering molecular ions.

Spectral Interferences in ICP-MS

Polyatomic ions, which give rise to non-analyte peaks 
in the mass spectrum, are the main source of spectral
interferences in ICP-MS. Consequently plasma conditions
can have a major impact on the occurrence of polyatomic
ions in the mass spectrum. Generally, if a high plasma
temperature is maintained, most potential polyatomic
interferences will be reduced, often to levels where, in
practice, they become negligible. The level of polyatomic
interferences can be monitored using the production of
refractory oxide ions of specific elements. Cerium (Ce) is 
an element commonly used for this purpose as it forms a
strong oxide bond and therefore has one of the highest
oxide formation rates. The M-O decomposition efficiency is 

Figure 10: Apparent vanadium (V) concentration 
due to the formation of ClO interference at mass 51 
with increasing Cl matrix, with an ICP-MS optimized 
at different CeO/Ce levels.
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Fundamentals of ICP-MS

Plasma/Vacuum Interface 

The influence of good plasma/vacuum interface design on
the overall performance of the ICP-MS instrument cannot
be overstated. In essence, the ICP-MS interface comprises
of a step-down vacuum stage, located between a pair of
conical metal plates, known as interface cones, in which
small orifices have been drilled. The term "interface" is
applied to the cones and the enclosed space (interface 
or “expansion” vacuum chamber) formed between them. 
In common terminology, the first and second cones are
referred to as the sample cone and skimmer cone,
respectively. A schematic of the principal components 
of the 7500 Series ICP-MS interface is shown above.

The role of the ICP-MS interface is to extract a representative
sample of the plasma ion population and transfer this
efficiently to the higher vacuum regions in which the ion
focusing, mass spectrometer and detector systems are
located. This cannot be achieved efficiently with a single
step from atmospheric pressure to high vacuum, so a series
of vacuum chambers are used, typically 3 stages in all –
see Vacuum System for more detail. The step down vacuum
in the interface vacuum chamber (the first of the 3 stages)
is from atmospheric pressure (approximately 1 bar) to
approximately 1 mbar. This sudden pressure decrease leads
to the supersonic expansion of the extracted ion beam, with
the result that the composition of the ion beam is effectively
"frozen" and a representative portion of the extracted plasma
arrives at the skimmer cone at the back of the interface region. 

The orifice size and shape of the interface cones is critical
and influences many aspects of instrument performance
including sensitivity, mass response, oxide and doubly
charged formation and robustness to high matrix samples.
Orifice size is approx. 1mm but varies between instruments.
Agilent ICP-MS instruments, for example, have always used
1mm sampling cone and 0.4mm skimmer cone orifices,
which provide an excellent combination of high ion
transmission, low analyzer vacuum pressure and minimal
transport of matrix into the high vacuum region. The use 
of such small cone orifices was not possible on older ICP-
MS designs, until the advent of modern high efficiency
plasma generators, which ensure that the interface is not
exposed to high levels of undissociated sample matrix.
Another drawback of using a sampling cone orifice larger
than 1mm, is that gas load on the interface pump increases
and the pump oil degrades more quickly.

Vacuum System

Mass spectrometers work most efficiently at low pressure (high
vacuum). The maintenance of a high vacuum in the analyzer
region is essential, in order to reduce the background and
scattering effects that a high level of residual gas molecules
would cause. The preferred configuration in both early and
current commercial instruments is for a 3 stage differentially
pumped vacuum system comprising the interface, intermediate
and analyzer stages at progressively lower pressures.

The typical vacuum configuration for commercial ICP-MS
instruments is for the interface stage to be evacuated using
a rotary vane pump, which is switched off when the ICP-MS
is in "standby" mode, to allow access to the interface cones
and ion lenses for maintenance. The intermediate and analyzer
vacuum stages are typically pumped by two separate turbo-
molecular pumps or by a single, dual-stage pump. A "backing"
rotary pump removes exhaust from the turbo-molecular system.

The intermediate and analyzer vacuum stages are typically
isolated from the interface region by a gate valve, which
seals the high vacuum region when the interface pump is
switched off. This allows routine maintenance without
requiring the high vacuum pumps to be switched off, so 
the vacuum is maintained and start-up times are minimized.
The gate valve is under pneumatic or solenoid switch control,
such that any power, coolant or gas failure or plasma
shutdown causes the valve to shut automatically, avoiding
sudden loss of vacuum.
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Ion Focusing

Electrostatic plates, known as ion "lenses", are located within
the intermediate stage. These lenses focus the ion beam as
it enters the intermediate stage through the skimmer cone,
and separate the analyte ions from neutral species and photons,
which must be prevented from reaching the detector. In the
case of collision/reaction cell (CRC) based systems (see
page 17 for more detail), the CRC cell is also located in the
intermediate stage. In the final, analyzer stage, the low
pressure allows effective transmission of the ions through
the quadrupole mass analyzer to the detector.

Most quantitative ICP-MS analysis is based on concentrations
reported on a weight/weight or weight/volume basis. Since
light elements have much lower mass than heavy elements,
the ion populations should be in inverse proportion to the
atomic mass of the element – in other words 1ug/L of Li
contains many times more Li atoms than 1ug/L of U contains
U atoms. This means that the ion populations in the ion beam
extracted from the plasma should contain a much higher
number of light ions for an equal analyte concentration. 
The fact that ICP-MS sensitivity is typically broadly constant
across the mass range (or lower at low mass) is due to the
preferential transmission of higher mass ions through the
ion focusing system.

In order to prevent the loss of ions from the beam, the ion
lenses are used to focus and transfer charged species
efficiently to the mass spectrometer entrance aperture.
While several different ion lens designs have been used in
ICP-MS, the typical arrangement is to use one or more 

cylindrical lenses, to which a voltage can be applied. When
the positive ions generated by the plasma pass through the
electrostatic field in the lens system, they are attracted to
negative and repelled from positive fields, so can be
manipulated in the required trajectory. 

In addition to guiding and focusing the ions, the ion lens
system is responsible for separating the ions (which must
be transferred efficiently to the mass spectrometer for
analysis) from neutral species and photons (which must 
be prevented from reaching the detector if the random
background signal is to remain low). This is achieved by
using the electrostatic fields in the lenses to deflect the ions
thus separating them from the photons and neutrals (which
are uncharged and so are not influenced by the field).

The ion lens system may consist of a simple, single
cylindrical electrostatic lens, which has the virtue of 
low cost and simple operation, but has limited flexibility.
Alternatively, a multi-component ion lens design may be
used, which increases cost but allows greater flexibility 
of optimization. Early designs of lens systems utilized a
grounded metal disc, known as a “photon” or “shadow”
stop, on the axis of the instrument, to block the direct 
line from plasma to detector.

In the late 1980’s, Agilent pioneered the use of an 
“off-axis” ion lens arrangement, as this gives higher ion
transmission across a wider mass range compared to the
earlier configurations. The principle of this separation of
ions from neutral species is illustrated in Figure 11. Because
the off-axis design does not use a photon stop, there is much

Figure 11: Schematic of
Agilent off-axis ion lens design

Ions must still be separated from photons
and neutrals, but ion deflection occurs when
ions are traveling at low energy. As a result,
lower deflection voltages are required
resulting in less discrimination between low
and high mass ions.

Neutral species are
prevented from reaching
the high vacuum 
chamber. Deposition of
neutrals does not affect
ion focusing

The ion beam is kept focused 
at all times, no high energy mass
separation occurs, so no low mass 
loss is introduced
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Fundamentals of ICP-MS

Collision/Reaction Cell

Collision/Reaction cells (CRC’s) are a means to remove
spectral interferences in ICP-MS and have been
incorporated into instruments since the late 1990’s. They
have become so powerful and popular that most ICP-MS
sold since the early 2000’s are equipped with a CRC. There
are different configurations of CRC but fundamentally the
device consists of an ion guide, which is enclosed in a cell
that can be pressurized with a gas and is located after the
main ion lenses. The gas interacts with the ion beam to
remove polyatomic interferences in one of two ways:

• Reaction Mode - the gas reacts with an interference 
to convert it to a different species.

• Collision Mode - the gas collides with the polyatomic
interference, causing it to lose energy. Since polyatomic
species are large, they undergo more collisions than do
analytes, and so lose more energy. The lower energy
interference is then separated from the higher energy
analyte by energy discrimination (ED). 

Agilent’s version of the CRC is the Octopole Reaction
System (ORS) see Figure 12. Such is the success of the
ORS design that 85% of all Agilent ICP-MS now sold are
ORS systems. CRC’s have grown in importance to such an
extent in ICP-MS that they are discussed separately in more
detail in Section 3: Control of Interferences in ICP-MS.

Mass Analyzer 

Ions pass from the ion lens system (with or without CRC)
into the final or analyzer vacuum stage, where they are
separated by the quadrupole, according to their mass to
charge ratio. By far the most widely used mass analyzer
used in ICP-MS is the quadrupole – due to its ease of use,
robustness, mass range, high scanning speed and relatively
low cost. The other analyzers that have been used in ICP-MS
are magnetic sector or double focusing and time of flight
(TOF). Quadrupoles typically offer the ability to separate
integer masses ( M/∆M of approximately 400); however
magnetic sector (also known as sector field) based filters
are capable of resolution up to 10,000 and are able to
resolve most polyatomic species from analytes at the same
nominal mass. TOF analyzers offer very high speed scanning
capability of transient signals but with lower sensitivity and
less control of interferences than quadrupole and magnetic
sector spectrometers.

Figure 12: Schematic 
of Agilent Octopole 
Reaction System

Sample cone

Slide valve

Skimmer cone

Dual extraction lens 

Off-axis ion Omega lens protects cell from
comtamination and gives low random background

On-axis cell – high
ion transmission

higher overall ion transmission through the instrument.
Secondly, the absence of a metal plate immediately behind
the skimmer leads to a reduced maintenance requirement.
Finally, since no defocusing voltage is applied to the ion
beam, mass bias, which is characteristic of the photon stop
design, does not occur, as illustrated in Figure 11.
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Quadrupole 

The quadrupole is a sequential mass filter, which separates
ions based on their mass to charge ratio (m/z). It comprises
of two pairs of parallel cylindrical rods, arranged in a square,
on the axis of the ion beam. A varying or AC voltage, operating
at high frequency, plus a DC voltage is applied to the two pairs
of rods. The AC (same voltage but out of phase between
the 2 pairs of rods) and DC (positive on one pair and
negative on the other) voltages give a dynamic hyperbolic
electric field, in which any ion above or below the set mass
of the quadrupole enters an unstable trajectory and is lost
from the ion beam. Combining the AC and DC components
produces a narrow bandpass filter that allows only a narrow
range of masses to be transmitted. By varying the AC and
DC fields, but keeping the ratio between them constant,
different masses can be selectively allowed to pass through
the filter. Since these voltages can be adjusted very rapidly,
the elemental mass range from 2 to 260 amu can be
scanned very quickly, giving a mass spectrum for all elements
and their isotopes (Li to U), which is acquired virtually
simultaneously. The full mass range is normally scanned for
qualitative measurements, but the quadrupole can also be
set to acquire only masses of interest, jumping between
each measured mass to reduce measurement time.

The principal factors which affect the performance 
of the quadrupole are:

• Scan speed - In practice, the speed of the mass 
scan is not limited by the quadrupole scan rate, but is
determined by the response time of the detector and
the "settle time" required by the quadrupole after each
mass jump. This settle time, which is typically of the
order of a few milliseconds, allows the quadrupole
voltages to stabilize at their new settings, prior to data
collection at the new set mass. A well-designed

quadrupole controller will use a variable settle time,
which automatically determines the minimum settle
time needed for each measured mass, dependent on
the size of the mass jump (and hence the voltage
change) that preceded it.

• Frequency of the AC voltage - For high quality
separation of ions, the varying (AC) voltage component
of the quadrupole field must be operated at high
frequency. Typical frequencies on commercial ICP-MS
systems are in the range 2 MHz to 3 MHz. Resolving
power (resolution) improves with higher frequency.

• Scatter - Ions traveling down the quadrupole may be
"scattered" or diverted from their ideal central trajectory.
This would typically be caused by an impact with a
residual gas molecule or by the analyte ion entering the
quadrupole with too much or too little ion energy. Ion
energy in the quadrupole is controlled by the voltages
applied to the ion lenses relative to the quadrupole offset
voltage. Residual gas impact is minimized by ensuring
that the analyzer stage has a good vacuum, which is
obtained by using close-coupled turbo molecular pumps
and minimizing the size of the interface orifices.

• Electronics - Particularly where modern components
are used in the power supplies and electronics, and
analyzer electronics are temperature controlled the
quadrupole can achieve short and long-term signal
stability to rival optical ICP spectrometers.

• Quadrupole rod cross section and length -
The theoretically ideal field between the two pairs of
quadrupole rods is hyperbolic in shape. The most
efficient method of generating a hyperbolic field is to
use quadrupole rods that are not round in cross-section,
but profiled. However, for reasons of manufacturing
costs, hyperbolic quadrupole rods are rarely used in
commercial ICP-MS systems, despite their higher ion
transmission and improved peak shapes. It is more
usual for ICP-MS manufacturers to use the lower cost
extruded, machined or molded round cross section rods,
with the hyperbolic field being approximated through
the use of electronics. Currently, only the Agilent 7500
Series features hyperbolic cross-section rods.

The length of the quadrupole also influences resolution.
To achieve good separation, ions should spend a
relatively long time in the filter, so long rods with high
frequency AC fields provide superior performance.
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Representation of ion path through a quadrupole 
mass analyzer.



Fundamentals of ICP-MS

Manufacturing tolerances prevent very long rods from
being practical, so most manufacturers uses filters that
are in the range 190 to 230mm. A useful rule of thumb
for assessing quadrupole performance is to multiply 
the operating frequency by the length of the rods.
Generally, higher values provide better performance.

As well as resolution there is another criterion that is a
measure of a well designed mass filter, "abundance
sensitivity". In a typical ICP-MS analysis there may well
be sample components which are present at very high
intensity adjacent to analyte peaks which are to be
measured at trace levels. A high performance quadrupole
will be able to separate these adjacent peaks without
special resolution settings being required on a per-mass
basis - see Figure 13. The abundance sensitivity is a
measure of an analyzer’s ability to separate adjacent
peaks differing greatly in intensity.

On most modern ICP-MS, ion energy and quadrupole 
length are similar. Quadrupole operating frequency varies
significantly, however, and so a higher frequency will 
result in significantly better abundance sensitivity 
in actual analysis.

Figure 14 shows the measurement of trace elements in a
1000 ppm Cu solution. The trace Ni (m/z 60) and Zn (m/z
64, 66) peaks are completely resolved from the very large
Cu peaks at m/z 63 and 65. There is no overlap of the 
major peaks at 63 and 65 on the adjacent, trace peaks. 
This spectrum, acquired on an Agilent 7500 illustrates the
excellent resolution and abundance sensitivity, low random
background and good peak shapes, which are characteristic
of a high frequency, research-grade, hyperbolic quadrupole.

Figure 14: Practical example
of the importance of good
abundance sensitivity

Figure 13: Explanation of
resolution and abundance
sensitivity

The diagram at right shows the

meaning and importance of some

of the terms commonly used in

connection with quadrupoles.

Resolution is an indication of the

width of an individual peak, while

abundance sensitivity refers to 

the contribution a peak makes 

to its neighbors. MM - 1 M + 1

Resolution Abundance Sensitivity

Abundance
Sensitivity is ratio
of peak height M
to M-1 & M+1

Peak
Height

Peak Width (amu) at
50% Peak Height
(typically 0.5 - 0.6)

Peak Width (amu) at
10% Peak Height
(typically 0.65 - 0.75)

10% Peak
Height

Good Abundance
Sensitivity. No
contribution to
neighboring peaks

Poor Abundance
Sensitivity. Peak tails
into neighboring peaks

Full scale of
spectrum is
1000 counts

Correct match with isotopic template
confirms presence of Ni and Zn (spiked
at 100ppb) in the Cu sample

Excellent abundance sensitivity ensures Cu peaks are 
completely resolved from trace Ni and Zn at 62, 64, 66

Zn 70 is 0.6%
isotope = 600ppt

Cu 63 is
69% 
isotope =
690ppm

Spectrum No 1 [58.332 sec]:cusc01.d# [Count] [Linear]
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Magnetic Sector or Sector Field Analyzers

While a quadrupole mass spectrometer is used in the large
majority of commercial ICP-MS instruments, some systems
utilize a magnetic sector analyzer, typically employed where
mass resolution significantly higher than unit resolution is
required. High resolution (HR), also known as sector field (SF)
mass spectrometers were first introduced by VG Elemental
in 1989 [1] and offered the analyst the opportunity to
separate or resolve analyte peaks from polyatomic overlaps,
providing improvements in detection limits and measurement
certainty for some difficult applications. A resolution setting
of up to 10,000 (M/∆M) allows the separation of
analyte/interferent pairs such as As/ArCl at mass 75 and
Cr/ArC at mass 52, which are commonly reported as spectral
overlaps in quadrupole-based ICP-MS instruments. Note that
magnetic sector instruments cannot resolve elemental isobaric
interferences (e.g. 115Sn/115In or 40Ca/40Ar), which typically
require much higher resolution than 10,000.

A schematic diagram of a commercial high resolution ICP
mass spectrometer is shown in Figure 15. The ionization
and ion sampling components of high resolution ICP-MS
(HR ICP-MS) instruments are similar to quadrupole-based
systems. However the ion focusing is different and relies 
on two analyzers – an electrostatic analyzer (ESA) and an
electromagnet or magnetic sector (MS). The principles 
can be outlined as follows:

• Ions sampled from the plasma are first accelerated 
in the ion optic region before being focused into 
the variable entrance slits – this stage determines
resolution.

• The ions then enter an electromagnet induced
magnetic field which deflects different masses through
different angles.

• The next step is often referred to as “energy filtering”:
- Ions enter an electrostatic sector, where they are

filtered or resolved according to their kinetic energy
(energy resolution).

• Ion detection using a single detector is similar to that
used on a quadrupole system whereas multiple Faraday
cups are used in multicollector systems. Multicollector
systems are optimized for high-precision isotope ratio
analysis of a large range of elements. They operate at
a maximum resolution of around 3500. These systems
are not well suited to making trace concentration
measurements because of poor signal to noise on the
Faraday cup detectors.

A further benefit of the high-resolution approach is that 
the design of the curved ion flight path gives a combination
of high ion transfer efficiency and very low random
background (from photons and neutral species) of around
0.2 counts per second. As a result, when operated in
normal unit resolution mode ("low" resolution), the 

Figure 15: Schematic of a
commercial high resolution
ICP-MS instrument

(Courtesy of Thermo Finnigan)

Electrostatic analyzer

Magnetic sector analyzer

Plasma interface

Detection system

Ion transfer optics - ions
focused and accelerated to
8000eV kinetic energy

Computer controlled slits provide
pre-set resolution settings

Sample introduction
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Fundamentals of ICP-MS

detection limits achievable on a high resolution ICP-MS 
can be a factor of 5 to 10 times lower than on quadrupole
based instruments – provided blank contamination can 
be eliminated. Sensitivity (ion transfer efficiency) does
decrease significantly with increasing resolution, such 
that a resolution setting (R) of 4000R results in ion
transmission of about 10% of that at 300R (unit mass),
decreasing to only 1% transmission at 7500R. Another
disadvantage of magnetic sector analyzers is that they 
have poor abundance sensitivity, unlike quadrupoles. 
This is a limitation when analyzing samples containing
major peaks, like digested metals. Nevertheless the low
random background and high inherent sensitivity, combined
with the unequivocal separation of analytes from polyatomic
interferences mean that high resolution is a valuable, if
expensive tool for research applications.

As a result, HR ICP-MS instruments have been employed 
in applications where the requirement for improved
detection limits outweighs the higher purchase cost 
and increased complexity and cost of ownership of such
devices. Some applications, which might previously have
required high resolution ICP-MS, are now being addressed
using quadrupole ICP-MS instruments equipped with
collision/reaction cell technology, which allows quadrupole-
based instruments to address the removal of polyatomic
interferences in complex matrices. 
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Time of Flight (TOF) Mass Analyzer

In a Time of Flight (TOF) mass analyzer (see Figure 16), 
a uniform electrostatic pulse is applied to all ions at the
same time, causing them to accelerate down a flight tube.
Lighter ions achieve higher velocities and arrive at the
detector first, so the mass-to-charge ratios of the ions 
are determined by their arrival times.

TOF analyzers have also been used in ICP-MS for applications
where many masses are measured in short lived transient
signals e.g. laser ablation studies. This is because the TOF
mass spectrometer separates the ions and delivers all
masses to the detector with a very short time delay,
allowing many thousands of full mass scans to be acquired
per second, giving a virtually simultaneous measurement. 

But ICP-TOF-MS has not yet proved a viable alternative 
to ICP-QMS for routine applications, due to its limited
sensitivity, inability to "skip" very high intensity background
peaks and the fact that the mass calibration is dependent on
the analyte ion energy, which can vary with sample matrix
type, thereby limiting dynamic range and matrix tolerance.
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Figure 16: Time of Flight mass analyzer
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Detector

The detector in an ICP-MS instrument is largely responsible
for the characteristics of very high sensitivity and low
random background, for which the technique is well
known. The reason for the high sensitivity is that the
detector used in virtually all modern ICP-MS instruments 
is a so-called "electron multiplier" device, which means 
that it can generate a measurable signal pulse from the
impact of a single ion. To make best use of this sensitivity, 
it is essential that the arrival of an ion can be reliably
distinguished from any random background noise arising
either from the vacuum and spectrometer system 
or from the electronics.

The important specifications relating to the performance 
of the detector in an ICP-MS system are:

• High sensitivity (counts per second 
per unit concentration)

• Wide linear dynamic range (the concentration 
range over which the detector gives a linear 
count rate response)

• Low random background

The random background performance of an instrument is
affected by the design of the plasma generator and ion lens
configuration (which determine ion energy and separation
of ions from photons and neutrals), as well as the analyzer
vacuum and the quality of the detector electronics.

Principles of an Electron Multiplier

As a positive ion arrives at the mouth of the detector,
it is deflected onto the first dynode, which is held at a high
negative voltage. The impact of the ion releases several
free electrons from the dynode surface, which are repelled
from the high negative voltage at the front and strike the
next dynode. Each electron which strikes the second
dynode releases several electrons from that surface and 
so on down the many stages of the detector – hence the
name "electron multiplier". By the time the electron
cascade reaches the final dynode, the multiplication factor
has built up a pulse large enough to be measured reliably
as an ion "count".

Practical Considerations

Dynamic Range - Many applications require the
determination of analytes at very high concentrations,
sometimes several 100s of mg/L (ppm). The normally
accepted limit for dissolved solids in liquid samples for
analysis by ICP-MS is 0.2% or 2000 mg/L. This can be
increased depending on the matrix – for example brine
(NaCl) can be routinely analyzed at 1-3% by ICP-MS.

Detector Electronics - Although an ion counting detector
is ideal for measuring low count rates, it is not suitable 
for very high ion count rates, as the detector becomes
"saturated" and fails to register some of the ions, leading 
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Figure 17: Schematic of dual
mode detector – automatic
switching between pulse
counting and analog mode
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to a non-linear response. To overcome this problem, ICP-MS
detectors have, for several years, been able to operate in
"extended dynamic range" or "dual" mode, to allow the
measurement of higher count rates. These dual mode
detectors use pulse-counting at lower count rates (typically
up to a few million counts per second - cps) and then, at high
count rates, switch to analog mode, in which the current
generated by the electron stream is measured, rather than
the pulse that derives from each individual ion impact. 

Consideration of the analog response time is particularly
important for applications where short duration peaks are
measured, such as chromatography or laser ablation.
Poorly designed detector electronics may require an analog
dwell time of several milliseconds, as compared to 0.1ms
time for pulse-counting. Well-designed detector electronics
should allow the same short dwell time to be used for both
detector modes, so the scan speed is not compromised
when there is a requirement to measure both low and 
high concentrations in a sample.

Conventional pulse counting is used for the first 6 orders 
of concentration range, providing the best signal to noise
and therefore the best detection limits. The addition of an
analog range can provide an additional 2 (in the case of
most ICP-MS instruments) or 3 (in the case of the 7500
Series) orders of magnitude dynamic range, giving a total
range of 8 or 9 orders, respectively. This is illustrated in the
calibration shown in Figure 18, which shows a single linear
calibration for In on the 7500, from a low standard at 10
ppt to a high standard at 1000 ppm. See page 30 in
Reaction and Collision Cell ICP-MS section for more
information on how the Agilent Octopole Reaction System
operating in gas mode can be used to further extend the
linear range of elements such as Al, Na, K, Mn, etc.

With 9 orders dynamic range, the main limitations to 
ICP-MS measurements are now the control of blank
contamination and the nominal limit on the dissolved 
solids levels that can be analyzed (typically 0.2% total
solids). See Contamination Control section on page 39.
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Figure 18: Dual mode 7500 Series calibration from 10 ppt
to 1000 ppm for indium
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ICP-MS Data Handling

Data Acquisition and Interpretation

The quadrupole ICP-MS is suited to scanning rapidly across
the mass range, building up a mass spectrum by collecting
data during multiple "sweeps" over the masses of interest.
Commercial ICP-MS instruments typically provide the
operator with a range of measurement strategies, such 
as "scanning", where a mass range is defined and the
quadrupole steps sequentially across all masses in the
range, and "peak jumping" (or "hopping"), where the
operator selects the actual isotopes to be measured and
the intervening masses are "skipped" (not acquired).

In general terms, scanning may be the most suitable
acquisition method for screening of unknown samples,
where the composition of the sample matrix is unknown
and the presence of potential analytes may need to be
confirmed through the comparison of the measured 
isotopic pattern against a reference database of the
theoretical isotope pattern for the analyte. Peak jumping 
is typically used when the target analytes are known and
additional information is not required (the presence 
of other analytes, for example).

Alternative measurement protocols include:

• Single ion monitoring (where the quadrupole mass 
is static and data are collected against a time scale) –
not commonly used.

• Time resolved analysis (where several masses 
are measured as a function of time).

• Isotope ratio measurements (where the quadrupole
sweeps rapidly between two or more isotopes of the
same element, to provide a precise ratio of the 
isotopic abundances).

Time Resolved Analysis (TRA) is used when the signal
of interest for one or more elements changes with time.
Typical applications include the separation and analysis of
elemental species using a chromatographic step prior to 
the ICP-MS measurement, and the monitoring of the signal
for specific elements as they vary with time and sampling
position in Laser Ablation (LA) ICP-MS analysis. 

Isotope ratio measurements are used both for isotopic
analysis itself and for isotope dilution, which is used to
quantify elements based on the change in ratio that results
from the spiking of an unknown sample with a spike
enriched in one isotope of the target analyte.

In all cases, the ions that are transmitted by the quadrupole
reach the detector and generate a signal, which is
integrated, stored and calibrated against a reference signal
(usually from a standard material). The instrument software
provides a range of options for processing the raw count-
rate data measured at the detector, and a range of
calibration options for converting the measured counts into
analytically useful concentration or ratio results.

Calibration and Quantification

Typical ICP-MS quantification methods include:

• External calibration (with or without internal
standardization)

• Method of Standard Additions

• Semi-quantitative analysis

• Isotope ratio measurements

• Isotope dilution (IDMS)

The most typical quantification method used with ICP-MS
measurements in liquid samples is external calibration.
In this method a calibration plot is constructed, based on
the measured signal for the elements of interest against
their concentration in a known solution. The known solution
is typically prepared from single or multi-element stock
solutions, but reference materials can also be used,
provided the reference values are sufficiently well defined
to act as a calibration standard. In theory, single point (plus
a blank) calibrations could be used, since the response of
ICP-MS is linear with concentration but, in practice, several
standards (typically 3 to 5 standards, plus a calibration
blank solution) are normally used to define the calibration
plot in the concentration range of interest. Internal
standards are commonly used in ICP-MS, particularly
where samples vary in composition from the calibration
standards, since changes in sample transport, nebulization
efficiency and long-term drift would all lead to errors,
which may be corrected if an element with similar behavior
is used as a reference.
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A variation on the external calibration method called
Standard Addition, or Method of Standard Additions
(MSA) is commonly used when high purity materials are
analyzed, such as the process chemicals used in the
semiconductor industry. MSA uses the same sort of synthetic
elemental calibration standard mix as external calibration, but
the calibration solution is spiked at multiple levels directly
into the unknown sample, giving a calibration of response
against added concentration, rather than response against
absolute concentration. The added concentrations give the
slope of the calibration line for each element. The
concentration of the unspiked sample can be read directly
from the x-axis intercept of the calibration curve.

ICP-MS is ideally suited to semi-quantitative (SQ)
analysis, in which a reference element is used to
"calibrate" the measured signal from another element, 
to provide an estimate of the concentration of the second
element, after correction for the instrument mass bias, the
abundance of the isotope measured and any variation in 
the ionization efficiency of the element. Table 1 summarizes
the results from the SQ analysis of NIST 1640 standard
reference water. Note the dynamic range of the instrument,
with data quantified at both sub ppb and ppm levels. Note
also the recovery data for Fe, As and Se all of which would
ordinarily be biased because of the presence of interfering
molecular species. A significant advance in SQ
measurement accuracy in complex unknown matrices 
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Table 2: Semiquantitative analysis of NIST 1640 water using the 7500ce. Units ppb.

FOUND REFERENCE FOUND REFERENCE FOUND REFERENCE

Li 7 Int Std N/A Se 78 21 21.96 Sm 147 0.072 N/A

Be 9 35 34.94 Br 79 <0.2 N/A Eu 153 0.0098 N/A

B 10 280 301.1 Rb 85 2 2 Gd 157 0.65 N/A

Na 23 30,000 29350 Sr 88 120 124.2 Tb 159 0.0017 N/A

Mg 24 5700 5819 Y 89 0.051 N/A Dy 163 0.021 N/A

Al 27 54 52 Zr 90 0.091 N/A Ho 165 0.006 N/A

Si 28 4800 4730 Nb 93 0.0035 N/A Er 166 0.016 N/A

P 31 35 N/A Mo 95 46 46.75 Tm 169 <.0004 N/A

S 34 110 N/A Ru 101 <0.003 N/A Yb 172 0.0082 N/A

K 39 1000 994 Rh 103 Int Std N/A Lu 175 0.0007 N/A

Ca 44 9300 7045 Pd 105 <0.003 N/A Hf 178 <0.0001 N/A

Sc 45 <0.006 N/A Ag 107 7.7 7.62 Ta 181 0.0003 N/A

Ti 49 0.089 N/A Cd 114 22 22.79 W 182 0.017 N/A

V 51 13 N/A In 115 0.0046 N/A Re 185 0.0067 N/A

Cr 52 37 12.99 Sn 118 2.1 N/A Os 189 <0.002 N/A

Mn 55 120 121.5 Sb 121 15 13.79 Ir 193 Int Std N/A

Fe 56 29 34.3 Te 125 <0.12 N/A Pt 195 <0.001 N/A

Co 59 19 20.28 In 127 0.17 N/A Au 197 0.0065 N/A

Ni 60 26 27.4 Cs 133 0.078 N/A Hg 202 0.012 N/A

Cu 63 87 85.2 Ba 137 140 N/A Tl 205 0.035 N/A

Zn 66 55 53.2 La 139 0.42 N/A Pb 208 27 17.89

Ga 69 32 N/A Ce 140 0.52 N/A Bi 209 0.0015 N/A

Ge 72 Int Std N/A Pr 141 0.076 N/A Th 232 0.16 N/A

As 75 24 26.67 Nd 146 0.35 N/A U 238 0.85 N/A



was achieved with the development of the Agilent ORS.
Operating in helium (He) mode the ORS removes all
polyatomic interferences without the need to know 
sample content. Since He is an inert collision gas, no new
interferences are created, which increases data integrity
with unknown matrices. Thus the ORS can produce high
quality SQ data from any unknown sample matrix, 
making it ideal for the screening analysis of large 
numbers of samples.

The other measurements typically carried out by ICP-MS
are those that determine the relative abundances of two 
or more isotopes of the same element, known as isotope
ratio measurements. Isotope ratio analysis is most
commonly carried out on elements whose isotopic
composition varies in nature [1]. The measurement of
isotope ratios is also used as the calibration method for
isotope dilution analysis, [2]. Isotope dilution depends on
the accurate determination of isotope ratios in a sample
after the addition of a purified spike of one of the isotopes
of the analyte element(s). Since the alteration of the
original isotope ratio is measured, rather than the response
for the element, this method provides excellent precision
and accuracy and is independent of recovery or other
sample preparation effects.

Quadrupole ICP-MS (and single collector HR-ICP-MS)
instruments have a single detector, which means that
isotope ratio measurements must be made sequentially,
which limits their precision. However, other commercial
ICP-MS instruments known as multi-collector (MC) ICP-MS
[3] have been developed with a detector array, whereby all
of the isotopes of interest are measured simultaneously,
using a separate detector for each measured mass. These
instruments measure isotope ratios with a precision
equivalent to Thermal Ionization Mass Spectrometry (TIMS)
and routinely deliver about 10 times better isotope ratio
precision than the best that can be achieved using a single
collector instrument.
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