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Part VI of the series on inductively coupled
plasma–mass spectroscopy (ICP-MS) fun-
damentals deals with the heart of the sys-
tem — the mass separation device. Some-
times called the mass analyzer, it is the
region of the ICP mass spectrometer that
separates the ions according to their mass-
to-charge ratio (m/z). This selection
process is achieved in a number of different
ways, depending on the mass separation
device, but they all have one common goal:
to separate the ions of interest from all the
other nonanalyte, matrix, solvent, and 
argon-based ions. 

A
lthough inductively coupled
plasma–mass spectroscopy (ICP-
MS) was commercialized in 1983,
the first 10 years of its development
primarily used traditional quadru-

pole mass filter technology to separate
the ions of interest. These worked excep-
tionally well for most applications but
proved to have limitations in determining
difficult elements or dealing with more-
complex sample matrices. This led to the

development of alternative mass separa-
tion devices that pushed the capabilities
of ICP-MS so it could be used for more
challenging applications. Before we dis-
cuss these different mass spectrometers
in greater detail, let’s take a look at the lo-
cation of the mass analyzer in relation to
the ion optics and the detector. Figure 1
shows this in greater detail.

As we can see, the mass analyzer is po-
sitioned between the ion optics and the
detector and is maintained at a vacuum of
approximately 1026 Torr with a second
turbomolecular pump. Assuming the ions
are emerging from the ion optics at the
optimum kinetic energy (1), they are
ready to be separated according to their
mass-to-charge ratio by the mass ana-
lyzer. There are basically four kinds of
commercially available mass analyzers:
quadrupole mass filters, double focusing
magnetic sector, time-of-flight, and
collision–reaction cell technology. They
all have their own strengths and weak-
nesses, which we will discuss in greater
detail in the next few installments of this

column. Let’s first begin with the most
common of the mass separation devices
used in ICP-MS, the quadrupole mass 
filter. 

QUADRUPOLE MASS FILTER
TECHNOLOGY
Developed in the early 1980s,
quadrupole-based systems represent ap-
proximately 90% of all ICP mass spec-
trometers used today. This design was
the first to be commercialized; as a result,
today’s quadrupole ICP-MS technology is
considered a very mature, routine, high-
throughput, trace-element technique. A
quadrupole consists of four cylindrical or
hyperbolic metallic rods of the same
length and diameter. They are typically
made of stainless steel or molybdenum,
and sometimes have a ceramic coating
for corrosion resistance. Quadrupoles
used in ICP-MS are typically 15–20 cm in
length and about 1 cm in diameter and
operate at a frequency of 2–3 MHz. 

BASIC PRINCIPLES OF OPERATION 
By placing a direct current (dc) field on
one pair of rods and a radio frequency
(rf) field on the opposite pair, ions of a se-
lected mass are allowed to pass through
the rods to the detector, while the others
are ejected from the quadrupole. Figure 2
shows this in greater detail.

In this simplified example, the analyte
ion (black) and four other ions (colored)
have arrived at the entrance to the four
rods of the quadrupole. When a particu-
lar rf-dc voltage is applied to the rods, the
positive or negative bias on the rods will
electrostatically steer the analyte ion of
interest down the middle of the four rods
to the end, where it will emerge and be
converted to an electrical pulse by the de-
tector. The other ions of different mass-
to-charge ratios will pass through the
spaces between the rods and be ejected
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Figure 1. Schematic of an ICP-MS system showing the location of the mass separation device.
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from the quadrupole. This scanning
process is then repeated for another ana-
lyte at a completely different mass-to-
charge ratio until all the analytes in a mul-
tielement analysis have been measured.
The process for the detection of one par-
ticular mass in a multielement run is rep-
resented in Figure 3. It shows a 63Cu ion
emerging from the quadrupole and being
converted to an electrical pulse by the de-
tector. As the rf-dc voltage of the quadru-
pole — corresponding to 63Cu — is re-
peatedly scanned, the ions as electrical
pulses are stored and counted by a multi-
channel analyzer. This multichannel data-
acquisition system typically has 20 chan-
nels per mass, and as the electrical pulses
are counted in each channel, a profile of
the mass is built up over the 20 channels,

corresponding to the spectral peak of
63Cu. In a multielement run, repeated
scans are made over the entire suite of
analyte masses, as opposed to just one
mass represented in this example.

Quadrupole scan rates are typically on
the order of 2500 atomic mass units
(amu) per second and can cover the en-
tire mass range of 0–300 amu in about
0.1 s. However, real-world analysis speeds
are much slower than this, and in practice
25 elements can be determined in dupli-
cate with good precision in 1–2 min. 

QUADRUPOLE PERFORMANCE CRITERIA
Two very important performance specifi-
cations of a mass analyzer govern its abil-
ity to separate an analyte peak from a
spectral interference. The first is resolv-
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Figure 2. Schematic showing principles of a quadrupole mass filter.
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ing power (R), which in traditional mass
spectrometry is represented by the fol-
lowing equation: R 5 m/Dm, where m is
the nominal mass at which the peak oc-
curs and Dm is the mass difference be-
tween two resolved peaks (2). However,
for quadrupole technology, the term reso-
lution is more commonly used, and is
normally defined as the width of a peak at
10% of its height. The second specifica-
tion is abundance sensitivity, which is the

signal contribution of the tail of an adja-
cent peak at one mass lower and one
mass higher than the analyte peak (3).
Even though they are somewhat related
and both define the quality of a quadru-
pole, the abundance sensitivity is proba-
bly the most critical. If a quadrupole has
good resolution but poor abundance sen-
sitivity, it will often prohibit the measure-
ment of an ultratrace analyte peak next to
a major interfering mass. 

RESOLUTION
Let us now discuss this area in greater de-
tail. The ability to separate different
masses with a quadrupole is determined
by a combination of factors including
shape, diameter, and length of the rods, fre-
quency of quadrupole power supply, oper-
ating vacuum, applied rf-dc voltages, and
the motion and kinetic energy of the ions
entering and exiting the quadrupole. All
these factors will have a direct impact on
the stability of the ions as they travel down
the middle of the rods and thus the
quadrupole’s ability to separate ions of dif-
fering mass-to-charge ratios. This is repre-
sented in Figure 4, which shows a simpli-
fied version of the Mathieu mass stability
plot of two separate masses (A and B) en-
tering the quadrupole at the same time (4).

Any of the rf-dc conditions shown un-
der the light blue plot will allow only
mass A to pass through the quadrupole,
while any combination of rf-dc voltages
under the yellow plot will allow only mass
B to pass through the quadrupole. If the
slope of the rf-dc scan rate is steep, repre-
sented by the light blue line (high resolu-
tion), the spectral peaks will be narrow,
and masses A and B will be well sepa-
rated (equivalent to the distance between
the two blue arrows). However, if the
slope of the scan is shallow, represented
by the red line ( low resolution), the spec-
tral peaks will be wide, and masses A and
B will not be so well separated (equiva-
lent to the distance between the two red
arrows). On the other hand, if the slope
of the scan is too shallow, represented by
the gray line (inadequate resolution), the
peaks will overlap each other (shown by
the green area of the plot) and the
masses will pass through the quadrupole
without being separated. In theory, the
resolution of a quadrupole mass filter can
be varied between 0.3 and 3.0 amu. How-
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Figure 4. Simplified Mathieu stability dia-
gram of a quadrupole mass filter, showing
separation of two different masses, A (light
blue plot) and B (yellow plot).
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Figure 5. Sensitivity comparison of a
quadrupole operated at 3.0, 1.0, and 0.3
amu resolution (measured at 10% of its
peak height).
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Figure 6. Sensitivity comparison of two cop-
per isotopes, 63Cu and 65Cu, at resolution
settings of 0.70 and 0.50 amu.
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ever, improved resolution is always ac-
companied by a sacrifice in sensitivity, as
seen in Figure 5, which shows a compari-
son of the same mass at a resolution of
3.0, 1.0, and 0.3 amu. 

We can see that the peak height at 3.0
amu is much larger than the peak height
at 0.3 amu but, as expected, it is also
much wider. This would prohibit using a
resolution of 3.0 amu with spectrally com-
plex samples. Conversely, the peak width
at 0.3 amu is very narrow, but the sensi-
tivity is low. For this reason, a compro-
mise between peak width and sensitivity
usually has to be reached, depending on
the application. This can clearly be seen
in Figure 6, which shows a spectral over-
lay of two copper isotopes — 63Cu and
65Cu — at resolution settings of 0.70 and
0.50 amu. In practice, the quadrupole is
normally operated at a resolution of
0.7–1.0 amu for most applications.

It is worth mentioning that most
quadrupoles are operated in the first sta-
bility region, where resolving power is
typically ;400. If the quadrupole is oper-
ated in the second or third stability re-
gions, resolving powers of 4000 (5) and
9000 (6), respectively, have been
achieved. However, improving resolution
using this approach has resulted in a sig-
nificant loss of signal. Although there are
ways of improving sensitivity, other prob-
lems have been encountered, and as a re-
sult, to date there are no commercial in-
struments available based on this design.

Some instruments can vary the peak
width on-the-fly, which means that the res-
olution can be changed between 3.0 and
0.3 amu for every analyte in a multiele-
ment run. For some challenging applica-
tions this can be beneficial, but in reality
they are rare. So, even though
quadrupoles can be operated at higher
resolution (in the first stability region),

until now the slight improvement has not
become a practical benefit for most rou-
tine applications. 

ABUNDANCE SENSITIVITY
We can see in Figure 6 that the tails of

the spectral peaks drop off more rapidly
at the high mass end of the peak com-
pared with the low mass end. The overall
peak shape, particularly its low mass and
high mass tail, is determined by the abun-
dance sensitivity of the quadrupole,
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Figure 7. Ions entering the quadrupole are
slowed down by the filtering process and
produce peaks with a pronounced tail or
shoulder at the low-mass end.
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1 ppb of As at mass 75.

Circle 35



48 SPECTROSCOPY 16(10)   OCTOBER 2001 www.spec t roscopyo n l i n e . com

which is affected by a combination of fac-
tors including design of the rods, fre-
quency of the power supply, and operat-
ing vacuum (7). Even though they are all
important, probably the biggest impacts
on abundance sensitivity are the motion
and kinetic energy of the ions as they en-
ter and exit the quadrupole. If one looks
at the Mathieu stability plot in Figure 3, it
can be seen that the stability boundaries
of each mass are less defined (not so
sharp) on the low mass side than they are
on the high mass side (4). As a result, the
characteristics of ion motion at the low
mass boundary is different from the high
mass boundary and is therefore reflected
in poorer abundance sensitivity at the low
mass side compared with the high mass
side. In addition, the velocity (and there-
fore the kinetic energy) of the ions enter-
ing the quadrupole will affect the ion mo-
tion and, as a result, will have a direct
impact on the abundance sensitivity. For
that reason, factors that affect the kinetic
energy of the ions, like high plasma po-
tential and the use of lens components to
accelerate the ion beam, will degrade the
instrument’s abundance sensitivity (8).

These are the fundamental reasons
why the peak shape is not symmetrical
with a quadrupole and explains why there
is always a pronounced shoulder at the
low mass side of the peak compared to
the high mass side — as represented in
Figure 7, which shows the theoretical
peak shape of a nominal mass M. We can
see that the shape of the peak at one
mass lower (M 2 1) is slightly different
from  the other side of the peak at one
mass higher (M 1 1) than the mass M.
For this reason, the abundance sensitivity
specification for all quadrupoles is always
worse on the low mass side than on the
high mass side and is typically 1 3 1026

at M 2 1 and 1 3 1027 at M 1 1. In other
words, an interfering peak of 1 million
counts per second (cps) at M 2 1 would
produce a background of 1 cps at M,
while it would take an interference of 107

cps at M 1 1 to produce a background of
1 cps at M.

BENEFITS OF GOOD ABUNDANCE
SENSITIVITY
Figure 8 shows an example of the impor-
tance of abundance sensitivity. Figure 8a
is a spectral scan of 50 ppm of the doubly
charged europium ion — 151Eu11 at 75.5
amu (a doubly charged ion is one with
two positive charges, as opposed to a nor-
mal singly charged positive ion, and ex-
hibits a m/z peak at half its mass). We can
see that the intensity of the peak is so
great that its tail overlaps the adjacent
mass at 75 amu, which is the only avail-
able mass for the determination of ar-
senic. This is highlighted in Figure 8b,
which shows an expanded view of the tail
of the 151Eu11, together with a scan of 1
ppb of As at mass 75. We can see very
clearly that the 75As signal lies on the
sloping tail of the 151Eu11 peak. Mea-
surement on a sloping background like
this would result in a significant degrada-
tion in the arsenic detection limit, particu-
larly as the element is monoisotopic and
no alternative mass is available. This ex-
ample shows the importance of a low
abundance sensitivity specification in
ICP-MS.

DIFFERENT QUARDUPOLE DESIGNS
Many different designs of quadrupole are
used in ICP-MS, all made from different
materials with various dimensions,
shapes, and physical characteristics. In
addition, they are all maintained at
slightly different vacuum chamber pres-
sures and operate at different frequen-

cies. Theory tells us that hyperbolic rods
should generate a better hyperbolic (el-
liptical) field than cylindrical rods, result-
ing in higher transmission of ions at
higher resolution. It also tells us that a
higher operating frequency means a
higher rate of oscillation — and therefore
separation — of the ions as they travel
down the quadrupole. Finally, it is very
well accepted that a higher vacuum pro-
duces fewer collisions between gas mole-
cules and ions, resulting in a narrower
spread in kinetic energy of the ions and
therefore less of a tail at the low mass
side of a peak. However, given all these
specification differences, in practice the
performance of most modern quadrupole
ICP-MS instrumentation is very similar.

So even though these differences will
mainly be transparent to users, there are
some subtle variations in each instru-
ment’s measurement protocol and the
software’s approach to peak quantitation.
This is a very important area that we will
discuss it in greater detail in a future col-
umn. The next part of the series will con-
tinue with describing the fundamental
principles of other types of mass analyz-
ers used in ICP-MS.
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