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Effects of Mechanical Tolerances on
QMF Performance for Operation in the

Third Stability Zone
Thomas J. Hogan, Member, IEEE, and Stephen Taylor

Abstract—Our previously reported method of accurately sim-
ulating the performance of a quadrupole mass filter (QMF) has
been applied to the investigation of the effects of electrode po-
sitional tolerance on the performance of a QMF when operated
in stability zone 3 (a ≈ 3.16 and q ≈ 3.23). Simulations for
single- and dual-electrode positional errors have been undertaken.
Single-axis errors produced changes in mass peak shape that are
similar to those previously reported for zone 1. Compound errors
produce changes in mass peak shape that are approximately a
summation of the effects obtained from individual single-axis er-
rors. Our results show that the direction of the electrode displace-
ment, not the electrode, is the important factor in determining
the effect on QMF performance. We also show that the effects of
an individual electrode radius tolerance result in changes to the
mass peak shape that are similar to those produced by individual
electrode positional errors. Simulations also show the suitability
of unbalanced excitation voltages as a method of compensating for
mechanical tolerance when operating in zone 3. From these re-
sults, we are able to provide suitable limits for the voltage accuracy
and stability when employing this method of compensation.

Index Terms—Mathieu stability regions, multipoles, quadru-
pole mass filter (QMF), tolerance, zone 3.

I. INTRODUCTION

THE IDEAL quadrupole mass filter (QMF) would consist
of four infinite hyperbolic shaped electrodes that are accu-

rately positioned at the four corners of an imaginary square. In
practice, the electrodes are finite and result in a close approxi-
mation to the ideal quadrupole electric field in the central space
between the four electrodes (r0). This electric field increases
linearly with increasing displacement from the central axis
and is independent in x and y. The difficulty in accurately
machining, correctly mounting, and aligning hyperbolic elec-
trodes has resulted in circular electrodes being adopted by most
commercial instrument manufacturers.

A QMF constructed from circular electrodes produces an
electric field that deviates further from the ideal. The resultant
field can be represented as a quadrupole field plus the sum of a
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number of higher order fields and is termed a multipole field [1],
[2]. The ratio of electrode radius r to field radius r0, i.e., r/r0,
controls the relative magnitudes of the individual components
of this multipole field [2]. Early research work identified the
ratio of 1.148 [3] as producing the closest approximation to
a pure quadrupole field by achieving a zero value for the
dodecapole term (A6). More recently, numerical computer sim-
ulations for operation in stability zone 1 have demonstrated that
a value of r/r0 in the range 1.120–1.130 as providing optimum
performance [4]; this was later refined to 1.125 to 1.130 [5].
This value of r/r0 has also been shown to be valid for operation
in zone 3 [6]. Analytical techniques have shown that a value of
1.128–1.130 provides the optimum [2] for operation in zone 1.
This was based on the influence of the sixth and tenth harmonics
and ignored the effects of higher order components, which may
explain the slight difference between the two findings. These
findings show that the best QMF operational performance is
obtained not with the closest match to the quadrupole field but
where individual higher order multipole terms interact in a way
that minimizes their effect most effectively [2]. We are aware
of manufacturers who now use r/r0 = 1.127 (the mid value) in
their systems. To achieve the same performance as a hyperbolic
electrode QMF, a circular electrode device requires an increase
in the field radius by a factor of two, resulting in a significant
increase in power (power is proportional to r4

0) [7].
Manufacturing processes are not ideal; tolerances exist,

which cause the instrument performance to deviate from the
optimum. For a QMF, these manufacturing tolerances result
in variations in electrode radius due to tool wear and ac-
curacy limits of the production machinery; misalignments of
the electrodes arise from the electrode mounting systems and
limitations of the assembly process. In the case of longer QMFs,
nonparallel alignment of the electrodes can arise due to bowing
of the electrodes and/or slight differences in the mounts, all
of which contribute to changes in the performance character-
istics of a QMF. Additionally, the mechanical design of the
instrument has to minimize any thermomechanical effects that
arise from thermal cycling of the instrument during bakeout and
usage.

Investigation of the effects of misaligned electrodes is ex-
tremely difficult to achieve by experiment due to the need to
dismantle the QMS to change or alter the position of the elec-
trode(s). Errors introduced due to the disassembly/reassembly
cycle can introduce significant performance effects that can-
not be isolated from the effects that are being investigated.

0018-9456/$26.00 © 2009 IEEE
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Fig. 1. End view of an optimum QMF using circular electrodes of radius r,
central field radius r0, and enclosure radius Rc, showing the combination of dc
(U) and RF (V ) drive voltages applied to the x- and y-axis electrodes.

Story [8], an experimentalist, produced a QMF where one
electrode was movable using a jackscrew at either end of
the electrode. These jackscrews passed through the vacuum
enclosure enabling changes to electrode position without re-
course to dismantling. Dawson [7] has reproduced some of
Story’s experimental results. Manufacturing a QMF for each
tolerance condition is a possible alternative that would remove
the errors associated with assembly and disassembly. Each unit
would be a custom build, requiring closer tolerance limits than
those being characterized and would incur significant costs.
Numerical simulation methods overcome these experimental
and cost burdens, enabling the effects of mechanical errors
to be investigated and recommendations made on acceptable
tolerance limits.

When one or more electrodes are displaced, the symmetry
of the electrode geometry is altered. For the case of on-axis
displacements, only one axis of symmetry is retained. A reduc-
tion in the degree of symmetry introduces additional multipole
field terms that are not produced by an optimum QMF [1].
Previously published research has demonstrated the effects of
multipole field differences on the resultant mass spectra by
selective introduction of multipole field components. Examples
include making the radii of the electrode pairs different to
introduce an octopole field component [9], [10], shifting one of
the electrode pairs further out from the axis center to introduce a
number of different multipole components of similar magnitude
[10], and rotational shifting of the y electrode to introduce a
hexapole term [11]. These investigations used electrode dis-
placements in excess of normal production tolerances, which
resulted in multipole terms several orders of magnitude greater
than those considered here.

Fig. 1 shows an end section of a QMF constructed from cir-
cular electrodes together with a definition of the drive voltages.
The two x electrodes are mounted equidistant about the center
on the horizontal axis and driven with the voltage ΦA [also
see (1)]. The other two electrodes, i.e., the y electrodes, are
mounted equidistant about the center on the vertical axis and
are driven with the voltage −ΦA. The z-axis is into and along
the central axis of the QMF. The effects of electrode positional
tolerance for operation in the first stability region have been
recently reported [12]. Displacements of a y electrode in the
y-axis greater than 0.001 r0 resulted in degraded performance.

For a displacement of an x electrode in the x-axis, changes in
mass peak position occurred without any significant change in
the mass peak. It was also shown that the characteristics of the
resultant peaks were heavily dependent on the number of RF
cycles experienced by the ions. Other factors that influenced
the outcomes of positional errors were the instrument resolution
setting and ion beam shape.

There is a requirement to reduce the size and power con-
sumption of QMS instruments for space vehicle deployment
and covert monitoring applications. This requirement is a driver
for research into the application of microelectromechanical
systems (MEMS) as a methodology for achieving these size
reductions. The photolithography, oxide growth, metallization,
and assembly processes associated with MEMS manufacture
result in alignment and dimensional tolerances of the electrodes
with a corresponding effect on performance. Devices manu-
factured using these techniques are more suited to rectilinear
electrodes that generate an electric field inferior to circular
electrodes, producing reduced performance [13].

Several versions of miniature QMFs have been reported and
include the MicroQuad [14], which used a silicon structure for
the mounting system with circular electrodes constructed from
metallized optical fiber. Another example is the miniature QMF
array, which is fabricated using silicon bulk micromachining
and stainless-steel circular electrodes [15]. More recently, a
complete micromachined QMF with square electrodes, includ-
ing Einzel lens input optics and output optics, has been reported
[16]. Experimental and simulated results show that zone 3
operation significantly improves peak shape and resolution for
miniaturized mass filters when compared to zone 1 performance
[15], [16].

Zone 3 also provides increased resolution and reduced mass
tailing for conventional QMFs [17], [18] over that achieved
with zone 1. These characteristics enable the detection of low
levels of one species in the presence of high levels of an
adjacent and closely spaced species [15]. Zone 3 also provides
improved immunity to variations in the r/r0 ratio of circular
electrodes [6]. Better understanding of the impact of electrode
positional tolerance on QMF performance when operating in
stability zone 3 was seen as a prerequisite to its greater usage.
This was the motivation for undertaking this work.

II. THEORY

Consider the QMF shown in Fig. 1, where ΦA is defined as
follows:

ΦA = U − V cos ωt. (1)

Here, U is the applied dc voltage, V is the zero-to-peak ac
(RF) voltage, ω is the angular frequency of voltage V , and t
represents time. This electrode and drive voltage configuration
results in a multipole voltage distribution in the central field,
which can be represented by [1], [2]

Φ(x, y) = ΦA

∞∑

N=0

ANΦN

rN
o

(2)
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Fig. 2. Mathieu stability diagram showing the first three stability regions.

where AN is the amplitude of the multipole ΦN consisting
of 2N poles, with A0Φ0 defining the offset potential, A1Φ1

defining the dipole potential, A2Φ2 defining the quadrupole
potential, A3Φ3 defining the hexapole potential, and continuing
thereon.

The electrode and drive voltage configuration of Fig. 1 has
two axis of symmetry and two of antisymmetry, and only multi-
pole terms in which N = 4n + 2, n = 0, 1, 2, 3, . . ., contribute
to the field. For electrode configurations where electrodes are
displaced or of different radii, the degree of symmetry is
reduced. These geometrical imperfections will result in addi-
tional multipole terms being introduced and variations in their
amplitudes [1].

Assuming that the geometry is consistent throughout the
length of the QMF and ignoring fringing fields, a 2-D field
model can be used. One further assumption is made, i.e., the
x and y fields are uncoupled; this is valid if small incremental
movements of the ion are considered. With these assumptions,
the motion of ions can be calculated using Newton’s second
law of motion and the electric field at the ion position (x, y)
and results in

m
d2x

dt2
= − e

∂Φ(x,y)

∂x
(3)

m
d2y

dt2
= − e

∂Φ(x,y)

∂y
(4)

where m is the mass of the ion, and e is the charge on the ion.
Only certain combinations of voltages result in an ion having

the possibility of a stable trajectory through a QMF. For hy-
perbolic electrodes, solutions of the Mathieu equations provide
a method of determining these voltages [19]. This method
also provides an approximate indication of the behavior of an
optimum circular electrode QMF. A Mathieu stability diagram
(Fig. 2) provides a graphical representation of the solutions of
these equations that occur where the bounded areas overlap.
The Mathieu diagram is symmetrical about the au axis [20],
[21], and in Fig. 2, the y-stability region has been reflected

Fig. 3. Zone 3 stability diagram in U−V space showing upper and lower scan
lines for Ar+ ion species (m/z = 40) for the test conditions in Table I.

from the third to the second quadrant for clarity. As a further
and more usual simplification, Fig. 3 has been restricted to the
first quadrant.

Transformation of the a−q space diagram into a U−V space
stability diagram can be achieved by use of the following
equations:

ax = − ay =
8eU

mω2r2
0

(5)

qx = − qy =
4eV

mω2r2
0

(6)

where ax, ay , qx, and qy are the Mathieu parameters, and the
remaining symbols are as previously specified.

A U−V space representation of stability zone 3 is shown in
Fig. 3. This is of approximately a rectangular shape, and two
corners are suitable for creating mass filtering action, the lower
right corner at a ≈ 2.52 and q ≈ 2.82 and the upper left corner
at a ≈ 3.16 and q ≈ 3.23. For all our simulations, we have used
the upper left corner of this stability zone.

III. SIMULATION TECHNIQUES

We have used the same software configuration as previously
reported [6], which consists of Poisson/Superfish [22] and
QMS2D-Field [6]. Poisson/Superfish is a public access suite
of programs for solving a range of magnetostatic problems.
It was originally written by R. F. Holsinger in collaboration
with K. Halbach for particle accelerator design. At present,
they are maintained by the Los Alamos National Laboratory
(LANL) who provide a download website for the software [23].
The following three modules from the Poisson/Superfish suite
were used for this work: 1) Automesh; 2) Poisson; and 3) SF7.
Automesh enables the problem geometry, material electrical
characteristics, electrode voltages, and meshing grid pitch to
be defined in a text file. Geometric models were created for a
range of electrode displacements and electrode radii. Automesh
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TABLE I
COMPUTER SIMULATION TEST CONDITIONS

divides the space between electrodes and the problem boundary
(the circular enclosure forms the problem boundary) into a 2-D
triangular mesh. The resultant output is a binary solution file
that provides the problem definition input to Poisson. Poisson
uses a successive overrelaxation algorithm to solve the field
and rewrites the binary solution file with the resultant field
data. It also provides the multipole coefficients in a secondary
file. Finally, SF7, the field interpolator program processes the
field data to produce a user-defined rectangular grid of 1600 by
1600 electric field values for the central space between the four
electrodes.

QMS2D-Field is a custom in-house software package pro-
viding facilities to set the operating and physical characteristics
of the QMF, generate the entry conditions for a large number
of ions, and calculate the trajectories of these ions. A utility
program FieldCalc was used to extract and format field data
from the SF7 generated field file into a form compatible with
our software.

For each electrode arrangement, mass spectra were generated
using a minimum of 105 ions and 500 increments across the
mass range shown in the figures. An instrument resolution
control η (0%–100%) is used to vary the resolution setting of
the instrument [see (7)], with η = 100%, representing the peak
of the upper left corner of the zone 3 stability region (atip =
3.16, qtip = 3.23). The remainder of the test conditions are
shown in Table I, unless otherwise stated. We have

U = η
V atip

2qtip
. (7)

A low-amplitude structure is visible on the mass peaks,
which is due to minor changes in the acceptance of the QMF
as the mass scan position changes. The entry conditions of a
significant number of ions are close to the acceptance boundary,
and these result in slight variations in transmission as the mass
scan is incremented. Significantly increasing the number of
ions simulated at each mass step would reduce this variation
but would increase the overall simulation time. Alternatively,
digital filtering could be applied to smooth the mass peak
without loss of key information.

Fig. 4. Simulated mass spectra for Ar+ ion species (m/z = 40) for a range
of inward radial displacements of a single x electrode.

TABLE II
MASS SPECTRA CHARACTERISTICS FOR A RANGE OF RADIAL INWARD

DISPLACEMENTS (NEGATIVE) FOR x AND y ELECTRODES

IV. ELECTRODE POSITIONAL TOLERANCE

Effects of an inward radial displacement of single x and
y electrodes were investigated for a range of displacements
up to 0.005r0, at which point an isolated satellite peak is
identifiable. Fig. 4 shows the result of increasing the inward
radial displacement of an x electrode. We can observe that
an increasing displacement produces an increasing shift of the
mass peak to a lower mass position. From inspection of the
data in Table II, we can see that the incremental mass peak
shift is approximately proportional to the incremental electrode
displacement. Along with this shift is a decrease in resolution
and an increase in peak height (sensitivity) for an increasing
inward displacement. The shift on the mass scale is correctable
through calibration. As the sensitivity increases with increased
displacement, it may be possible to increase the instrument
resolution (η) to compensate for the reduction in resolution,
without the sensitivity decreasing below that of the optimum
QMF. Slight changes to the structure of the noise on each of the
mass peaks are observable, but no significant change in the low
and high mass tails occur.

A radial inward displacement of a single y-axis electrode
produces significant changes to the mass spectra, as can be seen
in Fig. 5. An increasing inward displacement of a y electrode
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Fig. 5. Simulated mass spectra for Ar+ ion species (m/z = 40) for a range
of inward radial displacements of a single y electrode.

produces a proportional shift of the mass peak to a lower mass
value. This shift is slightly greater than the shift produced by the
equivalent x-electrode displacement. Decreasing peak height
and a reduction in the steepness of the edges are observable
as the y displacement increases. For small y displacements,
a shoulder emerges on the low mass side of the mass peak.
The higher mass side of this shoulder decreases in amplitude,
while the opposite end increases in amplitude with increasing
y displacement. At the extremes of the displacement range, the
shoulder separates from the main peak, forming a satellite peak.
On the high mass side of the peak, a secondary peak appears and
disappears finishing with the formation of a concave edge at the
limits of the displacement. Outward displacements of the x and
y electrodes result in very similar changes to those obtained
for inward displacements of x and y electrodes, except that the
mass peak shifts are to a higher mass position.

When one or more electrodes are displaced, the symmetry of
the electrode geometry is altered. This reduction in the degree
of symmetry introduces into the field the 4N multipole terms
that are not present in the optimum QMF field [1], [2]. Table III
contains the multipole coefficients for the range of electrode
displacements investigated. For the optimum circular electrode
geometry, only the A2, A6, A10, and A14 terms are present.
We will first examine the changes to these components. The
A2 multipole coefficient increases with increasing electrode
displacement for both x- and y-electrode displacements. We
also observed a comparable decrease in this term for outward
on-axis displacements. This increase/decrease in A2 has an
equivalent effect to an increase/decrease in ΦA and is the major
contributor to the observable shift on the mass scale. Consider-
ing next the remaining 4N + 2 multipole terms A6, A10, and
A14, our results show that these vary by a very small amount.
Previous research has shown that these terms depend on the
r/r0 ratio and that, possibly, A6 and A10 act in a way to self
compensate [2]. As these three terms do not vary significantly,
we can assume that they do not contribute in any major way to
the effects that are observed. Examination of Table III shows
that for these displacements, the A4, A8, and A12 multipole

(4N terms) are present, and all are of the same sign and increase
with increasing displacement. The magnitude of the A4 and
A8 terms are approximately two orders of magnitude less than
A6 and A10 and an order of magnitude greater than the A12

term. The presence of the A4, A8, and A12 terms result in
the shoulder forming and for the satellite appearing when the
y electrode is displaced. It is not possible to deduce from our
results the exact contribution that each of these terms make to
the overall effect. It may well be the case that the three terms
reinforce each other to achieve the overall effect, or more likely,
given the nonlinear nature of these coupled terms, they interact
in a more complex manner.

The results show that the effect of changes due to electrode
displacement are not the same for x and y electrodes. Although
the optimum electrode geometry is symmetrical about the x-
and y-axes, there is asymmetry due to the average (mean)
potential that is applied to the electrodes and the charge on the
ion. The mean potential averaged over a number of cycles is
negative for the y electrodes and positive for the x electrodes.
Due to the positive charge on the ions, they will be, on the
average, repelled by the x electrodes and attracted to the y
electrodes. This results in an increased instability of the ions in
the y-axis with a distortion of the low mass side of the y stability
region. These observed effects on peak shape are due to a
combination of the A4, A8, and A12 multipole terms and the av-
erage polarity of the electrode potential. This interrelationship
between the effects of electrode displacement and electrode
potential has been previously reported [9]. The relationship
is also confirmed by the industry practice of exchanging the
voltage drive to the x and y electrodes as a method of improving
QMF performance.

Differences in the radius of an electrode can occur due to
mechanical tolerances of the manufacturing process and can
result in electrodes of different radii being present in a QMF
assembly. Simulations undertaken for a single electrode of
differing radius, with all the electrodes mounted on a common
pitch center, resulted in mass peak changes similar to those
obtained with electrode displacement. Increasing the electrode
radius resulted in mass peak changes corresponding to an
inward electrode displacement, and decreasing the electrode
radius produces results similar to those for an outward electrode
displacement.

Fig. 6 shows the effects of compound misalignments, where
both x and y electrodes are displaced. The resultant mass peak
shapes are similar in character to those obtained for a y-only
inward displacement. However, there are differences that are
worth noting. Table IV shows that when the x and y electrodes
both have inward radial displacements, the peak position shift
is greater. It is approximately equivalent to the sum of the
individual shifts obtained for x and y displacements. The
satellite peak moves slightly closer to the main peak, the peak
heights are marginally greater, and there is increased noise on
the main peak. An inward displacement of a y electrode coupled
with an outward displacement of an x electrode results in the
main peak being close to the optimum position. The relative
peak positions of the main and satellite peak stay the same
with a decrease in their peak heights. These effects demonstrate
that the electrode tolerances of individual electrodes can self
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TABLE III
MULTIPOLE COEFFICIENTS OBTAINED USING POISSON FOR ON-AXIS DISPLACEMENTS OF x AND y ELECTRODES

Fig. 6. Simulated mass spectra for Ar+ ion species (m/z = 40) for a range
of compound inward radial displacements of an x and a y electrode.

TABLE IV
MASS SPECTRA CHARACTERISTICS FOR COMPOUND RADIAL

DISPLACEMENTS OF AN x AND A y ELECTRODE

compensate for the quadrupole term, but the effects of the
higher order field components on peak shape are only mar-
ginally altered.

Modification of the drive voltage on the displaced electrode
is a method of compensation that has previously been reported
for zone 1 operation [12] and is the subject of a number
of patents [24]–[26]. For an inward or outward displacement
of an electrode, changes to the multipole components of the
field will occur. Decreasing or increasing the drive voltage to
the displaced electrode(s) provides a method of compensating
for these electrode displacements. Simulated mass peaks when
employing this compensation method for operation in stability
zone 3 are shown in Fig. 7. Comparing this figure to the
uncorrected mass peak in Fig. 4 shows that decreasing the
electrode drive voltage alters the mass peak, and with Cf =
0.990 [where the applied voltage is Cf (−U + V cos ωt)], a
close match to the optimum is obtained. This confirms the
previously reported correction factor of twice the displacement

Fig. 7. Simulated mass spectra for Ar+ ion species (m/z = 40) for a 0.005
r0 inward radial displacement of a y electrode for a range of compensation
factors (Cf ). A voltage Cf (−U + V cos ωt) is applied to the displaced y
electrode. (See Fig. 6 for a comparison with the optimum mass spectra.)

error [12] and demonstrates that the electric field is defined
by the electrode geometry, relative magnitude, and sign of the
electrode voltages. It is therefore possible when considering
the overall QMS system that a tradeoff between mechanical
accuracy and electrode drive system complexity can be made.
An important consideration when employing this method of
correction is the stability and accuracy of the drive voltages as
a deviation in the relative y electrode drive voltage will cause
the mass peak to degrade in a similar fashion that would be
produced by a displaced electrode. From our simulations, we
consider that the total error budget for the drive voltage should
not be greater than ±0.1%.

Fig. 8 shows the results of mounting errors that produce or-
thogonal shifts of an electrode with respect to its reference axis.
For an x electrode with a displacement in the y-axis, distortions
to the mass peak were observable, together with the emergence
of a satellite peak at the extremes of the displacement. In this
case, no significant shift in the peak position was observable.
For the case of a y-axis electrode shifted in the x-direction, very
little variation of the mass peak or position was observable.

Using the technique described previously, Fig. 9 shows the
effect of compensating for y displacements of an x electrode
by applying the correcting voltage to one of the y electrodes.
The compensating voltage is applied to the upper electrode for
positive y displacements and the lower electrode for negative
y displacements. This compensation restores the mass peak
shape and is accompanied by a marginal reduction in peak
height and a shift to a higher mass position for both types
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Fig. 8. Simulated mass spectra for Ar+ ion species (m/z = 40) for a range
of y-axis displacements of an x electrode. (For a comparison with the optimum
performance, see Fig. 6.)

Fig. 9. Simulated mass spectra for Ar+ ion species (m/z = 40) for a
displaced x electrode shifted by 0.005r0 in the y-axis, showing the effects
of compensation (Cf = 0.990) applied to the x and y electrodes individually.

of displacement. Application of the correcting voltage to the
misplaced x electrode results in a shift in the mass peak but
with no accompanying correction to the mass peak shape.

The number of RF cycles that the ions experience determines
the quality of the mass peak [7], [27]. For zone 1 operation,
this relationship is also true when the electrodes are displaced
[12]. Fig. 10 shows this relationship for zone 3. At 1 MHz (with
the lowest number of cycles), the main peak is very wide, not
decaying to the 0.1% transmission value within the range of
the graph. The satellite is apparent with the satellite to main
peak valley greatly raised above the baseline. As the frequency
is increased (in which the number of cycles to which the ion
is exposed also increases), the relative height of the satellite
decreases more rapidly than the main peak with a defined base
line separation appearing. Above 4 MHz (corresponding to
65 cycles), the incremental changes are much smaller, and
above 8 MHz (130 cycles), no discernible difference can be

Fig. 10. Simulated mass spectra for Ar+ ion species (m/z = 40) for a
0.005r0 inward radial displacement of a y electrode for a range of RF drive
frequencies.

detected with increasing frequency. This limiting condition
occurs at a much lower value than for zone 1.

V. CONCLUSION

We have used our previously reported custom and public
domain software to understand the effects on performance of
both mechanical and electrical tolerances within a QMS mass
filter system when operating in stability zone 3.

These results have demonstrated that both electrode posi-
tional and dimensional tolerances have a major impact on the
ultimate performance of a QMF. Minor radial positional errors,
together with small changes in the radius of a single y electrode,
produce significant changes to the shape of the mass peak. At
the extremes of the manufacturing tolerances examined, the
appearance of a satellite peak on the low mass side is observed.
At their extremes, these effects would greatly influence the
ability to discriminate between close adjacent peaks. The effect
of mechanical tolerances on the x electrode is not as severe,
resulting only in shifts in the mass peak and minor changes
to peak height. A suitable calibration procedure will allow for
correction of any mass scale shift. For orthogonal displace-
ments of an electrode, similar effects to those already described
arise but associated with the opposite axis electrode. A y-axis
shift of an x electrode produces similar peak shape changes as
those experienced for a y-axis shift of a y electrode for the
same magnitude of displacement. For an x-axis shift of a y
electrode, there are only marginal peak changes. This indicates
that the critical issue is the axis of the displacement and not
the actual electrode affected. We have also demonstrated that
mechanical tolerance effects are cumulative, and that because of
this, tolerances must be specified for the instrument as a whole
and not for individual electrodes.

Our results also demonstrate that the previously reported
method of compensation for a displaced electrode by ad-
justing the electrode drive voltages is also valid for a QMF
operated in zone 3 and for orthogonal shifts. As this method
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of compensation can introduce peak shape errors similar in
character to displaced electrodes, it is necessary to maintain
tight control of the differential voltages.
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