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Abstract

The performance of the quadrupole ion trap is affected by imperfections in the quadrupolar electric fields used to trap the
ions. These effects can be compensated for by stretching the trap along its axis. A systematic investigation of the effects of
stretching and compressing thez0 dimension of the ion trap under operating conditions shows improvement in resolution and
signal intensity if thez0 dimension if the quadrupole ion trap is stretched by 9%, with respect to the value for the nominally
pure quadrupolar trap. A plot of the relationship between the mass shift for the nitrobenzene molecular ion andz0 is also
presented. It shows that the shift drops to zero at the geometry at which the performance is optimized. (Int J Mass Spectrom
188 (1999) 87–93) © 1999 Elsevier Science B.V.
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1. Introduction

The quadrupole ion trap can be interfaced to
various external ionization sources, can yield signals
for ions of mass-to-charge ranges of up to 70 000 Th
[1], is capable of providing a resolution greater than
106 [2–4], and can be used to carry out up to 12
sequential stages of mass analysis [5]. Commercial
instruments are available with mass-to-charge ranges
of up to 4000 Th with unit mass resolution and up to
10 stages of MSn can be performed. In spite of these
attributes there is still a desire to improve the perfor-
mance of this instrument, especially in terms of mass
measurement accuracy. In a mathematically pure

quadrupole ion trap the radio frequency (rf) trapping
field increases linearly in both thez andr directions.
However, in actual devices field nonlinearities are
present which include hexapole and octapole compo-
nents. To optimize the performance of the ion trap
mass spectrometer, more information is needed on the
optimum geometry of the trap; for this reason, a
systematic study of ther0/z0 ratio as it affects
performance was undertaken.

The theoretical or “ideal” spacing between the trap
center and the end-cap electrodes in a system that
incorporates a 1 cminternal radius ring electrode is
0.707 cm (i.e.r0

2 5 2z0
2, although other choices are

also possible if the electrodes’ shapes are modified
[6]). This geometry yields a pure quadrupolar field
provided electrode truncation, apertures and distor-
tions are ignored. However, the first commercial traps
did not employ this geometry but instead used a value
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of z0 5 0.783 cm[7,8]. This is equivalent to a 10.7%
stretch of the end-cap spacing along thez0 axis. This
value was used to eliminate mass shifts observed for
some compounds that were ascribed to contributions
of higher order fields. Truncation of electrodes, ma-
chining imperfections, assembly tolerances and aper-
tures in the electrodes all have been shown to cause
the trapping field to deviate from the pure quadrupolar
field [9,10]. The nonlinearities found in a quadrupole
ion trap can be described by a weighted sum of the
superposition of higher-order multipole fields, the
hexapole and octapole terms being especially impor-
tant [11]. It is important to note that the higher-order
multipole fields slightly change the motion of the ions
and introduce nonlinear resonances and other nonlin-
ear effects [10]. The results of thez0 stretch are to
introduce a positive octapolar field component that
offsets the contributions with negative coefficients
that arise from field imperfections. The present ap-
proach effectively consists of compensating for un-
avoidable nonlinearities in the field by intentionally
introducing other offsetting nonlinearities. Gabrielse
and Mackintosh faced the same problem and used the
same method in trying to improve the performance of
the Penning trap [12]. Note that an alternative ap-
proach is to attempt to compensate for the higher-
order field components using additional lens elements
that can be activated as needed [13]. Yet another
approach is to employ an electrode system designed to
give a more perfect quadrupolar field, and this has
been implemented by a variety of authors in Penning
traps [14–17].

In the development of the quadrupole ion trap, as
early as 1984 it was recognized that nitrobenzene was
incorrectly being assigned to am/zof 122 Th (correct
mass 123 Th) [8]. Many reasons were initially given,
however, all were eliminated except the possibility
that field imperfections caused the shift. Syka [8]
investigated whether or not changing the trap geom-
etry could change this mass shift and suggested that
spreading the end-cap electrodes would eliminate the
mass shifts. They found that by increasing the dis-
tance between the end-cap electrodes by 0.075 cm
from the original ideal geometry (z0 5 0.707 cm,
r0 5 1.0 cm) the mass shift for nitrobenzene was

eliminated, but if only a 0.051 cm stretch was incor-
porated a mass shift for nitrobenzene was still ob-
served. These experiments provided a solution to the
immediate problem of incorrect nominal mass-to-
charge assignments and there the matter rested for
some time.

A later study of compound dependent mass shifts
by Cleven et al. [18] found an effect related to the
field-dependent mass shifts upon increasing the spac-
ing of the end-cap electrodes from that of the ideal
geometry. Laser tomography studies showed that the
dimension of the ion cloud expands along the radial
axis as the number of ions in the trap increases.
Furthermore, this increase in width of the distribution
correlates with an increase in apparent mass mea-
sured. The ion cloud size is compound dependent, and
again, stretching the trap reduces this effect.

From these earlier experiments, as well as reports
from this lab [1] and by Traldi and co-workers
[19–21], it is evident that the geometry of the qua-
drupole ion trap plays an important role in its perfor-
mance. However, systematic studies were not re-
ported and the origin of the mass shifts is not yet
explained. In order to systematically study effects of
the r0/z0 ratio on ion trap performance, a system for
varying thez0 dimension under operating conditions
was designed and built. Three factors were investi-
gated in assessing the performance of the trap as a
function of thez0 dimension: resolution, intensity and
mass shifts relative to fluorocarbon ions.

2. Experimental

All experiments used a prototype ion trap mass
spectrometer (ITMS) withr0 5 1.0 cm andz0 5
0.783 cmbefore modification. The original instru-
ment is described elsewhere [22] and the modifica-
tions to this system are described here. In order to
adjustz0 in situ a mechanical system was designed
that allowed for the variation ofz0 without the need to
vent the system. To implement this feature a linear
micrometer (MDC Corp. Hayward, CA) with a metal
seal flange was attached to one of the ConFlat flanges
on the ITMS vacuum chamber. The linear micrometer
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has 2 in. (5 cm) of linear travel delineated by 0.001 in.
(2.543 1023 cm) laser etched travel graduations. As
seen in Fig. 1, a tapered rod connected to the linear
micrometer systematically spreads the two end-cap
electrodes mounted on moving stages. This arrange-
ment allowsz0 to be varied from 0.684 to 0.920 cm
which corresponds to the range from23.3% to
130.1% of the idealz0 value of 0.707 cm. The
micrometer allowed for incremental adjustments of
the z0 spacing by 0.0036 0.001 in. (0.00766
0.0025 cm). The spacing between the entrance end-
cap and ring electrode and the spacing between the
exit end-cap and the ring electrode differed by 0.005
in. (0.01 cm) which is similar in magnitude to the
machining tolerance of the electrodes.

It is critical that the motion of the micrometer is
purely linear and not rotational to maintain parallel
alignment of the end-cap electrodes. The moving
stages that support the end-cap electrodes are con-
structed of stainless steel and each contains four
bearings that allow them to slide smoothly along two
stainless-steel support rods. This dual-rod system
helps maintain the parallel orientation of the end-cap
electrodes and prevents binding duringz0 extension.
The end-caps are electrically isolated from the stages
with ceramic spacers (Macor, Corning Corp. Corning,
NY). Macor is also used to isolate the ring electrode
from the stainless steel support frame. The electron
impact (EI) filament assembly, used for internal EI
ionization, and the electron multiplier are mounted on
the moving stages to maintain a constant distance to

their respective end caps. This system is housed in the
ITMS cradle and is operated using the ITMS electron-
ics. Data are acquired using a digital oscilloscope
(Tektronix Model TDS 540) that receives the electron
multiplier signal after it has passed through the
standard ITMS preamplifier.

Experiments were performed with a single-holed
entrance end-cap electrode and a seven-holed exit
end-cap electrode. The entrance end-cap electrode has
a hole diameter of 0.046 in. (1.2 mm) and the exit
end-cap electrode has a hole diameter of 0.052 in. (1.3
mm). The rf coil was tuned at each newz0 setting to
balance the rf circuit. To tune the rf coil, the tuning
screw was adjusted until the rf modulator, observed in
the instrument software control panel, had a maxi-
mum value of 2000 V and an average value of 550 V.
Helium was used as the buffer gas at uncorrected
pressures of both 23 1025 and 23 1024 Torr. The
sample pressure for nitrobenzene was 4.43 1027

Torr (uncorrected) and that for perfluorotributylamine
was 63 1027 Torr (uncorrected). Samples were used
as received and introduced into the vacuum chamber
through separate Granville Philips leak valves.

Standard mass-selective instability scans, without
the application of axial modulation or resonance
ejection, were used to eject the ions from the trap and
so record mass spectra. Mass assignments were made
by recording both the time of ejection (measured on
the oscilloscope) and the assignment given by the
ITMS data system. The more precise value, that from
the digital oscilloscope, was plotted and is used in the
data presented in this article. Full width at half
maximum values (FWHM) and peak intensities were
recorded to provide information on the resolution and
performance achieved at each new geometry.

3. Results and discussion

The hyperbolic trap mounted on a moving stage
allows the axial dimension,z0, of the ion trap to be
compressed and expandedin situ. This apparatus
provides the opportunity to systematically study the
resolution and signal intensity as a function of the
geometry of the ion trap. The ability to control the

Fig. 1. Experimental setup utilizing a linear micrometer to system-
atically stretch the quadrupole ion trap along thez0 axis under
operating conditions.
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geometry of an ion trap mass spectrometer under
operating conditions is a new capability.

The relationship between ion ejection time and the
value forz0 is displayed in Fig. 2, which shows data
for the molecular ion of nitrobenzene. In this experi-
ment a relatively low helium bath gas pressure of 63
1026 Torr (uncorrected) was used. After internal
ionization (;5 ms) the ions were allowed to cool for
20 ms before being ejected from the trap by a rf ramp.
These experiments also served to characterize the
performance of the moving stage, since experiments
were carried out over a 2-week period and the
different symbols represent data recorded on different
days. The results of a linear fit are also displayed
although the following ion trap mass analysis equa-
tion [23], leads one to expect curvature as is observed
in the plot:

m

z
5

8V

qV2 ~ro
2 1 zo

2!
(1)

In Eq. (1)m is the mass of the ion,z is the charge,V
is the rf potential required to eject the ions,q is theqz

value of ejection,V is the rf drive frequency, andr
and z are the trap dimensions. Similar results were
found for the 131 Th peak of perfluorotributylamine
(PFTBA) (data not shown). The ion ejection times are
measured from the start of the rf ramp to the time of

ion detection forz0 values that vary from23.3% to
130.1% of the idealz0 value of 0.707 cm. The
reproducibility of this data shows that thez0 end-cap
spacing can be set to 0.0036 0.001 in. (0.00766
0.0025 cm). At lowz0 values, i.e.z0 , 0.7 cm, the
relationship between ejection time and trapz dimen-
sion is nonlinear. This result is not unexpected be-
cause at smaller values ofz0 the ions experience
increasingly large nonlinear fields.

Fig. 3 shows results for the 69, 100, and 131 Th
ions of perfluorotributylamine and the molecular ion
of d5-nitrobenzene (128 Th). In this experiment the
helium bath gas pressure was considerably higher,
2 3 1024 Torr (uncorrected), and the analyte pres-
sure was maintained at 4.43 1027 Torr (uncorrect-
ed). The same ionization time, cooling time and
ejection method were used. Again these plots are
approximately linear.

To characterize the performance of the trap over
the range ofz0 dimensions described previously, the
FWHM values and the maximum peak intensities
were recorded using the digital oscilloscope for ions
of m/z 123 Th generated from nitrobenzene andm/z
131 Th generated from PFTBA. These experiments
were first attempted with PFTBA and nitrobenzene in
the trap simultaneously, however, it was difficult to
regulate the individual analyte pressures. Subse-
quently, each compound was introduced into the trap
separately to allow fluctuations in analyte pressure to

Fig. 2. Reproducibility of ion ejection times for the 123 Th ion of
nitrobenzene for variousz0 positions. Ejection time is measured
from the start of the rf ramp until the time of detection. The
different symbols represent different days of data collection and the
line is a linear fit to the data.

Fig. 3. Ejection times at differentz0 positions for the 69, 100, and
131 Th fragment ions of perfluorotributylamine and the 128 Th
molecular ion of d5-nitrobenzene.
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be detected and corrected. The lower helium pressure,
2 3 1025 Torr (uncorrected), was chosen for these
experiments. It is interesting to note that the FWHM
values are improved for axial dimensionz0 , 0.783
cm (i.e. less than the standard stretched geometry).
Looking at the data for nitrobenzene, presented in Fig.
4, the smallest peak width occurs whenz0 is between
0.7675 and 0.775 cm. This corresponds to a 8.5%–
9.6% stretch (i.e.r0/z0 5 1.3042 1.290)which is
significantly different from the standard stretch of
10.7% (r0/z0 5 1.277). Inaddition, the FWHM for
the 131 Th ion of perfluorotributylamine minimizes at
z0 values similar to those found for the 123 Th ion of
nitrobenzene. It is important to note on this plot the
performance recorded using the standard stretch of
10.7%, equivalent toz0 5 0.783 cm.Working at the
optimum value provides an improvement in resolution
of approximately a factor of two for both perfluoro-
tributylamine and nitrobenzene.

The helium bath gas pressure of 23 1025 Torr
(uncorrected) used in these experiments is an order of
magnitude less than the standard operating pressure of
2 3 1024 Torr (uncorrected). Therefore, additional
experiments were performed at a helium pressure of
2 3 1024 Torr (uncorrected) to check what effect the
bath gas pressure had on the FWHM values. The
results for the 131 Th ion of perfluorotributylamine
are presented in Fig. 5. From this plot it can be seen

that the improvement in resolution is not as pro-
nounced, however a decrease in thez0 spacing from
the standard stretched geometry (z0 5 0.783 cm)
still leads to improved performance.

Peak intensity is a complementary characteristic
that can be used to judge trap performance. These
experiments were again carried out at lower and
higher helium bath gas pressures. Fig. 6 displays the
results for 123 Th molecular ion of nitrobenzene at a
helium pressure of 23 1025 Torr (uncorrected).
These results correlate well with the FWHM values
displayed in Fig. 4 and suggest that the optimum
stretch is about 8.7%. At a higher helium bath gas

Fig. 4. Plot of FWHM values for the 131 Th ion of perfluorotribu-
tylamine (closed triangle), and the 123 Th ion of nitrobenzene
(closed square). Each ion species was measured individually. Note
that the optimum FWHM value is less than the standardz0 stretch
of 0.783 cm.

Fig. 5. FWHM values for the 131 Th ion of perfluorotributylamine
at a helium bath gas pressure of 23 1024 Torr (uncorrected).

Fig. 6. Plot of maximum signal intensity for the 123 Th molecular
ion of nitrobenzene at a helium bath gas pressure was 23 1025

Torr (uncorrected). These data again show an improvement in
signal intensity at a stretch less than the standardz0 dimension of
0.783 cm.
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pressure of 23 1024 Torr (uncorrected) (Fig. 7) the
improvement is again not as great as in the case where
a lower helium pressure is used. However, improved
performance is achieved by decreasing the spacing
between the end-cap electrodes in the commercial
trap.

Fig. 8 shows the effect that thez0 value has on the
mass shift for the 123 Th molecular ion of nitroben-
zene relative to a scale calibrated using the 69, 100,
and 131 Th ions of perfluorotributylamine. These
experiments were carried out at a helium pressure of
2 3 1024 Torr (uncorrected). It is evident from Fig. 8
that asz0 increases the mass shift for nitrobenzene
decreases. However, at approximately 0.770 cm this

shift reaches zero and any further stretching does not
alter the mass assignment.

4. Conclusion

The systematic stretching of thez0 axis in the
quadrupole ion trap shows that the optimum stretch is
less than the standard stretch of 10.7% with respect to
the ideal geometry but is still substantial (;9%).
Signal intensity and resolution at the optimum stretch
were improved and mass accuracy was maintained.
The improved performance was determined by mea-
suring the peak FWHM and the maximum peak
intensity for nitrobenzene and PFTBA. Both showed
improved performance at az0 5 0.770 cm(8.9%
stretch from the ideal geometry) compared to a pure
quadrupole trap wherez0 5 0.707 cm andcompared
to the standard stretched trap wherez0 5 0.783 cm.
The reasons underlying the mass shift have been
explored by several groups [8,17,24–27]. Presumably
the optimized performance recorded here is simply
because thein situ adjustment capability allows the
higher order field effects to be more accurately
compensated for than in the pioneering investigations
of Syka [8]. One complication in the experiments was
maintaining the partial pressure of two compounds
with only one ionization gauge. To improve the
quality of the measurements, compounds were mea-
sured individually as well as in mixtures.

The mechanical system that was designed and built
in this study allows for fine control of thez0 stretch
under operating conditions and could be used in the
future to optimize other quadrupole ion traps where
modifications to the geometry have been made. For
example, in the nondestructive detection experiment
[28] the end-caps are modified to accommodate pin
electrodes. Field distortions due to these modifica-
tions could be minimized by using methods analogous
to those presented in the present study.

Improvements in resolution and peak height are
associated with geometry optimization. The underly-
ing reasons for the enhanced performance are the
subjects of an ongoing investigation.

Fig. 7. Plot of the maximum signal intensity of the 69 Th fragment
ion of perfluorotributylamine at a helium bath gas pressure of 23
1024 Torr (uncorrected).

Fig. 8. The effect that changing the end-cap spacing along thez0

axis has on the mass shift of the molecular ion of nitrobenzene (123
Th).
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