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A mass analyzer based on a rectilinear geometry ion trap
(RIT) has been built, and its performance has been
characterized. Design concepts for this type of ion trap
are delineated with emphasis on the effects of electrode
geometry on the calculated electric field. The Mathieu
stability region was mapped experimentally. The instru-
ment can be operated using mass-selective instability
scans in both the boundary and resonance ejection
versions. Comparisons of performance between different
versions of the device having different dimensions allowed
selection of an optimized geometry with an appropriate
distribution of higher-order electric fields. Comparisons
made under the same conditions between the perfor-
mance of a conventional cylindrical ion trap and a RIT of
4 times greater volume show an improvement of 40 times
in the signal-to-noise ratio resulting from the higher ion
trapping capacity of the RIT. The demonstrated capabili-
ties of the RIT include tandem mass spectrometry, a mass
resolution in excess of 1000, and a mass/charge range
of 650 Th, all in a simple structure that is only 3.5 cm3

in internal volume.

Mass spectrometry is perhaps the most widely used analytical
technique, due principally to its high specificity in analyte
identification as well as its high sensitivity and applicability to the
analysis of a broad range of isotopes, elements, and chemical and
biological compounds. Mass spectrometers have played an
important role in isotopic analysis, in trace elemental analysis, in
identification of unknown compounds in complex mixtures, and
in structural elucidation, to mention just a few areas of application.
Despite these successes, the mass spectrometer has disadvantages

in terms of its relatively large size, weight, power consumption,
and complexity of maintenance. Further extension of the areas
of application of mass spectrometers requires improvements in
these characteristics. Applications in sensing for explosives,
chemical and biological toxic agents, in situ analysis for environ-
ment protection, in-line monitoring for process control, clinical
screening, and quality assurance by covering many aspects of
people’s daily lives could all be greatly impacted by the availability
of small, portable instruments. While the requirements for
sensitivity and specificity of an analysis vary with the particular
application, it is highly desirable that such compact instruments
have tandem mass spectrometry (MSn) capabilities for analysis
of complex samples and that their operation be simple.

All these considerations have contributed to a growing interest
in miniature mass spectrometers.1 Miniaturization of a mass
spectrometer usually starts with simplification and reduction in
size of the mass analyzer to allow easy machining on a smaller
scale. In the case of ion trap, this also allows operation at lower
voltages and higher pressures. Virtually all types of mass analyzers
have been miniaturized,1 including sector instruments,2-4 time-
of-flight (TOF) instruments,5,6 linear quadrupoles,7,8 quadrupole
ion traps,9 Fourier transform ion cyclotron resonance spectrom-
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eters,10 and ion mobility instruments.11 After adequate performance
is obtained with a given miniature mass analyzer, the next step
in the development of a miniature mass spectrometer system is
the miniaturization of the other components, especially the vacuum
and electronics systems. This is a complex task and only a few
miniature mass spectrometers, including those using cylindrical
ion traps,12 BE sectors,13 TOF analyzers,14,15 and mass filters,16

have actually been built and tested.
Among the mass analyzers that have been miniaturized, ion

traps show some unique advantages. Ion traps operate at pressures
above 10-3 Torr, achievable using a two-stage mechanical pump
(without a high-vacuum pump) or by a miniaturized pumping
system with compromised pumping capability but suitable for
small portable instruments.17 As the ion trap dimensions are
reduced, the ion trajectories involved in mass analysis become
shorter and the trap can operate at still higher pressures. Another
important capability, especially for chemical identification of
components of complex mixtures, is tandem mass spectrometry,
and it is noteworthy that MSn experiments (multiple stages of
mass analysis) can be performed using a single ion trap.18 Ion

traps are also known for their relative ease of fabrication and their
low mechanical tolerances. Ion traps are also the only type of mass
spectrometer that most users can disassemble and reassemble
without sacrificing instrument performance.

Cylindrical ion traps (CITs) have geometries that are much
simpler than hyperbolic Paul traps, and for this reason, they have
been developed as miniature mass analyzers19,20 (Figure 1).
Portable mass spectrometers using CIT analyzers have been
constructed.17,21 The performance of these instruments has been
established through detection of specific compounds in water and
air at trace levels (low-ppb range; unit mass/charge resolution to
300 Th)17,21 with confirmation through tandem mass spectrometry.
These characterization experiments have involved remote field
as well as laboratory operations. More recently, the capabilities
of portable mass spectrometers have been extended by using ion/
molecule reactions for the detection of specific explosives and
chemical warfare agent simulants at low levels.22 The targeted
chemical compounds thus can be identified from mixtures.

All three-dimensional (3D) ion traps, including the CIT, suffer
drawbacks of low trapping capacity and low trapping efficiency
for externally injected ions.23 It has been reported that fewer than
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Figure 1. Conceptual evolution of the rectilinear ion trap and interrelationship to other types of ion traps.
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performed due to space charge effects, although larger numbers
are probably common for lower resolution work. Trapping ef-
ficiencies of only 5%23 are achieved when ions are injected into
the trap from an external source, such as an electrospray ionization
or chemical ionization source. To address the limitations of
conventional quadrupole ion traps, linear ion traps,25-27 which have
geometries more closely related to those of quadrupole mass
filters (Figure 1), have been developed. Even with 30 000 trapped
ions,28 high-quality mass spectra can be recorded without any
space charge effects in these new commercial instruments. In
addition, linear ion traps show much higher trapping efficien-
cies.26,27,29

In the present study, we combine the advantages of a linear
ion trap with the geometrical simplicity of the CIT, to arrive at a
new ion trap geometrysthe rectilinear ion trap. Figure 1 shows
the conceptual lineage of the instrument.30 The performance of
this new mass analyzer is reported in this paper.

Instrument Design. Rectilinear ion traps can be conceived
in many different configurations.30 One of the simplest versions,
shown in Figure 2, consists of two pairs (x and y) of rectangular
electrodes supplied with rf potentials, and a pair of z electrodes
to which only a dc voltage is applied. The rf signal is applied
between the x and y electrode pairs and forms an rf trapping field
in the xy plane, while the z-electrode dc voltage generates a dc
trapping potential well along the z axis. The rf field in the xy plane
of the RIT is approximately quadrupolar, and the secular frequency
(ω) of ion motion in the xy plane can be calculated using the
following equation, which also applies to 3D traps and to the
conventional 2D quadrupole mass filter:31

where â can be calculated from the Mathieu parameters a and q

and must have a value between 0 and 1 for both the x and y
directions for ions to be trapped. Other trapping devices with
similar geometries and configurations, such as a cubic trap32,33

and a square quadrupole ion guide,34 have previously been
designed and used for ion storage or ion transfer, but the RIT is
the first instrument of this general type to be developed as a mass
analyzer although linear ion traps with rectangular electrodes have
been tested for mass analysis using the image current detection
method.35 Slits in the rf electrodes and apertures in the z electrodes
allow the charged particles to be injected into or ejected from
the RIT. The simple geometry of the RIT makes it easy to design
and fabricate a massively parallel structure, a version of the
instrument that should be especially useful when miniaturized for
the purpose of operating the mass spectrometer at lower rf voltage
and higher pressure.30

As in the Paul trap18 and other linear ion traps, buffer gas is
used in the RIT to facilitate trapping of ions through collisions.
Ions can be generated inside the RIT via internal electron
ionization (EI) by injecting electrons from a filament into the RIT
into which vaporized sample has been introduced. Alternatively,
ions can be generated outside of the RIT via any of a number of
ionization methods and then transferred into the RIT. When
injected through the slits in the x or y electrode, the ions will
experience the strong alternating rf field upon injection. As is the
case also for external ion injection into 3D traps, the trapping
efficiency is expected to be low (∼5%23). To maximize the trapping
efficiency, the ions can be injected into the RIT along the z axis
through apertures in the z electrodes. When identical rf signals,
balanced in amplitude but 180° different in phase, are applied to
the x and y electrodes, resistance to injection in the z direction by
the rf field is minimized. The ions injected into the RIT lose kinetic
energy through collisions with the buffer gas and are subsequently
trapped by the field due to the combination of rf and dc potentials
operating in all three directions. The trapping efficiency when the
RIT is operated in this mode is expected to be as high as that for
other linear ion traps, for which values as high as 100% have been
reported.27,29 An increase of a factor of 60 in trapping capacity was
reported for a linear ion trap with a volume just 1.4 times that of
a 3D Paul trap.27,28 A similar improvement in trapping capacity is
expected for the RIT in comparison with the CIT, and the trapping
capacity can be increased as needed by increasing the length of
the RIT.27

Mass analysis of trapped ions in the RIT is performed using
standard mass-selective instability rf scans.36 The ions can be
scanned out of the RIT through the slits in the x, y electrodes, as
is done for some commercial linear ion traps with hyperbolic
geometry.27 In addition, a supplementary ac signal can be applied
between the two x electrodes to achieve resonance ejection during
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Figure 2. Configuration of the rectilinear ion trap and the control
signals applied to it.
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the rf scan. The effect of this ac dipolar field on ion ejection will
be illustrated by the experimental results discussed below. As is
the case for 3D ion traps and the linear quadrupole mass filter,
the relationship between the mass-to-charge ratio of the ions and
the voltages applied to the RIT electrodes can be expressed as
follows, if the effects of the z-electric field, ion-neutral collisions,
and columbic (space charge) effects are ignored:

In these expressions, A2 is the quadrupole coefficient in the
multipole expansion of the electric potential, rN is the correspond-
ing normalization radius used in the expansion calculation, Vrf (0-
p) and Udc are the amplitudes of the rf and the offset dc voltage
applied between the x and y electrodes, a and q are the Mathieu
parameters, and Ω is the frequency of the applied rf. An alternative
method of mass-selective ejection, in which the ions are ejected
through the apertures in the z electrodes by scanning the rf and
the auxiliary ac,26 is also expected to be effective due to the
similarity between the electric field coupling occurring at the end
of an RIT and at the end of a linear ion trap with round
electrodes.26

The performance of any ion trap as a mass analyzer is
dependent on the quality of the trapping electrical field. During
the development of the RIT, the internal electric field was
calculated for different geometries using a home-written program
CreatePot, which calls the Laplace solver from the Poisson/
Superfish package (Los Alamos National Levorotary, Los Alamos,
NM).37 The effects of the composition of the electric field were
analyzed by comparing the spectra obtained using RITs with
different geometries. As shown in Figure 3, and extending the
analogy between a CIT and a 3D Paul trap, the electric field in
the RIT is similar to that in a linear quadrupole with round rod
electrodes. The electrical field strength inside an ideal 3D ion trap
or linear quadrupole mass filter increases linearly with the distance
from its geometric center. However, the field in a real ion trap is
usually an approximation to a quadrupolar field with various high-
order field components arising from many factors including
truncation of the electrodes, the apertures in the electrodes, and
fabrication imperfections such as machining errors and misalign-
ment. As is the case also for the CIT,38 the use of simplified (here
flat) electrodes increases the high-order field contributions. The
high-order fields generally degrade the analytical performance,
but under particular conditions, their effects can be mutually
compensated to minimize the performance loss or they can even
be used to improve the performance, including the mass resolution
and MS/MS efficiency.39,40 An optimized geometry with an

appropriate distribution of the high-order fields is essential for
obtaining adequate performance in an ion trap. Using a procedure
similar to the process of optimizing the CIT, the geometric
parameters of an RIT, such as the ratio of half-distances (x0 and
y0) between the x, y electrodes, the gap distance between the x
and y electrodes, and the size of the slits, all can be varied to
change the distribution of the high-order fields. The expansion
coefficients in the multipole expansion of the electric potential,
A2 the quadrupolar term, A4 the octapolar, and A6 the dodecapole,
have been calculated and are listed in Table 1 for three RIT
geometries with x0 ) 5.0 mm and different y0 values, ranging from
5.0 to 4.0 mm. The theoretical values of the expansion coefficients
for the odd-order terms, such as hexapole or decapole, are equal
to zero for an RIT with a geometry that is symmetrical with respect
to the xz and yz planes. The effects of the superimposition of the(35) Senko, M.: US Patent 6,403, 955, 2002
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Figure 3. Calculated trapping fields. For (a) rectilinear ion trap: x0

) 5.0 mm and y0 ) 5.0 mm. (b) Cylindrical ion trap: r0 ) z0 ) 5.0
mm. (c) Quadrupole mass filter with round rod electrodes: x ) y )
10 mm, rod radius 11.5 mm. (d) Quadrupole ion trap with hyperbolic
electrodes: r ) 10 mm, z ) 7.07 mm, end cap hole radius 0.6 mm.

Table 1. Multipole Expansion Coefficients for Different
RIT Geometries Calculated Using CreatePota

geometryb quadrupolar octapolar dodecapolar

y0 x0/y0 A2 A4 A4/A2 (%) A6 A6/A2 (%)

5.0 mm 1.0 0.541 -0.036 -6.6 -0.052 -9.6
4.2 mm 1.19 0.633 0.025 10.4 -0.098 -15.5
4.0 mm 1.25 0.654 0.052 7.9 -0.113 -17.2

a Program in the ITSIM suite,56 which calls Laplace solver from
Poisson/Superfish.37 b Slit widths for the different RITs were 1.0 mm
and calculations were done including the slit effects.
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high-order fields and of varying the x0 to y0 ratio on the RIT
performance will be discussed later in this paper.

To demonstrate and test the concept of using an RIT for mass
analysis, a device has been constructed with the most basic
configuration (Figure 2) and its analytical performance has been
characterized and carefully compared with that of a CIT.

Instrument Construction and Operation. An RIT with the
configuration shown in Figure 2 has been fabricated and as-
sembled as shown in Figure 4a. The x, y electrodes were machined
from 304-stainless steel and assembled using machinable ceramic
holders. The overall dimensional tolerance is ∼0.1 mm. Each x, y
electrode is 40 mm in length. The half-distance between the x
pair of electrodes (x0) is 5.0 mm, and the half-distance between
the y pair (y0) was varied in different embodiments from 5.0 to
4.0 mm by adding shims between the y electrodes and the holder.
The gap between the x and y electrodes is 1.6 mm. Centrally
located on the x electrodes are slits 15.0 mm long and 1.0 mm
wide. The slit sizes, like the initial x0 and y0 dimensions, were
chosen based on our experience with CITs. Two stainless steel
plates without apertures are used as z electrodes located a distance
of 1.6 mm from the ends of the x, y electrodes and with an
interelectrode distance (z0) of 43.2 mm. The RIT mass analyzer
was tested using the control electronics and vacuum system of a

prototype Thermo Finnigan ITMS.41 A schematic of the instru-
mental setup is shown in Figure 4b. An rf signal (1.1 MHz) was
applied to the y electrodes, and the x electrodes were virtually
grounded to form a trapping field in the x-y plane. A positive dc
voltage of up to 200 V was applied to the z electrodes (not shown
in Figure 4b) to form a dc trapping potential well for positively
charged ions along the z axis. Internal EI was used to ionize
neutral molecules inside the RIT, and an electron gating lens was
used to control the time during which electrons from a heated
filament were allowed to enter the RIT through one of the x slits.
Trapped ions were mass selectively ejected by scanning the rf
amplitude at a rate of 16,665 Th/s, except for experiments in which
slower rf scan rates were used to improve the resolution. An ac
signal, generated by a WaveTek 395 arbitrary waveform generator
(WaveTek, San Diego, CA) and amplified by a Balun amplifier,
was applied between the x electrodes to provide the dipolar field
that facilitated ion ejection during the rf scan and ion excitation
during the collision-induced dissociation period. Both rf/dc and
stored waveform inverse Fourier transform (SWIFT) waveform
isolation42,43 were used for ion isolation in MSn experiments. The
SWIFT waveforms were calculated using the ion trap simulation

(41) Louris, J. N.; Cooks, R. G.; Syka, J. E. P.; Kelley, P. E.; Stafford, G. C.;
Todd, J. F. J. Anal. Chem. 1987, 59, 1677-1685.

Figure 4. RIT assembly (a) and the RIT instrumentation (b) used for the experiments reported in this paper. RIT with x0 ) 5.0 mm, y0 )
5.0-4.0 mm, and z0 ) 43.2 mm. An rf signal with a floated dc level is applied to the y pair of electrodes, while the x electrodes are either
grounded for boundary ejection or supplied with an ac signal for resonance ejection.
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program (ITSIM research version),44 generated using WaveForm
DSP2 software (version 2.02) and then deployed with the Wavetek
395-64k 100-MHz arbitrary waveform generator. The ions ejected
from the RIT were detected using an electron multiplier, operated
at -1800 V with a conversion dynode operated at -5 kV. The
signal was first amplified using the preamplifier in the ITMS and
then acquired using a digital oscilloscope (model TDS 540;
Tektronix Beaverton, OR) at a sampling rate of 250K samples/s.

For the performance comparison between the RIT and CIT
mass analyzers, a previously characterized and optimized CIT45

was used. The CIT was constructed with equal r0 (radius of the
ring electrode) and z0 (half-distance between the end caps) of 5.0
mm, a spacing of 1.6 mm between the end cap and ring electrodes,
and an end cap hole radius of 0.5 mm. CIT performance was
recharacterized for this study using the ITMS instrument system
under experimental conditions identical to those used to charac-
terize the RIT. Experimentally, the RIT was replaced by the CIT
and the rf coil was tuned to provide an rf amplitude high enough
at 1.1 MHz to scan the mass-to-charge ratio out to 650 Th.

Helium was used as buffer gas for both the RIT and CIT
analyzers at an indicated pressure of ∼8.5 × 10-5 Torr, as
measured using a Bayert-Alpert-type ionization gauge. The
headspace vapor of the organic compounds was leaked into the
vacuum through a Granville-Phillips (Granville-Phillips Co., Boul-
der, CO) leak valve to maintain an indicated pressure of 8.0 ×
10-7 Torr.

RESULTS AND DISCUSSION
An RIT with x0 ) y0 ) 5.0 mm was used to record mass spectra

for various compounds. Figure 5 shows the mass spectrum of 1,3-

dichlorobezene recorded using boundary ejection (Figure 5a) and
resonance ejection (Figure 5b), the latter achieved by using an
auxiliary ac dipolar field (512 kHz and 2.9 V0-p) applied during
the rf scan. The efficiency of ejection along the x axis was found
to be 4 times higher for the resonance ejection experiment than
for the boundary ejection based on measurement of the peak area.
During the boundary ejection rf scan without application of the
offset-dc or the supplementary dipolar ac field, the opportunities
for the ions to become unstable along the y and z directions is
comparable to the x direction (where the detector is located) and
the number of the detected ions is much lower than the number
of ions actually trapped in the RIT. To obtain the highest possible
ion signal, it is highly desirable to use an auxiliary ac field in the
x direction to force ions to be ejected through the slits in the x
electrode. Note that this difference in sensitivity does not occur
in the Paul trap because in that instrument the potential well in
the r direction is deeper (by a factor of 2) than that in the z
direction.

The effects of z-electrode dc voltage on RIT performance were
investigated by ionizing acetophenone for 5 ms, using a constant
value of the ac amplitude of 2.9 V0-p and a resonance frequency
of 512 kHz, but varying the dc voltage applied to the z-electrode.
The intensity and the full width at half-maximum (fwhm) of the
peak corresponding to the fragment ion m/z 105 of acetophenone
was recorded as a function of the z-electrode dc voltage (Figure
6). The abundance increases significantly with the z electrode dc
voltage up to ∼60 V, presumably because the deeper dc potential
well in the z direction helps to trap more ions. The fwhm of the
m/z 105 signal decreases with further increases in the z electrode
voltage, presumably as a result of ions being forced to the center
of the RIT and being ejected within a relatively narrow band along
the z axis. This improves the resolution because effects of
mechanical errors of machining and assembly are minimized.27

At z-electrode dc voltages above 80 V, the ion abundance also
starts to decrease and the improvement in resolution tails off due

(42) March, R. E.; Hughes, R. J. In Quadrupole Storage Mass Spectrometry; John
Wiley and Sons: New York, 1989; p 365.

(43) Guan, S. H.; Marshall, A. G. Anal. Chem. 1993, 65, 1288-1294.
(44) Plass, W. R. Ph D. Thesis, Justus-Liebig-Universität, Germany, 2001.
(45) Ouyang, Z.; Badman, E. R.; Cooks, R. G. Rapid Commun. Mass Spectrom.

1999, 13, 2444-2449.

Figure 5. Mass spectra of 1,3-dichlorobenzene collected using an RIT (x0 ) y0 ) 5.0 mm and z0 ) 43.2 mm) and operating under identical
conditions except using (a) boundary ejection and (b) resonance ejection with a supplementary ac of 512 kHz, 2.9 V0-p. 1.1 MHz rf frequency
applied.
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to the loss of ion trapping capacity as the ions are pushed closer
to the center of the RIT. The spectral resolution was further
optimized as described later in this paper.

Mathieu Stability Diagram. The Mathieu diagram is an
important feature of quadrupole ion storage devices. The stability
diagram is used to characterize various types of traps and to guide
in various ion trap operation modes including tandem mass
spectrometry.45,46 In this study, the stability region for RITs of
several geometries was mapped (Figure 7) and the characteristic
features of the stability diagram were used to select appropriate
ion isolation and excitation points for tandem mass spectrometry.
The m/z 105 fragment ion of acetophenone was first isolated by
using appropriate amplitudes of the rf amplitude and its dc offset
to make all other ions unstable (rf/dc isolation). After 10-ms
cooling of the isolated ion m/z 105, the amplitude of the rf and

its dc offset were varied before a spectrum was collected using a
normal rf scan at 0 V dc offset. The stability boundary was taken
to be defined by that combination of rf and rf-offset dc voltages at
which the signal of the ion m/z 105 generated from acetophenone
was just indistinguishable from background (S/N < 2). The
stability diagram for the RIT with x0 ) y0 ) 5.0 mm is shown in
Figure 7. As expected, a symmetrical profile is observed for this
RIT, and the stability diagram is similar to that for a quadrupole
mass filter with round or hyperbolic electrodes.

Mass Resolution Improvement. Mass spectra of n-butyl-
benzene were collected using the RIT, and the peaks of m/z 91
and 92 were used to characterize the mass resolution. For the
RIT with equal x0 and y0 of 5.0 mm, peaks m/z 91 and 92 were
only partially resolved at the rf scan rate of 16 665 Th/s (Figure
8a) using an z-axis potential of 125 V. It is known that a decrease
in the rf scan rate improves the mass resolution for ion traps.47,48

A home-built circuit9 was therefore used to attenuate the rf scan
(46) Todd, J. F. J.; Waldren, R. M.; Mather, R. E.; Lawson, G. Int. J. Mass

Spectrom. Ion Phys. 1978, 28, 141-151.

Figure 6. z axis dc trapping potential effects on (a) peak intensity of m/z 105 fragment ions from acetophenone and (b) peak full width at
half-maximum (fwhm). RIT x0 ) y0 ) 5.0 mm, z0 ) 43.2 mm, ac resonance at 512 kHz and 2.9 V0-p, ionization time 5 ms.

Figure 7. Stability diagram mapped for an RIT with x0 ) y0 ) 5.0 mm and z0 ) 43.2 mm. Fragment ion m/z 105 was isolated and the rf and
offset dc voltages were systematically varied. The boundary was taken to be reached when the signal-to-noise ratio is lower than 2.
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speed by a factor of 2 (8333 Th/s) or 4 (4166 Th/s). Partial mass
spectra of n-butylbenzene showing m/z 91 and 92, collected at
reduced rf scan rates with a constant z-electrode dc voltage of
125 V, are shown in Figure 8b and c. Improved mass resolution
was observed at the slower rf scan rates due to the increased
number of increments of the rf voltage in a given mass range
and the increased time allowed for ions with adjacent m/z values
to be scanned out at the threshold of their instability.9,49 The
resolution is found to increase by a factor of 2 for a 4-fold decrease
in the rf scan rate. Further improvements are anticipated by
improving the mechanical precision of the trap, increasing the

z-axis potential, and compensating for the field imperfections
introduced by the slits.

During the development of the CIT, changes in the z0 to r0

ratio were found to be an effective means to vary the mass
resolution due to its effects on the higher-order field contribu-
tions.19 This method was adopted in this study and the y0

dimension was decreased from 5.0 to 4.2 mm and then to 4.0 mm
to produce RITs with stretched (in the x direction) geometries.
The relative strengths of the octapolar and dodecapolar fields, as
calculated using Poisson, are listed in Table 1, and the analytical
performance for the three geometries are compared on the basis
of spectral resolution.

Mass spectra of n-butylbezene were collected using RITs with
x-stretched geometries under experimental conditions identical
to those used for the symmetrical geometry both being operated
with resonance ejection. The peak overlap of m/z 91 and 92 is
compared for the nonstretched and stretched geometries in Figure
9a-c. Significantly improved resolution is observed for the
stretched geometries. This phenomenon has been previously
reported for Paul traps and for linear traps with hyperbolic
electrodes.27,50 The negative octapole field is believed to be the
main factor responsible for the ion ejection delays in quadrupole
ion traps.51 The stretch in the RIT geometry, which introduces a
positive octapolar field as shown in Table 1, is highly desirable
for improving RIT performance. The negative dodecapolar fields,
which occur for the stretched RITs, as shown in Table 1, were
also observed for Paul traps and CITs with optimized geometry.19,40

The higher-order fields are augmented by stretching the trap
geometry to compensate for the electric field strength weakening
caused by the holes or slits in the electrodes. If not corrected,
this phenomenon would allow peak broadening and mass shifts.

The frequency of the ac used for resonance ejection was varied
over a wide range using each of the geometries, and the change
in the resolution was monitored as a function of the ac frequency.
A significantly higher resolution was found for the stretched
geometries at a resonant frequency around 392 kHz (Figure 9d).
This frequency corresponds to a âx value of 0.71 and a qx value of
0.81, which is close to the octapolar nonlinear resonance point â
) 0.70.39,52 The superposition of the higher-order fields inside the
trap generates higher harmonic sideband frequencies in addition
to the basic secular frequency. At this nonlinear resonance point,
one of the higher-harmonic frequencies of the ion motion
corresponds to a sideband frequency caused by the presence of
the octapolar field. In a previous CIT study, it was found that the
delay in the ion ejection and mass shift is significantly decreased
at this nonlinear resonance point,52 and the present results are
consistent with the same phenomenon in the RIT.

Tandem Mass Spectrometry. Like other ion traps, RITs
retain the capability of performing multiple-stage tandem mass
spectrometry experimentally using the single mass analyzer.
Product ion MS/MS spectra were acquired for selected precursor
ions generated from a number of compounds, including acetophe-
none, n-butylbezene, and SF6. The parent ions of interest were
first isolated using either SWIFT or rf/dc isolation and subse-

(47) Schwartz, J. C.; Syka, J. E. P.; Jardine, I. J. Am. Soc. Mass Spectrom. 1991,
2, 198-204.

(48) Williams, J. D.; Cox, K. A.; Cooks, R. G.; Kaiser, R. E.; Schwartz, J. C. Rapid
Commun. Mass Spectrom. 1991, 5, 327-329.

(49) Makarov, A. A. Anal. Chem. 1996, 68, 4257-4263.

(50) Syka, J. E. P. In Practical Aspects of Ion Trap Mass Spectrometry; March, R.
E., Todd, J. F. J., Eds.; CRC Press: Boca Raton, FL, 1995; Vol. 1, p 169.

(51) Plass, W. R.; Li, H.; Cooks, R. G. Int. J. Mass Spectrom. 2003, 228, 237-
267.

(52) Wells, J. M.; Plass, W. R.; Cooks, R. G. Anal. Chem. 2000, 72, 2677-2683.

Figure 8. Mass spectra of n-butylbenzene showing the doublet m/z
91/92, recorded at different rf scan rates using an RIT with x0 ) y0 )
5.0 mm, z0 ) 43.2 mm, and a z-electrode dc voltage of 125 V. (a) rf
scan rate 16 665 Th/s, with applied supplementary ac of 478 kHz,
3.4 V0-p; (b) rf scan rate 8333 Th/s, with applied supplementary ac
of 496 kHz, 3.18 V0-p; (c) rf scan rate 4166 Th/s, with applied
supplementary ac of 516.5 kHz, 4.9 V0-p.
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quently excited to cause collision-induced dissociation using an
ac signal of appropriate frequency. The MS3 spectra of acetophe-
none shown in Figure 10 were recorded with the x-stretched RIT
of x0 ) 5.0 mm and y0 ) 4.0 mm. The molecular radical cation of
acetophenone, m/z 120, was isolated using rf/dc isolation. By
adjusting the rf voltage and applying a negative dc bias potential
to the y electrodes at the same time, the ion of m/z 120 was placed
at the upper apex of the stability region. Under these conditions,
all other ions except those of m/z 120 follow unstable trajectories
and are ejected from the ion trap (Figure 10b). After 3-ms isolation
time, the dc offset voltage on the y electrodes was turned off and
the rf amplitude was ramped down to bring the mass-selected ion
m/z 120 to a âx value of 0.33. A resonance excitation ac signal of
183 kHz and 800 mV0-p was applied between the two x electrodes
for 30 ms to fragment the selected parent ion of m/z 120. The
resonance excitation frequency used was selected by calculating
the rf voltage needed for trapping the product ions with a low-
mass cutoff (LMCO) of 71 Th. After fragmentation and 10-ms
cooling, the fragment ions were mass analyzed using an rf scan
with ac resonant ejection and a fragment ion m/z 105 was
observed (Figure 10c). The ion m/z 105 was then isolated again
using the rf/dc procedure and subsequently fragmented at âx )
0.43 (chosen to trap product ions with a LMCO of 74 Th) with a
resonance excitation ac at 236 kHz and 630 mV0-p for 30 ms. The
resulting sequential product spectrum53 is shown in Figure 10d.
Similar MS3 spectra have been acquired for acetophenone using
SWIFT waveforms for isolation. Identical fragmentation product
ions and efficiency were observed using these two isolation
methods.

Comparisons with the CIT. As a type of linear ion trap, the
RIT is expected to provide better performance than a cylindrical
ion trap of similar size due to its increased trapping capacity.
Comparisons have been made between an RIT of x0 ) 5.0 mm, y0

) 4.0 mm, and z0 ) 43.2 mm and a CIT of r0 ) z0 ) 5.0 mm. Note
that the volume for the RIT is ∼4.4 times that for the CIT. A mass
resolution similar to that shown in Figure 9a has been reported
previously for this particular CIT.45 Mass spectra of perfluoro-
tributylamine (PFTBA) were collected using these two ion traps
by applying basic rf scan functions composed of (i) an ionization
at a single fixed rf level, (ii) a 10-ms cooling, and (iii) an rf
amplitude scan at a rate of 16 665 Th/s. The LMCO of 45 Th was
used for ionization in the scan functions applied to both the RIT
and CIT. Due to the different space charge limits for the CIT and
RIT, the ionization time was varied to obtain the highest peak
intensity for ions in the high-mass range. The spectra with the
widest ranges of observed ion masses were collected using an
ionization time of 75 µs for the RIT (Figure 11a), but 4000 µs was
required for the CIT (Figure 11b). The overall peak intensity and
signal-to-noise ratio were higher for the RIT than for the CIT even
though a much shorter ionization time was used for the RIT. In
the spectrum collected using the CIT, peaks due to ions with m/z
values higher than 300 Th are missing. The trapping efficiency
for high-m/z ions is usually lower than that for the low-m/z ions
since the rf trapping potential well depth is lower for high-m/z
ions.18 The trapping efficiency for the high-m/z ions is generally
degraded by the space charge effects, which are partly responsible
for the lack of high-m/z ions in the spectrum shown in Figure
11b. In the past, this kind of discrimination effect has been
compensated for by using a larger CIT,19 which has a larger
trapping capacity, or by using a higher rf frequency, which results

(53) Schwartz, J. C.; Wade, A. P.; Enke, C. G.; Cooks, R. G. Anal. Chem. 1990,
62, 1809-1818.

Figure 9. Partial mass spectrum of n-butylbenzene showing the doublet m/z 91/92, recorded using RITs with the same x0 ) 5.0 mm and z0

) 43.2 mm and varying the y0 dimensions; z electrode dc ) 125 V. (a) y0 ) 5.0 mm, supplementary ac of 478 kHz and 3.4 V0-p,; (b) y0 ) 4.2
mm, supplementary ac of 503 kHz and 2.9 V0-p; (c) y0 ) 4.0 mm, supplementary ac of 440 kHz and 0.4 V0-p; (d) y0 ) 4.0 mm, supplementary
ac of 392 kHz and 0.5 V0-p, nonlinear resonance ejection.

Analytical Chemistry, Vol. 76, No. 16, August 15, 2004 4603



in a deeper rf trapping potential well.54 However, the problem is
now solved using an RIT of similar dimensions, which has a
greater ion trapping capacity and smaller space charge effects
when operated using a similar rf trapping potential and frequency.
The effects of better trapping efficiency over a wide mass range
are shown by comparison of the RIT and CIT mass spectra (Figure
11). Relatively high intensities were obtained with the RIT for the

high-mass ions m/z 414, 502, and 614. Mass resolution higher
than 1000 (fwhm) was achieved as measured from the fwhm
values of these peaks as illustrated for m/z 502.

In another comparison experiment, mass spectra of per-
fluoropropane (C3F8) were recorded using the RIT and CIT
utilizing the same basic scan functions and the same LMCO but
using different ionization times. The voltages applied to the
conversion dynode and electron multiplier, the signal gain by the(54) Tabert, A.; Misharin, A. S.; Cooks, R. G. Analyst 2004, 129, 323-330.

Figure 10. MS3 data for acetophenone collected using an RIT with x0 ) 5.0 mm, y0 ) 4.0 mm, and z0 ) 43.2 mm. (a) Spectrum of acetophenone;
(b) molecular ion m/z 120 isolated using rf/dc; (c) product ion spectrum with resonant excitation at 183 kHz and 800 mV; (d) sequential product
ion spectrum of isolated m/z 105 with resonant excitation at 236 kHz, 630 mV.

Figure 11. Mass spectrum of PFTBA collected using (a) RIT with x0 ) 5.0 mm, y0 ) 4.0 mm, and z0 ) 43.2 mm, 75 µs ionization, resonance
ejection at 394 kHz and 1.2 V0-p and (b) cylindrical ion trap with r0 ) z0 ) 5.0 mm, 4000 µs ionization, resonance ejection at 397 kHz and 0.7
V0-p.
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current amplifier, and the sample pressure used were all kept
constant in making this comparison. The intensity of the fragment
ion m/z 69 (arbitrary units but the same for both RIT and CIT) is
plotted as a function of ionization time for the RIT and CIT ion
traps in Figure 12. The intensity is greater and increases more
rapidly with ionization time for the RIT than for the CIT. Better
peak shapes and higher mass resolutions were also observed for
the RIT over a wide range of ionization times. The slit in the RIT
x electrode, in comparison with the hole on the CIT end cap
electrode, allows more electrons to enter this trap, resulting in
better ionization. However, the electron beam is well focused;
therefore, the difference in the ion intensity observed with the
similar degree of deterioration in resolution due to space charge
effects cannot be explained solely by the difference in the entrance
aperture area. To better evaluate quantitatively the trapping
capacity of these two traps, the increase in m/z 69 peak intensity
was compared in conjunction with the deterioration of the peak
shape caused by space charge effects. When comparing spectra
collected at 1500-µs ionization time to those collected using 500
µs or less, peak broadening by a factor of 2 was observed for both
the RIT and CIT at 1500 µs. However, the ion abundance recorded
using the RIT is 40 times higher than that for the CIT, and the
mass resolution for the RIT is twice as great as that for the CIT.
It is noteworthy that the volume for the RIT is only 4.4 times of
that for the CIT.

In yet another comparison, acetophenone and 1,3-dichloro-
benzene were mixed in varying proportions. The headspace vapor
of the mixture was leaked into the vacuum system to test sample
relative concentrations measurable using the RIT and CIT mass
analyzers. The lowest vapor pressure ratio that could be observed
using the CIT was 1:100 acetophenone/1,3-dichlorobenzene while
in the case of the RIT it was 1:1000. This is consistent with an
order of magnitude lower detection limit for the RIT compared

to that of the CIT. The increased trapping capacity contributes to
the higher ion intensity, better peak shapes, and better detection
limit observed with the RIT compared to the CIT using as closely
similar conditions as possible.

CONCLUSIONS
When a CIT is miniaturized to operate at a lower rf amplitude

and lower power, the r0 and z0 dimensions must be decreased
proportionately to retain the analytical performance. However,
when size is reduced, the trapping capacity is decreased, and this
occurs as the third power of r0.27,55 In a miniaturized RIT, the x0

and y0 dimensions can be decreased allowing the use of lower rf
voltages while the resulting loss in trapping capacity can be
compensated for by elongation of the z0 dimension. This latter
step will not affect the mass range, which is determined by the rf
amplitude and the dimensions in the x and y directions.

Considerably better performance has been obtained using the
RIT as a mass analyzer compared to a CIT of similar size and
operated under similar conditions. Capabilities for tandem and
multistage mass spectrometry are demonstrated. Mass resolution
can be optimized by using slow scans, by optimizing the electrode
geometry, and by increasing the z-axis potential well depth
through adjusting the dc potential. Many of the advantages of the
RIT are the result of increased trapping capacity compared with
the CIT. Note that it should be possible to increase the RIT
sensitivity of detection by a further factor of 2, as has been done
with commercial linear ion traps,27 by using two detectors to detect
the ions ejected from the slits of the x electrodes on both sides of
the RIT.

Some concepts for alternative configurations of the RIT are
described elsewhere.30 An RIT with three rf sections can be
provided with a dc trapping potential well along the z axis formed
by the dc voltages in the three sections. The ions are trapped in
the center section to avoid the undesirable effects caused by the
fringing field distortion between the z electrodes and the ends of
the x and y electrodes. Another future version of the RIT will have
slits in the x, y, and z electrodes to allow ions to be injected or
ejected along any of the three spatial directions. Mass selective
ejection of the ions can be deployed by scanning the rf while
applying dc and supplementary ac signals with appropriate
amplitudes and frequencies. The direction in which the alternating
ac dipolar field is applied determines the direction along which
the ions are ejected. With the capabilities demonstrated and the
potential improvements that can still be made, the RIT appears
to be a very good candidate as a mass analyzer for miniature mass
spectrometers.
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Figure 12. Peak intensity of perfluoropropane (C3F8) m/z 69 as a
function of ionization time using RIT (x0 ) 5.0 mm, y0 ) 4.0 mm, and
z0 ) 43.2 mm) and CIT (r0 ) z0 ) 5.0 mm). Sample pressure 1.0 ×
10-6 Torr, RIT resonance ejection at 387 kHz and 500 mV, and CIT
resonance ejection at 402 kHz and 100 mV. Inset shows the EI mass
spectrum of C3F8.
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