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A novel linear ion trap mass analyzer was developed using just four elongated planar
electrodes, mounted in parallel, and employing an RF potential for ion trapping in the radial
and axial directions. Mass analysis was achieved using the mass-selective instability scan with
ion ejection in the radial direction. The performance of this new device was characterized in
comparison with the 6-electrode rectilinear ion trap (RIT) from which it is derived. The
4-electrode trap gives optimum performance in an asymmetric geometry, just like the original
optimized 6-electrode RIT. The strong RF fringing fields at the ends of the RF rods account for
axial ion trapping without use of extra electrodes or an axial DC voltage. Field calculations and
simulations have been carried out to study the trapping potential inside RITs with various
configurations. Demonstrated capabilities include analysis of externally injected ions with
mass resolution in excess of 1000 and a mass/charge range of 650 Th as well as tandem mass
spectrometry capabilities. The geometric simplicity and performance characteristics of the
4-electrode RIT make it particularly attractive in the development of next generation
miniaturized mass spectrometers. (J Am Soc Mass Spectrom 2006, 17, 631–639) © 2006
American Society for Mass Spectrometry

Ion trap mass spectrometry [1] is playing an increas-
ingly important role in modern instrumental analy-
sis. Capabilities for identifying and quantifying high

and low molecular weight compounds, both in pure
form and as components of complex mixtures, and with
high sensitivity and specificity, facilitate the investiga-
tion of chemical or biochemical systems. The attractive-
ness of ion trap mass spectrometry is enhanced by the
fact that high-quality analytical performance is
achieved using a relatively simple device. In particular,
the ability to perform multi-stage tandem mass spec-
trometry using a single analyzer in a single instrument
represents a major advantage.

Electrodynamic ion traps date back to the pioneering
work of Wolfgang Paul et al. in the 1950s [2]. These
authors first described the three-dimensional electric
quadrupole field established by three electrodes with
hyperbolic surfaces and their ion trapping capabilities.
When used as an ion trap, the ring electrode is supplied
with a fixed megahertz radio frequency (RF) voltage
and the two endcap electrodes are normally grounded.
The invention by Stafford [3] of the mass-selective
instability scan, which is achieved by scanning of the RF

amplitude, allowed the Paul trap to be used in a
straightforward way as a mass analyzer. Different ion
trap geometries have evolved as modifications to the
original Paul design, either for performance improve-
ment or as adaptations for specific applications. The
manipulation to the higher-order fields of the trap by
stretching its geometry [4] or changing the electrode
shapes [5] has been used to eliminate small mass shifts
and so to improve mass resolution. While the majority
of commercial ion trap mass spectrometers employ the
Paul geometry, difficulty in the accurate implementa-
tion of hyperbolic electrode structures in smaller traps
more suited for portable mass spectrometers, as well as
the relaxed analytical performance criteria for applica-
tions of portable analytical instruments, has led to
intensive explorations of geometrically simpler alterna-
tives. Accordingly, the cylindrical ion trap (CIT) [6] has
been developed into a mass analyzer by empirical
optimization of its geometry, [7] one in which a
cylindrical electrode and planar endcaps replace the
hyperbolic ring electrode and hyperbolic endcap elec-
trodes of the conventional Paul trap. A mass/charge
range up to 600 Th with unit resolution together with
capabilities for recording product ion tandem mass
spectra can be obtained using this significantly sim-
plified geometry, which is easily fabricated and min-
iaturized to the sub-mm [8] and even into the micron
[9] size range.
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Both conventional Paul traps and CITs have inher-
ently limited ion trapping capacity, due to the 3D
nature of the RF trapping field which confines trapped
ions to a point at the center of the device [10, 11].
Provided that space charge effects are held constant,
analytical performance of ion traps increases with the
number of trapped ions, which tend to be accumulated
at or near this central point. These difficulties lead to
increased interest in linear traps in which ions are
trapped along a line, rather than at a point. So severe
are the limitations of the Paul type traps that the actual
number of ions trapped in an instrument of conven-
tional size (few mm to 1 cm internal radius) is limited to
only a few hundred under conditions of good resolu-
tion [12]. Further effort at optimizing higher-order
fields inside 3D traps to maintain mass resolution while
increasing the number of trapped ions has led to
ingenious solutions [10], although these have as yet met
with only limited success.

In addition to the limitation in the total number of
ions that can be trapped in a Paul 3D trap, these devices
have a low trapping efficiency for externally injected
ions due to the RF field alternating against the ions
injected through the endcap electrode hole. Linear ion
traps [13, 14] improve both the trapping capacity and
trapping efficiency for externally injected ions. To cir-
cumvent the mechanical difficulties analogous to those
which hindered miniaturization of the Paul trap, a
modified form of linear ion traps, the rectilinear ion trap
(RIT), has been developed [15]. This mass analyzer
consists of two pairs (x and y) of planar electrodes
mounted in parallel as the counterparts of the hyper-
bolic rod set, and a pair of z-electrodes that are used as
the endcaps. Like the CIT, the RIT is a mass analyzer of
simplified geometry, but it is the simplified analog of
the higher performance LIT, while the CIT is the geo-
metrically simplified analog of the 3D Paul trap. Signif-
icantly better performance has been achieved using
RITs compared to CITs of similar dimension operated
under similar conditions. As expected, many of the
advantages of the RIT are the result of its increased
trapping capacity and improved injection efficiency
[15–18].

The structure of linear ion traps is derived from the
quadrupole mass filter with a pseudopotential well in
the x-y plane (perpendicular to the ion optical axis)
generated by an RF field. Instead of having a pseudo-
potential well in the third dimension as is the case in a
3D trap, linear ion traps have an additional DC poten-
tial well in the z direction formed by the DC voltages
applied between the end sections and the RF electrodes
[19]. The end sections can be simply two planar lens
elements [14, 15] or two additional sections of RF
electrodes [13]. Unlike mass analysis using a 3D trap
with fixed ratios of the dimensions in all three direc-
tions, mass analysis in a linear trap is not inherently
dependent on the z dimension and a z dimension much
greater than the x and y dimensions is used to establish
a cylindrical trapping volume that is considerably

larger than the spherical volume generated by a 3D ion
trap. This results in a significantly increased trapping
capacity fundamentally associated with trapping along
a line versus at a point [1, 13, 14, 19]. In addition, when
dual-phase RF is used, the ions can be injected into the
linear trap along the axial direction and thus not subject
to a direct RF retarding and accelerating field which
leads to the increased trapping efficiency for external
ion injection. These advantages are shared by both the
higher quality field versions of linear ion traps and by
the simplified RIT format.

The use of an RF-generated, rather than a DC-
generated, trapping potential well is advantageous
when linear ion traps are used for certain applications
including ion/ion reactions [20, 21], electron caption
dissociation [22], and electron-transfer dissociation [23,
24], where particles with opposite charges need to be
trapped simultaneously. This requirement has been met
for RF-only traps by superimposing a pseudopotential
well along the z direction by applying AC signals on the
end lenses [20, 24] or using an unbalanced RF [21] for
the linear ion trap, although this requires additional
electronic controls.

The effects of z direction DC potentials on ion
trapping in the original 6-electrode RIT were further
studied and the results suggested that the axial DC
potential is unnecessary for ion trapping and subse-
quent mass analysis. That is, the 6-electrode RIT struc-
ture can be replaced by a 4-electrode structure which is
asymmetrical in the x-y plane (the “stretched” geome-
try). This additional simplification to the RIT geometry
in which the z-electrodes are removed is described here;
the resulting device is composed of just four planar RF
electrodes. This highly simplified device, which we
term the 4-electrode RIT, employs a pure RF potential
for ion trapping in both the radial and axial directions
and functions as a linear ion trap without any perfor-
mance loss compared to the original 6-electrode RIT.
The geometric simplicity and the convenience of com-
pensating for the trapping capacity loss due to the
shrinking of the radial dimension by increasing its
length, makes this device particularly significant for the
development of the next generation of miniaturized
mass spectrometers and for future instruments which
will employ arrays of RITs arranged in two- and
three-dimensions.

Experimental

A previously characterized RIT [15] has been used for
comparative purposes in this study. Each x- or y-
electrode is 40.0 mm long. The half-distance between
the x-electrode pair (x0) is 5.0 mm and the distance
between the y-electrode pair (y0) is adjustable. The
closest gap between adjacent electrodes is fixed at 1.6
mm. Centrally located on each x-electrode is a slit 15.0
mm long and 1.0 mm wide. The 4-electrode RIT was
obtained by removing the z-electrodes from the original
RIT assembly and stretching the geometry in the x
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direction by using a shorter distance, 3.8 mm, between
the y-electrode pair (y0).

Both the 6- and 4-electrode RITs were tested using a
modified prototype ThermoFinnigan ITMS [25]. An RF
signal (1.1 MHz) was applied on the y-electrodes while
the x-electrodes were virtually grounded so as to form
an RF trapping field in the x-y plane. Internal electron
impact (EI) ionization was used to ionize the vapors of
molecules leaked into the trap, using a heated filament
to provide electrons that were injected into the trap
radially through the slit in one of the x-electrodes,
unless stated otherwise. For experiments using external
ion injection, a GCQ EI/CI source was modified and
mounted in the manifold. Ions generated by 70 eV
electron impact were extracted from the source and
injected (gated) into the trap on the z-axis in pulses of
selected intervals and duration. The filament and ion
injection controls were modified from the ITMS fila-
ment and electron gate control.

The RIT assembly was installed into its vacuum man-
ifold some 78.0 mm distant from the manifold walls, as
shown in Figure 1b. A DeTech 397 detector assembly
(Detector Technology, Inc., Palmer, MA) was used in the
experiment. It has a stainless steel case that shields the
conversion dynode and the electron multiplier, and helps
to minimize interference from the applied high voltages.
An opening of 12.5 mm diameter on the detector casing
allows ions to enter the detector. Electric connections and
wires were carefully placed to minimize possible fringing
fields along the z axis of the RIT.

Trapped ions were mass-selectively ejected by scan-
ning the RF amplitude at a rate of 16,665 Th/s. A
supplementary low voltage AC signal, generated using
a WaveTek 395 arbitrary waveform generator
(WaveTek, San Diego, CA) and amplified by a Balun
amplifier, was applied between the x-electrodes to
provide a dipolar field for resonance ejection to facili-
tate ion ejection during the RF scan. This field was also
used for ion excitation in the collision-induced dissoci-
ation (CID) experiments. Either RF/DC or stored wave-
form inverse Fourier transform (SWIFT) [26] waveform
isolation was used for ion isolation in MSn experiments,
as indicated. The SWIFT waveforms were calculated
using the Ion Trap Simulation program (ITSIM) 5.0
research version [27], generated using WaveForm DSP2
software (version 2.02), and then deployed with the
Wavetek 395-64k 100 MHz Synthesized Arbitrary
Waveform Generator. Ions ejected from the RIT were
detected using the DeTech detector assembly noted
above, which was equipped with an electron multiplier,
operated at �1200 V and with a conversion dynode
operated at �5000 V. 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 250 K samples/s.

Helium was used as buffer gas at an indicated
pressure of ca. 8.5 � 10�5 torr, measured using a
Bayert-Alpert type ionization gauge. Headspace vapor
of the organic compounds of interest, after purification
by a freeze-pump-thaw cycle, was leaked into the
vacuum through a Granville-Phillips (Granville-Phillips
Co., Boulder, CO) leak valve to maintain an indicated
pressure of 8.0 � 10�7 torr.

The ITSIM programs, versions 5.0 or earlier, can be
used for simulations of trapping devices with cylindri-
cal geometries, like 3D ion traps. To simulate ion
motion inside an RIT, a newer version of the program,
version 6.0, has been developed. The name “Ion Trajec-
tory Simulation” (ITSIM) will be used for this and
future versions with the program to emphasize the
extended capabilities of simulating ion trajectories in
electric devices of arbitrary geometries. The mechanical
models of the RIT, generated by Mechanical Desktop
4.0 (AutoDesk, 2004), were input into a finite element
3D field solver FEMLAB 3.0a (COMSOL, Inc., Burling-
ton, MA) and the electric field was solved with a
maximum mesh element size of 0.8 mm. The solved
electric field was exported and converted into a field
array file, which was used by ITSIM 6.0 beta version for
simulation of ion trajectories under various experimen-
tal conditions.

Results and Discussion

The analytical performance of the 6-electrode RIT was
optimized by using traps of stretched geometry with
the inner RF electrode distance shorter in the y- than in
the x-direction [15]. The use of a higher DC voltage on
the z-electrodes was also found to help improve the

Figure 1. RIT assembly (a) and the instrument setup for internal
EI experiments (b).
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resolution by pushing ions towards the center of the
RIT in the axial (z) direction [15]. Variation of the
z-electrode voltage was found to have significant effects
on the trapping efficiency and ion trapping capacity of
the 6-electrode RITs, both with or without stretched
geometries. As shown in Figure 2, mass spectra of
perfluorotributylamine (PFTBA) were collected using
unstretched and stretched geometries with z-electrode
voltages at 25, 0, and �10 V, while all other experimen-
tal conditions, including the leaked PFTBA vapor pres-
sure, buffer bas pressure, ionization time, and the low
mass cutoff (LMCO, at m/z 50), were kept identical for
each experiment. The spectra were recorded using 2 ms
ionization at a constant LMCO, 10 ms cooling time, and
using a constant RF scan rate of 16,665 Th/s. The
frequency and amplitude of the resonance ejection AC
signal was adjusted to maximize the ion signal intensity
for each geometry. When the z-electrode voltage was
set to 0 V, the z-direction DC trapping potential well
depth was 0 V; however, the ions could still be trapped
in the RIT, as shown in Figure 2c and d. This phenom-
enon is due to the pseudopotential well resulting from
the unbalanced RF when a dual-phase RF with unequal
amplitudes for each phase is applied between x- and
y-electrodes. This method has been applied to allow
simultaneous trapping of positive and negative ions in
the linear ion trap [21]. With a single phase RF applied
only to the y-electrodes, the pseudopotential well depth

was maximized for each experiment. However, an RIT
with the stretched geometries has a higher trapping
efficiency when using an identical LMCO (Figure 2d).
Decreases of 70% (Figure 2c) and 100% (Figure 2e) in
intensity were observed for unstretched RITs when the
z-electrode voltage was dropped from 25 to 0 V and to
�10 V, respectively, while little decrease was detected
in the total ion current for the stretched RIT in both
cases (Figure 2d and f). A significant signal decrease
was observed for the stretched RIT when the
z-electrode voltage was decreased below �20 V. The
observed difference in the trapping efficiency suggests
that the 6-electrode RIT with stretched geometry has a
greater pseudopotential well depth, which helps com-
pensate for z-axis ejection due to the DC potential.

To better understand the ion trapping behavior for
both 6-electrode RIT geometries, field calculations and
ion trapping simulations were carried out to illustrate
the variation of the pseudopotential along the z-axis
under various conditions. For both the unstretched and
stretched geometries, the distance between the
grounded z-electrode and the ends of the RF electrodes
was varied from 2.0 to 50.0 mm. The electric field for
each RIT configuration was solved using FEMLAB 3.0a
with unit voltage applied to the y-electrodes, leaving
the x- and z-electrodes grounded. The pseudopotential
at the central point of x-y plane on two ends of RF
electrodes was subsequently calculated for the ions

Figure 2. (a)-(f) Mass spectra of PFTBA collected using RITs of unstretched and stretched geometries
with z-electrode voltages of 25, 0, and �10 V.
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under the condition qx � 0.4 using ITSIM 6.0 with the
solved field and the following equation [28]:

�0�x, y, z� �
1

4�m ⁄ e��2 E0
2�x, y, z�

where �0 (x, y, z) is the static pseudopotential, m/e is the
mass-to-charge ratio of ion, � is the angular frequency
of the applied RF, and E0(x, y, z) is the amplitude of the
electric field inside the device scaled up from that
calculated using FEMLAB 3.0a. The pseudopotential
was calculated for the ion m/z 105 with an RF of 200 V0-P

and 1.0 MHz. The pseudopotential for an RIT in x-z
plane can be plotted as shown in Figure 3a, and the
pseudopotential wells along the z-axis were found for
the all the RITs tested; the well depths varied signifi-
cantly among the different configurations. The z-axis
pseudopotential well is attributed to the RF fringing
field caused by truncation, i.e., by the finite length of the
RF electrodes, and it is usually smaller than that in the
x- and y-directions. The pseudopotential well depths
along the z-axis were quantified as a percentage of the
RF amplitude and plotted as a function of the distance
between the z-electrodes and the end of RF electrodes
for RITs with unstretched and stretched geometries,

respectively (Figure 3b). The well depth for each
stretched RIT was found to be about twice that for the
corresponding unstretched RIT when the same RF was
applied. The most interesting observation from the
calculated results is that the pseudopotential well depth
decreases significantly with increasing spacing between
the z-electrode and RF electrodes but approaches a
constant value when the distance is larger than 15.0
mm. The trapping of the ions in a stretched 6-electrode
RIT with z-electrode gap of 50.0 mm was also simulated
using ITSIM 6.0. The ions from acetophenone, m/z 77,
105, and 120, with abundances of 87, 100, and 30 for
each m/z value, were generated inside a spherical vol-
ume with a diameter of 0.2 mm at the center of RIT. An
initial thermal energy of kT/3 (0.008 eV at room-
temperature) along the x-, y-, and z-directions, was
given to each ion. An RF of 200 V0-P and 1.0 MHz was
applied on the y-electrodes. A helium buffer gas pres-
sure of 1.0 � 10�4 torr, elastic ion-neutral collisions and
coulombic repulsions among the ions (space charge
condition) were used in the simulation. As shown in
Figure 3c, the ions were spread out in the RIT after 10
ms due to the space charge effect and the collisions with
the buffer gas molecules; however, 100% trapping effi-
ciency was achieved and no ions escaped in the z-
direction (note that a maximum of only 16 ions can be
shown as in Figure 3c because of limitations in the
graphical display during the simulation although all
217 ions were trapped in the simulation).

The z-electrodes of an RIT help to prevent penetra-
tion of external fields, serve as electric ground refer-
ences, and contribute to the electric field distribution in
the areas around the end of the RIT where the distance
between the z-electrode and the RF electrodes is small
in comparison with x0 and y0. However, in the cases
where the z-electrodes are far from the RF electrodes,
such as 50.0 mm or further for an RIT with an x0 of 5.0
mm, it is reasonable to assume that the shape of the
z-electrode should have little effect on the RIT perfor-
mance. In practical terms, inside the vacuum manifold
of an ion trap mass spectrometer, there almost always
are electrically conducting objects within a distance of
50.0 mm from the mass analyzer that could serve as
electric ground references for the RF. An RIT without
z-electrodes should still have a pseudopotential well in
the z-direction when a single phase RF, which is an
extreme case of the unbalanced RF, is used.

To validate this hypothesis, RITs with only four RF
electrodes were derived from the 6-electrode RITs by
removing the z-electrodes. The 4-electrode RITs were
installed into the vacuum manifold for tests, using a
distance of 78.0 mm between each end of the RIT and
the each side wall of the manifold (Figure 1). Mass
spectra of PFTBA were recorded for unstretched and
stretched geometries under the identical experimental
conditions described above (Figure 4). With the same
ionization time of 2 ms and optimized resonance ejec-
tion conditions, the ion intensity from the spectrum
recorded with the stretched 4-electrode RIT is much

Figure 3. (a) Pseudopotential inside a stretched 6-electrode RIT
with z-electrode 20.0 mm away from the end of RF electrodes, RF
200 V0-P, 1.0 MHz; (b) pseudopotential well depth as a function of
distance between the z- and RF electrodes, for a 6-electrode RIT
with unstretched and stretched geometries; and (c) simulation of
trapping ions m/z 120, 105, and 77 inside a stretched RIT with
z-electrode 50.0 mm away from the ends of RF electrodes, 10 ms
after the generation of the ions from a 0.2 mm diameter spherical
volume, 1.0 � 10�4 torr He pressure, elastic ion-He collisions, and
ion-ion columbic repulsion considered.
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higher, which indicates a higher trapping efficiency for
this trap. This is also in agreement with the simulation
result in which a deeper pseudopotential well was
observed for RITs with stretched geometries.

A comparison of the overall trapping efficiency and
ion trapping capacity was made amongst four RIT
structures, namely, unstretched 4-electrode, stretched
4-electrode, unstretched 6-electrode, and stretched
6-electrode versions. In the tests using the 6-electrode
RITs, a voltage of 25 V was applied to the z-electrodes.
The experimental conditions were kept the same except
that the ionization time was varied. Spectra of aceto-
phenone were recorded as a function of the ionization
time for each RIT. With a LMCO RF voltage of 120 V,
ions of m/z 77, 105, and 120 were observed in each
spectrum, for which the total ion intensity was calcu-
lated and plotted versus the corresponding ionization
time (Figure 5). The stretched 4-electrode RIT was
shown to have a trapping efficiency similar to the two
6-electrode RITs (unstretched and stretched), at ioniza-
tion times shorter than 8 ms. For the unstretched
4-electrode RIT, the z-axis pseudopotential is relatively
shallow and the ions that gain kinetic energy from the
driving RF or through the collision with the buffer gas
could easily escape at the two ends of the RIT. At
ionization time longer than 8 ms, the stretched
4-electrode RIT reaches its maximum ion trapping ca-
pacity while the 6-electrode RITs are still responding to
the increased ionization time. Much larger capacities
are indicated for the RITs with an additional 25 V DC
trapping potential well along the z-direction, which
helps to prevent the escape of the ions caused by space
charge effects [28].

The stability diagram has been used to characterize

ion traps and to facilitate the design of control programs
for tandem mass spectrometry [29]. The effect of elim-
ination of the z-electrode on the RIT stability diagram
was investigated by comparison between the stretched
RITs with and without z-electrodes. The stability dia-
grams were mapped using the method previously re-
ported [6, 15], and the fragment ion� m/z� 105 from
acetophenone was used. The boundary of the stability
diagram was found by varying the RF voltage and the
DC offset applied on the RIT y-electrodes as shown in

Figure 4. Mass spectra of PFTBA collected using 4-electrode RITs
with (a) unstretched (x0 � 5.0 mm, y0 � 5.0 mm) and (b) stretched
(x0 � 5.0 mm, y0 � 3.8 mm) geometries, z0 � 40.0 mm.

Figure 5. Comparison of sensitivity and trapping capacity
among the unstretched and stretched RITs with or without the
z-electrodes.

Figure 6. Stability diagrams mapped for (a) stretched 6-electrode
RIT with 100 V DC applied on z-electrodes and (b) stretched
4-electrode RIT.
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Figure 6. The stretched 6-electrode RIT was shown to
have a stability diagram similar to that of an un-
stretched RIT [15] except for a slight shift of the inter-
cept of the x- and y-boundary on the right side, which
is similar to effects observed for 3D traps and is caused
by the unequal dimensions in the x- and y-directions.
The top half of the stability diagram for the 4-electrode
RIT is similar to that of the 6-electrode RIT, while the
bottom half is flattened, for the ion m/z 105, at a DC
offset voltage of 16 V. When the RF offset DC voltage is
increased, the center voltage of the RIT is also increased
and an ejecting DC potential along the z axis is formed
for positive ions. When the DC voltage is high enough
to overcome the pseudopotential well generated in the
z direction by the RF, positive ions will become unstable
in the z direction. As a result, the stability boundary in
z-direction can be mapped as a function of the ampli-
tudes of the RF and its offset DC, which is not the case
for 6-electrode RITs.

The capability of performing the tandem mass spec-
trometry in a single device is a unique feature of the ion
trap mass analyzer. The MSn capability of the
6-electrode RIT has been demonstrated [15] and fully
characterized [16]. Although the 4-electrode RIT has
been shown to have comparable MS capabilities using
internal EI, it remained to be shown whether the MSn

capabilities would be effectively retained when the
z-electrodes were removed. The isolation of the ions
inside a 4-electrode RIT via RF/DC isolation proved to

be applicable during the process of mapping the stabil-
ity diagram. Additional experiments were carried out
using notched SWIFT for precursor ion isolation and
AC excitation of the selected ions to cause CID. Two
stage MS/MS experiments were performed using a
stretched 4-electrode RIT with the molecular ion m/z 120
of acetophenone as the starting precursor ion. A
notched SWIFT was used to isolate the precursor ions at
qx � 0.64 and a 100% isolation efficiency was achieved
with a isolation window of 5 m/z. A resonant AC of 171
kHz frequency and 440 mV0-p amplitude was used to
excite m/z 120 at qx � 0.28 for 30 ms and fragment ions
m/z 105 were observed with a ca. 70% CID efficiency.
(Figure 7a, b, and c) The fragment ion� m/z� 105 was
further isolated using the same notched SWIFT and was
excited at qx � 0.28 with using a second AC signal of
224 kHz and 800 mV0-p. Fragmentation of m/z 105
occurred and product ions of m/z 77 were observed
(Figure 7d and e). These CID conditions were similar to
those used for the characterization of the CID capability
of the 6-electrode RIT [15], and similar isolation and
fragmentation efficiencies were observed with or with-
out the z-electrodes. During the isolation and excitation
of the ions, the collisions between the ions and buffer
gas molecules could increase the ion momentum in the
z-direction and cause the escape of the ions from the
ends of RIT; however, the RF pseudopotential well
seems to be deep enough to constrain the ions inside the
RIT, according to the results from the experiments.

Figure 7. MS3 spectra of acetophenone collected using stretched 4-electrode RIT. (a) Spectrum of
acetophenone; (b) molecular ion m/z 120 isolated using SWIFT notched at qx � 0.64; (c) product ion
spectrum with excitation at 171 kHz and 440 mV0-p; and (d) sequential product ion spectrum of
isolated m/z 105 with excitation at 224 kHz, 800 mV0-p.
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The RF pseudopotential well along the axis of the
4-electrode RIT has been demonstrated to be effective in
trapping ions generated inside the RIT via EI and
retaining them for MS and MSn analysis; however, the
use of a pure pseudopotential well instead of a DC
potential well along the z-axis for the linear ion traps is
expected to cause a decrease in the trapping efficiency
for ions injected externally in the z-direction due to the
stronger effect of the alternating RF field along the
z-axis. The performance of the stretched RIT without
z-electrodes was tested in external ion injection and
comparisons were made with the stretched 6-electrode
RIT. The instrumentation is shown in Figure 8a with a
modified Finnigan GCQ EI/CI source being used to
provide ions. The acetophenone molecules were ion-
ized by 70 eV EI and the ions were delivered to the RIT
using a three-lens system. The exit of the third lens is 2.0
mm away from the end of the RIT and a voltage of
�18.4 V was applied to it. Instead of a 4-electrode
configuration for the tests with internal EI, a 5-electrode
RIT is actually tested here with the third lens of the
external ions source acting as a z-electrode. The RIT was
floated at �18 V. A spectrum of acetophenone was
acquired with an ionization time of 100 ms at an
electron emission current of 1.5 �A from the filament
(Figure 8b). Spectra with similar signal-to-noise ratios
were collected for the stretched 6-electrode RIT at a
shorter ionization time of 20 ms with the help of DC
potential well of just 0.2 V in z direction, which indi-
cates a five times improvement in comparison with the
4-electrode RIT. The trapping efficiency for the exter-

nally injected ions in the traps using pseudopotential
wells is estimated to be much lower than those using
DC potential wells, typical values being 5% for 3D trap
[30] versus up to 100% for linear ion trap [31]. A
difference of a factor of five in the overall efficiency was
observed between the 4-electrode and 6-electrode RIT
in this experiment. The efficiency for the 4-electrode
RIT, which was higher than expected, could have been
improved by the ease of introducing the ions into the
RIT given the open configuration without an additional
electrode between the ion source and the RIT.

Conclusions

The 4-electrode RIT represents an additional simplifica-
tion to the rectilinear ion trap geometry. It functions as
a mass analyzer with adequate performance, i.e., simul-
taneous trapping of ions in a mass range up to 650 Th
with unit mass resolution, tandem mass spectrometry
capabilities, and the ability to analyze externally in-
jected ions. Three-dimensional ion trapping was
achieved through a combination of radial trapping by
the main RF and axial trapping by the RF fringe field
axial components, which establish a pseudopotential
barrier at each end of the four electrodes.

The use of the pseudopotential well in this device
makes it a good candidate linear trap for instruments
where ions with both positive and negative charges
need to be trapped simultaneously. The simple struc-
ture of the 4-electrode linear ion trap makes it particu-
larly significant in the development of miniaturized
instruments. The trapping capacity loss accompanying
decreases in the x- and y-dimensions, to allow the use of
lower RF voltages, can be compensated at least in part
by increased trap length. The large opening in the
z-direction allows a much higher injecting ion or elec-
tron current. It represents a vital step toward fabrication
of massive arrays of miniaturized ion trap mass ana-
lyzer [9, 32, 33], since this highly simplified device can
be produced with considerably greater ease using metal
coated glass tubes, which will largely reduce manufac-
turing costs and bring closer the time of the “throw
away” mass analyzer.
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