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Abstract. Mass selective axial ejection (MSAE) from a low pressure linear ion trap
(LIT) is investigated in the presence of added auxiliary nonlinear radio frequency (rf)
fields. Nonlinear rf fields allow ions to be ejected with high sensitivity at large
excitation amplitudes and reduced deleterious effects of space charge. These permit
the operation of the LIT at ion populations considerably larger than the space charge
limit usually observed in the absence of the nonlinear fields while maintaining good
spectral resolution and mass accuracy. Experimental data show that the greater the
strength of the nonlinear field, the less the effects of space charge on mass assign-
ment and peak width. The only deleterious effect is a slight broadening of the mass
spectral peaks at the highest values of added nonlinear fields used.
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Introduction

M ost electrodynamic ion traps use a resonance technique
to mass selectively eject ions. Ions can be excited

resonantly using a dipolar excitation field of fixed frequency
while the drive radio frequency (rf) field of the trap is increased
linearly. This causes the ions to undergo a change in the
frequency of their secular oscillations. When ion motion fre-
quency approaches the excitation frequency, ions start to gain
energy and their amplitude of oscillation increases similarly to
a forced harmonic oscillator [1]. In the 3D ion traps [2] and the
radial ejection 2D linear ion traps [3], the amplitude augmen-
tation enables ions to leave the ion trap through the end caps or
radially through slits in the rods, respectively. In the axial
ejection trap described by Hager [4], and Londry and Hager
[5], the radial excitation motion is converted into axial motion
in the fringing field region, causing the ions to be ejected
axially.

The ion capacity of a given ion trap is a key factor affecting
performance. In addition to the main rf drive and the dipole
excitation fields the electrostatic fields generated by the ions

themselves have an impact on the ion motion. Each ion is
influenced by electrostatic fields that depend on the total num-
ber and mass-to-charge ratio (m/z) of all of the other ions
present in the trap. In the presence of a large population of ions
of the same charge polarity, Coulombic interaction strongly
alters the ion secular frequencies [6–10] and, as ions are being
ejected, the ion–ion coupling can delay the ejection process
[11, 12]. The effects of space charge on ion trap spectra
manifest as reduced resolution and a shift toward higher appar-
entm/z. Ions of higherm/z, which are ejected later than those of
lowerm/z in a forwardm/z (MSAE) scan, are less influenced by
space charge by virtue of the fact that there are fewer total ions
in the trap at the time of their ejection.

For the purpose of this discussion, since all the data
shown in this report deal with single charge ions, the ion
capacity of a given ion trap is referred to as the maxi-
mum number of single charge ions that can be trapped
while still achieving unit resolution ((i.e., FWHM<0.65,
and m/z shifts less than 0.1).

In order to reduce space charge effects and thus increase the
ion capacity of an ion trap, one needs to reduce either the ion
density or the ion–ion interaction time during the mass analy-
sis. Several techniques have been developed over the years in
order to achieve these goals. Some of them involve restricting
the number of ions present in the ion trap during ejection, such
as automated gain control (AGC) [13], dynamic fill time (DFT)
[14], and concurrently scanned tandem ion traps [15]. Other
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methods involve increasing the ion cloud dimensions and
the ejection speed by addition of nonlinear fields and/or
multiple resonances [16, 17]. Methods of forming addi-
tional higher order rf fields and resonance ion ejection in
the presence of these fields have been extensively de-
scribed in literature [18–25]. The most common methods
are the ones that are comprised of mechanical modifica-
tions of the trap geometry [18, 19, 21–25]. These
methods involve either changing the relative position of
electrodes with respect to each other, while keeping the
ideal hyperbolic shape of the electrodes, or modifying
the shape of the electrodes. Wells and Specht [16] use an
electric-only approach in which the higher order fields
are introduced by applying a dipole field at the same
frequency as the trapping field.

Franzen [26] describes a 3D ion trap in which higher order
fields could be switched ON and OFF as well as electrically
tuned. In this configuration, the electrodes of an ideally
hyperboloidal-shaped ion trap are divided into rotationally
symmetrical component electrodes.

This report focuses on the characteristics of MSAE from a
linear (2D) quadrupole ion trap in the presence of switchable
higher order rf fields. Both experimental data and ion trajectory
simulations reveal that higher order fields change the dynamics
of ion motion during the ejection process, leading to improved
spectral resolution and mass accuracy of analytical spectra at
large ion populations.

Experimental
Methods

All experiments are performed on a QTRAP 6500 systemmass
spectrometer (SCIEX, Concord, ON, Canada) [27] specially
modified as described for experimental work, which is the
subject of the manuscript. The ion path is a triple quadrupole
mass spectrometer with the last quadrupole rod array (Q3)
configured to operate either as a conventional rf/DC mass filter
or as a linear ion trap (LIT) with mass-selective axial ejection
[4, 5, 28]. The standard Q3 LINAC LIT [28] electrodes,
Figure 1a, are replaced by four T-shaped auxiliary electrodes
used to create the higher order fields in the 4-cm-long extrac-
tion region, Figure 1b and c. Additionally, four auxiliary elec-
trodes 1-cm-long are used to create a DC barrier during MSAE
on the mounting collar side of the extraction region of the trap,
Figure 1c. The auxiliary electrodes each have a 6-mm-long
stem along the entire length of the electrode that is positioned
6 mm from the central axis Z of the quadrupole.

The auxiliary rf voltage Vaux(t) applied to the auxiliary
electrodes is generated by an independent rf drive amplifier
phase-locked to the Y rods rf voltage, Figure 1c.

Precursor ions are mass-selected in the first mass analyzer
Q1 and transferred at high energies (i.e., 40–60 eV), through a
nitrogen-filled collision cell (Q2) operated at a pressure of
approximately 10mTorr, into the LIT (Q3) alongwith resulting
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Figure 1. (a) SIMION 3D image of the Standard LINAC LIT trap. (b) T-shaped auxiliary electrodes, the quadrupole rodswere omitted
for a better visualization of the new electrodes. (c) Schematic of the high capacity LIT
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CID product ions. Right after the fill time, using a micro-valve,
nitrogen is pulsed into the Q3 trapping region [29] for 20 ms in
order to increase the rate of the collisional cooling. After an
additional 30ms cooling period, a product spectrum is obtained
by scanning the products and the residual precursor ions out of
the LIT using MSAE [30] at 10 kDa/s. The analyzer pressure is
approximately 4.5×10−5 Torr during MSAE. Ion ejection is
carried out at a frequency of excitation, ω, of 2π×470 kHz
corresponding to excitation at a Mathieu stability parameter of
q 0.846 as the drive (trapping field) frequency,Ω, is 2π×1.228
MHz. The amplitude of the excitation voltage, v, is ramped
from 3.0 Vp-p at m/z 195 to 5.6 Vp-p at m/z 622. During the fill
period, Q3T DC voltage is 65 V attractive relative to the rod
offset voltage RO3, forcing the ions to accumulate in the
extraction region of the LIT. During the MSAE scan, the
Q3T DC voltage is set 2 V attractive relative to the RO3 offset
and the auxiliary rf voltage Vaux (t) is kept constant (i.e., it is not
ramped with m/z). The voltage applied to the metal stripes on
the ceramic collar is 750 V.

The total number of trapped ions is measured by ramping
down the exit lens voltage from 1 V barrier to −2.5 V in

approximately 16 ms, in the absence of dipole excitation, to
allow all ions to drain slowly from the trap for detection and
avoid detector saturation.

The solutions of reserpine (10 pg/μL, 50/50 acetonitrile/
water plus 0.1% acetic acid) and Agilent Mix (1:100 95/5
acetonitrile/water dilution of the electrospray Calibrant Solu-
tion G2421A obtained from Agilent Technologies Canada,
Mississauga, ON, Canada) were used in these experiments.
The solutions were infused at a rate of 7 μL/min and the
protonated ions were created using electrospray ionization.

Field and Ion Trajectory Simulations

SIMION 8.1 (Scientific Instrument Services Inc., Ringoes, NJ)
ion trajectory simulator is used to determine the rf fields in the
excitation plane YZ of the linear quadrupole constructed of
round rods in the presence of the auxiliary electrodes as well as
to study the influence of the nonlinear rf fields on the ion
motion. The electric fields are determined using the ion trajec-
tory recording function in a static potential array (PA) file. The
PA grid unit is 0.2 mm. For ion trajectory simulations, the PA
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Figure 2. (a) and (b) show the y-component of the instantaneous rf potential and electric fields, respectively, in the excitation plane
for Vaux 0 Vp-p and 50 Vp-p versus distance from the Z-axis; (c) and (d) show the field contributions due to the auxiliary electrodes
potential. The rf voltage on the quadrupole rods is 884 Vp-p and the voltage on the auxiliary is 50 Vp-p and at the same phase as the
phase of the main rf voltage on the Y pole rods. No dipole excitation voltage is applied for these simulations. The potential and
electric fields are extracted at Z=25 mm from the exit lens
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Figure 3. (a) Ion motion secular frequency in the YZ plane. In (b), (c), and (d), the blue and red traces depict the y-component of the
ion motion secular frequency versus time, in the ZY plane during MSAE at auxiliary rf 0 Vp-p and 50 Vp-p, respectively. Scan speed is
10 kDa/s and excitation amplitude 3.0 Vp-p. In (c) and (d), the abscissae are zoomed on a 100 μs window at the beginning of the scan
and toward the end of it, respectively. (e) Kinetic energy in the excitation direction during MSAE (f) MSAE spectra of the reserpine
product ion of m/z 195. Black and red traces represent the spectra being obtained on the high capacity trap at 0 V and 50 Vp-p,
respectively. (g) Experimental m/z versus excitation amplitude at Vaux, 0 Vp-p, and 50 Vp-p, respectively
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file is updated every 0.1 μs. The PA file is generated using
GEM files. No collisions with the ambient gas are considered.

Results and Discussion
Field Simulations

At 0 V auxiliary rf voltage the total potential is mainly quadru-
polar in nature, with the electric field Ey varying
approximatively linearly with the distance from the quadrupole
Z axis, as shown in Figure 2a and b. At Ys close in value to the
internal diameter of the rod array the field deviates from line-
arity because of the higher order fields present as a result of the
round rod geometry that is only an approximation of ideal
hyperbolic shape electrodes geometry [31].

A closer look at the field contributions attributable to the
auxiliary electrodes reveals that the additional auxiliary electric
field makes the potential well shallower, Figure 2a and c. The
restoring force becomes weaker and the field could be approx-
imated by an octopolar field neglecting higher order compo-
nents, as it was previously reported by Loboda et al. [32].

Ion Dynamics

Figure 3a shows the ion secular frequency for different initial
radial amplitudes of the ions in the YZ plane. The frequencies
are determined using Fourier analysis of the ion motion under

the influence of the trapping field. As expected, the greater the
radial amplitude, the greater the influence of the higher order
fields on the ion motion secular frequency. The result is the ion
secular frequencies drop at higher auxiliary rf voltages and
higher radial amplitudes because of weaker restoring force.

The nonlinear dependence of ion motion frequency with
radial amplitude has an impact on the MSAE process. In
MSAE, the fundamental frequency of the ion motion is in-
creased by ramping up the trapping field rf amplitude and ions
start gaining radial amplitude because of off-resonance excita-
tion with the high amplitude dipole excitation field of fixed
frequency. In the fringing field, radial energy is converted in
axial kinetic energy. The axial kinetic energy increase is a
strong function of both the amplitude of the ions’ motion in
the fringing field and the proximity of the ions to the exit end of
the LIT. When the ions’ kinetic energy is large enough to
overcome the exit barrier, ions get ejected.

Figure 3b shows the ion trajectories duringMSAEwith Vaux

0 Vp-p and 50 Vp-p, respectively. The trap is scanned starting at
a main rf drive corresponding to a q 0.846 form/z 185. Them/z
of the modeled ion is 195. The initial conditions are the same
for both trajectories with ions having thermal energy 0.05 eV
and being positioned on the quadrupole axis. Ion trajectories at
the beginning of the scan, Figure 3c, reveal that at lower ion
radial amplitude the ion trajectories are basically identical.
Figure 3d and e show that later on during the scan and closer
to resonance when ions’ amplitudes increase to values larger
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Figure 4. MSAE product ion spectra of the reserpine precursor isotope cluster ofm/z 609.3. (a) and (c) Standard ion trap; (b) and (d)
high capacity linear ion trap. The spectra shown here are of the result of 50 individual, co-added scans
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than 1 mm, the ion motion falls off resonance with the maxi-
mum amplitude and kinetic energy dropping to lower values.
The author’s proposed hypothesis based on a limited number of
trajectory simulation, of which the two shown are representa-
tive, is that the presence of the higher order field forces the ions
to fall off resonance, preventing the ions from gaining addi-
tional energy in the radial direction, delaying thus the ejection
process. The 1-mm value matches the point where the contri-
bution of the auxiliary electric field component grows rapidly
from a negligible value, Figure 2d.

These effects are reflected experimentally by the larger
apparent m/z being observed for the product ion of m/z 195,
Figure 3f. In this case, the protonated reserpine precursor ion of
m/z 609.3 is transferred through Q1 at unit resolution. The
MSAE detected signal intensity (peak area) increases by 20%
to 30% and the peaks broaden by 0.1 to 0.15 at half maximum.

In MSAE the apparent m/z is generally strongly dependent
on how fast ions gain radial amplitude which, in turn, is a
function of the excitation amplitude and scan speed [5, 28].
The larger the excitation amplitude, the lower the apparentm/z.

(a)

(b)

700K ions

7K ions

Figure 5. High capacity linear ion trap MSAE product ion spectra of the Agilent mix precursor isotope cluster ofm/z 622 at different
ion populations. (a) 7×103 ions; (b) 7×105 ions
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Between initial excitation and ejection during MSAE in the
high capacity LIT, ions spend more time under the influence of
higher order fields. This would give rise to a different relation-
ship between themagnitude of the auxiliary excitation field and
the observed m/z shift compared with the conventional LIT, as
is shown in Figure 3g.

Space Charge Effects

Spectral Resolution and Mass Accuracy The ion
motion during the MSAE process could be thoroughly
studied only by a large number of simulation experiments
wherein the initial parameters are slightly changed from
experiment to experiment in a random way. However, such
simulations are heavily time-consuming and the statistics
often remains poor, with no clear evidence of the general
behavior.

Bearing this in mind, one can still gain a good insight
into the dynamics of ion motion during MSAE, in the
presence of nonlinear fields, by a thoughtful selection of
some aspects that can be studied without confusion. Thus,
despite a rather limited number of ion trajectory simula-
tions, the author believes that the ions’ tendency to hover
for a longer period of time at large average radial displace-
ments without hitting the rods during high amplitude reso-
nance excitation in the high capacity LIT would reduce the
ion–ion interactions of these ions with the remaining
trapped unexcited ions. This could potentially explain the
reduced space charge effects in terms of both m/z shift and
spectral quality observed experimentally.

Figure 4a and b show a comparison betweenMSAE product
ion spectra of the protonated reserpine ion of m/z 609.3 and its
isotopic peaks being obtained on a production QTRAP 6500
system mass spectrometer and the modified QTRAP 6500
system mass spectrometer described in the experimental sec-
tion and equipped with the high capacity LIT, respectively. The
peak labels denote the observedm/z shift in each case, when the
trapped ion population in each trap is increased by a factor of
×30 from roughly 7,000 ions to about 210,000 ions, with
‘dynamic fill time’ turned off. In both experiments, the reser-
pine isotopic cluster is fragmented in the Q2 collision cell at a
laboratory collision energy of 42 eV. The traps are scanned
forward from 320 to 620 and each trap is initially calibrated at
the lowest ion populations.

The observed m/z shift is less than 0.025 for the high
capacity LIT across the whole m/z range, whereas in the stan-
dard trap the observedm/z shift is up to 0.4 for the lowm/z ions.

Figure 4c and d show a comparison of the MSAE product
ion spectra acquired at the two ion populations. The abscissae
are expanded in the vicinity of m/z 365, where space charge
effects would be severe because of the presence of the ions of
higher m/z. The black trace data depict spectra acquired at
7,000 ions, whereas the red trace spectra are acquired at a total
number of trapped ions 30× larger. The high capacity LIT
auxiliary rf voltage is kept constant during the scan at 60 Vp-p.

At large trapped ion numbers, peak shape and resolution
considerably degrades in the conventional trap, whereas in the
high capacity LIT, it remains essentially unchanged.

Figure 5a and b show the MSAE product ion spectra of the
Agilent mix ion of m/z 622 and its isotopic peaks recorded
using the high capacity LIT at 7×103 and 7×105 ions present in
the trap, obtained by varying the LIT fill time from 0.2 ms to
20 ms, respectively. Supplementary Figures S1 and S2 show
abscissae expanded in the vicinity of m/z 321 in order to
emphasize the wide intra-scan dynamic range that this trap
provides. The observed m/z shift for the high capacity LIT is
less than 0.05 across the whole mass range despite the com-
plexity of the spectra. The shift is smaller at largerm/z since the
total number of ions left in the trap decreases within the scan as
ions are sequentially scanned out of the ion trap. The auxiliary
rf voltage is set at 60 Vp-p. A further increase of the auxiliary rf
over 60 Vp-p makes the trap even less susceptible to space-
charge induced m/z shifts; however, the full width at half
maximum at low m/z increases to 0.8. This is due to the fact
that the auxiliary rf voltage is not ramped with m/z in these
experiments, although it is desirable to do so. Ideally, for larger
m/z windows the auxiliary rf would need to be varied from
20 Vp-p at m/z 50 to about 100 Vp-p at m/z 1,000.

Figure 6 shows the m/z shift recorded using the high capac-
ity LIT over a wide range of ion populations and different
levels of auxiliary rf voltages. The spectra are calibrated at
the shortest fill time for each auxiliary rf voltage, and the m/z
shift is calculated accordingly using the centroids of the spec-
tral peak ofm/z 213 in each spectrum, Figure 5. The shift inm/z
at different ion populations is found to be strongly dependent
on the auxiliary rf voltage. At 60 Vp-p and ion populations
lower than 5×105 the m/z shift is less than 0.01. At higher ion
densities, the m/z shift increases approximately linearly
reaching 0.1 at 1×106 ions.
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Conclusions
In this report the author presents a method for introduction of
higher order rf fields in a LIT and their influence on the ion
dynamics during the mass-selective axial ejection. These re-
sults show that the high capacity LIT has a much higher
immunity to space charge than the standard LINAC LIT be-
cause of the presence of these higher order fields. At large ion
numbers, mass accuracy is improved in the high capacity LIT,
the new trap showing superior intra-scan dynamic range and
sensitivity. This might prove to be especially useful in analyz-
ing complex biological mixtures. It is notable also that these
higher order fields can be turned off for use of LIT as a
conventional transmission mode rf/DC mass filter. Although
the higher order fields described here are essentially octopolar
in nature, predominantly hexapolar auxiliary rf fields can also
be generated by applying a different configuration of rf volt-
ages to the auxiliary electrodes. Preliminary results indicate
that such additional hexapole rf field components also have
the ability to mitigate the effects of space charge in axial
ejection LIT. The characterization of the utility of such alter-
native auxiliary rf field configurations would be the subject of
further investigation.
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