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Ion trajectory simulations of axial ac dipolar excitation in the Orbitrap
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Abstract

The newly developed version of the multi-particle ion trajectory simulation program, ITSIM 6.0, was applied to simulate ac dipolar excitation
of ion axial motion in the Orbitrap. The Orbitrap inner and outer electrodes were generated in AutoCAD, a 3D drawing program. The electrode
geometry was imported into the 3D field solver COMSOL; the field array was then imported into ITSIM 6.0. Ion trajectories were calculated by
solving Newton’s equations using Runge–Kutta integration methods. Compared to the analytical solution, calculated radial components of the field
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t the device’s “equator” (z = 0) were within 0.5% and calculated axial components midway between the inner and outer electrodes were within
.2%.

The experiments simulated here involved the control of axial motion of ions in the Orbitrap by the application of dipolar ac signals to the split
uter electrodes, as described in a recently published paper from this laboratory [Hu et al., J. Phys. Chem. A 110 (2006) 2682]. In these experiments,
c signal was applied at the axial resonant frequency of a selected ion. Axial excitation and eventual ion ejection resulted when the ac was in phase
ith, i.e., had 0◦ phase relative to ion axial motion. De-excitation of ion axial motion until the ions were at z = 0 and at rest with respect to the z-axis

esulted if the applied ac was out of phase with ion motion, with re-excitation of ion axial motion occurring if the dipolar ac was continued beyond
his point. Both de-excitation and re-excitation could be achieved mass-selectively and depended on the amplitude and duration (number of cycles)
f the applied ac. The effects of ac amplitude, frequency, phase relative to ion motion, and bandwidth of applied waveform were simulated. All
imulation results were compared directly with the experimental data and good agreement was observed. Such ion motion control experiments and
heir simulation provide the possibility to improve Orbitrap performance and to develop tandem mass spectrometry (MS/MS) capabilities inside
he Orbitrap.

2006 Elsevier B.V. All rights reserved.
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. Introduction

The Orbitrap as a new type of mass analyzer has drawn
ttention recently due to its high analytical performance and
elatively small size [1–6]. It provides high mass resolution (up
o 150,000), large space charge capacity, high mass accuracy
1–5 ppm), a mass/charge range of at least 6000 and a linear
ynamic range greater than 1000. It has recently been reviewed
2]. The Orbitrap is a type of modified Kingdon trap [7] and
onsists of an outer barrel-like electrode and a coaxial inner
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spindle-like electrode, as shown in Fig. 1. During orbital trap-
ping, a high negative dc voltage is applied to the inner electrode.
Ions with high kinetic energy, ca. 1–2 keV, are injected perpen-
dicularly to the main axis of the Orbitrap. Stable ion motion
involves both orbiting motion around the central electrode (r, ϕ-
motion, where ϕ designates angular position) and simultaneous
oscillation along the z-axis. Only ions with appropriate tangen-
tial velocity achieve stable orbits around the inner electrode. The
outer electrode is actually split at the equator (z = 0 plane), thus
forming two half-electrodes, so that the image current induced
by ion axial motion may be detected [3].

We have recently described experiments that have involved
the control of axial motion of ions in the Orbitrap by the appli-
cation of dipolar ac signals to the split outer electrodes [8]. The
dipolar ac signal is applied to both halves of the split outer elec-
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Fig. 1. The Orbitrap consists of two main electrodes. The outer electrode is barrel-shaped, while the coaxial inner electrode is spindle-shaped. (a) 3D view, (b) 2D
cross-section view.

trode at the axial resonant frequency of a selected ion where
there is a 180◦ phase difference between the two halves. It has
been shown experimentally [8] that if the applied dipolar ac is
in phase with, i.e., has 0◦ phase relative to ion axial motion, it
will cause excitation of ion axial motion and eventual ejection
from the trap. If the applied dipolar ac is out of phase with, i.e.,
has 180◦ phase relative to ion axial motion, it will first cause de-
excitation of ion axial motion until the ions are at z = 0 and at rest
with respect to the z-axis. If the dipolar ac is continued beyond
this point, then re-excitation of ion axial motion can occur until
eventually the ion is ejected from the trap. Both de-excitation
and re-excitation can be achieved mass-selectively and depend
on the amplitude and duration (number of cycles) of the applied
ac. Such ion motion control experiments provide the possibility
to improve Orbitrap performance and to develop tandem mass
spectrometry (MS/MS) capabilities inside the Orbitrap.

Since Dawson performed the first ion calculations of ion
motion in a pure quadrupole field [9], numerical simulations
under varying conditions, including buffer gas collisions and
space charge [10,11], non-linear fields and the influence of res-
onance excitation, have been pursued [12–16]. Tied closely to
the development of mass spectrometry, numerical simulations
have been demonstrated as an effective approach to explore ion
trajectories in a variety of mass analyzers, including quadrupole
ion traps [17], sector instruments [18], time-of-flight [19] and
Fourier-transform ion cyclotron resonance (FT-ICR) [20,21].
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inside the structure, (3) importing the calculated electric field
into ITSIM 6.0 and (4) simulating ion motion under specified
conditions.

2. Methods

2.1. Overview of ITSIM 6.0

ITSIM 6.0 allows the simulation of ion motion inside elec-
trode structures with fully arbitrary geometries. A large number
of ions, e.g., 104, can be simulated under user-defined exper-
imental conditions. The electric potential distribution of the
structure is calculated using a field solver program and the field
is imported into ITSIM 6.0 as a potential array file or alterna-
tively in the form of multipole expansion coefficients. The ions
are generated in ion groups with user-defined physical proper-
ties, such as mass, charge, initial velocities and spatial coor-
dinates, collision cross-section – including its dependence on
collision energy – and background gas. Collections of ions can
be given distributions of values of these parameters. Using scan
tables, users can define any temporal sequence and magnitude
of applied RF, ac, dc and arbitrary waveform voltages, which
can be applied to the electrodes. The ion trajectories are calcu-
lated by numerically solving Newton’s equations of motion with
various Runge–Kutta (fourth, fifth or eighth order) integration
m
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umerical simulations facilitate performance improvement in
xisting devices or to find new operating methods [22–24] and
hey also allow performance characteristics of as-yet-unbuilt
nstruments to be assessed and thus provide guidance for new
nd improved designs [25,26].

In this paper, the ion motion inside the Orbitrap due to axial
c dipolar excitation is simulated using the new version 6.0 of
he Ion Trajectory SIMulation program, ITSIM [27]. Currently,
TSIM version 6.0 is still under development and, in contrast
ith its previous versions, has been adapted to allow interfac-

ng with an external 3D field solver and can thus simulate ion
rajectories inside electric/magnetic structures with fully arbi-
rary geometries. The overall simulation process using ITSIM
.0 consists of four steps: (1) generating a 3D model of the struc-
ure to be used for simulation, (2) solving for the electric field
ethods with controlled (user-specified) step sizes. Ion-neutral
ollisions (elastic, inelastic and dissociative) and ion–ion space
harge effects can be implemented in the simulations. Multiple
ata analysis functions can yield plots of electric fields, poten-
ials and mass spectra obtained by both destructive or ion image
urrent detection. Graphical output of one- and two-dimensional
on trajectory, velocity, energy and phase space is also available.

.2. Field calculation and field accuracy

The shape of the two axially symmetric electrodes of the
rbitrap is defined by [3]:

1,2(r) =
√

r2

2
− (R1,2)2

2
+ (Rm)2 ln

[
R1,2

r

]
(1)



G. Wu et al. / International Journal of Mass Spectrometry 254 (2006) 53–62 55

where r is the radial coordinate, z the axial coordinate, indices
1 and 2 denote the central electrode and outer electrode, respec-
tively, and R1,2 denotes the maximum radius of the central or
outer electrode (R1 = 4 mm, R2 = 10 mm). Rm is the characteristic
radius; orbital (radial) trapping only takes place for ion trajec-
tories with r < Rm. Since the Orbitrap has rotational symmetry
about the z-axis, as shown in Fig. 1, the electric field between the
inner and outer electrodes only needs to be calculated in the two-
dimensional r–z plane (r ≥ 0). Revolving the solution around the
z-axis forms the corresponding three-dimensional field. Loosely
speaking, a second symmetry element, the z = 0 plane, also exists
and electric fields could be generated just in the first quadrant
(r ≥ 0, z ≥ 0) in the r–z plane with reflection about z = 0 as well
as rotation about r = 0 to generate the electrodes. However, the
foregoing is true only if no dipolar excitations are used. In fact,
due to the dipolar nature of the excitation waveforms, the z = 0
plane is, strictly speaking, not a symmetry element, and thus the
regions on both sides of this plane must be used.

The shape of electrodes was first plotted in the r–z plane using
AutoCAD software (Autodesk, Inc., US) with Eq. (1). Ideally,
the Orbitrap electrodes extend infinitely, but as with both the
quadrupole mass filter and the 3D quadrupole ion trap, the elec-
trodes must be truncated at finite axial extent in a real device.
As the exact position of truncation is proprietary and therefore
unknown to us, we have chosen what must be a reasonable value
and both electrodes are truncated at z = ± 11 mm. The outer elec-
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outer electrodes were kept grounded, and (2) the electric field due
to the dipolar ac applied to the split outer electrodes, obtained
by setting the left outer electrode to +1 V and the right outer
electrode to −1 V with the central electrode kept grounded. Dur-
ing simulations, voltage amplitudes were applied to the central
electrode (dc voltage) and the split outer electrodes (ac volt-
age) based on experimental conditions. In this paper, we will
adopt the convention of reporting that the applied dipolar ac
voltage Vp–p means that the voltage +Vp–p is applied to one of
the outer electrodes and that −Vp–p is applied to the other outer
electrode. An adaptive triangular mesh with maximum mesh
element size 0.1 mm was applied inside the region enclosed by
the two electrodes. This corresponds to the finest mesh density
allowed by the memory size (3.0 GHz CPU and 3.0 GB RAM)
of the desktop computer used. The electric field was then calcu-
lated over the triangular mesh by solving the Laplace equation.
To reduce the computation time and memory requirement for the
solution process, the “Direct linear system solver” was selected.
The Orbitrap 2D mesh plot is shown in Fig. 2a and the calcu-
lated potential plot for the central electrode dc voltage is shown
in Fig. 2b. The potential plot for the applied dipolar ac on the
split outer electrodes is shown in Fig. 2c.

After the 2D field calculations, the electric field data in the
r and z directions, Er(r,z) and Ez(r,z), were exported into a text
file on a regular grid and the grid size was chosen to sample
1000 data points in each direction for a total of 106 data points.
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rode is split into two electrodes at the equator (z = 0 plane) and
he full gap width between the two separate outer electrodes
as chosen as 0.1 mm. Once again, the actual gap width is
roprietary and unknown to us and this represents a reason-
ble guess. The ion injection slot [3] was not modeled in this
tudy.

The AutoCAD geometry file was then imported into the 3D
eld solver COMSOL 3.0a (COMSOL, Inc., US) where “Elec-

rostatics” under “Axial symmetry (2D)” mode was chosen for
he electric field calculations. Two sets of physical boundary
onditions were defined to calculate (1) the electric field due to
he central electrode dc voltage which was set to −1 V while the

ig. 2. Electric field calculated in the two-dimensional r–z plane of the Orbitrap
b) plot of equipotential contours for a dc potential applied to the central electro
egative on right) on the split outer electrodes.
he interface program CreatePot (written in-house) then con-
erted the electric field into a field array file readable by ITSIM
.0 and the ion trajectory calculations were pursued afterwards.
reviously, the electric fields used for dipolar excitation with the
plit outer electrodes were calculated using a truncated multi-
ole expansion (data not shown), yielding considerably weaker
elds than those encountered in the actual device. The use, in

his study, of a numerical potential array for the dipolar electric
elds allows more accurate representation of these fields. The
umerical field calculation was thus sought, which has resulted
n considerably better agreement with experiment, as will be
iscussed later.

g the COMSOL 3.0a program (COMSOL, Inc., US). (a) Triangular mesh plot,
plot of equipotential contours for an applied dipolar potential (positive on left,
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To verify the accuracy of the field calculated from COMSOL
3.0a, the electric field was calculated for a more “ideal” Orbitrap
geometry, where the outer electrode was not split at the equa-
tor but the electrodes were still truncated at z = ± 11 mm. This
field was compared with the analytical solution. Applying the dc
voltage to the inner electrode with the outer electrode grounded,
and recalling the potential distribution inside the Orbitrap:

U(r, z) = k

2

(
z2 − r2

2

)
+ k

2
(Rm)2 ln

(
r

Rm

)
+ C (2)

where k and C are constants; the electric field components in the
r and z directions can be further derived as

Er(r, z) = −∂U

∂r
= k

2

(
r − (Rm)2

r

)
(3)

Ez(r, z) = −∂U

∂z
= −kz (4)

The radial electric field Er(r,z) at z = 0 and axial electric field
Ez(r,z) at r = 7 mm were calculated individually from COMSOL
3.0a. Comparison with the analytical solution shows good agree-
ment: at any given point, the computed value of Er(r,z) at z = 0 is
within 0.5% of the analytical solution Eq. (3) and for Ez(r,z) at
r = 7 mm, no point deviates more than 0.2% from the analytical
solution Eq. (4).
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for the (MH)+ ion of reserpine (monoisotopic peak m/z = 609.28,
corresponding to an axial harmonic oscillation frequency of
447.1825 kHz). Under such conditions, the reserpine frequency
calculated from Eq. (5) above is 447.1821 kHz. The differ-
ence between the ITSIM result and the analytical value is only
0.0004 kHz which is well within the precision set by the choice
of Fourier transform parameters in these simulations.

The simulated ion transient was obtained by collecting the
differential ion image current from the two split outer electrodes
as a function of time and then Fourier transformed using an FFT
algorithm. Using Green’s reciprocity theorem [28], one has

Q = −q
�Φ(r)

�U
(7)

where Q is the image charge induced on the electrode by a charge
q at a position r, and �Φ(r) is the potential change induced at
the same position r due to a voltage �U applied to the same
electrode in the absence of any charge. Thus, the expression for
ion image current for a single ion can be described in cylindrical
coordinates as

I(t) = dQ

dt
= − q

�U

[
∂�Φ(r, ϕ, z)

∂r
ṙ + ∂�Φ(r, ϕ, z)

∂ϕ
ϕ̇

+ ∂�Φ(r, ϕ, z)

∂z
ż

]
(8)
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. Results and discussion

Ion trajectories were simulated for the Orbitrap using
TSIM 6.0. Unless indicated otherwise, for all simulations,
ons started with the same initial spatial Gaussian distribution
x = 7.0 mm, σx = 0.025 mm; y = 0 mm, σy = 0; and z = −4.5 mm,
z = 0.0625 mm) with initial kinetic energy in the y direction

rotational velocity about the central electrode) KEy = 1730 eV.
he initial kinetic energies in the x and z directions, KEx, KEz

ere both zero. Axes are defined in Fig. 1. Axial motion is the
asis for mass analysis in the Orbitrap. The potential in the z
irection is quadratic and ion motion along the z-axis follows
armonic oscillation. The frequency of an harmonic oscillator
s independent of ion kinetic energy and spatial distribution of
ons. The oscillation frequency of ions along the z-axis inside the
rbitrap is given by the well-known harmonic oscillator result:

z =
√

q

m
k (5)

here q is the charge of the ion and m is the mass of the ion. The
alue for k may be obtained by solving Eq. (2) if the potential
f the central electrode (V in Eq. (6) below) is known and the
uter electrode is grounded:

= V[
1
4 (R2

2 − R2
1) + 1

2R2
m ln

(
R1
R2

)] (6)

ere, the other quantities have the same definitions as in Eq. (1).
In ITSIM 6.0, the inner electrode dc voltage was

djusted to −3308.75 V (compared with experimental dc volt-
ge = −3300 V) to match the experimentally observed frequency
In ITSIM, this quantity can be rigorously calculated, as the
artial derivatives in Eq. (8) are available from the numerical
otential array. For a group of ions, the total image current will
e the sum of individual currents given by Eq. (8).

Unless otherwise noted, total simulation time for simulated
ransients was 870 ms and the data acquisition period was from
0 to 870 ms. The sampling rate was 5000 kHz and the total
umber of data points collected was 222 (4 M points) which
early correspond to the experimental conditions. In the actual
xperiments, detection was delayed as much as 120 ms to allow
tabilization of the central electrode power supply. To minimize
he error accumulation during the ion trajectory integration, the
ourth order Runge–Kutta integration method with integration
tep size 5 ns was chosen for all the simulations in this study.
he test for oscillation amplitude conservation showed only a
onstant −0.02% deviation in z amplitude relative to the initial
mplitude during the entire 870 ms simulation time. No collision
nd space charge effects were considered in the simulations.

.1. Axial de-excitation/re-excitation and ejection

Axial de-excitation with subsequent re-excitation and ejec-
ion can be achieved by applying a dipolar ac on the split outer
lectrodes where the applied ac has a 180◦ phase relation with
espect to ion axial motion. Ions whose mass-to-charge ratios
re resonant with the applied ac will first experience a force in
he direction opposite to their axial motion, causing their ampli-
ude to decrease with the number of cycles of applied ac and
iminishing to zero after an appropriate number of cycles. At
his point, if the application of ac continues, their oscillation will
all into phase with the applied ac and their axial amplitude will
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Fig. 3. Comparison of experimental and simulation for the de-excitation/re-
excitation of reserpine ions at m/z 609.28. The resonant dipolar ac waveform
was applied with 180◦ phase relative to ion axial motion. (a) Experimental de-
excitation/re-excitation curve in which the intensity of the peak at m/z 609.28 is
plotted as a function of the number of applied ac (20 Vp–p) cycles. Reprinted with
permission from ref [8]. Copyright 2006 American Chemical Society. (b) Simu-
lated de-excitation/re-excitation curve, the amplitude of the applied ac waveform
is 16 Vp–p. The inset shows the effects of limited number of ions, single ion and
50 ions, used in simulations.

increase. Impact with the outer electrode can occur if the ac is
applied for long enough. The experimental data was collected
for reserpine (MH+) ions, with monoisotopic peak at m/z 609.28
and 13C1 isotopic peak at m/z 610.28. Shown in Fig. 3 is a com-
parison of the experimental (Fig. 3a) and simulated (Fig. 3b)
ion signal of m/z 609.28 ions as a function of the number of
ac cycles applied [8]. For the experimental data, each point on
the curve was obtained by recording a separate transient. The
applied ac waveforms had amplitudes of 20 Vp–p and frequency
447.2 kHz which matches the frequency of harmonic motion
along the z-axis for the m/z 609.28 ion. The ion signal drops ini-
tially, reaching a minimum at about 42 cycles (point B), and then
starts to rise again. At 84 cycles (point C), the signal reaches a
maximum and then diminishes quickly to zero.

The experimental results were quantitatively simulated with
two groups of ions, 50 ions of m/z 609.28 and 19 ions of m/z
610.28. The number of ions chosen was based on two factors.
First, this ratio corresponds to the natural relative abundance
between the monoisotopic peak of reserpine at m/z 609.28 and
the 13C1 isotope peak at 610.28. Secondly, this number of ions
is a reasonable compromise between enough ions to provide
“averaging” results on the one hand and few enough ions to
provide relatively light demands computationally. In the simu-
lation, the applied dipolar ac had amplitude 16 Vp–p, frequency
447.2 kHz, and 180◦ phase relative to ion axial motion. The

applied ac amplitude (16 Vp–p) was deliberately chosen to be
different from the experimental condition (20 Vp–p); and the
discrepancy is due to systematic error in the experimental ac
voltage. As shown in Fig. 3b, the simulated ion signal of m/z
609.28 ions drops initially, reaching a minimum at about 40
cycles (point B), and then starts to rise again. At 102 cycles
(point C), the signal reaches a maximum and then diminishes
quickly to zero. The smooth curve shown here is to guide the
viewer’s eye through the simulated data points.

The inset of Fig. 3b shows these results as well as the resulting
curve for simulations for a single ion. The comparison between
the single-ion and 50-ion simulations qualitatively illustrate the
statistical error caused by the limited number of ions used in the
simulation. As the number of ions is increased, the simulated
plot agrees better with the experimental data. Furthermore, the
main area of improvement is in the neighborhood around point
B. Apparently, as more ions are included in the calculation, small
differences in initial position will counter each other more effec-
tively. Moreover, it seems as this effect is more noticeable when
the ions have smaller axial amplitudes. Compared with experi-
mental data, it takes approximately the same number of cycles
to re-excite the ion signal back to the initial amplitude (point D,
87 cycles). However, there is a appreciable shift in the number
of ac cycles required for the signal to reach the maximum (point
C, 102 cycles). Comparison of Fig. 3a and b also shows that the
ions are more rapidly ejected in the experiment than in the simu-
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ation. The reason for this difference is still not clear, although it
ay be due to the initial ion distribution used in the simulation.
he ion packet in the experiment may actually occupy a distri-
ution of axial positions sufficiently large (but not random) that
he ac signal causes a fraction of the ions to be ejected almost
mmediately after point A. This loss of ions could then offset
ny gain in image signal due to the ions’ larger axial amplitude
pon re-excitation past point D.

Compared in Fig. 4 are the experimental (Fig. 4a) and sim-
lated (Fig. 4b) mass spectra of m/z 609.28 and 610.28 ions
orresponding to points A, B and C in Fig. 3. Note that the ion
ntensity is plotted as a function of axial frequency, rather than
ass/charge, to allow the reader to gauge agreement between

xperiment and simulation for this quantity as well. In the exper-
mental data, Fig. 4a, both m/z 609.28 (ωz = 447.2 kHz) and m/z
10.28 (ωz = 446.8 kHz) ions were de-excited simultaneously
t point B. This is possible because of the broad bandwidth of
he applied ac, 10 kHz. A tuned narrow bandwidth ac waveform
lower ac amplitude and larger number of ac cycles applied)
hould only de-excite m/z 609.28 ions and leave m/z 610.28 ions
naffected, as described below.

In the simulated mass spectra, Fig. 4b, signal intensities for
oth m/z 609.28 and 610.28 were de-excited at 40 cycles and
e-excited at 102 cycles. For the simulated point B, the ion peak
eight at m/z 609.28 is approximately 1% of the original ion peak
eight at point A. This compares well with experiment, where
he peak height for m/z 609.28 drops to approximately 6% of its
riginal ion peak height at point A. We note that baseline noise
evel on the mass spectrum corresponding to point A is about 1%,
o experimentally, de-excitation to this level is indistinguishable
rom complete de-excitation.
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Fig. 4. Comparison of experimental and simulated mass spectra in the de-excitation/re-excitation of reserpine ions at m/z 609.28. The resonant dipolar ac waveform
was applied 180◦ relative to ion axial motion. (a) Experimental spectra, corresponding to points A (the normal Orbitrap mass spectrum without applied ac), B (the
fully de-excited mass spectrum) and C (the fully re-excited mass spectrum) on the de-excitation/re-excitation curve Fig. 3a. Reprinted with permission from ref [8].
Copyright 2006 American Chemical Society. (b) Simulated spectra, corresponding to points A (the normal Orbitrap mass spectrum without applied ac), B (the fully
de-excited mass spectrum) and C (the fully re-excited mass spectrum) on the de-excitation/re-excitation curve Fig. 3b.

3.2. Resonance curves and effect of ac bandwidth

Fig. 5 illustrates both simulated and experimental resonance
curves for two isotopic peaks of reserpine at m/z 609.28 and
610.28. The signal intensity for each isotopic ion is plotted as
a function of applied ac frequency which has constant ampli-
tude and 180◦ initial phase relative to ion axial motion. For each
curve, the number of ac cycles applied was held constant and
corresponds to the full de-excitation of ions at exact resonance.
Fig. 5a and b show the experimental resonance curves at two dif-
ferent ac conditions. In Fig. 5a, the ac amplitude was 3.8 Vp–p
and the number of cycles applied was 250. With larger ac ampli-
tude, fewer cycles are needed to achieve de-excitation and thus
the bandwidth is much wider. The resonance peaks of the ions
at m/z 609.28 and 610.28 overlap substantially with each other
and thus poor resolution results.

In Fig. 5b, the ac amplitude was 0.16 Vp–p and the number of
cycles applied was 5500. Applying an ac waveform with a lower
amplitude results in needing a greater number of ac cycles in the
time domain, but also results in a narrower excitation bandwidth
in the frequency domain. Thus, with lower ac amplitude, the
resonance peaks of the two ions are well separated, with center
frequencies of 447.2 kHz for m/z 609.28 and 446.8 kHz for m/z
610.28.

Fig. 5c and d show the corresponding simulated resonance
curves using an ac waveform of 3.04 Vp–p amplitude and 200
cycles (Fig. 5c) and amplitude 0.128 Vp–p and 4000 cycles
(Fig. 5d). Good qualitative agreement exists between experi-
ment and simulation. For larger ac amplitudes, the resonances
for the two isotopes overlap for both experiment and simula-
tion; in the case of smaller ac amplitude, the resonances are
well-separated. However, at both low and high ac amplitude, the
widths (as measured at FWHM) of the experimental resonances
(0.19 and 8.3 kHz, respectively) are twice those of the simulated
resonances (0.07 and 3.8 kHz). Moreover, the ac bandwidth for
the simulations are slightly larger than experiment at both lesser
ac amplitude (0.22 kHz for the simulation versus 0.16 kHz for
experiment) and greater ac amplitude (4.5 kHz versus 3.6 kHz).
Presumably, the experimental resonances would thus be some-
what wider had they been acquired using the same ac bandwidths
as those of the simulations.

The mostly likely explanation for the broadening of the exper-
imental resonances would be the distribution of ion axial phases
relative to the applied ac. Only when ion motion is 180◦ relative
to the applied ac will complete axial de-excitation occur. This
suggests that the discrepancy between experiment and simula-
tion is due to choosing too small an axial distribution for the
initial conditions of the simulation. Additionally, in the exper-



G. Wu et al. / International Journal of Mass Spectrometry 254 (2006) 53–62 59

Fig. 5. Simulated and experimental resonance curves of the monoisotopic and 13C1 reserpine ions at m/z 609.28 and 610.28. The applied dipolar ac waveform has
180◦ phase relative to the ion axial motion. Experimental resonance curves were obtained using (a) broadband ac waveform (3.8 Vp–p, 250 cycles) and (b) narrowband
ac waveform (0.16 Vp–p, 5500 cycles). Reprinted with permission from ref [8]. Copyright 2006 American Chemical Society. Simulated resonance curves using (c)
broadband ac waveform (3.04 Vp–p, 200 cycles) and (d) narrowband ac waveform (0.128 Vp–p, 4000 cycles).

iment, field imperfections and ion collisions with background
gas molecules may also serve to broaden the ion axial phase
distribution of the ions and are not taken into account in our
simulations. The use of too few ions in the simulation may also
play a role as well. The role of ion–ion interactions, viz., space
charge effects in the experiments cannot be completely ruled out
either.

3.3. Mass-selective de-excitation/re-excitation and ejection

Depicted in Fig. 6 are the experimental (Fig. 6a–c) and
simulated (Fig. 6d–f) mass spectra of the isotope-selective de-
excitation and re-excitation of m/z 609.28. In the experimental
mass spectra, the applied dipolar ac had amplitude 0.16 Vp–p
and was applied for 5500 cycles, resulting in a bandwidth of
0.16 kHz, smaller than the difference of 0.4 kHz between the
two isotope peaks. At 5500 cycles, the signal at m/z 609.28
drops to baseline without apparently disturbing the peak at m/z
610.28. After the application of an additional 5550 cycles, for
a total of 11,000 applied cycles, the signal at m/z 609.28 is
re-excited to its initial amplitude. Careful observers will note
that the peak heights in Fig. 6a and c are not exactly the
same. This is because each mass spectrum was acquired sep-
arately (viz. are different ion populations) and the differences

in height correspond to experimental fluctuation in the ESI
source.

The corresponding simulations (Fig. 6d–f) of mass-selective
de-excitation and re-excitation of the m/z 609.28 ions are consis-
tent with experimental results. However, the simulated dipolar
ac had a lower amplitude of 0.128 Vp–p compared with the exper-
imental value of 0.16 Vp–p. Once again, this difference is due to
systematic error in the experimental ac amplitude. Thus the num-
ber of cycles applied to reach full de-excitation and re-excitation
of m/z 609.28 ion differs from the experimental results: de-
excitation at 4000 cycles in the simulation compared with 5500
in the experiment, re-excitation at 12,100 cycles (to the maxi-
mal extent, point C in Fig. 3b) in the simulation compared with
11,000 in the experiment. As described above, the discrepancy
may still be due to different initial ion distributions in the sim-
ulation versus experiment.

Fig. 7 illustrates the comparison of simulations and exper-
iments of mass-selective de-excitation/re-excitation performed
in a more integrated fashion. In the experiment, ions of singly-
charged reserpine (MH)+ at m/z 609.28 were de-excited and re-
excited in the presence of doubly charged angiotensin (MH2)2+

ions at m/z 649.35 by applying two identical ac waveforms
(447.2 kHz, 3.8 Vp–p, 250 cycles each, 0.56 ms) 100 and 340 ms
after image current detection was started. Detection continued
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Fig. 6. Comparison of simulated and experimental mass-selective de-excitation/re-excitation mass spectra. The monoisotopic ions of reserpine at m/z 609.28 can be
de-excited and re-excited without affecting the isotopic ion population at m/z 610.28 using a low amplitude, narrow bandwidth dipolar ac waveform. The applied ac
has 180◦ phase relative to ion axial motion. Experimental spectra with applied ac amplitude 0.16 Vp–p and duration times: (a) 0 cycles, b) 5500 cycles and (c) 11,000
cycles. Reprinted with permission from ref [8]. Copyright 2006 American Chemical Society. Simulated spectra with applied ac amplitude 0.128 Vp–p and duration
times: (d) 0 cycles, (e) 4000 cycles and (f) 12,100 cycles.

for 800 ms. The experimental transient is shown in Fig. 7a. The
three transient regions (A, B and C in Fig. 7a) were individ-
ually Fourier transformed. The experimental mass spectra are
shown in Fig. 7b–d which correspond to the transient regions A,
B and C, respectively. It can be clearly seen that, after applying
the first ac waveform, the reserpine ions have nearly completely
disappeared, corresponding to de-excitation of the ions to the
equatorial plane of the Orbitrap. By applying the second ac
waveform, the reserpine ions were re-excited to regain the origi-
nal peak intensity. During the entire experiment, the angiotensin
ions were unaffected.

In the simulations, two groups of ions, 50 ions for reserpine
m/z 609.28 and 106 ions for doubly charged angiotensin m/z
649.35, were simulated. The two ac waveforms (both 3.04 Vp–p,
447.2 kHz) were applied for 200 cycles each, i.e., 0.447 ms. The
simulated spectra are shown in Fig. 7e–g, corresponding to the
transient regions A, B and C, respectively. The mass spectra

corresponding to these regions were obtained by separate sim-
ulations. In all three cases, 219 sampling data points for 90 ms
were acquired and then Fourier transformed. For Fig. 7e, before
application of the first ac waveform, the total simulation time was
100 ms and the data acquisition period for transient region A was
from 0 to 90 ms. For Fig. 7f, ion motion was simulated for region
A, the first ac waveform, and region B of the transient. Thus, the
total simulation time for this mass spectrum was 340 ms. The
first ac waveform was applied at 100 ms into the simulation. The
data acquisition period was from 100.447 to 190.447 ms, viz.,
for the 90 ms immediately following application of the first ac
waveform. The starting relative phase of the applied dipolar ac
waveform was adjusted by delaying 0.223 �s (1/10 ac cycle)
in order to maintain the exact 180◦ phase relative to ion axial
motion. For Fig. 7g, ion motion was run for regions A–C, and
the two periods of ac waveform application, for a total of 800 ms
simulated time. The second ac waveform was applied at 340 ms
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Fig. 7. Simulation and experimental results for the mass-selective de-excitation/re-excitation of reserpine ions at m/z 609 without affecting doubly charged angiotensin
ions at m/z 649. (a) The experimental transient shows the separate application of two dipolar ac waveforms (447.2 kHz, 3.8 Vp–p, 250 cycles each) after image current
detection was started. (b) Experimental mass spectrum obtained for transient region A, showing peaks for angiotensin (MH2

2+ at m/z 649) and reserpine (MH+ at
m/z 609). (c) De-excitation of reserpine ions to noise level in transient region B. (d) Re-excitation of reserpine ions in transient region C. Reprinted with permission
from ref [8]. Copyright 2006 American Chemical Society. (e–g) Corresponding simulated mass spectra, with two separate dipolar ac waveforms applied (447.2 kHz,
3.04 Vp–p, 200 cycles each) with timing as in the experiment.

after the start of the simulation. Data acquisition took place in
region C, from 340.447 to 430.447 ms. It can be seen clearly that
the ions for reserpine m/z 609.28 were de-excited almost com-
pletely after applying the first ac waveform and were re-excited
after applying with the second ac waveform. The simulation
results are consistent with the experimental results.

3.4. Excitation/ejection

If the dipolar ac waveform applied to the split outer electrodes
of the Orbitrap is in phase with, i.e., has 0◦ phase relative to the
ion axial motion, the ions will be excited to higher amplitude and
eventually be ejected from the Orbitrap if they acquire sufficient
energy. The comparison of simulated and experimental results is
shown in Fig. 8. The peak intensity of reserpine ions m/z 609.28
was collected experimentally (Fig. 8a) as a function of number of
ac cycles. The applied ac waveform had 3.8 Vp–p amplitude and
447.2 kHz frequency. The peak intensity decreases immediately
and very rapidly with increasing number of applied ac cycles.
Fig. 8b shows the corresponding simulation result where 50 ions

for reserpine m/z 609.28 were simulated with applied dipolar ac
of 3.04 Vp–p, 447.2 kHz, and in phase relative to the phase of
the ions. The ion signal increases initially, reaching a maximum
at about 100 cycles, and then starts to drop abruptly to zero. A
smoothed curve is also shown here to guide the viewer’s eye
through the simulated data points.

Although the experimental results are reasonably well mod-
eled, important qualitative and quantitative differences remain.
The foremost difference is that, in the simulation, ion intensity
increases by approximately 50% before decreasing, whereas in
the experiment, ion signal decreases monotonically from zero
cycles of ac. This suggests that the experimental ion packet is
considerably wider axially than as simulated. It is possible that
ejection of ions from the Orbitrap (and thus loss of ion signal)
occurs nearly immediately upon application of the ac. Addition-
ally, in the simulation, the increase in peak intensity between 0
and 100 cycles is not monotonic. This suggests the possibility
that the details of averaging of ion image signals in the simula-
tion is highly dependent upon the exact details of the dynamic
evolution of the ion population.
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Fig. 8. Experimental and simulated plots of ion signal vs. number of applied
cycles of dipolar excitation for the direct ejection of reserpine ions at m/z
609. The resonant dipolar ac waveform was applied in phase with ion
axial motion. (a) Experimental excitation/ejection curve (applied ac ampli-
tude = 3.8 Vp–p). Reprinted with permission from ref [8]. Copyright 2006 Ameri-
can Chemical Society. (b) Simulated excitation/ejection curve (applied ac ampli-
tude = 3.04 Vp–p).

4. Conclusions

This paper describes simulation of axial ac dipolar excita-
tion in the Orbitrap obtained using the newly developed ITSIM
6.0. This paper also represents the first application of ITSIM
6.0 to an electrostatic mass analyzer. The electric fields due to
the dc voltage applied to the central electrode and the dipolar
ac waveform applied to the split outer electrodes were calcu-
lated directly by using the finite element field solver COMSOL
3.0a. The simulation results agree quite well with the experi-
mental data. However, a discrepancy does exist with respect to
the applied dipolar ac amplitude; it is believed most likely due to
the systematic error of measuring the experimental ac voltage.
Additionally, the ion ejection process, whether by direct exci-
tation or de-excitation/re-excitation, appears to be more rapid
than our simulations show; the initial ion distribution may be
a crude approximation of the actual experiment. The effects of
initial ion spatial and velocity distributions, the limited number
of ions simulated, and not including the ion injection slot in the
model may contribute to inconsistencies between simulation and
experiment. Nevertheless, the simulations obtained using ITSIM
6.0 have been qualitatively correct and quantitatively correct in
most aspects. Such simulations, in addition to gaining physical
insight into ions’ behavior inside the mass analyzer, may also be

useful in designing new modes of operation. This includes the
effect of different types of excitation functions, such as square
pulses, and – in addition to the dipolar excitations described
here – different types of accelerating fields, such as parametric
excitations.
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