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a b s t r a c t

We describe a novel SIMION model, based on the principle of reciprocity, to simulate ion–image charge
detection and demonstrate utility for Fourier transform ion cyclotron resonance mass spectrometry. The
model accommodates arbitrary electrode geometry, magnetic field inhomogeneity, ion-neutral collisions,
and swept or single-frequency excitation, but does not account for ion–ion or ion–image charge forces.
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Accurate frequency-domain spectra reflect actual features of FT-ICR mass spectra including odd and even
harmonic multiples of the ion cyclotron frequency, sidebands at odd and even multiples of the trapping
frequency, and asymmetric sidebands at even multiples of the magnetron frequency. The model is general
and could be applied to other mass analyzers including the quadrupole ion trap, time-of-flight, and
orbitrap.
mage charge detection
agnetron

. Introduction

The development of Fourier transform ion cyclotron resonance
FT-ICR) mass spectrometry [1,2] was enabled by introduction of
mage charge detection that measures ions by means of the charge
nduced on nearby electrodes, allowing ion cyclotron motion to
e observed for the extended period required to generate high-
esolution spectra [3]. The advantages of image charge detection
ave also been realized in Paul-type ion traps [4–6], time-of-flight

nstruments [7–10], and most recently the Orbitrap [11]. The con-
inuing evolution of these instruments will benefit from the ability
o determine how image charge detection is affected by instrument
esign and experimental parameters.

Exact solutions for the image charge signal in an ICR cell are gen-
rally complex (e.g., multiple infinite sums with terms containing
inusoidal, hyperbolic sinusoidal, and/or Bessel functions), difficult
o evaluate (e.g., Green’s function methods), and available for only a

ew highly symmetrical closed electrode structures (e.g., infinitely
xtended flat parallel plates, cubic, tetragonal (orthorhombic with
quare cross-section), cylindrical, quadrupolar) [12]. It is therefore
ore common to approximate the induced charge as proportional
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to ion displacement in a direction normal to the detection elec-
trodes [3]. Unfortunately, the accuracy of that approach is limited
by the unrealistic assumptions that the induced charge is linearly
proportional to the radial displacement from the cell (and magnetic
field) symmetry (z-) axis and is independent of ion motion along
the z-axis.

Here, we apply the principle of reciprocity to accurately simulate
three-dimensional image charge within the SIMION [13] modeling
environment. We take advantage of SIMION user programs to pre-
cisely sample single ion trajectory coordinates in realistic ICR cells
and then calculate the potential that exists at each coordinate when
appropriate unit potentials are applied to the detection electrodes.
Reciprocity dictates that the differential image charge induced by
an ion at a given location is proportional to the potential at the
same position resulting from application of +1 V and −1 V to the
same two opposed electrodes [14,15]. We demonstrate that known
nonlinearities in actual FT-ICR spectra can be accurately simulated
[16], and discuss the potential of the model to improve FT-ICR cell
geometry.

2. Methods

SIMION models were developed to simulate an ICR cell installed

in a 9.4 T magnet at the National High Magnetic Field Labora-
tory [17], which is comprised by three right circular cylinders with
equal (9.4 cm) length and diameter (i.e., an open cylindrical ICR
cell with aspect (length to width) ratio of two [18]). The poten-
tial array resolution was 1 mm per grid unit and each array was

http://www.sciencedirect.com/science/journal/13873806
http://www.elsevier.com/locate/ijms
mailto:hendrick@magnet.fsu.edu
mailto:marshall@magnet.fsu.edu
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Fig. 1. Flow charts for SIMION user program compo

efined to a precision of 10−6. A SIMION user program was devel-
ped to implement reciprocity-based image charge determination
Fig. 1) as follows. Ion trajectories are first acquired with user speci-
ed FT-ICR MS parameters and concurrently sampled at a specified
ate (typically 5 MHz for 52 ms). The model allows specification
f trap potentials (typically 1 V in this work), excitation mode
i.e., single-frequency or frequency-sweep) and potential (alterna-
ively, ion cyclotron radius can be specified), ion-neutral collision
19] parameters, and solenoidal magnetic field inhomogeneity [20]
we neglected collisions and magnetic field inhomogeneity in the
imulations reported here). The dynamic time-step adjustment
lgorithm employed by the SIMION trajectory calculation was mod-
fied to allow sampling of the trajectory coordinates at precise,
qual temporal intervals, as required for subsequent Fourier trans-
orm. After sampling is concluded, the cell electrode potentials
re reset to the reciprocity values and the ion charge and veloc-
ty components set to zero to avoid any subsequent field-induced

ovement. The neutralized ion is then sequentially relocated to
ach of the sampled trajectory coordinates and the potential at
hat point recorded. In accordance with the principle of reciprocity,
he differential image charge induced between a pair of detection

lectrodes by a unit charge located at each trajectory point was
btained from the potential that exists at that point when opposite-
ign unit potentials are applied to the detection electrodes and all
ther cell electrodes are grounded [12,14,15,21,22]. Ion mass and
harge, as well as ion initial position, kinetic energy, and cyclotron
for implementation of ion image charge modeling.

radius can be specified and incremented for each ion modeled in
batch mode. The sampled trajectory coordinates and corresponding
image charge values for all modeled ions were stored in a single text
file and subsequently converted into individual ion image signal
transients based on a primarily capacitive detection circuit model
[3]. Time-domain transients were converted to frequency-domain
spectra by conventional means (e.g., apodization, one zero-fill, FFT,
and magnitude calculation [23]) with MIDAS analysis processing
software [24]. All simulations were performed with SIMION 3D
(Version 7, Idaho National Engineering and Environmental Lab-
oratory, Idaho Falls, ID) running on either a homebuilt AMD 64
X2 5600 + dual processor with 2 GB ram or a 2.6 GHz Pentium
Core 2 Duo laptop with 2 GB ram (Latitude 830, Dell Inc., Austin,
TX).

3. Results and discussion

FT-ICR spectra derived from reciprocity-based simulation of ion
image current are strikingly similar to experimental data collected
from our 9.4 T FT-ICR mass spectrometer [17] and exhibit nonlinear-
ities that are absent or inaccurately represented by prior methods

based on radial coordinate analysis. Examples include signals at
harmonics of the ion cyclotron frequency, resulting from trun-
cated electrodes and/or uncentered ion cyclotron motion, as well
as modulation sidebands resulting from ion axial oscillation and
magnetron rotation.
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Fig. 2. Frequency-domain FT-ICR spectrum of an m/z 1000 ion modeled by ion image
charge analysis for cyclotron orbital radius of 70% and magnetron orbital radius of 5%
o
r
o
o

3

f
i
u
i
b
o
c
f
b
e
t
u
e
d
s
a
m
i
[

3

p
o
m
s
l
i
c

s
f
d
t
o
t
p

Fig. 3. Ion image charge versus time modeled for an m/z 1000 ion with initial axial

top). However, odd-harmonic sidebands are observed if the center
of the ion axial oscillation is offset from the axial center of the detec-
tion electrodes (Fig. 5, bottom), as could arise from application of
high voltage to electrodes near the ICR cell (particularly for an open
f the cell radius (top) and for cyclotron orbital radius of 5% and magnetron orbital
adius of 0% of the cell radius (bottom). Note the prominence of analytically predicted
dd (at high cyclotron radius) and even (at non-zero magnetron radius) harmonics
f the cyclotron frequency in the top spectrum.

.1. ICR harmonics

Signals at odd harmonics of the fundamental ion cyclotron
requency are predicted analytically [12,25] and observed exper-
mentally for all real ICR cell geometries (and can potentially be
tilized to increase mass resolving power [22,26–30]). SIMION

mage charge modeling exhibits odd harmonics, whereas modeling
ased on ion radial coordinates does not. Further, if the cyclotron
rbit is displaced radially (i.e., non-zero magnetron radius, as typi-
ally results from ion injection from an external source and/or from
requency-sweep excitation [31]) image charge modeling predicts
oth odd and even harmonic signals (Fig. 2). The magnitude for
ach harmonic depends critically on the cell geometry (as well as
he ion motional amplitudes) [26–27]; thus, a given cell config-
ration can be quickly evaluated for sensitivity and linearity. For
xample, we have shown that increase in azimuthal extent of the
etection electrodes improves sensitivity (by as much as 41%) in
quare and circular cross-section ICR cells, but requires an equiv-
lent decrease in excitation electrode angular extent. Further, the
agnitude of specific harmonic peaks can be reduced or even elim-

nated by appropriate choice of detection electrode angular extent
32].

.2. Trapping sidebands

Ion axial oscillation during detection may generate signals dis-
laced equally above and below the cyclotron frequency by the axial
scillation (“trapping”) frequency, due to the periodic amplitude
odulation shown in Fig. 3. Analytical treatments predict that the

idebands should be displaced by even multiples of the axial oscil-
ation frequency away from the cyclotron peak [12]. Here again,
mage charge modeling reveals the effect (Fig. 4 top), whereas radial
oordinate analysis does not.

Nevertheless, most experimental FT-ICR spectra do not exhibit
ignificant trapping sidebands because the detected signal results
rom incoherent summation of signals from ions of significantly

ifferent axial oscillation phase, due to the typically substantial dis-
ribution in arrival time (and thus initial ion axial position at the
nset of detection) for ions of a given m/z. For example, Fig. 4 (bot-
om) shows the sum of two simulated transients that differ in initial
hase by 90◦, resulting in nearly complete cancellation of the largest
(z-) displacement from the ICR cell center of z = 50 mm (top) and z = 0 mm (bottom),
when ion axial amplitude is 50% of the axial potential well length and the cyclotron
orbital radius is 50% of the cell radius. Note the analytically predicted amplitude
modulation.

sidebands (the small sidebands spaced at 4 times the trapping fre-
quency (due to the second harmonic content of the modulation
frequency) are eliminated by sum of two transients that differ by
45◦). In general, summation of many ion signals with incoherent
initial axial phase will reduce the relative magnitude of the side-
bands by n1/2 (where n is the number of signals; the in-phase ICR
signal magnitude increases linearly with n, whereas the incoher-
ent sideband amplitudes increase with n1/2), just as summation of
many ICR transients increases the signal-to-noise ratio by the same
factor [23].

Detection of sidebands displaced by odd harmonics of the axial
frequency has also been reported [33], and attributed to misalign-
ment between the ICR trap and the magnetic field symmetry (z-)
axis [12]. Image charge modeling reveals that even a 3◦ misalign-
ment does not result in observable odd-harmonic sidebands (Fig. 5,
Fig. 4. Frequency-domain FT-ICR spectra derived by Fourier transform of: (top)
either the 0◦ or 90◦ phase ion signal shown in Fig. 3 and (bottom) the Fourier trans-
form of the sum of the 0◦ and 90◦ phase ion signals shown in Fig. 3. Note that the
trapping sidebands are diminished by destructive interference on summation of ion
signals of varying phase.
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ig. 5. Frequency-domain FT-ICR spectra of an m/z 1000 ion derived from image
harge determination when the trap axis and magnetic field are misaligned by 3◦

top) or the center of axial oscillation is displaced axially by 5 mm (bottom). Only
he bottom spectrum exhibits sidebands at odd multiples of the trapping frequency.

ell). As with the even harmonics discussed above, the odd harmon-
cs are not expected to be observed in a large population of ions

ith varying initial axial phase, but the magnitude of the observed
yclotron signal is reduced by amplitude modulation, which can be
asily quantified by our model.

.3. Magnetron sidebands

Ion magnetron motion can also modulate the ICR signal ampli-
ude, resulting in sidebands displaced above and below the
yclotron frequency. Theory predicts sidebands spaced at even har-
onics of the magnetron frequency [34], as confirmed by image

harge modeling. Further, the model predicts significant asymme-

ry of sideband amplitude analogous to Mitchell’s prediction for
onlinear ion excitation resonance in a cubic ICR trap [35,36]. As
hown in Fig. 6, only the higher frequency sideband is evident
hen significant magnetron displacement is modeled (magnetron

ig. 6. Frequency-domain FT-ICR spectra of an m/z 1000 ion derived by image charge
etermination for magnetron radius equal to 1 cm and trap potential equal to 3 V
left) and 1 V (right). Note magnetron sidebands with unequal amplitudes.
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radius = 10% of the cell radius in Fig. 6). The magnetron frequency
scales linearly with trap potential and inversely with magnetic field,
so that at high magnetic field and low trap potential, that sideband
may not be resolved from the cyclotron peak and may therefore be
interpreted as peak splitting or “tailing” [37].

4. Conclusion

A reciprocity-based SIMION model accurately represents ion
image charge during ion trajectory analysis. Application to a com-
monly used open cylindrical FT-ICR cell configuration yields FT-ICR
frequency-domain spectra that exhibit many experimentally famil-
iar nonlinearities, including harmonic multiples of the fundamental
cyclotron frequency and sidebands displaced equally above and
below the cyclotron frequency by multiples of the axial oscilla-
tion (“trapping”) frequency and magnetron frequency. In addition
the model can accommodate arbitrary electrode configuration,
magnetic field inhomogeneity, ion-neutral collisions, and swept
frequency ion excitation. Careful quantitative analysis of spectral
nonlinearities and sensitivity offers great promise for design of
more sensitive and linear ICR cell configurations, as well as those
for other mass analyzers.
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