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The effects of ion initial axial position on coherence of ion motion, induced ion cyclotron
resonance (ICR) signal. and radial and z ejection have been evaluated by numerical
simulation for a cubic Fourier transform-ion cyclotron resonance ion trap. For a-given initial
ion cyclotron phase and radius, ions of different initial z position are shown to be excited to
significantly different ion cyclotron radii (and ultimately radially ejected at significantly
different excitation amplitude-duration products). Ion initial z displacement from the trap
midplane affects observed ICR signal magnitude in two ways: (1) for the same postexcitation
cyclotron radius, an ion with larger initial z displacement induces a smaller ICR signal and
f'",," • '.1 I • ",' 1 I" I • • ", 'I. 11 1 • I' "T.I"- 1
\L) an Ion WIUl larger rrunar Z UI::;placemenI I::; excireo IO a srnauer cyClOITUn racuus. vve also
evaluate the induced ICR signal as a function of excitation amplitude-duration product for
spatially uniform or Gaussian ion initial z distributions. In general, if the excitation wave
form contains components at frequency, 2 W z or ;{V+ + 2 (;)2 1 in which W'z is the axial C'trap
ping") oscillation frequency, then ejection occurs axially. However, the resulting excitation
amplitude-duration product for such axial ejection is significantly higher (factor of - 4) than
that required for radial eiection (at w~) for ions of small initial radius. The present results
offer the first explanation of how, even if the ion is initially at rest on the z"axis (i.e., zero
excitation electric field amplitude on the z axis), z ejection (axial ejection) may nevertheless
occur if the excitation waveform contains frequency components at w+ + 2wz and/or 2w,.
Namely, our simulations reveal that off-resonant excitation pushes ions away from the z
axis, after which the ions are exposed to z excitation and eventual z ejection. (j Am Soc Mass
Spectrom 1994, 5, 807-813)

Tn Fourier transform-ion cyclotron resonance (FT
ICR) mass spectrometry, coherent ion cyclotron mo

___lion is excited by application of an rf electric field
oscillating at the (reduced) ion cyclotron frequency w+
[1]. Between a pair of opposed detector electrodes, the
coherently orbiting iun packet induces a detectable
image charge whose magnitude oscillates at the ion
cyclotron frequency [2-4]. An electronic current, which
is the time derivative of the induced image charge,
may be converted to a voltage signal that can be
amplified and digitized. The detected signal in a typi-
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cal FT-ICR ion trap depends not only on the numbers
and cyclotron orbital radii of ions of various mass-to
charge ratios, but also on the relative posiiion of each
ion within its orbiting packet, which is in tum deter
mined by initial ion position and velocity and the
frequency, amplitude, excitation mode (e.g., dipolar,
quadrature, etc.), and duration of the excitation electric
field. Nondestructive ion detection makes it possible to
remeasure the same ions repeatedly for enhancement
of signal-to-noise ratio [5-7L a major advantage over
conventional electron multiplier detection. Detailed
characterization of signai generation and detection is
critical to improving quantitation of FT-ICR mass spec
trometry.

The simplest excitation and detection eiectrode con
figuration consists of a pair of infinitely extended elec-
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trodes whose surfaces are parallel to the magnetic field
(z ) direction. For this idealized model. the excitation
electric field is spatially uniform and the detected
signal magnitude is linearly proportional to the ion
cyclotron radii and number of ions. Both excitation and
detection processes are independent of ion iocation
within the ion cyclotron resonance (ICR) ion trap.
In this linear response limit [8,91. the lCR signal
magnitude is lineariy proportional to the product of
excitation period and excitation amplitude for
single-frequency resonant excitation. Even when a
quadrupolar electrostatic trapping potential is added,
the equations of ion motion ma y still be solved analyti
cally [10], and the initial spatial di stribu tion within a
packet of ions of the same mass-to-charge ratio does
not change during on-off-resonant excitation [11].

However, in an actual (e.g., cubic) ICR ion trap, ICR
response and detection are no longer linear processes,
because the excitation and detection electric fields are
no longer spatially uniform. Moreover, the trapping
potential is not purely quadrupolar, and ICR fre
quency depends on ion position in the trap. As a
result, (1) the ICR signal no longer varies precisely
linearly with excitation electric field amplitude
duration product, (2) ions of different initial z dis
placement from the trap midplane are resonantly (at
w +) excited to different cyclotron rad ii and are ulti
mately ejected radially but not simultaneously (see
below), (3) ion s ma y be ejected axially by dipolar radial
excitation, if the excitation waveform contains fre
quency components at 2 W z and w + + 2w z' in which W z
is the axial ("trapping") oscillation frequency, and (4)
Fourier transformation of the detected ICR signal yields
peaks at harmonic (e.g ., 3w_) and combination (e.g .,
w + - 2wz ) frequencies.

In prior treatments, the ion equations of motion
have been solved for rf potential expanded up to
fourth order in Cartesian coordinates. Such calcula
tions show how ion loss due to z ejection by dipolar
radial excitation at2wz and oo., + 2w. could arise from
coupling of axial and radial motion during broadband
excitation of initia lly off-axis ions [12-19]. However, in
typical FT-ICR experiments, ions are formed on or
very close to the centralz axis of the trap , where there
is no radial excitation electric field component. Thus
the origin of z excitation under such conditions is not
obv iou s. Moreover, there is presently little theoretical
characterization of spatial coherence in an ion packet
following spatially nonuniform excitation in a non
quadrupolar electrostatic trapping potential (e.g., a cu
bic lCR ion trap).

Dunbar (20] first applied the reciprocity principle
(see bel ow ) to ICR Rempel et al , [13] derived an
expression relating ion z position and ICR signal mag
nitude. A comprehensive theory to derive the induced
image charge on the detection electrodes by an orbit
ing ion [21] can be used to predict the frequencies and
amplitudes of harmonic and side-band signa ls once an
ion has been excited to a specified location and veloc-

ity. None of the above treatments includes the excita
tion process in a real (e.g., cubic) trap. The purpose of
this article is to present a systematic analysis of the
effect of ion initial z displacement from the trap mid
plane on ion cyclotron motion coherence, radial and
axial eject ion, and Fourier components of the ind uced
ICR signal based on recently developed numerical
simulation methods [22] for the commonly used cubic
ICR ion trap.

Computational Methods

The calculation of ion trajectory and induced ICR sig
nal for a single ion in a cubic trap has been described
previously [22]. Here, the induced ICR signal for an
ensemble of many ions of different initial axial dis
placement from the trap midplane is calculated as
follows: For each individual ion at time t, the ion
position ( x, y, z ) and velocity (i, y, z) are calculated
from the initial ion position, velocity, and force acting
on the ion. The current induced on detector electrodes
is then obtained by reciprocity [21] and converted to a
voltage based on an equivalent electronic circuit model
[2,4], in which the resistance R is io- n and the
capacitance C is 100 X 10 -12 F. A composite transient
time-domain signal is obtained from the superposition
(sum) of the signals induced by each ion . Finally, a
frequency-domain spectrum is generated from the
Fourier transform of the composite time-domain sig
nal, Ions initially are taken as evenly distributed along
the z axis or Gaussian distributed about the z = a trap
midplane:

(1)

in which n( z) represents the number (out of a total of
n) of ions displaced by distance z from the trap mid
plane and the standard deviation, tr = a16, in which a
is the length of one side of the cubic trap, so that 99.7%
of the ions are located within - a/2 ~ z ~ a12. In
other words, if the total number of ions is 100,000, then
99,648 ions will be distributed within ± 30' of the trap
midplane. The induced ICR signal has been computed
for that case (see Results and Discussion). Other pa
rameters for ion trajectory simulations throughout this
article are: cubic trap of side length a = 1 in. (2.54 em),
that is, -a12 -s x ~ a/2; -a/2 ~ y s a/2i -a/2 -s z
'$ a/ 2i ion mass-to-charge ratio mrz = 1000 or 5000 in
atomic mass units per elementary charge: ion initial
kinetic energy 0; magnetic field induction 3.00 T; elec
trostatic trapping voltage 1 V applied to each endcap
electrode (z = ± a/2); dipolar excitation voltage 10 V
[peak to peak, (p-p)] applied differentially between
one opposed p air of side plates; computational time
increment between data points 5 x 10 - 9 s; w + (for
quadrupolar trapping) = 288,019.792 rad Zs: w (for
quadrupolar trapping) = 1440.263 rad z's: W z (for
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edge length) and large initial z displacement (Figure
Ib, z> 0.20a) during Single-frequency on-resonance
dipolar excitation. For initia i z disp lacement less than
± 0.20a, excited ions reach the x (or y ) electrodes
approximately simultaneous ly. However, ions with
initial z displacement greater than 0.20a have Signi fi
cantly smaller cyclotron radii, as seen from their trajec
tory projections onto the z = 0 trap midplane.

Figure 2 is a plot of radial ejection onset (i.e., the
length of time for a continuously reson antly excited
ion to reach one of the side electrodes) as a function of
ion initial z displacement Ejection tim e varies signifi 
cantly w ith initial z displacement: The ejection time
for an ion initially at z = 0.45a on the z axis is approx
imately 1.5 times longer than that for an ion initially at
rest at the trap center ( z = 0). Interestingly, for dipolar
radial excitation at the (reduced) ion cyclotron fre
quency w+I ions are ultimately always ejected radially
(rather than axially) no matter how large the excitation
voltage.

F~ure 3 shows a plot of instantaneou s ion radius
r = x 2 + y2 (Figure 3a) and kinetic energy (Figure
3b) during dipolar resonant excitati on. In the linear
response model for spatially uniform excitation, ion
radius increases linearly w ith excitation period for ions
at any position. In the cubic trap, the exci tation field
(and ion cyclo tron frequency and z oscillation fre
qu ency) is pos ition dependent and thus the excited ion
radius as a function during excitation is modulated at
both the axial and magnetron frequenci es. (The mag
netron modulation is not evident in Figure 3 because

0.1 0.2 0.3 0.4

Initial z-displacement
Figure 2. On-resonance single-frequency excitation period at
onset of radial ejection as a function of in itial z d ispla cem ent for
ions of mI z 1000 in itially located on the z axis of the ICR ion
trap .

y

z

x

quadrupolar trapping) = 28,803.619 rad ys: detection
circuit equivalent capacitance 100 pF; detection circuit
equivalent resistance 1 Mil.

Results and Discussion

y

Effects of z Displacement on Ion Coherence

For spatially uniform excitation and a pure quadrupo
lar trapping potential, the ion relative positions inside
an ion packet remain unchanged during either on- or
off-resonance excitation [11]. However, in a finite-s ize
(i.e., actual) ICR trap, the exci tation electric field x
component E. is largest in the z = 0 trap midplane
and decreases as the ion approaches either of the two
trapping electrodes. Thus, an ion with a large initial z
displacement from the z = 0 trap midplane oscillates
in the z direction about the trap midplane and on
average is exposed to a lower amplitude electric exci
tation field (and is thus excited to a smaller cyclotron
radius) than an ion that remains in trap midplane.
Figure 1 shows trajectories for ions with small initial z
displacement (Figure Ia, z < 0.20a, where a is the trap

Figure 1. Tra jectories during single-freq uency on-resona nce
d ip ola r excitation for ions of d ifferent in it ial axial d isplacement
z(O) from the tr ap midplane. (a) Ions w ith sm all initial z dis
placement (0, O.OSa, O.lOa, 0.1511, and 0.2011), in which a is the
length of one side of a cubic ICR ion trap . (b ) Large initial z
d ispl acement (0.2011. 0.250, 0.30a, 0.35a, and 0.40111. In each case,
ion m rz 5000, ion initial velocity is zero, an d excita tion electric
field p eak-to-peak amplitude is lOla V1m. Left: three-dimen
sional d isplay; Right: projection of the ion tra jectory onto the
z ~ 0 plane through the center of the trap.
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(2) ions of different initial z displacement end up with
different cyclotron orbital phase, which results in some
destructive interference that further reduces the de
tectable ICR signal. Thus the detected ICR signal (Fig
ure 5) increases less rapidly than the average radius of
the ions themselves (Figure 4); for example, after an
excitation period of 2.7 X 10 -4 s, the signal for ions
initially at z = 0.45a is approximately one third that of
ions initially at z = 0, whereas the average radius for
ions of 2 0 = 0.45a is approximately 60% of that for
ions initially at 2 ~ O.

Figure 6a shows two simple ion z distributions
(spatially uniform and Gaussian) from which we can
begin to characterize the effect of z distribution on ICR
behavior in a cubic ICR ion trap. ICR spectra calcu
lated from each ion distribution are shown in Figure
6b. The spectrum for initially Gaussian-distributed ions
has less pronounced side bands at w+± 2w2 than are
seen for an initially uniform ion 2 distribution, be
cause most of the Gaussian-distributed ions remain
close to the trap midplane during excitation A signal at
the third-harmonic frequency 3w+ is seen in both
spectra.

The signal magnitude at frequency w+ from spectra
of the type shown in Figure 6 is displayed as a func
tion of excitation period in Figure 7. The ICR signal for

T=6.0X1 O' SCsI ---.

Initial z-displacement
Figure 4. Average ion radius versus initial z displacement for
an ion of mjz 1000 initially on the Z axis, following single
frequency on-resonance excitation electric field IOja V (p-p)jm.
T is the excitation eriod, The average ion radius is the instanta

neous radius ( x' + y' ) averaged over many magnetron cy

des.
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one cycle of the magnetron motion is longer than the
maximum displayed excitation period.) On average,
ion radius increases approximately linearly with exci
tation period for ions initially at rest at the center of
the trap and increases more slowly for ions of finite
initial 2 displacement. Thus because 2 oscillation fre
quency varies as 111m, dipolar excitation at w + could
result in mass-to-charge ratio dependent postexcitation
ion radii if the excitation amplitude is high enough
such that the excitation event is shorter than one z
oscillation period.

Yet another view of incoherent excitation is pro
vided by Figure 4, which shows that the postexcitation
ion radius decreases with increasing initial ion 2 dis
placement for an ion of mjz 1000 during single
frequency on-resonance excitation. As the excitation
period increases, the spread in average radius among
ions of different initial 2 displacement increases.

0.0001 0.0002 0.0003
Excitation Period (8)

Figure 3. Temporal variation of (a) instantaneous radius and (b)
kinetic energy of an ion of mjz 1000 initially on the z axis, for
each of several initial z displacements during single-frequency
on-resonance excitation electric field lOja V (p-p)jm. The ion

radius is .;xL + y' and kinetic energy is mr?/2.

Effects of z Displacement on Detected ICR Signal

Figure 5 shows how the detected ICR signal varies
with initial z displacement of an ion of m r z 1000. The
ICR signal detected from such excitation is reduced in
two ways compared to that for ions excited and de
tected with uniform rf electric field: (1) ions of larger
initial z displacement are excited to lower cyclotron
radius and thus induce a smaller-amplitude signal and
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Figure 5. ICR fiignal magnitude at frequency Cd. versus ini tia l
ion z displacement for an ion of m/z 1000 in itiall y on the z axis,
following ~ingle--fTeqU(Jncy on -resona nce excita tion electric field
l Ol a V (p -p)/ m. T is th e excita tio n pe riod .

initially Gaussian-distributed ions rises faster and to a
higher magnitude during resonant excitation than does
the signal for ini tia iiy uniformly d is tributed ions,
and also drops to zero more rapidly after the onset
of radial ejection, because most of the Gaussian
distributed ions remain near the z = 0 trap midplane
where the excitation field is strongest. The highest
signal and most nearly simultaneous ejecti on would
result if all ion s were located at z = 0 in itially.

Ejection of Ions at 2lLlz and ca + + 2 Cd,

Experimentally it is well known that ions are ejected
at w+ + 2 w : during broadband excitation because of
coupling be tween radial and z components of the ex
citation electric field [12-191. z ejection is h ighly unde
sirable because relative FT-ICR mass spectral peak
magnitudes o f ions of different m ass-to -ch arge ratio
depend on the excitation amplitude-duration product,
thereby di storting apparent ion relative abundances in
an Fr-ICR ma ss spectrum. Although z ejection may be
effectively eliminated by appropriate " shimm ing " of
the excitation electr ic field [17,23,24], z ejection re
mains a potentially severe problem for more conven
tional cubi c, tet ragonal, and cy lind rica l ion traps.

Both previous theoretical and experimental results
illustrate that ion loss due to z ejection is more
p ronounced for low-to-high than for high-to-low
frequency-sweep excita tion, because in a low-to-high
frequency sweep, ions arc first excited off-ax is where
the exci ta tion field z component is larger, followed by
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Figure 6. Simulated Ff·ICR freq ue ncy-d om ain spectr a for 99,648 ions of m j z 1000 d is tributed
eith er (a ) unifonnly or (b ) Ga ussian di stributed alon~ the z axis foll o win g va rio us excitatio n periods
fro m 3.0 to 3.9 X 10-' s at inc rem ents uf 3.0 X 10 - s. The s tand ar d deviation (T for the Gaussian
d istribution is a/6 , w ith a mea n value of 0, The va lue 99,648 represents 99.7% of 10' ions located
w ithi n ± 3u - ±a/2 of the tra p m id plane,
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Figure 7. Calculated ICR signal magnitu d e at frequency w+
versus excita tion period of 99,648 ions of mr: 1000. Top : ions all
initially located a t z = 0; middle: Gaussian initial z distribu tion;
bottom : ions initially uniform ly distribu ted along the z axis .

excita tion of the z osc illation at (w+ + 2 w.). However,
in typical FT-ICR experiments, most ions are forme d or
injected on or near the z axis where E, is zero by
symmetry. As a resu lt, ions should experience little or
no z excitation at 2 wz • However, w e and others have
observed experimenta lly that significant ion loss oc
curs by exci tation at 2wz and w++ 2 w• . The present
nume rica l simulations offer the first d irect th eoretical
demonstration of those effects. Figure 8 shows ion
trajectori es d uring single-freq uency excitati on at 2wz

Table 1. Excitation period lead ing to onset of radial ejection
following on-resonance single-frequency d ipolar excita tion'

Eject ion onset

Excitation at Excitation at Excita tion at
m/z w+ ( x 10 -- 51 2wz (5) w++ 2w, ( x 10 - 4 51

1000 2.B 7.1 X 10 - - 6.4

2000 2.7 8.5 X 10 - 4 7.6

3000 2.8 1.5 X 10 - 3 9 .2

4000 2.6 1.5 X 10 - 3 8 .9

5000 2.7 1.1 x 10 - 3 9 .8

• Excitati on e lectr ic field amplitude 10/ 8 V lp - p) /m at ex ci ta tion
f reque ncies w+. 2 wz • and w++ 2 w.r; io n m/z 5000; ion i ni t ia l
po sit io n (0 , O. 0.25a ). in w h ich 8 i s the length of one side of the
cu bic leR ion tr ap. an d io n in it ial velocity is zero.

(Figure Ba) and at w++ 2 W z (Figure Bb) for in itially
on-axis ions of mjz 1000. We see that ions ar e first
pushed away from the z axis due to off-resonan t
excitation [11); then once the ions are off-axis, dipolar
excitation a t 2wz exci tes z oscill ation at W z [1] and the
ions eventually may be ejected axially. Table 1 lists the
excitation period leading to onset of ejection during
single- frequency excita tion at frequencies w+ (radia l
ejection), 2 w. (axial ejection), and w+ + 2 wz (r adi al
ejection) for ions of 1000 ~ m j z ~ 5000 with initial
position (9, 0, and O.25a). The time required to reach
the onset of rad ial ejection by dipolar excitation at w +

is abou t four to five times shorter than it takes to eject
ions axiall y by dipolar excitation at w+ + 2 <rJ%or 2 cu:=: _

From the foregoing analysis, it becomes clear that
all of the (generally undesirable) nonlinear effects are
minimized if initial ion z di splacement is small. Be
cause the z compone nt of the electrostatic ("trapping")
potential is approximately quadrati c, ions that un
dergo re peated collis ions with. neutrals will ultimately
lose kin etic energy and re lax toward the z = 0 mid-
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Figure 8.. Var io us ion trajectory
proje<: tions during rad ial dipo lar
single-frequency on-resonance ex
citation of amplitude lOla V
(p-p)/ m, at frequency (a) 2w z and
(b ) w + + 2wz for ions of mrz 5000;
initial position (0, 0, and O.25a).
Left: three-dimensional d isplay;
middle: projection of the ion trajec
tory ont o the z = 0 midplane;
right: temporal vari ation of ion x,
y, and z coordi nates.
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plane of the trap. However, the ion magnetron radius
must increase (a t a slower rate) for the same rea son
[25], 50 that the ions will eventually be los t by co iii
sions with the sid e plates. Nevertheless, ions may be
brought to th e trap center by ion-neu tral collisions
w ithout an increase in magnetron radius by converting
magnetron to cyclotron motion by use of az imuthal
quadrupolar excitation at the unperturbed cyclotron
frequency W e = qB/ m (5 .1. units), in which ttl and q .
are ion mass and charge, and B is applied magnetic
field induction [26-28], or by convertin g magn et ron
(and cyclotron) motion to axial motion by quadrupolar
excitation of xz symmetry at the appropriate fre
quency [25]. Because the cyclotron radius or z-osc illa
tion amplitude decreases faster than the magnetron
radius increases as a result of ion-neutral collisions, the
net effect is that ions all even tually relax to the cen ter
of the trap.
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