
A

c
s

l

c
o
o
c

e
d
t
i
l
a
f
©

K

1

v
m
[
b
t
w

1
d

International Journal of Mass Spectrometry 263 (2007) 243–259

Harmful influences of confinement field non-linearities in mass identifying
for a Fourier transform quadrupole ion trap mass spectrometer

Simulation studies

Aurika Janulyte, Yves Zerega ∗, Michel Carette
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bstract

The Fourier transform operating mode applied to a quadrupole ion trap results in an axial secular frequency spectrum of the simultaneously
onfined ions. During confinement, the ion trajectory must be as pure as possible, giving only one frequency peak for an ion population with the
ame mass-to-charge ratio.

The simulation work presented here examines the harmful influences of the spatial defects (here, mainly electrode truncation) of the ion trap
eading to a non-linear confinement field.

The observed harmful influences on the ion’s axial trajectory and its corresponding frequency spectrum is studied based on a case of a single
onfined ion. Secular frequency of the motion is calculated as a function of the maximum amplitude of the axial and radial trajectories. In the
perating mode used in this work, amplitude and frequency of the confinement potential remain constant. As a result, mass analysis is impaired
n mass range sustaining the influence of a resonance line. Secular frequency peak amplitude is modified, coupling peaks gain amplitude and ions
ould be lost. Defective mass ranges have been estimated for a trap truncated at 2r0 and 3r0 and different maximum amplitudes of the ion motion.

The Fourier transform operating mode requires an external ion source and a large amplitude of the ion motion during confinement. Consequently,
ven far from a resonance line, ions experience non-linearity effects during confinement due to the maximum amplitude dispersion of the ion cloud
uring confinement connected to that at the beginning of the confinement. For a same mass-to-charge ratio ion cloud, spectrum is constituted by
he superimposition of close-frequency peaks. As a result, mass resolution is limited by peak splitting. In addition to the case of a single confined

on, the operating mode is simulated based on an ion cloud’s with initial positions and velocities drawn from Gaussian laws. The mass resolution
imit is reported as a function of the initial-condition broadening of the ion cloud. For example, simulation results give a mass resolution of 3250
t the mass 130 u for an operating point βz = 0.74 and with an ion cloud having, at the beginning of the confinement for the axial direction, 4 mm
or the mean position and 2 mm for the standard deviation.

2007 Elsevier B.V. All rights reserved.
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. Introduction

Non-linear resonances in ion traps were first discovered by
on Bush and Paul [1] followed by first theoretical and experi-

ental studies carried out by Dawson and Whetten for an ion trap

2] and for a mass filter [3]. An important contribution was made
y Wang and Franzen to the understanding of non-linearities by
he establishment of mathematical formalisms and by simulation
orks [4–8].

∗ Corresponding author. Tel.: +33 4 91 10 69 23.
E-mail address: yves.zerega@polytech.univ-mrs.fr (Y. Zerega).
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A non-linear trap is characterised by an electric field whose
xpression of the radial or axial component is not a linear func-
ion of the radial- or axial-position. The observed non-linearities
ere considered for a long time as defects. They change the
otion frequency of the ions when they move away from the

rap centre and they can lead to ion losses [9,10]. However, when
he ion cloud is “cooled” in the trap centre by a buffer gas (i.e.,
n a pseudo-thermodynamic equilibrium) these non-linearities

re only marginally perceptible by the ions.

Non-linearities are required in ion trap mass spectrometers
hich operate with voltage amplitude scanning and ion resonant
ipolar ejection to increase mass resolution [11]. Ion ejection

mailto:yves.zerega@polytech.univ-mrs.fr
dx.doi.org/10.1016/j.ijms.2007.02.048
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ccurs on a resonance line induced by non-linearity, at a lower
oltage operating point than the edge of the stability diagram. At
his operating point, ions are submitted to the dipolar resonant
xcitation (which moves the ions out of the centre) and then
o the non-linear resonance effect. Consequently, ejection ion
elocity is increased.

In addition to these desired beneficial effects, non-linearities
an entail harmful effects such as premature ejections during
ass scan and frequency changes [12].
In CID (collision-induced dissociation) experiments, molec-

lar ions are heated and fragmented. Parent ions and daughter
ons are in a de-centred position in the trap and then become

ore sensitive to non-linearities. As a result, losses of ions are
bserved when the operating point in the stability diagram cor-
esponds to a black hole [13,14] or more generally to zones of
ad confinement [15].

Non-linearities are brought about by a modification of the
osition [16,17] and the shape [18,19] of the electrodes or by
he superimposition of an asymmetrical field onto the con-
nement field [20]. Unexpected non-linearities are induced
y imperfections in the construction of the trap, for exam-
le, electrodes apertures, electrode truncation, among others
21,22].

Non-linearities are undesirable when the ion trap is used
n a Fourier transform quadrupole ion trap mass spectrometer
FTQIT/MS). A significant amplitude of ion motion is nec-
ssary to obtain good dynamics of the detected signal [23].
ence, trajectories can then be strongly disturbed by non-

inearities.
In the operating mode used in this study, a periodic signal

ontaining the axial-motion frequencies of the simultaneously
onfined ions is obtained [24]. A Fourier transform of this signal
ives the spectrum. Peak frequency and amplitude are represen-
ative of the ion population depending on their mass-to-charge
atio and their abundance, respectively.

Axial-motion frequencies of an ion confined in a pure
uadrupole trap are given by

ωz + nΩ, with n integer (1)

n Eq. (1) above ωz = βzΩ/2 is the secular frequency of the
xial-motion. The βz defines the ion trap operating point and
epends on the following parameters: U0 + V0 cos(Ωt + ϕi),
he dc and ac potentials applied to the ring electrode, the two end-
aps being earthed; z0, the distance separating the trap centre and
ne end-cap along the Oz axis; and m/z, the mass-to-charge ratio
f the ion.

If the function describing the ion trajectory is sampled at Ω,
requencies greater than Ω/2 fold over in the range [0, Ω/2] at
z, the secular frequency peak [25]. As a result, only one peak

s observed, which makes mass identifying easy.
Different physical phenomena can lead to peak enlargement

nd/or peak addition which impair mass analysis (resolution,

ignal-to-noise ratio and mass identification).

Ion collisions with a background gas lighter than the trapped
ons reduce ion trajectory amplitude during confinement. Such
henomena can be modelled by an exponential decreasing of the
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otion amplitude. Consequently, the frequency peak obtained
ith a Fourier transform has a Lorentzian shape, i.e., its base is

nlarged. For example, under normal operating conditions at a
ressure p ≈ 10−7 Torr inside the trap, ion collisions lead to an
nlargement of the full width at half maximum of about 10 Hz
26]. The additional dephasing in the trajectory induced at each
ollision entails only background noise in the spectrum. Hence,
on creation is performed outside the mass-analysis trap.

Defects of the electric confinement field (such as a superim-
osition of a sinusoidal voltage in a quadrupolar configuration
n the confinement voltage) induce coupling peak. Indeed ion
otion is modulated at the frequency of the supplementary volt-

ge. The amplitude of the modulation is inversely proportional
o this frequency. Therefore, the power supply frequency (50 Hz)

ust be filtered. With the Fourier operating mode, an additional
hase modulation can occur depending on the repetition time of
he elementary experiments [27]. For example, to reach a mass
esolution of about 5600 at the mass 130 u, the amplitude of the
upplementary voltage (induced by the power supply) must be
ower than 20 mV.

Spatial defects of the ion trap – electrode truncation, elec-
rode displacement and apertures in the two end-caps – lead to
non-linear confinement field. In this operating mode, the first
armful effect is that secular frequency depends on maximum
mplitude of the ion motion as confinement initial conditions are
pread. Coupling peaks gain amplitude when the operating point
s located near a resonance line that impairs mass identifying. Ion
oss could happened by trajectory extension if operating point
s close to a resonance line. Mainly non-linearities induced by
lectrode truncations are concerned in this study. First, all these
ffects will be studied according to some experimental param-
ters for only one confined ion. Then resolution limit of the
perating mode will be estimated for an ion cloud depending on
ts dispersion and on the trap truncation.

. Theoretical developments

Potential inside the trap is the solution of the Laplace equa-
ion. A general solution is given by

(ρ, θ, ϕ, t) =
+∞∑
n=0

Cnρ
nPm

n (cos θ) cos mϕ (2)

herePm
n (cos θ) is a Legendre polynomial andCn is a coefficient

hich depends on boundary conditions.
We consider that the deformations and/or displacements of

he trap electrodes causing non-linearities keep the axial (Oz)
nd radial (the plane xOy) symmetries which exist in the case
f a pure quadrupolar trap. Thus, the expression of the elec-
ric potential does not depend on the variable ϕ, which imposes

= 0. And the terms of order n of odd value are null. Such a
otential can be generated only by an even number of charges.

oreover, the deformations and/or displacements of the elec-

rodes are considered not modify the smallest radius of the ring
0 = √

2z0 located at the dimension z = 0 in the radial plane
Oy.
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The potential in Cartesian coordinates is expressed by

(x, y, z, t) = φ0(t)
+∞∑
p=0

A2p

(
ρ

r0

)2p

P0
2p(cos θ) (3)

n Eq. (3) above ρ =
√

x2 + y2 + z2, z = ρ cos θ, φ0(t) =
0 + V0 cos(Ωt + ϕi) is the potential applied to the ring elec-

rode located at r0 in the radial plane xOy at z = 0 and A2p is a
oefficient which depends on the boundary conditions.

Written in this form, one can use the values of these coef-
cients calculated for certain types of non-linearities by Wang
nd Franzen [6].

By developing the first two terms of the sum, the potential is
xpressed by

(x, y, z, t) = φ0(t)

⎡
⎣A0 + A2

2

(
2z2 − (x2 + y2)

r2
0

)

+
+∞∑
p=2

A2p

(
ρ

r0

)2p

P0
2p(cos θ)

⎤
⎦ (4)

For a pure quadrupolar (linear) trap, A2 = 1 and all the other
erms are null. Non-linearity is characterised by the values of the
oefficients An for n ≥ 2. In general, for small displacements or
light shape-modifications of the electrodes, these coefficients
re very small in relation to A2.

The ion motion equations are taken from the fundamental
quation of dynamics. The equations according to directions
x and Oy of the radial plane are identical. Thereafter only the

xpression of the equation according to the direction Ox will be
iven.

Given that

Ωt = 2τ, az = −2ax = −2ay = + 8ZeU0

mΩ2r2
0

,

qz = −2qx = −2qy = − 4ZeV0

mΩ2r2
0

(5)

he ion motion equation on the Ox axis is obtained by

d2x

dτ2 = (ax − 2qx cos 2τ)r2
0

×
[

A2

2r2
0

(−2x) + A4

8r4
0

(−48z2x + 12xr2)

+ A6

16r6
0

(−240z4x + 360z2xr2 − 30xr4)

+ A8

128r8
0

(−18, 038z6x + 13, 440z4xr2 − 6720z2xr4

6 A10 8 6 2
+ 280xr ) +
3840r10

0

(−172 800z x +1, 209 600z xr

−1, 512 000z4xr4 + 378 000z2xr6 − 9450xr8)

]
(6)

I
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t
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The axial direction Oz is given by

d2z

dτ2 = −(az − 2qz cos 2τ)
r2

0

2

×
[

A2

2r2
0

(4z) + A4

8r4
0

(32z3 − 48zr2)

+ A6

16r6
0

(96z5 − 480z3r2 + 180zr4)

+ A8

128r8
0

(87, 512z7 − 54, 114z5r2 + 13, 440z3r4

− 2240zr6) + A10

3840r10
0

(38, 400z9 − 691 200z7r2

+ 1 814 400z5r4 − 1 008 000z3r6 + 94, 500zr8)

]
(7)

ith r =
√

x2 + y2. The ion motion equations are coupled for
on-linear traps unlike the pure quadrupole trap.

The motion spectrum is comprised of frequency peaks of the
ure quadrupolar trap at lower frequencies due to A2 ≤ 1. Other
requency peaks appear in the spectrum: harmonic peaks of the
ecular motion for each direction and coupling frequency peaks
etween axial and radial directions.

The non-linearities introduce resonance lines inside the prin-
ipal stability diagram. These resonances result from couplings,
n the one hand between the direction Oz and a direction of the
lane xOy (for the terms of the motion equations in zlxmyn), and
n the other hand between a direction of the space and the exci-
ation field (for the terms of the motion equations in zl, xm and
n). Franzen et al. [28] present a very interesting set of figures
ocating in the plane (βr, βz) the resonance lines for the poles of
rders n = 3–10.

In the case of the adiabatic approximation, i.e., for az = 0
nd qz ≤ 0.4, for a non-linear ion trap with solely A2 �= 0 and
4 �= 0, and without ion displacement in the radial plane, Zs(t),

he secular axial-motion is given by [11]:

d2Zs(t)

dt2 + Ω2

8
q2
zA

2
2Zs(t) = −Ω2q2

z

A2A4

r2
0

Z3
s (t) (8)

By using a perturbation method, an approximate solution is
ritten in the follow form [29]:

s(t) ≈ z(t0) cos ω′
zt + z3(t0)

4r2
0

A4

A2
cos 3ω′

zt + · · · (9)

here,

′
z ≈ Ω|qz|

2
√

2

(
A2 + 3

A4

r2
0

z2(t0) + · · ·
)

(10)
n Eqs. (9) and (10) above, z(t0) is the axial-position at the begin-
ing of the confinement. The initial axial velocity vz(t0) must be
qual to zero. For non-linearities having even-order multipolar
erms, the equation of the axial-motion comprises odd values of
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owers of z(t). The solution of this equation is described by a
unction with null average value.

Eq. (10) listed above shows that the non-linearities introduce
odifications of the fundamental frequency [30]. If a coupling

erm exists between the axial direction and a radial direction in
he motion equation, the frequency is a function of the radial
nitial conditions of the ions. Consequently, in the case of non-
inearities, the motion frequency depends on the operating point,
he multipolar terms An and the initial conditions of the ions.

. Ion trap operating mode

.1. Description

The Fourier transform quadrupole ion trap operating mode
equires a set of N elementary experiments. An elementary
xperiment consists of the following stages Fig. 1:

1) Creation: the ions are created in the source by a pulsed
electron beam.

2) Injection: the ions are introduced into the trap and are slowed
down by static electric fields.

3) Confinement: the confinement field is turned on at t0 and
the ions are thus confined during ti. i is the index of the

confinement time and of the elementary experiment. The
confinement voltage U0 + V0 cos Ωt is applied to the ring
electrode. Its amplitude and frequency remain constant dur-
ing confinement.

t
f
s
[

ig. 1. EI ion source and ion trap mass analyser. Description of the elementary experim
s the same for experimental and simulation results.
ass Spectrometry 263 (2007) 243–259

4) Ejection: the confinement field is then replaced by a static
field which moves the ions towards a fast response electron
multiplier.

5) Measurement: the electron multiplier delivers an electric
signal that is sampled and recorded. The resulting signal is
called a time-of-flight (TOF) histogram. The TOF is the time
that the ion spends to cover the distance between its position
in the trap at the end of confinement and the first dynode of
the electron multiplier. The histogram area is proportional to
the total number of collected ions. The mean value and the
spread of TOF histograms depend on the ion cloud positions
and velocities at the end of the confinement duration ti.

Since the measurement is destructive, this elementary exper-
ment is reproduced for a set of N confinement times {ti =
Te, i = 1–N}. Te = jTΩ is the sampling period. Generally,
= 1. In experiments j can be chosen greater than 1 to increase

esolution. In this simulation work a j value lower than 1 will
e chosen to increase the observation frequency range to reduce
eak fold over.

.2. Signal treatment
ion versus ti the frequencies of which are the axial secular
requencies of the simultaneously confined ions. The motion
pectrum is obtained by a Fourier transform of this function
31,24].

ent stages and corresponding simulation stages. The TOF histogram treatment
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Table 1
Mass FWHM computed from Eq. (12) for magnitude and power frequency
spectra for three operating points with N = 1000

V0 (V) ωz (kHz) Δωz (Hz) δ1/2,m/z (u)

130 u 131 u Magnitude Power

45 24.283 24.093 190.5 2.94 2.105
108.35 64.054 63.43 624 0.898 0.643
138 92.060 90.727 1333 0.420 0.301

The axial secular frequency ωz is measured from spectra computed with the
following conditions: one ion confined in a 3r0 truncated trap, an exact Blackman
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Measured signals are periodic: they present a line spectrum.
he magnitude spectrum of a periodic signal, observed dur-

ng Tm = NTe, comprises peaks of the form |sinc(πνTm)|. Such
hape exhibits auxiliary wiggles on both sides of the main peak.
he relative amplitude of the side wiggles is 22% for the ampli-

ude spectrum. Such wiggles make it difficult to observe a small
eak near a large peak. Multiplying the temporal signal by an
podization function (for example, here, by an exact Blackman
unction), reduces the wiggle amplitude. The relative amplitude
f the higher wiggles is then 0.04%. However, the main peak
ecomes wider.

Sampling the temporal signal at the period Te limits the
requency exploration to the range [0, 1/(2Te)] (Shannon or
yquist theorem). Larger frequency peaks fold over at false

requency values in this domain.
Discrete Fourier transform (DFT) algorithms give a discrete

pectrum whose frequency step is νm = 1/Tm. This step is not
ufficient to reveal the exact shape of the peak as its base width
s equal to 2/Tm. Before performing DFT, zeros are added to the
emporal signal (zero filling or padding) to reduce the frequency
tep in the spectrum [25]. Frequency step of the computed points
s expressed by νm = 1/T ′

m, where T ′
m = N ′Te, where N ′ is the

umber of temporal points after zero addition (we chose five zero
dditions). If N is a power of two then N ′ = 32N. Otherwise,
′ is chosen to equal the nearest superior value of N2 multiplied

y 16. For example, with N = 1000, N ′ = 1024 × 16 = 16 384
nd the frequency step is about 15.25 Hz and for N = 20 000,
′ = 32 768 × 16 = 524 284 and the frequency step is about

.48 Hz.
With such frequency step, choosing the maximum amplitude

f the peak to locate the peak frequency results in a sufficiently
ccurate measurement.

.3. Resolution

By Fourier analysis, δ1/2,ν, the full width at half maximum
FWHM) of the peak, is expressed by

1/2,ν (Hz) = α

Tm
(11)

Without an apodization function, α ≈ 1.2 for the magni-
ude spectrum and 0.89 for the power spectrum. By using
he exact Blackman apodization function before performing
ourier analysis, α ≈ 2.24 for the magnitude spectrum and 1.6
or the power spectrum. The benefit of this apodization func-
ion is that it greatly reduces noise level and also induces a
eak enlargement. To have a lower peak enlargement, a Ham-
ing apodization function is used: α ≈ 1.81 for the magnitude

pectrum and 1.3 for the power spectrum, but the relative ampli-
ude of the higher wiggles is 0.75%, which increases the noise
evel.

In the operating mode used here, mass resolution depends on

he operating point [26]. As mass analysis is performed with V0
onstant, for example for two ions different in m/z ratio, the
igher the operating point, the larger the difference frequency
etween the two ions.

•

podization function,Ω/2π = 250 kHz, z0 = 1 cm,U0 = 0 V,Te = TΩ = 4 �s,
= 20 000, z(t0) = −2 mm and x(t0) = y(t0) = 0 mm.

Mass FWHM of the peak can be expressed by

1/2,m/z (u) = δ1/2,ν

Δm/z

Δωz

(12)

here Δωz is the axial-secular frequency difference between two
ons with a mass difference equal to Δm/z. The Δωz increases
ith the increasing of V0, as does mass resolution too.
Table 1 gives the mass FWHM of the peak for three operating

oints. With an exact Blackman apodization function and N =
000, Eq. (11) gives δ1/2,ν = 560 Hz for the magnitude spectrum
nd 401 Hz for the power spectrum. The frequency difference
ωz is computed from the secular frequency trajectory of two

ons with a mass of 130 and 131 u.
The magnitude spectrum is drawn in figures to show a linear

ehaviour of the peak amplitude. To obtain a better resolution,
he FWHM is computed from the power spectrum.

Remaining side lobes are the sole noise source when only
ne ion trajectory is considered which is the case in the first part
f the results.

. Modelling of the experiment

.1. Initial conditions

The initial moment t0 of the simulation is fixed at the begin-
ing of the confinement. Ion injection is not taken into account.

Initial ion positions x(t0), y(t0), z(t0) and initial ion veloci-
ies vx(t0), vy(t0), vz(t0) are drawn from six Gaussian laws of
arameters: (x̄(t0), σ[x(t0)]), (ȳ(t0), σ[y(t0)]), (z̄(t0), σ[z(t0)]),
v̄x(t0), σ[vx(t0)]), (v̄y(t0), σ[vy(t0)]) and (v̄z(t0), σ[vz(t0)]),
espectively.

The injection mode imposes the following choice of initial
onditions for the confinement stage:

On the radial plane, the ion cloud is centred: x̄(t0) = ȳ(t0) =
0 mm. Its standard deviation is twice as large as the injection
aperture: σ[x(t0)] = σ[y(t0)] = 2 mm.
On the radial plane, the ions of the cloud have a slight veloc-

ity spreading over: v̄x(t0) = v̄y(t0) = 0 m/s and σ[vx(t0)] =
σ[vy(t0)] = 300 m/s.
On the Oz axis, the ion cloud is stopped in a de-centred posi-
tion before the centre of the trap. In simulation, z̄(t0) varies
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between 0 and −6 mm with a standard deviation of the ion
cloud σ[z(t0)] ranging between 2 and 4 mm.
On the Oz axis, the average velocities are null v̄z(t0) = 0 m/s.
The standard deviation of velocities is more significant than
on the radial plane, because the ion translation is carried out
according to the Oz axis.

The number of ions injected Ni is drawn from a Poisson law
f parameter N̄i, the mean number of ions per experiment.

.2. Confinement

Ion positions x(ti), y(ti) and z(ti) and velocities vx(ti), vy(ti)
nd vz(ti) (at the end of the confinement time ti) are computed
rom trajectories given by Eqs. (6) and (7) by an RK4 numeri-
al method with 1200 points per period of the ac confinement
oltage.

The initial phase of the confinement voltage ϕi is chosen
qual to π. In this case, in a pure quadrupolar ion trap, with
n initial velocity equal to zero, the maximum extension of the
xial trajectory is equal to the initial axial-position.

Simulations are carried out for a pure quadrupolar trap and for
hree types of non-linearities: a stretched trap, a trap truncated
t 2r0 and another at 3r0. The stretched trap is integrated in the
ass spectrometers of the Finnigan MAT company. The non-

inear fields introduced by the stretch are used to offset the field
aults caused by the holes in the end-caps [32].

In the FTQIT mass spectrometer, non-linear fields come
rom apertures, missed-alignment and truncation of the elec-
rode. Here, only the last perturbation is taken into account. The
lectrodes are truncated at the dimension 2r0 (or 3r0) on each
symptote of the potential separating an end-cap from the ring.
hey keep the cylindrical symmetry of the electrodes. For each

ype of non-linearity, coefficients A2p are given by Wang and
ranzen [6] and are limited to 2p = 10.

.3. Ejection

At the end of the confinement, the ions are ejected out of the
rap and are directed towards the electron multiplier. We consider
hat the time-of-flight to reach the multiplier is negligible in
omparison with the time that it takes the ion to leave the trap (at
he dimension z0). It is supposed that the electrical field inside the
rap at ejection is dipolar. Hence TOF versus time of confinement
s expressed by [31]:

f(ti) = 1

A
[
−vz(ti) +

√
v2
z(ti) − 2A(z(ti) − z0)

] (13)

here A = (ZeUe)/(mz0), with 2Ue being the voltage applied

etween the two end-caps during the ejection stage.

Then, a TOF histogram is built for the confinement time ti. As
n experiment, a set of elementary experiments are performed
or increasing confinement times and a same treatment is applied
o the set of histograms to obtain motion frequency spectrum of
he simultaneously confined ions.

i

e
i
q
p
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. Results and discussion

.1. Preliminaries for a single ion treatment

In the operating mode, mass identifying is performed from the
pectrum of a periodic signal function of positions and velocities
uring confinement. In consequence, non-linearity influences
f the trap can be gauge from the axial spectrum of only one
onfined ion, which will be done in a first time in the two next
aragraphes. In this case, to obtain the spectrum, signal treatment
apodization, zero padding and Fourier transform) is applied on
same axial trajectory computed for each ti (i varying between 1
nd N) with x(t0), y(t0), z(t0), vx(t0), vy(t0) and vz(t0) as initial
onditions.

.2. Axial-motion secular frequency versus initial position

In the FTQIT operating mode, ions have large and different
otion amplitudes during confinement. Hence, influence of the

nitial conditions (directly connected to the maximum ampli-
ude of the ion motion, as initial velocity is null) on the secular
requency is examined in the case of one ion.

.2.1. Versus initial axial-position
Fig. 2 shows the frequency variation of the secular axial-

otion versus z2(t0) for the three types of non-linear ion traps.
rap operating points (depending on V0) are chosen far from a
esonance line in order to obtain only the axial secular frequency
eak without any significant coupling peaks.

The secular axial-motion frequency of an ion confined in a
rap truncated at 2r0 is lower than that of an ion confined in a
rap truncated at 3r0, which is lower than that of an ion confined
n pure quadrupolar ion trap.

In the case of truncated ion traps, the frequency decreases
ith the increasing of z2(t0) as A4 is negative (Eq. (10)). This
ecrease is not linear as expected in this equation. This approxi-
ate equation does not take into account A6, A8 and A10 which

re negative for the two truncated ion traps. For example,A6 adds
new term which is proportional to A6z

4(t0). Consequently, the
urves of Fig. 2 present a decrease greater than a linear decrease.

For a stretched ion trap, the frequency increases with the
ncreasing of z2(t0) as A4 is positive. This increase is not linear
s expected in Eq. (10). For example, A6, which is positive for
stretched ion trap, adds a new term which is proportional to
6z

4(t0). Consequently, the curve presents an increase greater
han a linear increase.

.2.2. Versus initial radial-position
Fig. 3 shows the frequency variation of the secular axial-

otion versus r2(t0) = x2(t0) + y2(t0) for an ion trap truncated
t 2r0 and 3r0. x is equal to y and both vary between 0 and 6 mm
n steps of 1 mm.

Here, a coupling between the axial and the radial directions

xists because x(t0) = y(t0) �= 0. A4 induces a secular frequency
ncrease proportional to r2(t0), while A6 induces a secular fre-
uency increase proportional to r2(t0) and z2(t0) and a decrease
roportional to r4(t0).
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Fig. 2. Frequency of the secular axial-motion peak of an ion confined in:
(square) a pure quadrupolar trap; (triangle) a trap truncated at 3r0; (circle)
a trap truncated at 2r0 and (diamond) a stretched ion trap vs. z2(t0) with
(
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Fig. 3. Frequency of the secular axial-motion peak of an ion confined in: (square)
a pure quadrupolar trap; (triangle) a trap truncated at 3r0 and (circle) a trap
truncated at 2r0 vs. r2(t0) = x2(t0) + y2(t0) with (a) V0 = 50 V, (b) V0 = 100 V
and (c) V0 = 145.8 V. The other conditions are: m/z = 130 u, Ω/2π = 250 kHz,
z0 = 1 cm, U0 = 0 V, Te = TΩ = 4 �s, N = 20 000 and z(t0) = −2 mm.

Table 2
Δ1,ωz , secular axial-motion frequency difference between one ion with initial
position z(t0) = −1 mm and an other with −5 mm, both with x(t0) = y(t0) = 0;
Δ2,ωz , secular axial-motion frequency difference between one ion with ini-
tial position x(t0) = y(t0) = 0 mm and an other with 5 mm, both with z(t0) =
−2 mm

Operating conditions Δ1,ωz (Hz) Δ2,ωz (Hz)

V0 (V) βz

Ion trap truncated at 2r0 50 0.217 13.4 9
100 0.523 25.9 24.1
145.8 0.929 83.6 103.2

Ion trap truncated at 3r0 50 0.217 3.1 2.3
a) V0 = 50 V, (b) V0 = 100 V and (c) V0 = 145.8 V. The other conditions
re: m/z = 130 u, Ω/2π = 250 kHz, z0 = 1 cm, U0 = 0 V, Te = TΩ = 4 �s,
= 20 000 and x(t0) = y(t0) = 0 mm.

In Fig. 3, for a trap truncated at 3r0, as A6 is negligible, the
requency increases almost in proportion to r2(t0). For a trap
runcated at 2r0, a decrease proportional to A6r

4(t0) is superim-
osed on to an increase proportional to A4r

2(t0). As the absolute
alue of A6 is greater than A4, the frequency increase is less than
linear increase.

In the case of a trap truncated at 2r0, with the increase of the
nitial radial-position, the value of the axial secular frequency
eak can be greater than that measured with a pure quadrupole
on trap.

.2.3. Consequence of the secular frequency differences
From the results of the two previous figures, Δ1,ωz the

ecular axial-motion frequency difference between an ion trajec-
ory with an initial axial-position z(t0) = −1 mm and one with

(t0) = −5 mm is computed (see Table 2).

The closer to 1 the operating point βz is, the greater the fre-
uency difference. Δ1,ωz is about four times lower with a trap
runcated at 3r0 than with a trap truncated at 2r0.

100 0.523 6 7
145.8 0.929 19.7 35.5

The other conditions are: m/z = 130 u, Ω/2π = 250 kHz, z0 = 1 cm, U0 = 0 V,
Te = TΩ = 4 �s, N = 20 000.
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Fig. 4. Axial trajectory vs. V0 of an ion confined in a stretched trap close to the resonance line βz = 0.5. The conditions are: m/z = 130 u, Ω/2π = 250 kHz,
z0 = 1 cm, U0 = 0 V, Te = 4 �s, N = 20 000, z(t0) = −4 mm and x(t0) = y(t0) = 0 mm.
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Fig. 5. Axial trajectory vs. V0 of an ion confined in a trap truncated at 2r0 close to the resonance line βz = 0.5. The conditions are: m/z = 130 u, Ω/2π = 250 kHz,
z0 = 1 cm, U0 = 0 V, Te = 4 �s, N = 20 000, z(t0) = −4 mm and x(t0) = y(t0) = 0 mm.
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ig. 6. Axial-motion spectrum of an ion confined in a trap truncated at 3r0 fo
/z = 128.47 u, Ω/2π = 250 kHz, z0 = 1 cm, U0 = 0 V, V0 = 105 V, N = 20

In Table 2, Δ2,ωz is the secular axial-motion frequency dif-
erence between an ion trajectory with an initial radial-position
(t0) = y(t0) = 0 mm and an ion trajectory with an initial radial-
osition x(t0) = y(t0) = 5 mm. A radial difference of 5 mm and
n axial difference of 2 mm give about a same frequency differ-
nce in the case of a truncated ion trap.

The frequency peak FWHM is equal to about 20 Hz for the
ower spectrum in these operating conditions. The frequency
ifference between two ions with different initial conditions
given in Table 2) are sufficiently large to deform the frequency
eak or induce a peak splitting in the case of the superimposition
f the two ion spectra.

.3. Influence of two resonance lines
Resonance lines lead to different effects that impair mass
nalysis. Ion loss can occur and coupling peaks gain amplitude
hen trap operating point approaches resonance line.

5
l

β

ig. 7. Amplitude evolution of the peaks ωz and 3ωz vs. m/z for a trap truncated a
ther conditions are: Ω/2π = 250 kHz, z0 = 1 cm, U0 = 0 V, V0 = 105 V, Te = 4 �s
perating point located under the resonance line βz = 0.5. The conditions are:
z(t0) = −2 mm and x(t0) = y(t0) = 2 mm.

.3.1. Frequency localisation of the resonance lines
For a set of operating points defined by the pair (az, qz), the

alues of βz, βr and ωz are computed in the case of a pure
uadrupolar trap by the matrix method [33]. The value of ωz

or which the couple (βz, βr) fulfils the equation of the reso-
ance line is the frequency of the resonance line. For U0 = 0 and
/2π = 250 kHz, the resonance line βz = 0.5 is localised at the

requency 62.500 kHz and βz + βr = 1 at about 87.859 kHz.
The simulations are carried out according to the physical

arameters. The frequency of the peak depends on the initial
onditions and on the type of non-linearity. Hence, the value
f V0 must be adjusted empirically in order to cause the ion to
scillate with the required frequency.
.3.2. Motion amplitude and ion loss close to a resonance
ine

The axial trajectory is computed close to the resonance line
z = 0.5. Figs. 4 and 5 show the envelope of this trajectory for

t 3r0 around the resonance line βz = 0.5 and for z(t0) = −1and − 2 mm. The
, N = 20 000 and x(t0) = y(t0) = 2 mm.
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ig. 8. Axial-motion spectrum of an ion confined in a trap truncated at 3r0 for a
/z = 129.6 u, Ω/2π = 250 kHz, z0 = 1 cm, U0 = 0 V, V0 = 134 V, N = 20 0

ifferent operating points by varying V0 in the case of a stretched
rap and a trap truncated at 2r0, respectively.

It was proved that the shape of the envelopes is not induced
y the particular value of the ratio between the sampling period

nd the period of the axial secular motion. Smaller values of Te
ive an identical shape.

Around the resonance line (for V0 < 118.49 V and V0 >

18.70 V), the axial-trajectory envelope presents beats induced

t
s
a

ig. 9. Amplitude evolution of the peaks ωz and ωz + 2ωx vs. m/z for a trap truncated
nd 2 mm. The other conditions are: Ω/2π = 250 kHz, z0 = 1 cm, U0 = 0 V, V0 =
e = 4 �s, N = 20 000 and z(t0) = −2 mm.
rating point located under the resonance line βz + βr = 1. The conditions are:
(t0) = −2 mm and x(t0) = y(t0) = 2 mm.

y frequency superimposition. Indeed, the amplitudes of the
hree main frequency peaks (ωz, 3ωz and 5ωz) increase as they
pproach the resonance line by varyingV0. The maximum ampli-
ude of the trajectory does not exceeded the initial axial-position.
Around and close to the resonance line (from V0 = 118.49
o 118.70 V), one observes the resonance effect: the envelope
hape presents periodical extensions greater than the initial
xial-position value. When resonance occurs the amplitude

at 2r0 and 3r0 around the resonance line βz + βr = 1 and for x(t0) = y(t0) = 1
134.5 V for the trap truncated at 2r0 and 134 V for the trap truncated at 3r0,
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z(t0) = −2 mm and 128.425 to 128.462 u for z(t0) = −1 mm.
With a minimum detection threshold set to 0.1%, the damaged
mass range is greater than 1 u for z(t0) = −2 mm and about 0.4 u
for z(t0) = −1 mm.

Fig. 10. (a) Total number of detected ions and (b) autocorrelation func-
54 A. Janulyte et al. / International Journa

f the trajectory increases. In this resonance the motion fre-
uency depends on the motion amplitude. Therefore, when
he amplitude increases the frequency changes, which moves
he operating point out of the resonance. Then the amplitude
ecreases and the operating point returns to its initial value. The
rocess restarts periodically.

For strong non-linearity (i.e., for the stretched ion trap)
he resonance effect occurs in a larger voltage range (�V0 ≈
.365 V) than for the trap truncated at 2r0 (�V0 ≈ 0.020 V).
ith the trap truncated at 3r0, amplitude periodical extensions

re imperceptible.
For large-amplitude trajectories, the ion can be lost by its

eaching one of the two end-cap electrodes for the stretched ion
rap and the trap truncated at 2r0.

Even with a stretched trap, ion is not ejected under these
perating conditions. To the contrary, for the resonance line βz +
r = 1, ion ejection occurs with a trap truncated at 3r0 and initial
onditions z(t0) = −1 mm and x(t0) = y(t0) = 2 mm.

.3.3. Axial spectrum near βz = 0.5 for a trap truncated at
r0

The ion axial-motion spectrum is shown in Fig. 6 for an oper-
ting point located under the resonance line βz = 0.5 in the case
f a trap truncated at 3r0.

With the chosen operating conditions (i.e., a trap truncated
t 3r0, z(t0) = −2 mm and x(t0) = y(t0) = 2 mm), the visible
eaks are the coupling peaks between the confinement field and:

the axial direction (induced by A2): ωz, Ω − ωz, Ω + ωz and
2Ω − ωz;
the axial direction (induced by A4, A6): 5ωz − Ω, Ω − 3ωz,
3ωz, 2Ω − 3ωz and Ω + 3ωz;
the axial and radial directions (induced by A4): ωz − 2ωx,
ωz + 2ωx and Ω − (ωz + 2ωx).

The three main peaks are ωz, Ω − 3ωz and 5ωz − Ω. When
pproaching the resonance line on the left (for example, by
ncreasing V0), the frequency of the peaks ωz and 5ωz − Ω

ncreases while that of the peak Ω − 3ωz decreases. And the
mplitude of these coupling peaks increases too.

In Fig. 6, the sampling period is equal to the period of
he confinement field (Te = 4 �s). As a result, due to sam-
ling, the visible peaks are constituted of the superimposition
f various coupling peaks for certain sampling orders. The
enoted peaks are not located at their true frequency. For exam-
le, all the coupling peaks between the confinement field and
xial direction (nΩ ± ωz) fold over at the secular axial fre-
uency ωz: the fold over of the negative frequencies of the
ampling order (+1) of the peak Ω − ωz has the frequency
alue (+1)Ω − (Ω − ωz) = ωz, the fold over of the positive
requencies of the sampling order (−1) of the peak Ω + ωz

as the frequency value (−1)Ω + (Ω + ωz) = ωz, . . . The cou-
ling peaks between the confinement field and axial direction

Ω ± 3ωz fold over at the frequency Ω − 3ωz. This peak super-

mposition is denoted 3ωz in Fig. 6, as the frequency peaks
re referenced according to their generic term. For the oper-
ting conditions used in this figure, this secondary peak (3ωz)

t
c
1
σ

z
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as an amplitude greater than 2%. This increases the noise
evel.

.3.4. Mass identifying around the resonance line βz = 0.5
The confinement potential is chosen to confine ion of m/z =

30 u on an operating point located under the resonance line
z = 0.5 (Fig. 7). Lower values of m/z ratio are submit-

ed to the resonant effect. Trajectories and resulting spectra
re computed for different m/z ratios lower than 130 u. The
mplitudes of the main (ωz) and secondary (3ωz) peaks are
easured.
For the operation conditions used in (Fig. 7) and with a mass

tep of 0.001 u near the resonance line, one observes periodical
rajectories, in other words for each mass there is no ion loss
bserved, even on the resonance. On the resonance, an overlap-
ing of the two peaks occurs. Consequently, in a given mass
ange, the amplitudes of the peak 3ωz is not measured and the
mplitudes of the peak ωz are not significative. For the mass
ange 128.4–128.5 u, z(t0) = −2 mm and for the mass range
28.432–128.460 u, z(t0) = −1 mm.

The amplitude of the secondary peak impairs mass analysis
n the larger mass range. If the minimum detection threshold
s set to 1%, the mass range is from 128.32 to 128.52 u for
ion vs. confinement time in a trap truncated at 3r0 for N = 1000. The
onditions are: m/z = 130 u, Ω/2π = 250 kHz, z0 = 1 cm, U0 = 0 V, V0 =
08.35 V, Te = TΩ = 4 �s, N̄i = 50 ions, x̄(t0) = ȳ(t0) = 0 mm, σ[x(t0)] =
[y(t0)] = 2 mm, v̄x(t0) = v̄y(t0) = 0 m/s, σ[vx(t0)] = σ[vy(t0)] = 300 m/s,

¯(t0) = −4 mm, σ[z(t0)] = 2 mm, v̄z(t0) = 0 m/s and σ[vz(t0)] = 600 m/s.
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.3.5. Axial spectrum near the resonance line βz + βr = 1
The ion axial-motion spectrum is shown in Fig. 8 for an oper-

ting point located under the resonance line βz + βr = 1 for a
rap truncated at 3r0.

This resonance strengthens the coupling peaks between the
xial and the two radial directions. The amplitude of the coupling
eaks nΩ ± kωz diminishes while the amplitude of the coupling
eaks nΩ ± (kωz ± k′ωx) increases.

For the sampling period Te = 4 �s, the two main peaks,
ocated around ωz, are formed by the fold over of the peaks:
Ω ± (ωz + 2ωx) and nΩ ± (3ωz + 2ωx). Their are denoted
z + 2ωx and 3ωz + 2ωx.

.3.6. Mass identifying around the resonance line
z + βr = 1

Confinement potential remains constant: V0 = 134.5 V for

he trap truncated at 2r0 and 134 V for the trap truncated at 3r0
Fig. 7). Operating point for the m/z = 130 u is located under
he resonance line βz + βr = 1. Peak amplitudes are computed
y the same processing used in Fig. 9 for the resonance line βz =

T
p
t
0

ig. 11. Evolution of the magnitude spectrum of the axial trajectory of an ion cloud
/2π = 250 kHz, z0 = 1 cm, U0 = 0 V, V0 = 121 V, Te = TΩ = 4 �s, N̄i = 50 ions
[vx(t0)] = σ[vy(t0)] = 300 m/s, z̄(t0) = −4 mm, σ[z(t0)] = 2 mm, v̄z(t0) = 0 m/s an
ass Spectrometry 263 (2007) 243–259 255

.5. Here, the resonance line induces ion ejection. Hence, in a
iven mass range, the amplitude of the peaks ωz and ωz + 2ωx

annot be measured.
This resonance line has a stronger effect than the resonance

ine βz = 0.5. For example, we compare the effect of these two
esonance lines from Figs. 7 and 9 both obtained with a truncated
rap at 3r0 and with x(t0) = y(t0) = 2 mm and z(t0) = −2 mm.
mplitude of the peak ωz is not significative in a mass range
f about 0.1 u around the resonance line βz = 0.5 and of about
.38 u for the resonance line βz + βr = 1.

The amplitude of the secondary peak exceeds the value of
% in a mass range lower than 0.02 u around the resonance line
z = 0.5 and about 0.1 u around the resonance line βz + βr = 1.

With a lower radial displacement, i.e., x(t0) = y(t0) = 1 mm
nd z(t0) = −2 mm, mass analysis will be impaired in a mass
ange of about 0.1 u around the resonance line βz + βr = 1.

his mass range corresponds to a defective measure of the
eak ωz. In this mass range, the maximum amplitude for
he peak ωz + 2ωx leads to a minimum threshold of about
.3%.

in a stretched trap for certain values of N. The conditions are: m/z = 130 u,
, x̄(t0) = ȳ(t0) = 0 mm, σ[x(t0)] = σ[y(t0)] = 2 mm, v̄x(t0) = v̄y(t0) = 0 m/s,
d σ[vz(t0)] = 600 m/s.
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.4. Operating mode preliminaries

The next experimental results will consider an ion cloud
pread in positions and velocities at the beginning of the confine-
ent. The instantaneous number of the ions varies depending on

he elementary experiment. The spectrum is obtained by carry-
ng out the Fourier transform of an autocorrelation function as a
unction of the confinement time built from the discrimination
f TOF histograms.

In Fig. 10, curves (a) and (b) show the total number of
ons as a function of confinement time and the autocorrelation
unction before, applying the Fourier transform, respectively.
hese two curves come from the simulation results given later

n Fig. 13 with N = 1000. The number of detected ions is com-
uted by adding the number of detected pulses for each TOF
istogram.

A mean number of 50 ions is chosen for the initial population

f the cloud. The fluctuation of the number of ions during con-
nement time comes from the Poisson draw at each elementary
xperiment. Initial condition dispersion in position and velocity
eads to a very rapid ion loss. The mean number of detected

t
d
t
u

ig. 12. Evolution of the magnitude spectrum of the axial trajectory of an ion cloud in
/2π = 250 kHz, z0 = 1 cm, U0 = 0 V, V0 = 108.4 V, Te = TΩ = 4 �s, N̄i = 50 ion
[vx(t0)] = σ[vy(t0)] = 300 m/s, z̄(t0) = −4 mm, σ[z(t0)] = 2 mm, v̄z(t0) = 0 m/s an
ass Spectrometry 263 (2007) 243–259

ons is about 41 for a mean initial population of 50. The same
loud of ions confined in a pure quadrupole trap with an equiva-
ent operating point (given the same secular frequency for the ion

otion) gives about the same mean number of detected ions. The
perating point is chosen far from the influence of a resonance
ine.

.5. Influence of non-linearity versus resolution

The magnitude spectrum of the axial trajectory for an ion
opulation with the same mass-to-charge ratio is calculated for:
stretched ion trap (Fig. 11), an ion trap truncated at 2r0 (Fig. 12)
nd an ion trap truncated at 3r0 (Fig. 13) for certain values of N.

The value of V0 is changed in order to keep approximately
he same operating point for the three types of non-linearities.
he operating point is chosen away from the influence of a

esonance line. N evolves between 1000 and 20 000 in order

o increase resolution. Each elementary experiment uses a new
raw of positions and velocities of the initial ion cloud. To have
he same set of initial conditions, the same draw sequence is
sed in each simulation.

a trap truncated at 2r0 for certain values of N. The conditions are: m/z = 130 u,
s, x̄(t0) = ȳ(t0) = 0 mm, σ[x(t0)] = σ[y(t0)] = 2 mm, v̄x(t0) = v̄y(t0) = 0 m/s,
d σ[vz(t0)] = 600 m/s.
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ig. 13. Evolution of the magnitude spectrum of the axial trajectory of an i
/z = 130 u, Ω/2π = 250 kHz, z0 = 1 cm, U0 = 0 V, V0 = 108.35 V, Te = TΩ

¯y(t0) = 0 m/s, σ[vx(t0)] = σ[vy(t0)] = 300 m/s, z̄(t0) = −4 mm, σ[z(t0)] = 2 m

Fluctuations of the number of ions induce a background fre-
uency noise in the spectrum, but do not affect peak splitting.

In a non-linear trap, each ion evolves with its own axial secu-
ar frequency depending on its maximum axial amplitude which
s dependent on its initial positions and velocities. Hence, the
xial spectrum comprises a superimposition of close-frequency
eaks. We look for the maximum limit of the resolution (the
imit value for N referred to as Nlim) which leads to one peak
ith the expected shape and full width at half maximum, i.e.,
hich does not reveal the different motion frequency for the ion

loud with the same mass.
For the stretched trap (Fig. 11), with N = 1000, the peak

hape does not match the expected shape. For higher values of
, several peaks are visible.
For the ion trap truncated at 2r0 (Fig. 12), Nlim ≈ 3500. For
his value, δ1/2,ν ≈ 160 Hz (for the magnitude spectrum) and
1/2,m/z ≈ 0.256 u. The resolution limit is about 507 for the mass
30 u.

a

t

oud in a trap truncated at 3r0 for certains values of N. The conditions are:
�s, N̄i = 50 ions, x̄(t0) = ȳ(t0) = 0 mm, σ[x(t0)] = σ[y(t0)] = 2 mm, v̄x(t0) =
z(t0) = 0 m/s and σ[vz(t0)] = 600 m/s.

For the ion trap truncated at 3r0 (Fig. 13), Nlim ≈ 11 500.
n this case, for the power spectrum, δ1/2,ν ≈ 35 Hz, δ1/2,m/z ≈
.056 u and the mass resolution limit is about 2321 for the mass
30 u.

When N ≤ Nlim, the value of the peak FWHM agrees with
he calculated value from Eq. (11).

When N > Nlim, close-frequency small-amplitude peaks
enerally appear around the main peak. When the resolution
s not sufficient to separate them, a widening of the base of
he main peak is observed. This agrees with the experimental
esults where the same behaviour of the spectra was observed
34].

.6. Influence of both the initial conditions of the ion cloud

nd the trap operating point

Broadening of the ion cloud increases frequency peak split-
ing. A simulation made in the same conditions as Fig. 13 except
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[z(t0)] = 4 mm leads to Nlim = 11 500 instead of 12 500 with
[z(t0)] = 2 mm.

Initial condition dispersion fixes the lowest limit of the peak
WHM. With the FTQIT operating mode, if V0 increases,

he frequency between two peaks with different masses, Δωz ,
ncreases. Hence, resolution increases. However, it was noted in
able 1 that, for one mass, the dispersion of frequency peak
Δ1,ωz ) induced by a dispersion of the initial axial-position
ncreases with V0.

We must look for the highest optimal value for V0 that gives
he highest resolution without peak splitting.

A simulation is made in the same conditions as Fig. 13 except
0 = 138.00 V. The operating point is located at βz = 0.74
etween the resonance lines βz + βr = 1 and 2βz − 2βr = 1
orresponding (for U0 = 0) to the secular axial frequency values
7.94 and 102.63 kHz, respectively. One obtains Nlim = 7500.
n consequence, for the power spectrum, the lowest value for
1/2,ν is about 53 Hz, the lowest value for δ1/2,m/z is about 0.04 u
nd the mass resolution is about 3250.

With this operating point, mass resolution is better than for
0 = 108.35 V (Fig. 13). Frequency FWHM (δ1/2,ν) is lower
ut frequency difference between two peaks (Δωz ) is greater.

. Conclusion

Non-linearities have two main harmful effects for the FTQIT
perating mode.

Amplitudes and frequency of the confinement potential
emain constant during mass analysis. Consequently, the first
ffect is to impair mass analysis on mass range for that the
perating point sustains the influence of a resonance line.

On the resonance line βz = 0.5, periodical extensions of the
otion amplitude are observed in a range lower than 30 mV for
0 in the case of a trap truncated at 2r0. This can lead to ion

oss for the ions having large amplitudes. Ion loss occurs for the
esonance line βz + βr = 1, even with a trap truncated at 3r0
nd small maximum amplitudes (with initial positions x(t0) =
(t0) = 1 mm and z(t0) = −2 mm and null initial velocities).

Main peak amplitude varies around resonance line making
t defective for mass quantification. Coupling peaks gain ampli-
ude that reduces signal-to-noise ratio or increases the minimum
etection threshold.

For example, with a trap truncated at 3r0 and with the max-
mum amplitude equal to 2 mm on axial direction and 2 mm on
oth radial directions, the damaged mass range is about 0.1 u
round the resonance line βz = 0.5. For the same experimen-
al conditions mass range is about 0.38 u for the resonance line
z + βr = 1. With a lower maximum amplitude of the motion
1 mm for the axial direction) mass analysis is impaired on a
ass range of about 0.028 u for the resonance line βz = 0.5.
Experimental results have shown an amplitude rundown on

he resonance line βz = 0.5 for isotopic Xe+ ions (see Fig. 4 of
34]). Here, the trap is truncated at 2r0 and has a poor electrode

lignment leading to a non-axial-symmetric trap.

To minimise this effect, mass analysis may be performed on
mall mass ranges (around 10 u) between two strong resonance
ines.

s

m
i

ass Spectrometry 263 (2007) 243–259

The second harmful effect comes from the dependence of the
ecular frequency on the maximum amplitude of the motion
uring confinement. The studied operating mode requires a
e-centred ion cloud as peak amplitude of the spectrum is an
ncreasing function of the maximum amplitude during confine-

ent. In experiment, it is difficult to have both an ion cloud that
s de-centred and concentrated at the initial confinement time.
n consequence, even far from a resonance line, ions are also
ubmitted to a non-linear effect leading to peak splitting. This
imits resolution.

Frequency motion depends on the maximum amplitude
hich is approximately equivalent to the initial position of the

ons with an initial velocity that is null. With a truncated ion trap,
he secular axial frequency decreases with the increasing of the

aximum amplitude of the axial trajectory, while it increases
ith the increasing of the maximum amplitude of the radial tra-

ectory. For example, for an operating point βz around 0.5, a
ifference of 4 mm for z(t0) induces a secular axial frequency
ifference of about 26 Hz for a trap truncated at 2r0 and about
Hz for a trap truncated at 3r0.

In spectra coming from the operating mode used in this work,
esolution collapses very quickly with the increase of the degree
f non-linearity. For example, with a trap truncated at 2r0 the
esolution is four times lower than with a trap truncated at 3r0.

ass resolution (for the mass 130 u) is 507 with a trap truncated
t 2r0 and 2321 with a trap truncated at 3r0 for an operating
oint located at βz ≈ 0.51. As a result, the mass spectrometer
rototype will integrate a new ion trap truncated at 3 r0 to reach
better resolution.

In the operating mode used here, if V0 increases, the fre-
uency between two peaks with different masses increases.
owever, for one given mass, the dispersion of frequency peaks

nduced by a dispersion of initial conditions also increases.
his reduces the value of Nlim. For an operating point located
t βz ≈ 0.74 (V0 = 138 V), Nlim = 7500, but mass resolution
ncreases compared with that obtained for βz ≈ 0.51. Mass res-
lution is equal to about 3250.

Simulation uses a Gaussian draw for all initial positions
nd velocities. For the axial direction, when z̄(t0) = −4 mm
nd σ[z(t0)] = 2 mm, 95% of the ions have an axial-position
etween 0 and −8 mm. This induces a large distribution of
requency.

A better ion resolution was obtained in experiments com-
ared to simulation results. With a trap truncated at 2r0, the
ass resolution is about 4000 for the operating point βz ≈ 0.58

nd βr ≈ 0.25 and Nlim is greater than 8000 [34].
At the initial time of the confinement, ion cloud dispersion

nd localisation in position and velocity are difficult to estab-
ished in experiments. In simulation, these conditions in position
nd velocity are chosen independent and are drawn from Gaus-
ian laws. This is not representative of the experimental initial
onditions. In the device used in the experiment either ion cloud
ispersion is lower or the ion cloud is less de-centred for the

ame dispersion.

With an external ion source, two parameters are funda-
ental: (1) the turn back point (a de-centred axial-position

n the trap with zero velocity) in the trap and (2) the injec-
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ion ion TOF (the time to go from the source to the turn back
oint).

The turn back point depends on the potentials applied to the
rap electrodes to slow down the ions during injection and on
he potential and kinetic energies of the ions at the creation. The
resent source is “large”, i.e., its volume is greater than 1 cm3.
ence, neither the initial energies nor the position of the turn
ack point are not well known.

The ion TOF fixes the injection duration and the beginning of
he confinement. If the dynamics of the ions is not well known
t is difficult to determine the injection ion TOF value. A small
rror for this parameter leads to unwanted initial conditions: for
xample, an ion cloud with a mean axial velocity different from
ero.

With this injection mode, it is difficult to know the initial
onditions for the ion cloud. Another injection mode will be
tudied in order to cancel the influence of the injection time and
educe the initial condition dispersions.
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