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A simulation study of the digital ion trap mass spectrometer
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Abstract

The theoretical foundation for the digital ion trap (DIT) is presented in outline where the study of ion motion in the DIT
employed thea, q, β parameter framework of conventional ion trap study. A user program for SIMION has been developed
to simulate the DIT operation in real environment allowing the higher-order fields to be represented. Three-dimensional
random ion buffer gas collisions were modelled where Maxwellian velocity distribution of the buffer gas was considered. A
mass-selective ejection scan method is described and simulated, where both the trapping quadrupole field and dipole excitation
field are driven digitally and their frequencies are scanned proportionally. The performances of the stretched ion trap and a new
field-modified ion trap are simulated and compared. Using a field-adjusting electrode near the end-cap aperture, the new ion
trap is able to achieve higher mass resolution for both forward and reverse mass scans. The simulation studies also the relation
between the ejection time and the parameters of digital dipole excitation, the influence of space charge, duty cycle modulation
as an alternative ejection scan method, and ion introduction into the ion trap. (Int J Mass Spectrom 221 (2002) 117–138)
© 2002 Elsevier Science B.V. All rights reserved.
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1. Introduction

The quadrupole mass filter and the quadrupole ion
trap analyser have been widely used for mass analysis
since their invention by Paul and Steinwedel[1,2].
With the introduction of the mass-selective instability
mode and the resonance ejection technique[3–5], the
performance of the ion trap mass spectrometer was
enhanced greatly. The mass range was extended to
allow the analysis of large biomolecular ions, and the
MS–MS mode provides the opportunity to elucidate
the structure of these complex molecules.

To date, most studies of the quadrupole ion trap
have been based on the solution of the Mathieu equa-
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tion which describes the ion motion in a quadrupole
electric field driven by a sinusoidal wave voltage gen-
erated by an rf generator. The analogue rf generator
comprises a driving electric circuit and a resonating
network, which includes the quadrupole device as a
load. The output waveform and frequency are thus
fixed in order to keep the circuit resonant. Mass scans
can only be achieved by changing the rf voltage am-
plitude, or sometimes with a proportional dc voltage
component. Analysis of high mass requires an rf volt-
age of some tens of kilovolts which might cause a
discharge problem.

The use of a frequency scan rather than a voltage
scan was reported for both a quadrupole mass filter
[6] and for high mass analysis with a MALDI ion
trap mass spectrometer[7]. Waveform generators
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and power amplifiers were used to provide the vari-
able frequency sine wave voltage. However, it is not
necessary to use a sinusoidal waveform to drive a
quadrupole field for ion trapping and selection. In
the 1970s, Sheretov and Terent’ev[8] studied the
pulse-fed hyperboloid mass analyser and derived the
conditions of ion trajectory stability. Mass analysis
with a mass filter and an ion trap driven by rectan-
gular waveform voltages were reported by Sheretov
et al. [9] and Richards et al.[10]. Recently, the ion
motion driven by a rectangular wave quadrupole field
has also been studied with the conventionala–q pa-
rameters system and the frequency of secular motion
of ions has been derived using a pseudo-potential ap-
proximation[11]. An MS experiment using both dig-
ital driving and digital dipole excitation for resonance
ejection of ions was reported[12]. The ion trajectory
stability in a quadrupole field with various periodic
waveforms has also been studied[13]. All these re-
search activities suggested the possibility of exploit-
ing the digital operation of quadrupole ion trap mass
spectrometers.

In a digital ion trap (DIT) mass spectrometer, the
trapping electric field, and possibly also the excita-
tion electric field, are provided by switching voltages.
The timings of these switching circuits are controlled
by high precision digital circuits, which precisely
control the frequency and modulation of the digital
waveform. It is normally the frequency, rather than
the amplitude of the driving voltage, that is scanned
during a mass scan. Compared with an rf frequency
scan through an amplifier, the digital method offers
higher energy consumption efficiency as its circuit
works in switching mode. Compared with the con-
ventional rf resonator method, the DIT not only has a
wider range of mass scan, as a result of the frequency
scan, but also provides more flexibility of operation.
The driving voltage in the DIT can be started and
cut-off instantly facilitating pulsed ion introduction
and ejection without a complicated design for the
rf generator[14]. The digital waveform can also be
tailored by software to implement specific manipu-
lation of the ions. One of the examples is to achieve
parametric resonance as described later and use the

parametric resonance for modification of the stability
diagram and cause a quadrupolar excitation[13].

While many potential applications can be fore-
seen, however, the investigation of the DIT is still in
its infancy. The theoretical treatment of the DIT is
of little value to the practical work because of the
complexity of the real trapping field in the ion trap
where higher-order multipole fields may be intro-
duced unavoidably or deliberately. We believe that
only a simulation of ion motion in a practical ion trap
geometry can reveal the real features of the DIT.

In a study of the analogue rf voltage driven ion
trap mass spectrometer, Julian et al.[15] simulated
multi-ion motion in an ion trap using the software pro-
gram ITSIM. Although the work referred to a stretched
ion trap, it did not consider the multipole field effect,
which is one of most important factors affecting ion
trap performance. The ITSIM program used only a
one-dimensional collision model and the paper did not
show any result related to space charge effects since
the number of ions in the simulation was low.

In this paper, we review the fundamental principles
of DIT operation and present our simulation study of
the DIT mass spectrometer using SIMION 7 software
combined with our own user programs including a
three-dimensional Monte Carlo collision module.

2. The theoretical basis

The fundamental theory of operation of quadrupole
devices driven by a rectangular or pulsed wave volt-
age has been described elsewhere[8,11,13]. Here, we
summarise those basic points that relate to the DIT
operation and present them in a framework similar to
that used conventionally for the study of the sinusoidal
wave ion trap.

2.1. Stability of trajectories

In the steady trapping operation, a periodic rectan-
gular wave voltage generated by switching between
a high voltage levelV1 and a low voltage levelV2

is applied to the ring electrode of the ion trap. This
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Fig. 1. The digital waveforms used for operating a DIT. (a) The drive voltage on the ring electrode. (b) The excitation voltage applied to
the end-cap electrodes. The voltages are scaled arbitrarily.

periodic waveform is shown inFig. 1. In this situa-
tion, the Mathieu equation is no longer applicable for
the prediction of ion motion, so the matrix transform
method[13,16] must be used. The Mathieu parame-
tersa, q, however, are still useful for the presentation
of ion trajectory stability.

In every time periodT, the transfer of an ion’s co-
ordinates in phase space can be expressed as(
un+1

u̇n+1

)
= Φ

(
un

u̇n

)
(1)

where the coordinateu = z for the following discus-
sion: u̇ = (2/Ω)(dz/dt), Ω = 2π/T , and the trans-
fer matrix

Φ =
(
φ11 φ12

φ21 φ22

)

is the product of the transfer matricesΦ1 andΦ2, for
the high level excursionTdand the low level excursion
T (1−d), respectively. Here,d is the duty cycle of the
waveform. In order to link the transfer matrix to the
conventional Mathieu parameters:

az = − 8eU

mΩ2r2
0

(2a)

and

qz = 4eV

mΩ2r2
0

(2b)

we take theU andV in the above definition to be the
average values of the dc and ac components of the
rectangular wave voltage applied to the ring electrode.
These average values are:

U = dV1 + (1 − d)V2 (3a)

V = 2(V1 − V2)(1 − d)d (3b)

Deriving from Newton’s equation, we obtain:

φ11 = ch(K1πd) ch[K2π(1 − d)]

+ sh(K1πd) sh[K2π(1 − d)]K2/K1 (4a)

φ12 = ch(K1πd) sh[K2π(1 − d)]

K2

+ sh(K1πd) ch[K2π(1 − d)]

K1
(4b)

φ21 = sh(K1πd) ch[K2π(1 − d)]K1

+ ch(K1πd) sh[K2π(1 − d)]K2 (4c)

φ22 = sh(K1πd) sh[K2π(1 − d)]K1/K2 (4d)

+ ch(K1πd) ch[K2π(1 − d)] (4d)

where

K1 =
√
qz

d
− az (5a)
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and

K2 =
√

qz

d − 1
− az (5b)

Here, the hyperbolic functions may change to sin and
cos whenK1, K2 become imaginary. The condition for
a stable transfer matrix is that the eigenvalues of the
transfer matrix in (1) have a modulus equal to unity.
From this condition we can obtain the stability dia-
gram for rectangular wave driving. A stability diagram
in conventionala–q coordinates is plotted inFig. 2
with duty cycled as an additional parameter for the
motion in axial direction. An ion trajectory will be sta-
ble if motions in both the axial and radial directions

Fig. 2. The stability diagram for an ion trap driven by digital waveforms having a duty cycled at 0.3, 0.4 and 0.5. The diagram shows
the first and second stable regions in eitherz or r direction, and uses the same definition fora and q parameters as in the conventional
harmonic rf driven ion trap.

are stable. (A part of the combined stability diagram
can be seen inFig. 10, which is prepared for later
discussion.)

For the case of a square wave, whered = 0.5,
the βz = 1 boundary of the first stability region
has a relatively smallerqz value than in the case
of sinusoidal waveform and crosses theqz axis at
0.712.

2.2. Secular motion in the DIT

It can be further proved that

φ11φ22 − φ12φ21 = 1 (6)
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By using (1) for the two sequential rectangular wave
cycles and from consideration ofEq. (6), we obtain:

zn+1 + zn−1 = (φ11 + φ22)zn (7)

The following solutions satisfyEq. (7) at the end
of every drive rectangular wave cycle on a stable ion
trajectory:

zn = Al cosn(2l ± βz)π + Bl sinn(2l ± βz)π (8)

where l = 0,1,2,3, . . . , and βz should satisfycos
βzπ = (φ11 + φ22)/2 < 1. Therefore, the ion mo-
tion is the composite of harmonic oscillations at the
frequencies of

ωz,l = (2l ± βz)π

T
=
(
l ± 1

2
βz

)
Ω (9)

For l = 0, the fundamental frequency component
has the same form as the so-called secular motion fre-
quency. Thus, we have unified the concept of secular
motion which is widely used in the analysis of so-
lutions of the Mathieu equation and the concept of
‘characteristic trajectory’ introduced by Sheretov and
Terent’ev[8]. The secular frequency for the DIT can
be expressed then as

ωz = Ω

2π
arccos

φ11 + φ22

2
(10)

The oscillation at this frequency is caused by the
integrated effect of the rectangular wave electric field
and its frequency is a function of ion mass/charge
ratio and the repetition rate of the driving rectangu-
lar wave. Eachβz value corresponds to a frequency
of secular motion andβz = 0 and 1 corresponds to
the stability boundaries. As in the sinusoidal wave-
form driven quadrupole field, the secular motion
can be stimulated by various methods such as dipo-
lar excitation and quadrupolar excitation in order
to achieve different kinds of performance for mass
analysis.

During a scan of resonant ejection in the DIT, it is
preferable to apply a digital waveform to the end-cap
electrodes for excitation of the secular motion of
ions. The digital waveform is preferably a rectangular

Fig. 3. Frequency components of a digital excitation signal with
the frequencyωex = Ω/4 and the frequency components of corre-
sponding ion motion, scaled relative to the drive rectangular wave
frequencyΩ.

pulse signal (also displayed inFig. 1) with a repeti-
tion rate of a fraction of the driving digital waveform.
Fig. 3 shows the frequency components of the digi-
tal excitation signal having a frequency equal to 1/4
of that of the drive voltage. In such a case not only
is the fundamental frequency componentω0 of the
excitation waveform used to excite the ion’s secular
motion, but some higher harmonic components may
also match the other higher-order components (say
Ω(1− βz/2)) of the ion motion of the sameqz value.
None of these components will induce resonance ex-
citation in ions having a differentqz value. For an ex-
citation pulse rate corresponding to a smallβz value,
the higher harmonic component may be effective in
exciting other trapped ions within the first stability
region. In order to avoid this, the digital waveform
can be tailored to cancel the second and/or the third
harmonic components. A pure square wave is just
an example of waveform having no second harmonic
component.
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3. Simulation program

Mass analysis with the DIT is a complex series of
operations involving the ions. The ion trajectory sim-
ulation of these operations should have following ca-
pabilities:

1. to allow a time-varying electric field;
2. to model the collision between a gaseous ion and a

buffer gas molecule or atom by three-dimensional
scattering;

3. to include a higher-order multipole field and field
distortion near the entrance and exit apertures; and

4. to take into account the space charge effects when
many ions are trapped simultaneously and flying
together.

Our simulation work has been based on the SIMION
7 software for which we developed our own user pro-
grams. Advances in computing speed and memory size
of a PC have enabled us to make a user program that
encompasses the above requirements. In this work, a
1.6 GHz and a 800 MHz PCs were employed for dif-
ferent parts of the simulations.

The model ion traps are about the same size as the
commercial one where the ring electrode is of i.d.
20 mm. In order to estimate the errors of coarseness
of the potential grid, grid units of 0.025, 0.05, and
0.1 mm were tested. Only minor changes (∼0.1% for
ωz) were resulted in by changing grid size from 0.05
to 0.025 mm. A coarser potential grid (0.1 mm) will
create an obvious error in the simulation involving area
near the end-cap hole, because the number of the grid
points representing the area is too small. All results
in this paper were obtained using a grid unit size of
0.05 mm for the ion trap area.

The time step was fixed atT/200 for most of the
simulations and SIMION’s time step adjustment was
disabled. We have found that the simulation only gave
accurate results when the time step for ion flight was
an integral division ofT, the period of the digital drive
voltage.

All of the simulations discussed in this paper used
a ±1 kV square wave drive voltage unless otherwise
specified. Mass scanning was achieved by increasing

or decreasing of the frequency in a way that a fixed
amount of increment of period�T is add to the cur-
rent periodT after the output of everyN periods of
the waveform. When the ion trap has standard ge-
ometry with r0 = 10 mm and the resonance ejection
occurs atqz = βz = 0.5 (dc-free square wave), from
Eq. (2b)the mass/charge ratio of the ejecting ion has
the following relationship with the period of the drive
waveform:
m

Z
= 195.5T 2(Th) (with T in �s) (11)

When the number of repetitionsN, between the in-
crements of period, is fixed, we obtained the scan
speed Th/s as

�(m/Z)

�t
= 391× 106�T

N
(12)

In this way, a linear mass scan is achieved although
the frequency has a non-linear relationship with the
time. The scan speed given byEq. (12) is important
for comparing the performance between different traps
and scan modes.

The software for the collisional cooling simulation,
is included in an example of the user program in the
standard package of SIMION 7, but it does not reflect
the true pattern of ion motion[17]. This model causes
the ion velocity decrease continuously resulting in zero
cloud size after sufficient time. In our user program,
the true three-dimensional collisions were modelled
and the Maxwellian energy distribution of the buffer
particles has also been taken into account.

In each computation step of our simulations, we
calculate the probability of a collision between the ion
and a buffer particle by the following equation:

P = 1 − exp

(
−D

λ

)
, D = vrel�t, λ = 1

nσ

(13)

HereD is the distance of ion flight during one com-
putation step�t, λ the mean free path,n the num-
ber density of the buffer particles,σ the collision
cross-section. The important point ofEq. (13) is the
use of the relative ion velocityvrel for calculating an
ion’s flight distance between collisions. The relative
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velocity between a flying ion and a buffer particle is
obtained by averaging the ion velocity with respect to
all possible velocities of the buffer particles:

vrel =
∫∫∫

|
vion − 
v|
(

mb

2πkTb

)3/2

exp

(
−mb
v2

2kTb

)
dvx dvy dvz (14)

wheremb and 
v are the buffer particle mass and ve-
locity, respectively. The buffer velocity distribution is
Maxwellian with an absolute temperature ofTb, andk
is Boltzmann’s constant. Evaluation ofEq. (14)gives
the following:

vrel = v0

[(
s + 1

2s

)∫ s

0
exp(−x2)dx + 1

2
exp(−s2)

]
,

s = vion

vT
, v0 =

√
8kTb

πmb
, vT =

√
2kTb

mb
(15)

The variation ofvrel with vion is presented inFig. 4
for the case of He buffer gas at room temperature. It

Fig. 4. The relative velocity used for calculation of ion buffer gas collision probability vs. the velocity of ion motion. The buffer gas is
helium with temperature at 300 K.

is important to take into account this dependence in
ion trap simulations, because the ion may have consid-
erably different velocity in different operation stages.
When the ion is injected into the trap, or ion motion
is excited, the kinetic energy of ion is much greater
than that of the buffer gas atoms. The ion’s absolute
velocity, in this case, may also be much greater than
the average velocity of the buffer atoms, so the rela-
tive velocity is almost equal to the ion velocity. When
the ion cloud comes into equilibrium with the buffer
gas, the kinetic energy of an ion is of the same or-
der as the average kinetic energy of buffer particles.
For high mass ions, the equilibrium ion velocity is
much smaller than the average velocity of the buffer
molecules. According toFig. 4, the relative velocity
of the ion in this case is almost equal to the average
buffer atom velocity,v0. Hence, in the simulation of
ion trap operation, the collision probability should re-
late to the relative velocity rather than ion velocity or
buffer particle velocity alone.
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The resultant probability fromEq. (13)is then com-
pared with a random number 0< ξ < 1. When
the random number is smaller than the probability
then we assume that a collision has happened. A real
three-dimensional statistical simulation is carried out
in following steps:

1. loading the vector of ion’s velocity
vion from
SIMION before collision;

2. generating a random vector of buffer particle veloc-
ity assuming they obey Maxwellian distribution;

3. randomly choosing the projecting point of the
buffer particle at the ion surface so the angles of
collision can be calculated according with the hard
sphere model;

4. calculating the velocity of the ion after the collision
explicitly in accordance with energy and momen-
tum conservation.

Fig. 5. Secular frequency predicted withEq. (10) (solid line), with pseudo-potential approximation in[11] (dashed line) and measured
from simulation (+ symbols);Ω = 500 kHz.

With such a real three-dimensional random collision
module embedded in the user program, various kinds
of ion buffer gas interaction can be demonstrated with
a fixed or variable drive voltage. When the ion veloc-
ity is well over the buffer gas velocity, then the model
shows that the rate of ion energy loss is proportional
to the square of the ion’s velocity (square damping).
When the ion velocity is small, the rate of energy loss
becomes proportional to the ion velocity (linear damp-
ing). This behaviour was previously studied in theory
[18] but is demonstrated here for the first time in an
ion trap simulation. When the ion initial velocity is so
small that its kinetic energy is below the thermal ki-
netic energy of the buffer gas, the ion may be heated
up. In all cases, the ions will finally reach an equilib-
rium with the buffer gas and will form an ion cloud
in the centre of the ion trap with a certain fluctuation
in size.
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4. Simulation results and discussions

4.1. Secular motion

Ion motion in the ion trap was observed and the sec-
ular frequencyωz was measured during ion flight by
recording the time that ion pass thez = 0 plane (for
spatial orientation, refer toFig. 8) and calculating the
mean value of the repetition period. For a square wave
driving voltage (duty cycle 0.5), the measured secular
frequency is illustrated inFig. 5 in comparison with
those predicted by theories. The measuredωz agrees
very well with the value obtained fromEq. (10)over
all of the stableqz range while the pseudo-potential
approximation only matches the simulation results in
the lowqz area. It should be noted that the measuredωz

value depends on the amplitude of ion oscillation due
to the higher-order field, which exists in the real ion
trap. When the trajectory of an ion reaches the vicinity
of the end-cap holes,ωz decreases. However, the sit-
uation might be different when an additional dc field

Fig. 6. A record of the returning point on thez > 0 side of the ion trap. Rectangular drive voltage±1000 V, dipolar excitation atqz = 0.5,
Vd = 50 V, width 0.2T, m = 3500 Da, charge numberZ = 2, buffer gas He pressure 1× 10−3 mbar at 300 K. Dot series A and B represent
the two local maxima and C the local minimum of the trajectory, a portion of which is shown by using a dashed doted curve. Also shown
in the figure is the position of the end-cap for the stretched ion trap.

is placed around the end-cap hole by an external elec-
trode. This phenomenon will be further discussed later.

4.2. Resonance ejection scan

For a forward mass scan, the frequency of the driv-
ing rectangular wave, as well as the dipolar excitation
frequency, was swept down, and for a reverse scan,
both frequencies were swept up. In each simulation,
the evolution of the ion’s oscillation amplitude was
studied using a plot of the return points at one side
of the ion trap (wherez > 0, and we expect ions are
ejected through this side). The graph of return points
gives a lot of information about the secular oscilla-
tion. Fig. 6 shows such a graph for the moment just
before ejection through the end-cap hole atβz = 0.5.
To make it clearer, part of ion trajectory is also plotted
using the dashed dot line. The minor ticks on the time
axis shows the driving rectangular wave period and
the space between vertical grids is roughly the secu-
lar motion period (∼4T). The points on the branches
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A and B represent thezmax and those on the branch C
represent thezmin, all being the return points of the ion
trajectory. These return points are always in the middle
of negative (A and B) or positive (C) excursion of the
rectangular wave drive voltage, so they roughly mark
the phase of the drive rectangular wave. At a time of
57,326�s, one can see two equal maxima onz > 0
side, but later the first one (A branch) prevails over the
second one (B branch). This evolution indicates that
the secular frequency is shifting above theΩ/4 point
at which we assigned the ejection. This is not only
a results of the scan by whichqz is continuously in-
creased, but also a result of a secular frequency shift
caused by the higher-order field. Through such a de-
tailed study we can gain better understanding of ion
motion in the presence of an imperfect field.

In the following section, only the biggestzmax was
plotted in order to show the full amplitude.

4.3. With a stretched trap

Simulation of ion motion in a 10% stretched ion
trap showed that the secular frequency continually
increases with increase of the ion’s oscillation am-
plitude. This is apparently a result of higher-order
multipole fields involved with such an electrode struc-
ture. Fig. 7a shows the amplitude evolution during
a forward resonance ejection scan for a 10% axially
stretched ion trap. Several features can be observed in
this evolution. First, a relative large dipolar excitation
voltage (here a 50 V, 20%T pulsed waveform is used)
is needed for the ejection of ions. When the intensity
of dipolar excitation is not sufficient, the ion trajec-
tory may start to expand at resonance but then lose the
resonance condition when the amplitude gets bigger
and a contraction follows. This is similar to the phe-
nomenon which exists in an analogue drive situation
and has been discussed by Franzen et al.[19].

Second, once the intensity of dipolar excitation
is sufficient, the final trajectory expansion where an
ion is ejected from the ion trap occurs very rapidly.
During the simulation, we can colour mark the trajec-
tory to indicate when the pulsed dipolar voltage is on
duty. We can see clearly a positive feed-back in the

forward ejection: closer to resonance→ an ampli-
tude increase→ an increase in secular frequency→
match of the resonance→ amplitude increase
abruptly. The ion does not hesitate at the end-cap hole
during the ejection, therefore no or small chemical
shift [20] is linked to such an ion trap when it is used
for a forward scan.

Third, the required high intensity excitation volt-
age induces a high beat as the ion motion progresses
in time. The time that an ion enters the final ‘posi-
tive feed-back’ ejection depends on the phase of the
beat which is randomised by collisions with the buffer
gas. Although the ejection is fast, it is still difficult to
get high resolution unless the scan speed is extremely
slow.

When using a stretched ion trap for a reverse mass
scan, the feed-back effect becomes negative so the
expansion of the ion trajectory is extremely slow.
Fig. 7b shows the evolution of ion trajectory ampli-
tude during a reverse scan with the same scan speed
as in Fig. 7a. Ion ejection suffers a great delay and
poor mass resolution is observed.

4.4. With a field adjustable trap

Recent studies[20] have shown that the end-cap
apertures, where ions enter and are ejected from the
ion trap, provide the primary defect to the quadrupole
field. This defect causes the chemical shift and delay
of ejection that contributes to poor resolution of a
mass scan. The addition of a higher-order multipole
field, by stretching the ion trap in the axial direction,
can be employed to avoid this deleterious influence
and improve the analytical performance. The above
simulation results showed that the same scenario ap-
plies also to the DIT. However, our simulation has
also found many shortcoming of the stretched ge-
ometry. We believe that, by reducing the defect of
the field around the end-cap apertures, high mass
resolution can also be achieved without a significant
higher-order multipole field.

Simulations were carried out on a new type of the
quadrupole ion trap where an external field-adjusting
electrode was used to compensate for the defect of
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Fig. 7. Amplitude evolutions during a resonance ejection scan with a 10% stretched ion trap. The dipolar excitation is applied forqz = 0.5,
with width 0.2T; m = 3500 Da,Z = 2 for all ions. Buffer gas He pressure 1×10−3 mbar at 300 K. (a) Forward mass scan withVd = 50 V;
(b) reversed mass scan withVd = 10 V.

the quadrupole electric field near the end-cap hole.
Fig. 8shows the arrangement of electrodes for this ion
trap. Additional electrodes for the introduction of ions
are also shown in the figure and are discussed later.
The inner surface of the ion trap is pure hyperboloidal
with the end-cap spacing 2z0 = √

2r0, corresponding
to a pure quadrupole geometry. The exit end-cap hole
is covered by a thin mesh to screen the negative field
normally caused by the extraction electrode outside of
the ion trap. The electric field generated by this elec-
trode structure is basically a time variable quadrupole
field with little higher-order multipole field compo-

nents. By applying an adjustable dc voltageVfa to the
field-adjusting electrode, the secular frequency shift
prior to ejection can be adjusted adequately (slight up
shift, zero shift or slight down shift) to meet the ana-
lytical requirement.

Fig. 9a shows the evolution of the amplitudes of
ion oscillation through the resonance ejection scan
using the new ion trap. The voltage applied to the
field-adjusting electrode is+1.5 kV and a 5 V, 0.6T
width pulsed dipolar excitation was used. The other
parameters are the same as in simulation shown in
Fig. 7a. In this case the expansion of ion oscillation
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Fig. 8. A modified ion trap structure including 1, the ring electrode, 2 and 3, the end-cap electrodes; and 4, the field-adjusting electrode
that was supplied with an adjustable dc voltage. Shown in the figure also: 5, the mesh used to cover the ejection end-cap hole; 7, octopole
lens for ion introduction; and 8, the extraction electrode. The equipotential lines 6, of 10,−10, 30 and 50 V illustrated in the diagram (a)
and detailed by diagram (c), are for the case when the ring electrode is charged at−1 kV and the field-adjusting electrode is charged at
+1.5 kV. The same potential lines in the diagram (b) are for the case when the voltage on the field-adjusting electrode is changed to−400 V.

is steadier and the ejection times for two sample ions
are in good agreement.

By observing the ion motion, we can understand
the mechanism behind the improvement. For reso-
nance at a relative largeβz value (sayβz = 0.5), an
ion approaches the aperture only at the negative phase
of the trapping field at which time the ring electrode
is charged at−1 kV. Referring to theFig. 8a and c
where the field-adjusting electrode four is applied with
1.5 kV dc voltage, the equipotential lines are not dis-
torted near the apertures (in contrast, the field would be
distorted as shown inFig. 8bif the external electrode

near the end-cap is applied with a negative voltage
V which is typically used for introduction of positive
ions). In this case, an ion can maintain its oscilla-
tion frequency during the expansion until it hits the
end-caps or is ejected through the aperture. Our ion
motion simulation, in fact, shows a mild acceleration
of ejection during the forward mass scan. This is ex-
plained byFig. 10, where the ion is moving towards the
resonance line ofβz = 0.5. When an ion approaches
the end-cap, it sees an average dc field created by the
field-adjusting electrode, that equates to an upward
shift of the working point in thea–q stability diagram
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Fig. 9. Amplitude evolutions during a resonance ejection scan using the ion trap with a field-adjusting electrode. Rectangular drive voltage
±1000 V, dipolar excitation atqz = 0.5 (βz = 0.5), with width 0.6T; m = 3500 Da,Z = 2, buffer gas He pressure 1× 10−3 mbar at 300 K.
(a) Forward mass scan withVd = 5 V, Vfa = 1.5 kV; (b) reversed mass scan withVd = −4 V andVfa = 120 V.
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Fig. 10. The first stability region in which ions are scanned across theβz = 0.5 resonance line. An additional positive dc potential at the
end-cap hole equates to an upward shift in thea, q diagram for the ion which approaches to end-cap hole.

in Fig. 10. It is such a shift, that pushes an ion to
enter resonance suddenly and causes the fast ejection.

Whilst applying a high positive voltage on the
field-adjusting electrode enhances the performance
of a forward mass scan, wherein the excitation fre-
quency is matched by the secular frequency from the
red side, the application of a relatively lower volt-
age (say 120 V for±1 kV driving voltage) on the
field-adjusting electrode can accelerate ion ejection
for a reverse mass scan wherein the excitation fre-
quency is matched from the blue side.Fig. 9bshows
the amplitude evolution through a reverse mass scan.
Ion oscillation can expand steadily during the scan be-
cause the major part of the trapping region is subject
to a pure quadrupole field. When an ion approaches
the aperture, it experiences the negative higher-order
multipole field because of insufficient positive com-
pensation by the field-adjusting electrode. The neg-
ative higher-order field leads to a decrease of the
secular frequency. In the case of a reverse mass scan,
this red shift suddenly pushes the ion into resonance
whereupon ejection occurs rapidly.

A high mass resolution reverse scan is useful for
selecting precursor ions for tandem MS measurement.
Here, a forward mass scan is carried out to eject all
the ions having smaller mass/charge ratios than the
selected precursor. A reverse scan is then imposed to
eject the ions having higher mass/charge ratios than the
selected precursor. The voltage on the field-adjusting
electrode must be switched to the optimum value for
each scan in order to obtain a clear clipping edge when
these scans stop just before the mass/charge ratio of the
precursor ion, and an ion cooling interval must be in-
serted in between the two scans. We expect that much
smaller precursor selection window can be obtained by
using this method in comparison with that obtained by
normal notched wide band excitation method with a
stretched ion trap where fixed higher-order field com-
ponents permanently exist.

4.5. Time of ejection and the mass resolution

In order to evaluate the mass resolution from the
scan simulation, the statistics of ejection time for
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Table 1
Achievable mass resolutionR = M/�M for different trap and
scan speeds using same rectangular drive voltage of±1 kV and
the resonance point ofβz = 0.5, simulated for mass 3500 Da and
charge number 2

10% stretched
ion trap

R Field-adjustable
ion trap

R

Forward 888 Th/s 4600 Forward 976 Th/s 13500
Forward 3550 Th/s 2500 Forward 3905 Th/s 6200
Reverse 1775 Th/s 320 Reverse 1953 Th/s 6000

The mean free path of ion in the He buffer gas is 15 mm.

multi-ions groups were used. Several groups, each
of 20–60 ions, normally endured a scan through a
range up to�qz = 0.01–0.02 (by varyingT), at scan
speeds from hundreds to thousands Th/s. The flight
time in these simulations is about 50 ms which is
long enough to randomise the ion distribution under
the buffer pressure of 10−3 mbar. Mass resolution is
calculated by assuming the ejection time has a Gaus-
sian distribution, with a FWHM= 2.35σ t , whereσ t
is the standard deviation of the ejection time.Table 1

Fig. 11. The dependence of ion ejection time upon the phase delay measured between the centre of the dipolar excitation pulse and the
rising edge of the drive rectangular waveform. The error bars show the FWHM of each ejection condition.

presents the results on the mass resolution for forward
and reverse scan simulated with two types of ion trap.

Ejection time statistics showed the dependence of
ejection time on the properties of the dipolar excitation
waveform including the heightVd, the widthwd and
the phase shifttd, measured between the rising edge of
the drive rectangular wave and the centre of the dipolar
excitation pulse (refer toFig. 1). The simulation was
carried out with the field-adjustable ion trap and the
resonance points were chosen asβz = 0.5 and 0.667.
In general, ions are ejected earlier when a higherVd

or wd is used. Iftd is unchanged and the product of
height and width is kept constant, the change in the
averaged ejection time caused by the change in the ra-
tio of width to height is less significant. For example,
the change of ejection time for the variation of pulse
height from 2 to 12 V, while the width from 0.6 to
0.1T, respectively, is only from 38.15 to 38.9 ms, about
twice the FWHM. However, the ejection time showed
a strong dependence upon the phase shifttd, even when
Vd andwd were kept constant.Fig. 11, using ejection
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time statistics, shows such a dependence. Ejection of
all groups was accomplished with a 4 V× 0.3T dipo-
lar excitation. The shortest time for ion ejection oc-
curs when the centre of the dipole pulse was located
in the middle of the negative excursion of the drive
voltage, and longest when it was moves to the mid-
dle of the positive excursion. For a comparison, error
bars are used in this figure showing FWHM for each
group of ejection. The whole span of ejection time
caused by the phase shift is more than 20 times larger
than an averaged FWHM. This observation indicates
that mass resolution could be considerably impaired
when the dipolar excitation pulse is applied without
phase locking it to the drive rectangular voltage. A
similar simulation study that employed an analogue
ion trap has been reported by Londry and March[21],
who suggested that phase locking between the drive
rf and the dipolar tickle voltage, both being sinusoidal
waveform voltages, improved the mass resolution. In
the DIT where the dipole excitation pulse is derived
from the same timing controller as the driving rectan-
gular wave, the phase relation is kept constant and can
be optimised by the software so that the highest mass
resolution is guaranteed.

Fig. 12. The ejection time distribution for three ejected ion groups having masses of 3499, 3500, 3501 and charge 2e, and its change
due to the space charge influence. The first plot takes no account for ion repulsion but the following plots show repulsion for total ion
numbers of 60, 600 and 3000, respectively.

4.6. Space charge effects

Space charge causes many problems in ion trap
operation and not all of them can be studied easily
by simulation. The multi-ion simulation capability
of SIMION 7 allows the charge repulsion to be con-
sidered during the ion motion simulation. In order
to have sufficient repulsion, or in other words to see
the space charge effect, we took SIMION 7’s factor
repulsion method, where each ion represents several
ions of the same mass/charge ratio and the total in-
fluence is applied to the other ions. In our simulation,
when we ran n groups of 20 ions and set the factor
50, ions behaved as though there was an ion cloud of
n×1000 ions and a space charge effect was exhibited.

Fig. 12uses the ejection time data from grouped ion
simulations and is presented in the form of the number
of ejections in each 50�s interval to show the mass
peak distributions. In each simulation the mass/charge
ratios of the groups were 3499/2, 3500/2 and 3501/2,
and each group had 20 ions. The plots inFig. 12show
different factors by which each ion was multiplied to
represent a multiple of ions. The first plot is for no
repulsion. Upon a factor of 10, which translates to 600
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ions within a 1.5 Th mass range, space charge already
causes the mass peaks to coalesce. At a factor of 50
(3000 ions within the same narrow mass range) all
ions are ejected in one group. Although the statistical
resolution from the FWHM may be even better, the
masses are practically unresolved.

Fig. 13. Quadrupolar resonance excitation achieved by duty cycle modulation of the drive rectangular waveform. A, drive waveform with
every other duty cycle increased by�d. A can be decomposed to B, an equal duty square wave and C, a narrow pulse effectively excites
the ion motion shown in D.

4.7. Quadrupole excitation by duty cycle
modulation

Parametric resonance in the quadrupole ion trap can
be utilised for quadrupolar excitation and it does not
require that the dipolar tickle voltage be applied to
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the end-caps. One of the advantages of DIT is that
quadrupolar excitation can be easily implemented by
modifying the digital control timing.Fig. 13illustrates
a method whereby the duty cycle of the rectangular
drive waveform is modulated to excite the ions in the
z direction. In fact, the modulated waveform A can be
decomposed into a non-modulated waveform B and a
narrow excitation pulse C. At resonance, the narrow
excitation pulses keep pushing an ion in the direction
of its motion, and this push will keep in phase with
the double frequency of the secular motion. It can be
shown that resonance excitation atβz = m/n may be
achieved when everynth wave is modulated, wherem
is an integer.

In the DIT, the addition of a small delay to the
selected falling edge produces duty cycle modulation.
This modulation can be used for a resonance ejec-
tion mass scan similar to that with dipolar excitation.
Fig. 14 shows the evolution of trajectory amplitude

Fig. 14. The evolutions of the trajectory amplitudes for two ions, bothm = 3500 andZ = 2, during a mass scan using resonance ejection
by duty cycle modulation. Refer toFig. 13, �d = 5% at every other wave, rectangular drive voltage±1000 V, Vfa = 1.6 kV and buffer
gas He 1× 10−3 mbar, 300 K.

during such a resonance ejection scan. The simulation
was carried out with a field-adjustable ion trap and the
amount of modulation was 5% of the drive periodT.
Even with 0.5%T modulation, the excitation power is
still sufficient to eject the ions. Because of the nature
of quadrupolar excitation (excitation force∝ distance
from the centre), the ejection speed is very fast. How-
ever, the two curves for ions of the same mass/charge
ratio shown inFig. 14 do not come together at the
point of ejection and the statistics give a mass res-
olution of <2000 for such a scan. The strong and
randomly-phased beat shown inFig. 14, although
having nothing to do with the higher-order multipole
field, causes the dispersion of the ejection time.

4.8. Ion injection to DIT

In principle, ions generated outside a quadrupole
ion trap cannot be trapped when the ion trap is driven
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by a fixed, periodically changed ac voltage, no mat-
ter whether the driving voltage is analogue or digi-
tal. This is due to the energy of the ion upon entry
to the trapping volume being always higher than the
pseudo-potential well depth. Damping gas, normally
helium or nitrogen, is used in modern ion trap technol-
ogy to reduce the kinetic energy of the injected ions
providing a mechanism whereby ions may be trapped.
Simulation of such a trapping process is also impor-
tant for DIT operation.

Depicted partly inFig. 8, the geometry for the
simulation includes an octopole ion guide, two static
lenses one of them being the field-adjusting electrode,
and the DIT. The flight of ions in each section is
simulated by a separate user program, which includes
modelling ion elastic collisions with a buffer gas. Ions
are fired continuously from the one end of the oc-
topole with Gaussian spatial and energy distributions
having standard deviations of 0.2 mm and 0.1 eV,
respectively. They are first accelerated to 10 eV and
drift through the octopole where the buffer gas species
and pressure are changed gradually along the axis
from 0.02 mbar of N2 to 0.03 mbar of He at the ion
trap. Such an introduction system is commonly used
for coupling an ion trap to an electrospray ion source
or a chemical ionisation source. The applied voltages

Fig. 15. Trapping efficiency for ions of various mass/charge ratio and generated outside of the ion trap. The theoretical low mass cut-off
is 1229 Th. The voltage of the field-adjusting electrode is−50 and−100 V for the two sets of data.

are: octopole:Vrf = 200 V, 1.2 MHz plus a certain dc
bias; first static lens,−10 V; field-adjusting electrode,
−50 to 800 V; end-caps, 0 V and the DIT operates
with a ±1 kV square wave.

Ions that survive 500 rectangular wave periods
in the ion trap are regarded as being permanently
trapped. Statistical examination of simulated trajecto-
ries showed that ions can enter the ion trap only in
the negative excursion and centred about 0.8T from
the rising edge, otherwise they are rejected back into
the octopole section.Fig. 15 shows the mass/charge
ratio dependence of the trapping efficiency for a DIT
driven by aT = 3�s waveform. After the low mass
cut-off, there are several maxima at masses of 1800,
2300, 2550 Da, etc. These maxima appear because the
secular motion returns an ion back to the entrance at
the ‘good phase’ of the drive field (also in the negative
excursion). At such a phase, ions will be rejected back
into the trapping volume and may be trapped with
higher efficiency. The next maximum appears at a
higher mass of the ion which returns to the entrance at
the ‘good phase’ of the next drive rectangular voltage.

The above phenomenon clearly exists for trapping
of the ions with higherqz (>0.2), in which case an ion’s
secular motion has a higher frequency and is harshly
interfered with a higher harmonic component. In
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practice, the introduction with a highqz value often
suffers ion loss by collision induced fragmentation
because the velocity of the ion is high. This has
been evidenced in an experiment with a conventional
analogue ion trap[22]. For lower qz values (higher
mass/charge ratio and drive frequency) ions trajec-
tories are close to a harmonic oscillation with very
little driving frequency ripple. The mass dependence
of the trapping efficiency becomes less significant.
Where fragmentation loss is reduced, the collisional
cooling is less effective also, so the heavy ions can
easily escape from the ion trap with their undamped
initial energy. Nevertheless ions need sufficient initial
energy to enter the ion trap without suffering large
perturbations at the entrance. Using the field-adjusting
electrode at the entrance aperture and applying suffi-
cient negative voltage to it, the potential well may be
modified to look like a bowl with a narrow ‘notch’
on its edge (refer toFig. 8b). Ions even with an ini-
tial energy lower than the edge of the potential well
(negative energy) can get into the well through the
‘notch.’ These ions cannot hit the ion trap electrodes

Fig. 16. The dependence of trapping efficiency upon the potential applied to the field-adjusting electrode. Singly charged ions of mass
6000 Da and initial kinetic energy 15 eV start from an electric potential of−20 eV relative to the end-cap electrode. The mean free path
in the ion trap is set to be 5 mm.

nor escape from the trap unless they return to the
entrance point where the notch is. When a radial
velocity exists, it takes a relatively long time for the
ions to find this notch and escape, increasing the
probability of cooling and subsequent entrapment.

Fig. 16shows the trapping efficiency in case. Ions
start with an initial kinetic energy of 15 eV while
the potential of the starting point is−20 V with re-
spect to the grounded entrance end-cap. The mass
is 6000 Da and theT = 2�s. When the voltage of
the field-adjusting electrode is−450 V, the efficiency
reaches the maximal value of 8.4%.

With a symmetric square wave drive voltage, where
a = 0, the secular frequency in two directions has
the approximate relationωr = ωz/2. The ion, after
its first secular cycle in thez direction will return to
z = z0, r = 0, where the entrance ‘notch’ mentioned
above locates. When the mass range of trapping is
not a priority, a specific dc component to the trapping
field can be used, producinga �= 0. In such a case,
the secular frequency in ther direction can be dis-
tant from the half frequency of that in thez direction



L. Ding et al. / International Journal of Mass Spectrometry 221 (2002) 117–138 137

so it is harder for ions to return to the ‘notch’ and
escape.

Ions introduced from a pulsed ion source are well
suited to the DIT. The trapping rectangular wave can
be stopped until the ions enters the trapping volume
and it can switched on from the desired optimum phase
(say around 0.75T). The dipole pulse can help to damp
the initial energy during the introduction. A high effi-
ciency of trapping can be predicted based on previous
work [14,23]. While it would be interesting to see the
simulations of such an operation with a DIT, it is not
within the scope of the current paper.

At the review stage of current paper, a research
by Appelhans and Dahl on ion injection for the ion
trap mass spectrometer was published[24]. In there,
the simulations were able to be compared against
the results from well designed experiments, although
the ion trap was not driven digitally in either the
simulation or the experiment. The modelling of ion
buffer collision in their work is similar to ours except
that the buffer particle’s velocity has not been con-
sidered in their program. The interesting agreement
between their experiments and simulations encour-
ages us to pursue further an experimental study on the
DIT.

5. Conclusion

A sophisticated user program used in conjunction
with SIMION has been employed for a study of DIT
operation. Modelling three-dimensional ion buffer gas
collisions, with the relative velocity of the collision
partners taken into account, made it possible to show
various processes in the ion trap such as ion cooling,
ion heating and maintenance of equilibrium.

A mass-selective ejection scan method is described
and simulated, where both the trapping quadrupole
field and the dipolar excitation field are driven in
a digital manner and their frequencies are scanned
proportionally. The simulations show that the com-
mercially available stretched ion trap effects fast ion
ejection, but the associated strong beat in ion oscilla-
tions impair mass resolution.

Correction of the field at the end-cap hole is
achieved by using a field-adjusting electrode near the
end-cap aperture. The resultant new ion trap geome-
try has been shown by these simulations to have high
mass resolution (up to 13,500) for both forward mass
scans and reverse mass scans. Such an ion trap, with
its two-step scan, can be used for high mass resolu-
tion precursor selection. It can also be expected, by
comparing the high resolution mass spectra scanned
in opposite directions, that real chemical shifts due to
the structural difference of ions can be identified.

Duty cycle modulation of the drive rectangular
waveform can be an alternative method for executing
a mass-selective ejection scan, and such modulation
removes the necessity of applying the dipolar excita-
tion voltage to the end-caps.

Other important results obtained from these simu-
lations, include the ejection time dependence on the
phase of pulsed dipolar excitation, the influence of
space charge, and the behaviour of ions injected into
the ion trap. The space charge simulation applies only
to the situation where all of the ions have mass/charge
ratios in a small range; however, the software used is
also capable of simulating other practical situations.

It is worth mentioning that using a dc voltage to
adjust the field at the end-cap aperture to achieve en-
hanced performance can also apply to the quadrupole
ion trap driven by a conventional harmonic rf power
supply. However, as some unique features of DIT have
been demonstrated in this simulation study, we believe
that DIT technology will extend the applications of
ion traps in the future.
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