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SIMION analysis of a high performance linear accumulation
octopole with enhanced ejection capabilities
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Abstract

Here, we present the results of extensive SIMION 7.0 modelling of a new linear octopole ion trap. The octopole was designed to increase
the efficiency of an electrospray ion source coupled to a Fourier Transform Ion Cyclotron Resonance (FTICR) mass spectrometer. This
improvement was achieved by applying a pulsed axial field to the octopole to eject the ion packet with a time and energy distribution that
better match the acceptance criteria of the FTICR cell, thus increasing the trapping efficiency and sensitivity. The axial field was produced by
applying a pulsed dc potential to the custom-designed ejection electrodes located between the octopole rods. The time and energy profiles of
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he ejected ion packets for several electrode shapes were calculated and are discussed in terms of their compatibility with efficie
f the ion packet in the FTICR cell. Preliminary experimental results show increased signal using the dc ejection electrodes of app
00%.
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. Introduction

The application of high performance mass spectrometric
ethods for biomedical analysis has increasing require-
ents for sensitivity. Often studies involve the analysis of

ow copy number molecules in a pool of high abundant
roteins[1–4]. Chromatographic separation[3,5], capillary

soelectric focussing[6], and capillary electrophoresis[1]
ave all been used to reduce the complexity of the samples
ntering the mass spectrometer at any specific time and

o concentrate each analyte. Such hyphenated experiments
ow permit attomole measurements. However, there are
till applications where increased sensitivity is desired.
igh-throughput proteomics applications and specifically

he search for biomarkers (up- and down-regulated proteins,
ost-translation modifications and point-mutations have all
een associated with disease) would benefit from increased
ensitivity and a higher dynamic range.

∗ Corresponding author. Tel.: +31 20 6081234; fax: +31 20 6684106.
E-mail address:heeren@amolf.nl (R.M.A. Heeren).

Fourier Transform Ion Cyclotron Resonance Mass S
trometry (FTICR-MS) is an ion trapping technique[7] that
distinguishes itself from other types of mass spectrom
high spectral resolution, for example resolving two pept
that differ in mass by less than the mass of a single ele
[8], and high mass accuracy make the FTICR ide
suited for rapid analysis of complex mixtures[1,4,9]. To be
compatible with fast separation techniques the ions mu
trapped in the FTICR cell preferably without using a trapp
gas. The acceptance criteria for the FTICR infinity cell[10]
for non gas-assisted trapping with sidekick are: a trap
time window within 0.2–0.4 ms and kinetic energies of i
lower than 2 eV per charge, for ions withm/z lower than
2000[11].

The sensitivity of an FTICR experiment is influenc
by many factors, including efficiency of ion generati
ion-transport and ion detection. Improvements in
aspects continue unabated[12,13]. Collisional cooling
of ion beams in 2D-multipoles, operated in an rf-o
mode, have improved the performance of FTICR m
spectrometers and are now widely used in all types of m
387-3806/$ – see front matter © 2005 Elsevier B.V. All rights reserved.
oi:10.1016/j.ijms.2005.05.004
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spectrometer[14–17]. Through collisions, the buffer gas
reduces the kinetic energy of a particle beam and focuses
it on the longitudinal axis of the guiding multipole. This
low-energy ion beam can then be focused and transported
with high efficiency into the next region of the instrument.
It has been shown that if ions are kinetically cooled and
accumulated before being pulsed out of the multipole, sen-
sitivity and dynamic range of the experiments are increased
[13,16].

However, there is still scope for improving the perfor-
mance of these linear ion traps. When many ions are present
in a linear ion trap, the sensitivity of the measurement can
decrease. Space-charge-induced ion discrimination in the
multipole can lead to the absence of many expected analyte
peaks [18] and multipole storage assisted dissociation
(MSAD; space-charge-induced collision-activated dissoci-
ation inside the multipole) can lead to fragmentation of the
ions of interest[19,20]. Furthermore, the trapping capability
of linear ion traps is worse for native bio-macromolecules
and their complexes, because their native conformations
have smaller collision cross-sections than their de-natured
analogues [21]. Though improved trapping has been
achieved using increased collision-gas pressure, this causes
MSAD to be more problematic[19].

A longer linear multipole ion-trap would alleviate many
of the above problems: in a large ion-trap space charge effects
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with low distortion of the rf field. This design is robust.
However, the dc potentials that must be applied to the rings
are prohibitively high[24,14].

• Tilted or conical multipole rods—perturbs the rf trapping
field making trapping of the incoming ions in the multipole
less efficient[24,25].

• Tilted dc wires located inside an octopole[26]—do not
affect the rf field significantly, but these wires must be thin
making the construction quite fragile and difficult to shape.

• T-shaped electrodes located between quadrupole rods
[22]—in this case, four extra electrodes (T-shaped) were
placed between the quadrupole electrodes, to which the
same dc ejection voltage is applied. By shaping these
electrodes, a linear axial field was created through the
quadrupole. The setup is simple and the field distortion
small.

To increase the efficiency of external accumulation
for large ions and to minimize detrimental space-charge-
induced artifacts such as MSAD and space-charge induced
discrimination, we designed an elongated linear octopole ion
trap. To ensure efficient ejection from the octopole, efficient
transfer to, and trapping in the ICR cell we added eight
T-shaped ejection electrodes, located between the octopole
rods, to create an axial field. Extensive simulations were
conducted to optimise the time and energy distributions of
t ping
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ccur at larger ion numbers, so the potential for MSAD
on-discrimination is reduced, and non-covalent compl
ave more time to collisionally cool, thus a greater f

ion can be trapped. One drawback of a longer trap is
he time distribution of the ejected ions is larger becau
akes a longer time for ions located at the beginning o
ultipole to move to the end where they can experienc
jection field supplied by the exit lens (during accumula

his lens provides a trapping field). Longer multipoles
ead to lower sensitivity since only a small fraction of
ons accumulated in the multipole are trapped in the FT
ell. Normally, the multipole length is chosen as a com
ise between the ejection time distribution and space-ch

onsiderations.
The time-distribution of the ejected ion packet can

hortened by creating an axial field in the multipole[22].
his would allow the analyst to benefit from the advanta
f a longer multipole outlined above. An axial ejection fi
an be created in several ways without significantly af
ng the rf multipole field. Any perturbation of the rf field c
educe them/z transmission window. The methods that h
een used to date are:

Segmented multipole rods—by applying a different dc
to each segment an ejection field can be created with
imal rf-field distortion[23]. In practice, however, becau
alignment of the segments is key to the design, engine
must be meticulous.
A set of rings surrounding the multipole—by applying d
ferent dc potentials to these rings, an axial field is cre
he ions ejected from the octopole to match the trap
haracteristics of the FTICR cell.

. Description of the simulated accumulation
ctopoles

The octopole will be used to accumulate ions gener
y electrospray ionisation[27], and matrix-assisted laser d
rption/ionisation[28]. Consequently, ions covering a wi
ange ofm/z need to be accumulated, a task best su
o a higher order multipole[29]. The widerm/z range and
igher charge capacity of the octopole compared to th

ower order multipoles (e.g., twice higher than a quadru
30]) led to the decision to base our ion trap on an octop
o increase the multipole order above eight does not

mprovements in performance that would justify the te
ological complications needed for its realization[31]. To
ur knowledge this is the first time a linear octopole

rap equipped with shaped, non-linear, ejection electr
s considered to enhance the sensitivity of the source
TICR-MS.

The octopole is 180 mm long, made of eight circular r
f 6 mm diameter. The field radius of the octopole was ch
uch that the ratiorrod/r0 = 0.355. This ratio has been shown
e a good approximation for the ideal octopole field[32]. To
aximize the fraction of ions trapped in the linear octop

he beginning of the octopole was beveled so that octopo
nside the skimmer of the electrospray ion source. The s

er and a single electrostatic lens at the end of the oct
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Fig. 1. (a) The ion source includes a skimmer, an accumulation octopole with
ejection electrodes and an exit lens,le, (b) Cross-section of the accumulation
octopole including the T-shaped ejection electrodes (at the deepest point
of the stemd= 11.6 mm) and (c) longitudinal view of the three ejection
electrodes reported here.

provide the axial trapping field for the ions.Fig. 1 shows a
schematic of the octopole design.

Various T-shaped electrodes placed between the octopole
rods were investigated. Here, the evaluations of three elec-
trode geometries are reported. These are shown inFig. 1c and
are:

(i) Linear-positive—the stem is initially 4 mm and
decreases linearly with distance to 0 mm at the end of
the octopole.

(ii) Linear-negative—the stem is initially 0 mm and
increases linearly with distance to 4 mm at the end of
the octopole.

(iii) Curved—the stem of the T-shaped electrode is initially
4 mm and decreases in size non-linearly to zero.

The thickness of the steam is 1 mm in all situations.
The two linear electrode configurations produce a non-
linear ejection field, whereas the curved electrodes were
designed to produce a linear ejection field. An ejection
field for positive ions is produced by applying a positive
potential to the linear-positive and curved ejection electrode
geometries whereas a negative-potential is required for the
linear-negative geometry.
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The simulation results reported here pertain only to the
analysis of low abundant ions: under conditions of high space
charge the ejection field will be effectively screened by the
ion-cloud. Moreover, improvements in sensitivity are not
required for intense ion currents. In addition, SIMION does
not approximate space-charge particularly well and cannot
run the groups of ions required for its space-approximations
in a radio frequency device in a practical time. For these rea-
sons, ion–ion interactions were not taken into account. These
simulations were performed specifically to increase the sen-
sitivity for the analysis of low abundance ions, to trap and
transfer these ions to the ICR cell as efficiently as possible;
those experiments that require improvements in efficiency
and that are best described by the simulation constraints.

Ions of mass equal to that of cytochromec, 12,360 Da, and
with charges of +1 and +15 were used in the simulations. To
approximate the ion beam emitted through the skimmer of an
electrospray ion source, the initial positions, angles and times
of the incoming ions were randomized through the ranges
0≤ [y, z] ≤ 0.5 mm, 0≤ θ ≤ 2◦, 0≤ t≤ 4 ms with an initial
energy of 10 eV for +15 ions and 3 eV for singly charged ions.
Note the initial energy of the ions has no effect for the evalua-
tion of the ejection time and energy distributions because the
ions are thermalized prior to the ejection pulse. For each set
of parameters 1000 cytochromec ions were initiated at the
beginning of the accumulation octopole. The radio-frequency
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. SIMION simulations

The purpose of this work was to approximate a collis
lly cooled ion beam that is trapped in a long octopole

rap and to investigate the effects of axial ejection field
he time and energy distributions of the ejected ion pac
hese analyses were performed using SIMION 7.0[33]. The
caling used in the SIMION simulations of the octopole
ve grid units per mm (gu/mm).
oltage used for these simulations was 800 V peak-to-
nd the frequency was 0.88 MHz. This voltage was suffic

o trap ions withm/z= 12,360, but lower voltages can be u
or a smallerm/z range.

An accumulation–ejection pulse sequence, which invo
he skimmer, the dc ejection electrodes, and the exit
s shown inFig. 2. The ions were accumulated for 14
thermalized) using 5 V applied to the skimmer and 1
o the exit lens and 0 V to the ejection electrodes. To e
ons 150 V was applied to the skimmer,−1 V to the exit lens
nd 200 V to the ejection electrodes (−200 V for the linea
egative configuration).

The hard spheres algorithm[30] was used in order to es
ate the collisional cooling in the simulations, using

ross-section of cytochromec determined from ion mobi
ty spectrometry. The cross-section of gas phase cytoch
has been shown to be charge dependent[34].
This algorithm is an approximation of ion–molecule c

isions that is valid for the range of kinetic energies pre
ere. Collisional relaxation from the initial velocity to t

hermal equilibrium velocity follows the law:

= v0 e−t/τ (1)

ere,v0 is the initial velocity of the ion,v the velocity at a
ime t, andτ corresponds to the relaxation time, defined
ormula:

= 3(m + mg)/4mgnσukT , ukT = (8kT/πmr)
1/2 (2)
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Fig. 2. Accumulation–ejection pulse sequence used for accumulation and
ejection of ions. The differencete (ejection)− t0 (accumulation) represents
the accumulation time. A new cycle starts at the timet = t′0. The rf voltage
is applied throughout simulations.Vskimmer accum= 5 V, Vskimmer ejec= 150 V,
Vexit lens accum= 10 V, Vexit lens ejec=−1 V, Veject electrodes accum= 0 V,
Veject electrodes ejec= 200 V.

wheremr is the reduced mass (mr =mmg/(m+mg)),T the tem-
perature of the collision gas andk the Boltzmann constant,
n is the number density of the gas molecules andσ is the
collisional cross-section.mandmg represent the mass of the
ion, and the mass of the collision gas, respectively. Using
a pressure of 10−3 mbar throughout the simulated octopole,
the relaxation times were calculated to be 2.5 and 1.1 ms for
+1 and +15 ions, respectively. These were implemented in
SIMION through a user program that damps the ion’s veloc-
ity according to the above equation but does not modify the
instantaneous direction of the ions. For the pressure assumed
here and the large cross-section of the analyte ions, such vis-
cous damping is a good approximation of the large number
of collisions experienced by each ion.

This simulation of an accumulation octopole enables a
qualitative assessment of the performance of an octopole with
ejection electrodes for the accumulation and ejection of low
abundant ions. In agreement with the simulations prelimi-
nary experimental results demonstrate the higher sensitivity
of this new octopole when voltage is applied to the dc ejection
electrodes and an axial ejection field is generated.

4. Results and discussion

The time and energy distributions of the ions ejected from
the octopole are compared for the three configurations shown
in Fig. 1c and for an octopole without an axial field. These
distributions were recorded at the exit of the octopole and
at the FTICR entrance (quadrupole ion guides transport ions
from the octopole exit to the cell, seeFig. 3; more details
can be found in reference[35]). All three octopole configu-
rations transported ions covering a widem/z range with high
efficiency (100%), thus demonstrating that the ejection elec-
trodes do not significantly distort the rf field of the octopole
(results not shown). Note that the ion transmission through
the exit lens depends on the voltage applied to the exit lens
and the size of the aperture.

Fig. 4a shows the axial dc potential gradient of the
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Fig. 3. Schematic of the 7 T external electrospray FT-ICR set-up. The accu cated at t
e arrays tion o
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t ical po ping of t
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V V.
ntrance and exit of the multipoles were simulated using two potential
nd a lower resolution array, 2 gu/mm, was used to model the two

he exit lens, where the field lines are almost linear, and using ident
elocity is considered in the transfer quadrupoles. The voltages appli

GV1 =−20 V,VGV2 =−70 V,Vend plate=−1 V, Vbias Q2=−2 V, Vbias Q3=−1
inear-positive and linear-negative designs (0 V applied to
ctopole electrodes). As can be seen, the axial field is
teep in the areas influenced by the skimmer and the
ens potentials. Between the skimmer and the exit lens t
jection electrodes of both configurations provide an ave
xial potential gradient of 0.3 V/cm (non-linear) along
ctopole when 200 V is applied to the dc ejection electro
his potential gradient has been shown to be optimum
egmented quadrupole linear ion trap that was used to
ulate ions for FTICR experiments, larger ejection fie
ecreasing sensitivity[15]. Closer examination ofFig. 4a
eveals that the linear-negative configuration has a sh
otential gradient at the beginning of the octopole an
teeper potential gradient at the exit (in the region wit
nfluence from the skimmer and the exit lens). This pro

mulation octopole, the following two quadrupoles and the lenses lohe
. A higher resolution array, 5 gu/mm, was used to model the accumulactopole
r quadrupoles and transfer lenses. The two arrays were joined in t
tentials on the exit lens in both arrays. Due to low pressures no damhe
e transfer optics and the two quadrupoles are:Vpp Q2,3= 200 V,Vprobe lense=−2 V,
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Fig. 4. The axial dc potential along the accumulation octopoles working in ejection mode for: (a) linear-positive (+) and linear-negative (*) configurations; (b)
the variation of the dc election electrode stem lengthd from the beginning to the end of the octupole; (c) linear-positive (+) and curved (*) configurations. The
potential profile during accumulation is the same for all three configurations (©). The dashed lines show the place where the field of the skimmer and the exit lens
effect the axial potential during the ejection time. During accumulationVskimmer= 5 V,Vexit lens= 10 V andVeject electrodes= 0 V. During ejectionVskimmer= 150 V,
Vexit lens=−1 V andVeject electrodes= 200 V for the linear-positive ejection electrodes andVskimmer= 5 V,Vexit lens=−5 V andVeject electrodes=−200 V for the linear
negative design.

will cause the ions located near the beginning of the octopole
to be accelerated more slowly than those located near the end,
a profile not favorable for a narrow time spread.

In order to investigate the performance of a linear ejection
field, curved ejection electrodes were designed. The field at
the center of the octopole was measured as a function of the
stem length of the ejection electrode; the stem length was
then varied along the length of the ejection electrodes such
that a linear ejection field was produced.Fig. 4b shows the
dimensions of these curved ejection electrodes.

Fig. 4c shows the axial potential profiles for the curved
and linear-positive geometries, resulting in linear and non-
linear axial potential gradients, respectively. Energy and time
distributions were recorded at the exit of the accumulation
octopole for the curved and linear-positive configurations and
without an axial field (Vdc electrode= 0 V).

Fig. 5shows the time and energy distributions forz= +15
cytochromec ions at the octopole exit. The ejection time
spread was almost identical for the curved and linear-positive
ejection electrodes (approximately 0.23 ms), whereas with-
out an axial field the time spread was much larger, 12 ms.
The time spread of 0.23 ms corresponds to approximately
3 V, z= +15 ions moving across the 180 mm length of the
octopole. The analogous time spread for the singly charged
ions was approximately 0.88 ms with the ejection field and
22.64 ms without the ejection field (results not shown).
Though larger energies (22–43 or 1.5–2.9 eV per charge)
were obtained for the curved ejection electrodes than for
the linear-positive configuration (19–36 eV, or 1.3–2.4 eV per
charge), both energy ranges can be accommodated by the
FTICR cell. However, closer examination of the energy–time
distribution of the linear positive configuration reveals that
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Fig. 5. Time and energy distributions of the ion packet at the exit lens of the octopole (z= +15 ion). The first column shows a scatter plot of the time and kinetic
energy distributions, and histograms of the kinetic energy distribution (middle) and the time distribution (bottom), for the ion packet ejected from the linear
positive ejection electrodes configuration. The second and third columns show the results obtained for the curved electrode configuration, and with no axial
field. Ions are accumulated 14 ms and then ejected. Only the period of ejection is shown in this figure (t= 0 is defined as the time when ions enter the octopole).

the ions that are ejected first have the highest energy. The ions
located at the beginning of the octopole experience a larger
ejection field and have overtaken the ions located closer to
the exit.Fig. 5also shows the corresponding time and energy
histograms. It can be seen that more ions with lower kinetic
energies were ejected by the linear-positive configuration
than with the curved configuration. The energy distribution
from the octopole without an axial field is much narrower,
but has the drawback of a much larger time spread. Note the
time spread is not thermal because the times were recorded
after the ions have been ejected from the octopole and passed
through the−1 V field of the exit lens.

Simulations of the entire ion transfer system, two
quadrupole ion guides and electrostatic lenses (Fig. 3), were

used to determine the time and energy distributions at the
entrance of the FTICR cell. These results can be seen inFig. 6.
Because the ions with higher energy had overtaken those with
lower energy for the linear-positive configuration, the time
spread encompassing the majority of thez= +15 ions (90%)
at the entrance of the cell is larger than that for the curved con-
figuration (1.17 and 0.77 ms, respectively). The mean and the
width of the kinetic energy distributions were smaller for the
linear-positive configuration, but the time spread was smaller
for the curved ejection electrodes configuration at the FTICR
entrance (i.e., better bunching).

Due to the short trapping time window of the cell a more
compact ion cloud at the entrance to the FTICR cell will
lead to more efficient trapping, thus increased sensitivity. For
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Fig. 6. Time and energy distributions of the ion packet at the entrance of the ICR cell (z= +15 ion). The first column shows a scatter plot of the time and kinetic
energy distributions, and histograms of the kinetic energy distribution (middle) and the time distribution (bottom), for the ion packet ejected from the linear
positive ejection electrodes configuration. The second and third columns show the results obtained for the curved electrode configuration, and with no axial
field. Only the period of ejection is shown in this figure (t= 0 is defined as the time when ions enter the octopole).

both axial potential configurations the ion energy was within
the acceptable limits thus the octopole that gave a shorter
trapping time spread is considered to be the better choice.
Again, without an axial ejection field the time spread is too
large for efficient transfer and trapping of the ions in the
FTICR cell (Fig. 6).

An estimate of the increase in sensitivity for +15
cytochromec ion, m/z= 824, was made by comparing the
maximum density of ions at the cell in the time distributions
of the curved- and no-ejection electrode configurations, and a
trapping window of 0.2–0.4 ms. The octopole with the curved
ejection electrodes was estimated to be 4–5 times more
sensitive because of improved time-focusing at the FTICR
cell.

Fig. 7 shows preliminary experimental results obtained
with an accumulation octopole of the curved electrode con-
figuration. The ions generated from electrospray ionization
of 5�M cytochromec in 69:29:2 methanol:water:acetic
acid were accumulated in the octopole for 0.4 s before
being transferred to the ICR cell for detection. As can be
seen, the signal intensities with the ejection field, upper
spectrum, were approximately 100% stronger than that
with no ejection field (0 V applied to ejection electrodes,
bottom figure). Furthermore, these sensitivity improvements
were observed for several charge states of cytochrome
c indicating that sensitivity improvements can be made
over m/z ranges compatible with LC–MS experiments of
low abundance peptides, the application of interest. It also
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Fig. 7. Experimental mass spectra of cytochromecwhen 200 V (upper fig-
ure) and 0 V (lower figure) where applied to the ejection electrodes of the
curved configuration. The arbitraryy-scales on both figures are identical.

demonstrates that the time-of-flight effects of external trap
FTICR experiments[11], which will be more pronounced
with time-focused ejection, do not overwhelm the sensitivity
gains from time-focusing of the ejected ions.

Before concluding it is pertinent to question why the
experimentally measured improvement in sensitivity was less
than that estimated using the simulations. The simulations
represent an approximation of a real octopole ion trap. Uni-
form pressure throughout the octopole and negligible space
charge effects are arguably the two most important. The pres-
sure in an ESI experiment is not uniform.Fig. 3 shows that
the octopole ion trap is the second stage of a differentially
pumped apparatus. Consequently a pressure gradient will
exist along the length of the trap. Higher pressures at the
beginning of the octopole will lead to greater viscous damp-
ing that can hinder ion ejection. This effect would increase the
time spread of the ejected ions and thus decrease the available
sensitivity gains.

As explained in the section describing the simulations,
ion–ion interactions were not included for practical and
reliability reasons. Space charge can shield the ions from the
ejection field (higher space charge leads to a less effective
the ejection field), thus reducing the time focusing at the
FTICR cell and the sensitivity gains obtained. Additionally,
high space charge increases the radial size of the ion cloud in
the octopole. Consequently, fewer ions might be transferred
t ice.
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The lower (but still significant) sensitivity gains of the
preliminary experimental results, with respect to the simula-
tion estimation, could reflect the pressure gradient across the
octopole and/or space charge effects. While the latter will
be diminished for ions of low intensity, the application of
interest, an improved understanding of the physics of ion
accumulation and transfer to the ICR cell could enable fur-
ther sensitivity gains to be attained.

5. Conclusions

Here, we have used simulations to investigate a long
octopole ion trap that either has an axial potential gradi-
ent or no axial potential gradient for external accumulation
and efficient transfer of ions to an FTICR-MS analyser cell.
The time and energy distribution of the ions at the exit of
the octopole and at the entrance of the cell show that the
octopole with curved ejection electrodes (linear axial field)
lead to higher sensitivity, 400–500%. Preliminary experimen-
tal results showed that these ejection electrodes increased
the ion signal from electrospray ionisation of cytochromec
by approximately 100% and that sensitivity improvements
spanned anm/z range compatible the LC–MS of com-
plex peptide solutions. The different degree of improvement
between the simulations and preliminary experiments is most
l ions
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hrough the exit lens of the octopole accumulation dev
he simulations showed that 70% of them/z= 12,360
z= +1) passed through the exit lens with a 4 mm diam
ole but 100% of them/z= 824 (z= +15) because ions

argerm/z (m/z= 12,360) are less radially confined by the
eld of the octopole than ions of smallerm/z [30,36]. Space
harge will broaden the cloud even more[36], resulting

n less confined ion beams, so lowering the sensit
ompared to simulations.
ikely due to the approximations inherent to the simulat
nd will be the subject of a future experimental investiga
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