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a b s t r a c t

We have simulated the design and performance of the simplified coaxial ion trap e a dual ion trap mass
spectrometer consisting of an outer simplified toroidal trap and an inner cylindrical trap. The device can
perform tandem mass analysis by initially trapping ions in the toroidal region, and then transferring ions
mass-selectively to the cylindrical regionwhere they can be fragmented, isolated, and mass-scanned. The
key benefit of the coaxial trap is the ability to store and retain the original ion population in the toroidal
region while tandem mass analysis is being done in the cylindrical region for a selected mass. This study
models a miniaturized simplified coaxial ion trap using the ion trajectory simulation software, SIMION,
and characterizes its performance in terms of mass resolution and selectivity of transfer from toroidal to
cylindrical regions, ion ejection direction from the toroidal trap, and trapping efficiency in the cylindrical
trap. Mass resolution was maximized with a slightly positive octopole term in the toroidal trapping
region, and the desired inward radial ejection of ions was achieved with a positive hexapole term. We
demonstrate the possibility to obtain an optimized electric field for a given aspect ratio of the toroidal
trap by varying only three geometric parameters. Simulated mass resolution from the optimized ge-
ometry was 0.3 Da for aspect ratio 8. The trapping efficiency was found to be affected by RF and AC
voltages, RF phase, as well as the pressure. A mismatch between the kinetic energy of transferred ions
and the RF phase in the cylindrical trap at the time of transfer was found to account for most of the ion
loss during transfer. The intricate dependence of trapping efficiency on a number of operational variables
was found to lead to trade-offs between itself and other operational parameters such as mass resolution
and transfer efficiency. The results demonstrate successful operation of the simplified coaxial trap and
reveal the geometric and operational constraints to be considered in its operation.

© 2022 Elsevier B.V. All rights reserved.
1. Introduction

Miniaturized ion traps have become the preferredmass analyzer
for applications requiring in-field chemical analysis [1,2]. The
compact size, low power consumption, and reduced pressure re-
quirements make miniaturized ion traps easily incorporated into
portable chemical analysis systems. The reduced pressure re-
quirements and rapid mass scan capabilities make ion traps an
ideal mass analyzer when coupled to front end chromatographic
systems, facilitating numerous analytical applications ranging from
in-field analysis of biological samples to space exploration [3e6].
).
Moreover, ion traps are capable of tandem-in-time mass analysis
(MSn), providing a distinct analytical advantage in the analysis of
in-field samples possessing a complex chemical matrix.

Quadrupole ion traps (QIT) and cylindrical ion traps (CIT)
function by focusing all trapped ions into a small spheroidal volume
at the center of the trap. While functional in its purpose of ion
storage and mass analysis, it was soon realized that the Coulombic
repulsion from a large number of like charged ions within a small
trapping volume would deteriorate the devices performance, a
phenomenon known as space charge effects which is directly
related to the trapping capacity of the device [7]. Space charge ef-
fects are exacerbated when QIT and CIT devices are miniaturized,
limiting their analytical utility. Indeed, increasing the trapping ca-
pacity of miniaturized ion traps would be required to improve the
analytical performance of portable chemical analysis systems. Since
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the introduction of the QIT and CIT, a number of ion trap geometries
have been developed to resolve the limiting trapping capacity issue.
The linear ion trap (LIT) extends the trapping volume by elongating
the trapping dimension to a linear region [8,9]. The rectilinear ion
trap (RIT) was subsequently developed as a simplified version of
the LIT and facilitated easy fabrication when miniaturized [10].
Ring-shaped ion traps have also been developed; however, they
originally functioned as ion storage devices for studies of phase
transitions, structures, and spectroscopic applications [11e13]. In
2001, Lammert et al. developed a toroidal ion trap (TorIT) for the
purpose of mass analysis [14]. The prototype TorIT consisted of a
symmetric ring-shaped trapping region with axial ion ejection and
detection. While functional, it was discovered that the curvature of
the electrodes created an electric field which adversely impacted
the device performance. The second TorIT version consisted of
asymmetric electrodes which accounted for the toroidal curvature
and demonstrated a significant improvement in analytical perfor-
mance. In 2012, Taylor et al. reported the first instance of a
simplified toroidal ion trap (STorIT) which consisted of cylindrical
electrodes [15]. The STorIT reported a mass resolution of Dm ¼ 0.32
and demonstrated tandem mass analysis capabilities.

A key advantage possessed by LIT, RIT, TorIT, and STorIT devices
is the decoupling of the characteristic trapping dimension from the
ion trapping capacity. An ion trap's aspect ratio, a parameter
defined as the ratio between the extended trapping dimension and
the characteristic trapping dimension, has become an important
parameter in the evaluation of TorIT and STorIT devices. Despite the
reduced characteristic trapping dimension as a consequence of
miniaturization, the ion trapping capacity can remain unaffected by
simply increasing the trapping dimension, yielding a high aspect
ratio trap. Recently, Hettikankanange et al. studied the effect of
aspect ratio on both an asymmetric TorIT and STorIT [16]. Exam-
ining aspect ratios from 1.86 to infinity, it was found that certain
key device metrics were most sensitive to changes in aspect ratio
between 1.86 and 10.

Ion traps of toroidal geometry conveniently lend themselves to
form a dual ion trap with a second ion trap placed in the hollow
center of the toroidal trap, resulting in a coaxial ion trap. The first
instance of a coaxial ion trap was reported by Austin et al. and was
formed with concentric rings lithographically printed on two par-
allel ceramic plates, creating an outer toroidal trapping region and a
quadrupole trapping region at the center [17]. The lithographically
patterned coaxial ion trap demonstrated good mass resolution and
sensitivity; however, the ion transfer from toroidal to quadrupole
regions lacked mass selectivity.

In this work, we introduce the simplified coaxial ion trap con-
sisting of an outer STorIT and an inner CIT. Ions are initially trapped
and stored within the STorIT, following which a chosen m/z ratio is
selectively transferred to the CIT. The transferred ions trapped
within the CIT can be analyzed directly or undergo MSn analysis.
Since the original ion population remains in the STorIT while MSn

mass analysis is being performed in the CIT, multiple MSn analyses
can be performed on multiple masses stored within the STorIT
without having to repopulate the STorIT, increasing analytical ef-
ficiency and sample utilization. This is in contrast with the con-
ventional mode of MSn mass analysis with a single ion trap, where
the targeted mass is first isolated by the elimination of other
masses from the trap.

Coaxial traps of similar design to that of the present study have
been the focus of a few simulation studies in the recent past. Yu
et al. demonstrated some aspects of operation including radial
ejection of ions from the toroidal region and trapping of radially
injected ions in the cylindrical trap [18]. However, seamless transfer
and trapping was not demonstrated. Hai-Yung et al. addressed the
aspect of ion ejection direction by adjusting the shape of toroidal
2

electrodes [19]. While these previous studies demonstrated coaxial
ion trap operation, further geometry optimization and compre-
hensive characterization is still required.

The present study focuses on understanding the performance of
a simplified coaxial ion trap with aspect ratios 2.2, 3, and 8. The
parameters most critical to analytical performance include mass
resolution and mass selectivity of ion transfer from toroidal to cy-
lindrical regions, ion ejection direction from the STorIT, transfer
efficiency to the cylindrical region, and trapping efficiency in the
CIT. These functionalities have not been fully treated in previous
studies and require a comprehensive examination with respect to
aspect ratio and electrode geometry. Results from this study can be
utilized to optimize the analytical performance of a simplified co-
axial ion trap within a portable chemical analysis system.

2. Method

The geometric cross-section of the coaxial ion trap studied here
is shown in Fig. 1. To study the effect of geometric parameters,
electrode geometries with incremental changes tow, h, and z0 were
constructed separately for the aspect ratios 2.2, 3, 8. All simulations
were performedwith SIMION 8.1 ion trajectory simulation software
(Scientific Instrument Services, Ringoes, NJ).

The electric field was characterized by recording the radial po-
tential and fitting to an 8th order polynomial. The polynomial co-
efficients obtained represent the magnitudes of the multipole
terms. The multipoles were calculated by considering the outward
direction from the trap center as the positive radial direction.
Higher-order field contributions were then obtained by expressing
the multipoles as percentages of the quadrupole (A2) term. This
mathematical representation of the toroidal electric field, however,
is only an approximation because the absence of a continuous and
differentiable electric field at the axis of rotation of the toroidal trap
signifies that the conditions of the Laplace equation are not met.
Moreover, all higher-order terms may not be centered around the
same radial distance.

3. Results and discussion

3.1. STorIT: geometry and higher order multipole components

Initial analysis of the coaxial ion trap involved examination of
the STorIT in the absence of the CIT. A comprehensive analysis has
been conducted on the relationship between electrode geometry
and nonlinear electric field components, as well as the effect of the
above on mass resolution and ejection direction. With respect to
the STorIT, three geometric variables are used to vary the electric
field for a given aspect ratio and are noted in Fig. 1: the width of
ACTor ¼ w, the RFTor and ejection slit gap ¼ h, and the stretching of
the RFTor electrodes ¼ z0. The ejection slit width remained constant
at 1.2 mm throughout this study. The degree of electrode curvature
is dictated by the trap's aspect ratio and is another important
parameter affecting the magnitude of the higher-order multipole
components. Aspect ratios of 2.2, 3, and 8 are considered here with
r0 ¼ 5 mm maintained constant and the value of R adjusted to
achieve the desired aspect ratio. A recent investigation into the
impact of aspect ratios on higher order multipole terms concluded
that this range of aspect ratios possess the greatest impact on a
STorIT electric field and analytical performance [16].

The performance of the STorIT was evaluated by simulating the
mass resolution of ions ejected using a reverse scan with AC reso-
nant ejection. Initially the toroidal region was populated with 600
ions with a m/z ¼ 90 and allowed to cool for 1 ms. The hard sphere
collision model (HS1) was used to model the system with a pres-
sure of 1mTorr and a temperature 298 K. The collision cross-section



Fig. 1. Illustration of the simplified coaxial ion trap with an aspect ratio R/r0 ¼ 3.
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(s) between the ions and helium gas was calculated using the
classic hard sphere collision cross-section formula for two particles,
sAB ¼ p(rA þ rB)2, where rA and rB are the hard sphere radii of the
two elastically colliding particles. The radius of the m/z ¼ 90 ion
was taken as equal to that of a toluene molecule yielding
sAB ¼ 5.6 � 10�19 m2 [20]. During the ion populating and cooling
process, a 1.5 MHz potential applied to RFTor electrodes was
maintained at 285V(0-p) with a 5 V DC offset. After ion cooling, the
RF potential was ramped at 5 kDa/s. Resonance ejection was ach-
ieved by applying 3 V(0-p) potential at 270.5 kHz to ACTor.
Throughout this study the RFTor voltages were adjusted to ensure
ion ejection occurred at b¼ 0.36 for all geometries and aspect ratios
examined, unless otherwise stated. Moreover, AC voltages were
also adjusted to ensure all ions received enough energy to be
ejected.

Mass spectral peaks were constructed by converting the tem-
poral distribution of ion ejection to peak width. This was achieved
by calculating the RF amplitude at the time of ion ejection. The
resulting distribution of RF amplitudes was linearly mass calibrated
by assigning the mode of the distribution to the target mass (m/
z ¼ 90) and rounding to the nearest 0.1 Da. The simulated spectral
peak was constructed by plotting the ion count obtained vs. m/z.

Fig. 2 summarizes the response of the electric field and mass
resolution to variations in the AC electrode width (w), gap between
ground and RF electrodes (h), and the axial trapping dimension (z0).

Mass resolution deteriorates as the octopole term becomes
larger, and is optimal at low positive octopole values with Dm ~
0.3 Da. This result is quantitatively consistent with previous re-
ported simulation studies on other types of ion traps such as QIT,
LIT, RIT, and CIT, as well as experimental work on the STorIT, where
a slightly positive A4 term was found to yield the best mass reso-
lution [10,15,21e23]. Any correlation between Dmand the A3, A5, or
A6 terms was found to be negligible. An example of mass spectra
constructed from the simulations described above at an aspect ratio
of 8 is shown in Fig. 3.

3.2. STorIT: transfer Selectivity with selective resonance ejection

In coaxial ion trap operation, a targeted ion or m/z value is
selectively transferred from the STorIT to the CIT using resonant
ejection while maintaining a fixed RF voltage. The examination of
transfer selectivity with resonance ejection utilized STorIT geo-
metric values of h¼ 1mm, w¼ 6mm, and z0¼ 5mmwhich results
3

in A3 ¼ 1.3%, A4 ¼ 3.6%, A5 ¼ 3.6%, and A6 ¼ �9.2%. For these sim-
ulations, 100 ions with masses ranging fromm/z ¼ 87e93 in 0.5 Da
increments for a total 1300 ions were introduced to the STorIT re-
gion. Initially the ions were allowed to cool for 1 ms at an applied
potential of RFTor ¼ 278.9 V(0-p) at 1.5 MHz. Following ion cooling, a
potential was applied to ACTor with a frequency of 270.5 kHz which
selectively targeted the m/z ¼ 90 ions for ejection into the CIT. The
secular frequency of them/z¼ 90 ionwas determined from the fast
Fourier transform (FFT) of its position coordinates. This provided a
close approximation of the resonant AC frequency. Aswith previous
simulations, the CIT is not considered. Results from these simula-
tions are shown in Fig. 4 for three different ACTor potentials.
Depending on the magnitude of the ACTor, a mass range of
approximately ±3 Da in the vicinity of the targeted ion respond to
the resonant AC signal and are ejected. This suggests that the low
transfer selectivity may be an inherent shortcoming of this mode of
operation combined with the currently examined higher-order
field components. It should be noted that the coaxial ion trap
with lithographically patterned electrode rings, which was oper-
ated in the same mode described here, lacked mass selectivity in
transferring ions from outer toroidal to inner quadrupole regions; a
likely result of the higher-order field configuration [17]. In the
current design, fine-tuning the amplitude and duration of the ACTor
signal brought about some improvement. Limiting the ACTor signal
to 1 ms and 3 V(0-p) narrowed the mass range.

Moreover, the potential applied to ACTor impacts the mass res-
olution of the STorIT (not shown). At low amplitudes of AC, of
around 1e2 V(0-p), ions were seen to eject over a longer period of
time, likely a result of the octopole field causing the ions to oscillate
between resonant and non-resonant conditions as its radial
amplitude oscillates [24]. This explains the role of the higher
amplitude AC which allows the target ions to absorb energy and
eject rapidly over a shorter time, before falling out of resonance,
resulting in better mass resolution. On the other hand, high AC
voltages of 4-5 V(0-p) and above resulted in ion ejection efficiency
near 100%; however, transfer selectivity deteriorates to ±2 Da as
was shown in Fig. 4.

3.3. STorIT: unidirectional ion ejection

An important aspect of the proposed coaxial ion trap is the
ability of the STorIT to transfer ions into the CIT; thus, the direction
of ion ejection from the STorIT region is a prerequisite for successful



Fig. 2. Plots of the variation of electric field multipoles (solid lines) and mass reso-
lution (dotted line) with geometric parameters for aspect ratio 8. Mass resolution, Dm
(Da) was measured as full width at half maximum (FWHM) of the peak. (a) h ¼ 1 mm,
z0 ¼ 5 mm (b) w ¼ 4 mm, z0 ¼ 5 mm (c) w ¼ 4 mm, h ¼ 1 mm.

Fig. 3. Simulated spectra showing the variation of resolution with multipoles with RF
ramp. Octopole (A4) terms are 14.5%, 9.9%, and 6.9% for axial trapping dimensions of
4.5 mm, 5 mm, and 5.5 mm respectively. Each spectrum was obtained with 600 ions.
The mass spectra shown are for w ¼ 4 mm, h ¼ 1 mm, and an aspect ratio of 8. Error in
the data (not shown) is a function of the square root of the number of ions.

Fig. 4. Transfer selectivity of resonant ion ejection from the STorIT with an aspect ratio
8. Each point represents the number of ions transferred out of the STorIT out of 100
ions per mass. Error in the data (not shown) is a function of the square root of the
number of ions.
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operation. For the lowest aspect ratio of 2.2, it was observed that a
significant fraction of ions eject radially outwards, impacting on the
surface of the ACTor electrode. A study of this ion behavior reveals
that the radial outward ejection correlates with the hexapole term
(Fig. 5). At higher aspect ratios, where all of the geometries have a
positive or only slightly negative A3 term, display radial inward
ejection as desired. As the A3 term becomesmore negative in aspect
ratio 2.2, more ions tend to eject outwards. Since the hexapole term
4

represents the radial asymmetry of the trapping field, it is
reasonable that as the direction of the field asymmetry switches
from negative to positive, i.e. outward to inward, the direction of
ion ejection would respond similarly.

The potential applied to ACTor excites the ions radially; however,
significant axial excitation of ions could be seen as b values
exceeded 0.4. These ions impact on the RFTor electrodes or, at lower
degrees of axial excitation, fail to pass through the ejection slit and
impact on the barrel electrode. This apparent coupling of radial and
axial motions is readily explained by the fact that radial and axial
secular frequencies approach each other with increasing b. The
application of a larger DC offset increases the difference between
radial and axial secular frequencies and thereby reduces undesir-
able axial excitations. This observed undesirable axial excitation is
the reason why RFTor was adjusted to maintain a value of b ¼ 0.175
for all geometries and aspect ratios examined.



Fig. 5. Variation of inward radial ejection percentage with geometric parameters in
aspect ratio 2.2. The solid lines represent the variation in hexapole and octopole terms.
The dashed lines represent the variation of inward radial ejection at b ¼ 0.175. (a)
h ¼ 1 mm, z0 ¼ 5 mm (b) w ¼ 4 mm, z0 ¼ 5 mm (c) w ¼ 4 mm, h ¼ 1 mm.
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3.4. The coaxial ion trap: geometry considerations

The greatest contributions to performance are made by the
hexapole and octopole terms, affecting ion ejection direction and
mass resolution, respectively. As shown in Fig. 2, A3 and A4 terms
respond similarly to changes to the w parameter; however, they
have the opposite response to changes in h and z0. Therefore, it
becomes possible to manipulate electrode geometry to achieve
5

optimal conditions for a given aspect ratio. With this approach, we
obtained an optimized electrode geometry for aspect ratio 3 which
was used in the subsequent simplified coaxial ion trap simulations.
Here, the STorIT dimensions were w ¼ 5 mm, h ¼ 2 mm, and
z0 ¼ 5.5 mm, while the CIT was z0 ¼ 5.5 mm, r0 ¼ 7 mm, with an
end-cap hole diameter, s ¼ 2 mm, and d ¼ 1.8 mm in keeping with
the�10% compensation rule [25]. Given that the electric field of the
CIT was consistent with the said rule in the presence of the toroidal
electrodes, we expect that the performance of the CIT would not be
affected by the STorIT voltages.

3.5. Coaxial ion trap operation

The operation of the coaxial ion trap was examined by popu-
lating the STorIT with ions, mass selectively transferring ions to the
CIT, and trapping the transferred ions in the CIT. Since SIMION is not
capable of performing ion fragmentation via collisionally induced
dissociation (CID), trapping and mass selective ejection of fragment
ions from the CIT were performed separately.

A challenging aspect of the proposed coaxial ion trap operation
is the presence of an RF barrier between the STorIT and CIT regions
which must be overcome for successful transfer of ions. For a given
combination of RFTor voltage and pressure, there is a minimum
kinetic energy that ions require to escape the pseudopotential well.
This kinetic energy, provided by the AC voltage, also needs to be
sufficiently low to allow the ions to be decelerated and trapped in
the CIT region.

Depending on their kinetic energy, ions display one of three
behaviors during transfer from toroidal to cylindrical regions; 1)
enter the cylindrical region and get trapped, 2) enter the cylindrical
trap and get reflected back towards the injection slit, or 3) traverse
the cylindrical region and emerge on the opposite side of the
toroidal region or collide with the barrel electrode. These three
behaviors occur at varying degrees regardless of the m/z of the ion
falling within the stability region of the CIT. The latter two out-
comes, which account for ion losses during transfer, are also com-
mon to ion injection in a 3D QIT [26]. Past studies have shown the
radial injection efficiency of ions to a 3D QIT to be around 5%
[26,27]. One approach to improving the ion injection efficiency of
the 3D QIT was to match the RF phase to the ions kinetic energy
[7,26,28,29]. In the case of LIT's, 100% trapping efficiency has been
shown with axial injection of ions. The longer path length over
which ions may be collisionally decelerated as well as the lack of an
RF barrier along the injection axis facilitate trapping in the LIT [30].
In the dual-LIT design presented by Li et al., ions were transferred
axially with a mass-selective transfer efficiency of 55% [31].

3.6. RF phase vs. ion kinetic energy

A study of ion kinetic energy and absolute RF phase of the CIT
was conducted on ions withm/z¼ 219 injected into the CIT in order
to examine the fate of ions with respect to the three outcomes
described above. The RF frequency on the STorIT and CIT were kept
at 1.5 MHz while the RFTor and RFCyl potentials were maintained at
575 V(0-p) and 1050 V(0-p) respectively. A DC offset of 5 V was
applied to RFTor. The RF phase angle of the CIT leads that of the
STorIT by 150�, as indicated on the secondary horizontal axis. An AC
voltage of 3 V(0-p) at 108 kHz was applied for 100 ms, maintaining
b ¼ 0.144. The pressure was maintained at 3.75 mTorr. Fig. 6 shows
the range of RF phase over which ions enter the CIT and the dis-
tribution in ion kinetic energy at the point of entry.

At a first glance, it is apparent that no ions transfer from the
STorIT to the CIT between 90� and 230� absolute phase angle of CIT
RF voltage, (i.e. �60�e80� of the RF phase of the STorIT). Over this
range, the RF barrier of the STorIT is on the rise, thus, the ion



Fig. 6. Kinetic energies of ions that are trapped (red), pass through the CIT (blue), and turn back after entering the CIT (black). Forty-five ions are shown undergoing each outcome.
The figure is not indicative of the actual percentages of ions displaying these three behaviors. The trendlines (dotted) are fitted to 5th order polynomials as a guide to the eye.
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possesses insufficient kinetic energy to escape the STorIT. Imme-
diately beyond the 90�e230� range, ions exit the STorIT with
relatively low kinetic energy which works in conjunction with the
RF phase of the CIT to successfully decelerate and trap ions within
the CIT, as indicated in Fig. 6. Most trapped ions enter the CIT as the
RF pseudopotential well is on the rise, i.e. within the first and fourth
quadrants, indicating that the CIT RF potential decelerates the ions.

The ions that traverse the CIT (blue) and those that turn back
towards the STorIT (black) have kinetic energies on the high and
low ends of the distribution respectively. Fig. 6 also suggests that
the ideal kinetic energy for trapping is a function of the RF phase of
the CIT. This observation in the current coaxial ion trap is consistent
with the behavior of a 3D QIT during ion injection. Past studies have
shown the existence of a single correct RF phase for any given ki-
netic energy of ion [7,28,29] and two possible RF phases in the
presence of end-cap holes [26]. The correlation between the kinetic
energy of trapped ions and RF phase seen in Fig. 6 is also corrob-
orated by a study on ion injection in the 3D QIT, where the optimum
phase of the RF was seen to vary linearly with ion velocity for ions
injected radially through the ring electrode [29].

Ions passing through the CIT and ions turning back from the CIT,
concentrated at the top and bottom of the chart between phase
angles 290� and 360� of the CIT respectively, are evidently effects of
the kinetic energy being mismatched to the RF phase. If the kinetic
energy is too high, the passage of the ions through the CIT is too fast
to encounter enough collisions for successful trapping [7], while if it
is too low, the ions enter the CIT but turn back, unable to overcome
the RF barrier of the CIT. The probabilistic mismatch in RF phase
and kinetic energy of ejecting ions explains the relatively low
trapping efficiencies seen during radial injection of ions both in the
3D QIT [26,27] and in the present study.

The kinetic energy of ions exiting the STorIT is a function of
pressure as well as the RF and AC voltages applied to the STorIT.
Unfortunately, since these parameters are interrelated as well as
directly tied to other aspects of ion trap operation and performance,
they cannot be adjusted freely to manipulate the kinetic energy of
ions exiting the STorIT. For instance, the mass resolution and
trapping efficiency depend on the pressure (one favorably, and the
6

other adversely), the mass range of the STorIT depends on the RF
voltage, and ejection efficiency depends on the AC voltage. There-
fore, successful operation of the coaxial ion trap involves finding
optimized conditions of pressure and applied potentials for ion
transfer and trapping. Attempting to increase the trapping effi-
ciency by increasing pressure beyond this optimal value compro-
mises the mass resolution of the transfer step.
3.7. Relative RF phase vs. trapping efficiency

A study of the RF phase of the CIT relative to the STorIT in aspect
ratio 3 is shown in Fig. 7 below. Trapping efficiency was calculated
from among the transferred ions without considering the ions that
reflect back towards the STorIT. While trapping efficiency varies
between 5 and 10% over most of the phase angles, it increases
markedly between phase angles 130� and 160� (RF voltage of the
CIT leading that of the STorIT). Fig. 8 shows the variation of the
electric potential and the electric field with the relative RF phase of
the CIT. The optimal phase angle depends on the RF amplitudes of
the STorIT and CIT and should be re-optimized if these voltages are
changed significantly.

Fig. 8 shows the electric potential and field across the simplified
coaxial trap. At 150�, where the trapping efficiency was high, the
electric potentials of the STorIT and CIT are arranged so as to
facilitate ejection and trapping in the two regions respectively. This,
combined with the compatibility of the phase angle with the ki-
netic energy (Fig. 7), explain the improvement in trapping effi-
ciency between 130� and 160�.

With this information, we simulated and optimized the oper-
ating parameters for aspect ratio 3. Operating the STorIT at an RF
frequency of 1.5 MHz and potential of 575 V(0-p) resulted in a LMCO
of approximately 54 Da. The pressurewasmaintained at 3.75mTorr
to facilitate trapping of ions in the CIT. The CIT was operated at an
RF frequency of 1.5 MHz and a potential of 1050 V(0-p). An AC
voltage of 2.5 V(0-p) at 108 kHz was applied for 100 ms to resonantly
excite ions of mass 219 Da. Lower voltages were not sufficient to
overcome the RF barrier of the STorIT, making the transfer effi-
ciency low, while at higher voltages the trapping efficiency



Fig. 7. RF phase vs trapping efficiency in aspect ratio 3 with RF voltages 575 V and 1050 V applied to the STorIT and CIT respectively. Each point consists of ions over the full
distribution of kinetic energies.

Fig. 8. (a) Variation of the electric potential radially across the simplified coaxial ion trap, for different phase relationships between the STorIT and CIT RF potentials. r/R0 is the
normalized radial distance along the trap. r/R' ¼ �1 is the inner edge of ACTor, while r/R0 ¼ 0.35 is the inner edge of the grounded electrode. (b) Variation of the electric field radially
across the simplified coaxial ion trap.
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suffered. This and other trends are indicated in the operating pa-
rameters in Table 1 below.

Experimenting with different RFCyl voltages added to the
complexity of the conditions for ion ejection. Adjustments to the
RFCyl voltage requires changes to the applied AC voltage in order to
compensate for the change in the depth of the CIT pseudopotential
well, as demonstrated in the data reported in Table 1. For example,
from RFCyl¼ 800e1200 V(0-p) the number of transferred ions is seen
7

to correlate with the number of ions reflected back towards the
STorIT and is attributed to the increased depth of the RF barrier
within the CIT region. Consequently, the depth of the CIT pseudo-
potential well directly correlates with the fraction of ions being
successfully trapped within the CIT. This intricate interplay be-
tween RF and AC voltage, pressure, transfer and trapping efficiency,
andmass resolution contribute to the operational constraints of the
coaxial ion trap.



Table 1
The relationship between CIT RF voltage, AC voltage, and the number of ions transferred and trapped for aspect ratio 3 with pressure fixed at 3.75 mTorr and STorIT RF voltage
of 575 V and 1.5 MHz. Each row indicates the percentage of ions transferred (does not include ions that enter CIT and turn back), ions trapped as a percentage of ions
transferred, and the overall transfer efficiency out of 240 total ions.

CIT RF voltage (V) Resonance AC voltage (V) Ejection efficiency (%) Trapping efficiency (%) Overall transfer efficiency (%)

600 1.50 0.0 0.0 0.0
1.75 9.6 0.0 0.0
2.00 32.1 1.3 0.4
2.50 62.9 2.0 1.2
2.75 60.8 2.7 1.7

800 1.50 1.7 0.0 0.0
1.75 9.6 13.0 1.2
2.00 27.5 9.1 2.5
2.50 59.2 6.3 3.8
2.75 61.7 5.4 3.3
3.00 71.7 7.0 5.0

1000 1.50 1.7 25.0 0.4
1.75 11.2 14.8 1.7
1.90 13.8 18.2 2.5
2.00 22.5 20.4 4.6
2.50 37.9 24.2 9.2
2.75 48.8 20.5 10.0
3.00 53.8 16.3 8.8

1200 1.50 0.4 0.0 0.0
1.75 4.2 30.0 1.2
2.00 9.6 17.4 1.7
2.50 20.4 24.5 5.0
2.75 21.7 25.0 5.4
3.00 29.2 22.8 6.7
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We adopted the approach of fixing the pressure based on the
desired mass resolution, followed by determining the STorIT RF
voltage based on the desired mass range. Once these parameters
are fixed, the range CIT RF voltages which captures the chosenmass
range is determined. Then an optimization similar to that done in
Table 1 can help determine the combined CIT RF voltage and AC
voltage in such a way that a satisfactory balance is achieved be-
tween transfer and trapping efficiencies.

Once ions are transferred to and trapped in the CIT, we skipped
the step of collision-induced dissociation and performed fragment
ion trapping in a separate step. The voltage of the CIT was lowered
to 400 V to trap fragments of mass 50 m/z, and these could be
selectively ejected through the holes in the end-cap electrodes
using dipole resonant excitation with an AC voltage of 427 kHz and
an amplitude of 2.4 V applied for 100 msec to the end-caps super-
imposed on the RF voltage of the CIT. Forward or reverse scans are
also expected to work as have been previously demonstrated in
cylindrical traps.

4. Conclusion

In this work, we have investigated the key operation parameters
of a simplified coaxial ion trap consisting of a STorIT and a CIT. Using
select geometric parameters, the electric field of the STorIT can be
adjusted to obtain optimummass resolution and unidirectional ion
ejection for a given aspect ratio. Consistent with previous simula-
tion and experimental results on ion trap behavior, the mass res-
olution of the STorIT is optimal when the octopole term is small and
positive and the radial inward ejection of ions was found to
correlate with a positive hexapole term. Ensuring that both of these
conditions are simultaneously met becomes difficult as the aspect
ratio of the toroidal trap decreases. This limits the range of feasible
aspect ratios and is the source of the main design constraint in the
STorIT.

Mass selective ion ejection from toroidal to cylindrical traps was
also demonstrated while retaining the remaining bulk ion popu-
lation in the toroidal region. Mass transfer selectivity of the STorIT
utilizing resonant mass ejection was observed to be relatively low.
8

Simulation of the simplified coaxial trap demonstrates that it is
possible to transfer and trap ions from the STorIT to the CIT, albeit
with significant ion losses in the current design. Examination of
ejected ion kinetic energy and RF phase angle revealed that the
ideal RF phase for trapping varies linearly with the kinetic energy.
Ion loss during transfer as well as the correlation between RF phase
and kinetic energy for trapping resemble the behavior of radially
injected ions to a 3D quadrupole.

The transfer and trapping efficiency of ions depend on the RF
voltages of both the STorIT and the CIT, RF phase of the CIT,
amplitude of the resonant AC voltage, pressure, and kinetic energy
of ions. Among these, the RF phase of the CIT was optimized to
obtain the maximum possible trapping efficiency of transferred
ions. However, most of these parameters have limited flexibility,
being tied to other aspects of ion trap performance such as mass
resolution and mass range.

Given that the trapping efficiency is affected by pressure, it is
possible that experimenting with different background gases may
be useful. Increasing the pressure compromises the selectivity of
mass transfer from the STorIT. However, a heavier background gas
may help with trapping efficiency at a lower pressure. Another
likely solution may be the adoption of a technique similar to
discontinuous pressure atmospheric inlet (DAPI) whichmay help to
lower the kinetic energies of ions at the point of entry to the CIT,
thereby lowering the pressure requirement for successful trapping
of ions, ensuring thatmass resolution is not compromised [32]. Also
among the avenues for improvement of the coaxial ion trap is the
possibility of operating in the digital mode which may help syn-
chronize the STorIT and CIT better for improved transfer efficiency
of ions [33]. There are other modes of operation available which
were not explored in this work. For instance, the high kinetic en-
ergy of ions entering the CIT can be explained by the presence of a
deeper pseudopotential well on the STorIT compared to the CIT.
Therefore, by applying STorIT RF voltages to ACTor and barrel elec-
trodes instead of RFTor, and by applying the CIT voltages to elec-
trodes RFCyl, the pseudopotential well of the CIT becomes deeper
than that of the STorIT which may also improve the trapping effi-
ciency of ions.
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The optimal operation of the coaxial ion trap is hinged on a
number of trade-offs, and compromises between performance
parameters become necessary based on the requirements of the
application. These trade-offs govern the main operating constraints
of the coaxial ion trap. The results from the study demonstrate how
geometry and operating conditions can be manipulated to suc-
cessfully perform tandem mass spectrometry in a coaxial ion trap.
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