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ABSTRACT

A large aspect ratio (AR) leads to higher ion capacity in miniaturized ion trap mass spectrometers. The AR
of an ion trap represents the ratio between an extended trapping dimension and the characteristic
trapping dimension. In contrast to linear and rectilinear traps, changing the AR of a toroidal ion trap
(TorlIT) results in changes to the degree of curvature and shape of the trapping potential, and hence, on
performance as a mass analyzer. SIMION simulations show that higher-order terms in the trapping
potential vary strongly for small and moderate AR values (below ~10), with the effects asymptotically
flattening for larger AR values. Because of the asymmetry in electrode geometry, the trapping center does
not coincide with the geometric center of the trap, and this displacement also varies with AR. For
instance, in the asymmetric TorlIT, the saddle point in the trapping potential and the geometric trap
center differ from +0.6 to —0.4 mm depending on AR. lon secular frequencies also change with the AR.
Whereas ions in the simplified TorIT have stable trajectories for any value of AR, ions in the asymmetric
TorIT become unstable at large AR values. Variations in high-order terms, the trapping center, and secular
frequencies with AR are a unique feature of toroidal traps, and require significant changes in trap design

and operation as the AR is changed.

© 2021 Elsevier B.V. All rights reserved.

1. Introduction

Portable mass spectrometry seeks to make real-time, in situ
chemical measurements of complex or rapidly varying systems in
their original environment, promising significant opportunities and
advantages in many fields of science. Many advances in the
development of portable mass spectrometers have been driven by
the challenges of maintaining analytical performance while making
instruments smaller, lighter, and more rugged, while others are
based on reducing the cost and operational complexity of such
systems to promote wider use [1—7]. lon traps are one of the most
common types of mass analyzers used in miniaturization efforts
due to their inherently small size, tolerance to higher pressures, and
ability to perform tandem mass analysis on complex samples.
However, ion traps are by no means simple devices, and minia-
turization efforts have led to many changes and improvements in
trap design and operation. For example, simplifying the electrode
geometry is of particular utility for miniaturizing ion trap mass
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analyzers [5,6,8] because the ideal hyperbolic electrode shapes are
difficult to produce accurately at small scales. Cylindrical ion traps
(CITs) and the rectilinear ion trap (RIT) address this particular issue,
as the planar and cylindrical electrode shapes can be made with
better precision. Electrode positioning and alignment, and even
surface smoothness can all affect the ion trap performance and
become more significant at smaller scales [9,10].

As an example of another issue, reducing the physical size of the
ion trap allows for lower RF voltages and higher-pressure opera-
tion, but comes at the cost of reduced trapping capacity and
reduced sensitivity. Parallel arrays of cylindrical ion traps increase
total trapping capacity by having multiple traps, although any
dimensional variation between traps results in reduced mass res-
olution [2]. The issue of reduced trapping capacity is also addressed
in ion traps with an extended trapping dimension, such as toroidal
[1,4,11,12], linear [13], and rectilinear ion traps [8]. Trapped ions are
able to spread out along this extended trapping dimension,
reducing space-charge effects and allowing more ions to be trap-
ped. At the same time, the trapping voltage and frequency—and
typically the tolerable operating pressure—are governed by the
characteristic trapping dimension, which is typically the dimension
of ion ejection. The characteristic trapping dimension is typically
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perpendicular to the extended trapping dimension. For a minia-
turized device, this characteristic trapping dimension is reduced,
realizing the benefits of lower electrical power and higher oper-
ating pressure, while the trapping capacity is retained through the
extended trapping dimension.

The aspect ratio (AR) of such an ion trap is defined as the ratio
between the extended trapping dimension, Ry, and the character-
istic trapping dimension, ry, such that AR = Ry/ry. Although a high
AR would seem to offer the best of both worlds—the benefits of
miniaturization without the loss of sensitivity—several practical
issues must also be addressed. For example, the tolerable
misalignment of electrodes scales with the characteristic trapping
dimension, becoming more difficult for high AR traps [9—12,14].
Collecting ions ejected from a long ejection slit onto a small de-
tector may also present ion focusing challenges. In the case of linear
and rectilinear traps, axial trapping using DC potentials on endcaps
concentrates ions at the trap center, but this increases space-charge
effects and reduces trapping capacity. Toroidal ion traps are able to
focus ions radially onto a small detector, but changing the AR also
changes the shape of the trapping potential itself.

Toroidal ion traps (TorlIT) are based on a quadrupole-like cross-
section, but rotated using an axis of rotation located outside of the
quadrupole cross-section [12] (Fig. 1). Thus, the AR of a TorIT can be
defined as the ratio between the trap's annular radius (inscribed
toroidal radius, Rp) to the characteristic trapping radius (rp). The
extended trapping dimension has length 27Ry, and ions are able to
spread out along the entire ring; however, we will use Ry in the
definition of AR for simplicity. As with the other types of ion traps, a
version of the toroidal ion trap has been developed using simplified
geometry (the Simplified Toroidal lon Trap, or STorIT), with all
electrodes either as planar or cylindrical surfaces [6]. In the
asymmetric TorlT, two different asymptote angles were assigned

Axis of Rotation

Ejection Slit

Ejection Slit

c) ]

1

I

1
Ejection :Slit

!

|

I

International Journal of Mass Spectrometry 470 (2021) 116703

for the electrode geometry: one for surfaces located closer to the
rotational axis than Ry and the second for surfaces beyond Ry [12].

In contrast to all other types of ion traps, changing the AR of a
toroidal ion trap results in changes to the degree of curvature and
the shape of the trapping potential and, ultimately, the perfor-
mance as a mass analyzer. Understanding these changes, including
the higher-order terms in the trapping potential, are important to
understanding the relationship between performance and AR, and
are key to developing an instrument that benefits from lower po-
wer and higher-pressure operation while maximizing sensitivity.
Previous studies have shown that the curvature of the toroidal
trapping region results in several effects. For example, Lammert
showed that the symmetric TorlIT suffers from poor mass resolution
because of the additional fields contributed by the curvature of the
device [12]. Higgs and Austin showed using ion trajectory simula-
tions that the curvature of the trap causes ions to experience a
centripetal-like effect which can shift the ion motion outward from
the saddle point in the trapping potential [15]. The effects of cur-
vature will be directly impacted by the choice of AR, and will impact
performance as a miniaturized device. Finally, as the AR of the
toroidal trap becomes very large, as may be done to increase
trapping capacity, curvature effects disappear and the fields within
the device look more and more like those of a LIT.

In other types of ion traps, an analysis of the higher-order terms
in the trapping potential are helpful to understand and optimize
performance [8,10,16]. The cumulative effect of these terms is that
frequency of an ion's secular motion becomes dependent on
amplitude. The shift of secular frequency affects ion ejection, mass
resolution, and mass accuracy for resonantly ejected ions. Thus,
higher-order terms in the trapping potential can be leveraged for
improved performance.

d)

Fig. 1. Cross-section views of asymmetric TorIT (a—b) and simplified TorIT (c—d). RF electrodes are indicated; the remaining electrodes are normally held at ground or with small AC
waveforms for ion excitation or ejection. The dimensions for the asymmetric TorIT and simplified TorIT were taken from Lammert et al. [12] and Taylor and Austin [6], respectively.
The aspect ratio (AR) of any TorIT is defined as the ratio between the annular radius (inscribed toroidal radius) (Rg) to the trap radius rp. Images (b) and (d) show the isopotential

contours of the corresponding trapping regions.
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In this study, we analyze the response of key TorIT parameters to
the change of AR. We also compare the response of these param-
eters with two different TorIT designs including the simplified TorIT
with radial ejection and the asymmetric TorIT with axial ejection.
We observe changes in the higher-order terms, shift of the saddle
point compared to the geometric trapping center, and dependency
of the secular frequency on AR. Understanding such relationships
could help to optimize the performance of the trap in the design
stage and provide a foundation to develop a mathematical rela-
tionship between the stability parameters and AR.

2. Methods

SIMION 8.0 (Scientific Instrument Services, Ringoes, NJ) was
used to simulate the behavior and performance of the asymmetric
and simplified TorlT with different aspect ratios. The electrode
cross-sections shown in Fig. 1(b) and (d) were kept constant; that is,
no attempt was made to re-optimize the electrode shape as the AR
was changed. This allowed observation of the ways the trapping
field and resulting ion behavior changed with AR as the only vari-
able. The simplified TorIT dimensions used for the simulations in
this project were taken from Taylor and Austin [6] while the
asymmetric TorIT dimensions were taken from Lammert et al. [12].
The rp values and aspect ratios of these traps as originally presented
were 19 = 10 mm, AR = 2.54 (asymmetric) and rp = 5.8 mm,
AR = 6.1 (simplified). Using the cross-sections of both designs we
also investigated the effect of ARs starting from 1.86 and increasing
until 47.75, by which point the AR-dependence of all parameters
became negligible. Consistent with the above references, we used
radial ejection in the simplified TorIT and axial ejection in the
asymmetric trap. Due to reflection symmetry about the radial
plane, the saddle point of the trapping potential in the simplified
TorlIT always aligns exactly with the ejection slit. However, in the
asymmetric TorIT with axial ejection, the position of the saddle
point changes with the AR. For these simulations, we positioned the
exit slits directly above and below the saddle point (more correctly,
a saddle ring) in the potential. The location of the slits was adjusted
for each AR studied to keep them aligned exactly with the trapping
center.

The scale used both for the simplified and asymmetric TorIT
simulations was 0.0125 mm per grid unit. The symmetry of the
electrodes in SIMION was set to cylindrical. For evaluating the
shape of the trapping potential distribution, the RF electrodes were
set to 500 V, with 0 V applied to the remaining electrodes. The
potential was recorded at each point along the ejection direction of
the trap, following a linear trajectory from the center of the slit to
the other end on the electrode through the geometric trapping
center. The potential was recorded at each grid unit.

The resulting data was then imported into MATLAB R2017a (The
Math Works, Natick, MD) for analysis. The positions in the ejection
direction were normalized relative to the trap radius. The reason for
the use of normalized positions along the ejection direction is to
avoid the higher-order terms having different units. The potential
profile along the ejection direction was analyzed by fitting the
normalized points to a polynomial function. The built-in polyfit
function in MATLAB was used to construct the polynomial function.
Rather than using all data points contained within the trapping
region, only the 400 points centered on the saddle point (out of
1000 points total) were used for the higher-order multipole
calculation. The reason for using a subset of data points was to
avoid the fringe effect near the electrodes. Many other efforts to
evaluate higher-order multipoles in ion traps have fitted the po-
tentials to polynomial functions of order 20—25 [6,9,15,17—19]. To
determine the optimal order of the polynomial function for the
present work, we determined the variance of the polynomial
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function for polynomial fits from the 6th to the 25th order. We also
examined the effects of using data points spanning different dis-
tances on both sides of the saddle point. The 8th-order polynomial
fit with 400 data points (representing 40% of the entire data set)
gave the lowest variance compared to other polynomial function
orders and different fractions of the total data set. The coefficients
obtained from the polynomial function were then used to calculate
the magnitude of the hexapole (A3) octopole (A4), decapole (As),
and dodecapole (Ag) components. Higher-order field contributions
(Ap/A2%) were then normalized by taking the percentage relative to
the quadrupole (A;) term. These higher-order terms are only
applicable near the trapping center: the conventional Cartesian
multipoles used to describe other types of ion traps are not strictly
valid, mathematically, for toroidal traps. At the axis of rotation, a
non-zero electric field cannot be continuous and differentiable,
violating the Laplace equation. There is also no a priori reason for
higher-order terms to all be centered at the same radial distance (in
this case, at Rp). Nonetheless, expressing the conventional multi-
poles in the vicinity of the trapping center is still useful to help
qualitatively understand ion behavior in toroidal traps.

To investigate the secular frequency of ions with no collision gas,
for each trap geometry an ion with m/z = 100 Th was simulated
with the trap operating at RF = 500 Vj_, and a frequency of 1 MHz.
This m/z value as chosen as a representative ion mass for small
molecule analysis. While the specific values of mass resolution and
ion ejection efficiency will likely differ for ions of different m/z, the
trends with AR should be similar. The initial velocity components of
each ion along the radial, axial and tangential directions were set to
0.1 mm/ps. In each simulation the ion was introduced at a point
0.5 mm towards the outer electrode from the saddle point. This ion
velocity and position offset corresponds approximately to a ther-
malized ion (hypothetical in this collisionless case) and were
selected because they result in secular motion that is small relative
to the electrodes. This results in a signal unperturbed by collisions
yet long enough for adequate Fast Fourier Transform function (FFT)
analysis. The position (x,y,z) of the ion was recorded every 0.01 ps.
To take advantage of the improved accuracy of the (FFT) from using
2" data points, 8192 data points were recorded for each simulation.
The coordinates of the position of the ion with respect to time were
converted to axial, angular, and radial positions, and the average
radial position was also calculated. The frequency spectrum of the
ion was then evaluated with MATLAB's FFT to identify the fre-
quencies of the ion motion.

Ion ejection in the simplified TorIT was investigated using mass-
selective ejection under the same conditions used above, with an
auxiliary AC voltage applied on the outer electrode (Vo.p = 2 V) to
excite the ion via dipolar resonant ejection. The frequency for the
AC voltage was set to a value that is a few percent lower than the
exact secular frequency of the ion [20]. This percentage was the
minimum amount required to eject the ion from the trap, and was
manually determined by running multiple simulation runs. Colli-
sion effects were incorporated into the SIMION user program using
a hard-sphere model. The pressure and temperature of the system
were set to 1.5 mTorr and 273 K. The number of ions ejected from
the trap was calculated by a user program segment added to the
main LUA program.

3. Results and discussion

The polynomial equations from mapping the potentials in both
designs were used to determine the higher-order field contribution
of As, A4, As, and Ag normalized to the A, term. Fig. 2 (a and b)
shows the dependency of higher-order terms with AR in the
simplified TorIT with radial ejection and the asymmetric TorIT with
axial ejection. The simplified TorIT with radial ejection has
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Fig. 2. Effect of aspect ratio on the normalized hexapole [(A3/A;) x 100%], octopole
[(A4/A2) x 100%], decapole [(As/A;) x 100%], and dodecapole [(Ag/A2) x 100%] in the
simplified TorlIT in the radial direction (a) and asymmetric TorlIT in the axial direction
(b). The trapping radius, ro, was held constant at 10 mm and 5.8 mm for asymmetric
TorlIT and simplified TorIT respectively. The last points represent the corresponding
higher-order terms of a linear-type ion trap (LIT) with the same electrode cross-section
as the corresponding toroidal trap.

contributions from odd-order terms along the radial direction, as
shown in Fig. 2(a). For ion traps with reflection symmetry about the
central plane, the dipole term (A1), and all higher odd-order terms
vanish due to symmetry [15]. This is the case for axial ejection in
the asymmetric ion trap (Fig. 2(b)) where all the odd-order terms
including hexapole and decapole terms are approximately zero
regardless of the AR. In this case, there are still curvature effects
[15], but they are not represented in the odd-order terms of the
trapping potential because the multipole expansion is oriented in
the axial rather than radial directions. If higher-order terms are
centered, or are symmetric around, a point other than Ry, this will
be reflected as additional deviations from the multipole analysis
shown in Fig. 2.

Non-linearity of the electric field in an ion trap is typically
caused by ejection holes or slits, by electrode truncation [21], by
irregularities on the electrode surface [10], by misalignment of the
electrodes [9—12,14], or by non-ideal electrode shape or spacing.
For toroidal traps, the curvature of the toroidal trapping region also
affects field non-linearity [12,15]. At lower ARs, the degree of the
curvature of the inner and outer electrodes are very significant. The
curvature effects can strongly influence trapped ions. Not surpris-
ingly, the curvature effect becomes less significant at higher ARs.
Fig. 2 shows that the higher order terms are very sensitive to
changes in AR for small values of AR, becoming less sensitive at
larger values of AR. Nearly all higher-order terms drop off smoothly
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as AR increases. The decapole (As/A2) in the Simplified toroidal trap
shows an unusual dip at the lowest AR studied—this feature is not
present in the other trap, and the origin of the feature is unclear.
This figure also shows that the magnitudes of the higher-order
terms become large when the AR is very different from that origi-
nally used for designing these traps. In other words, the simplified
TorlIT was originally designed with an AR of 6.1, but as the AR drops
below this and approaches lower values, the hexapole and octopole
terms deviate dramatically. The deviations of these terms in the
asymmetric trap are not as great, likely because the trap was
originally designed for an AR of only 2.54.

Fig. 2 shows a large hexapole component in the ejection direc-
tion of the simplified toroidal ion trap for small AR values. This large
hexapole component is partly responsible for the observed ability
to ejection ions in only one direction [6]. Unidirectional ejection
increases the number of ions detected compared with ion traps in
which ions are ejected equally in two directions. In contrast, due to
symmetry the hexapole (A3/A,) and decapole (As/A;) are essen-
tially zero in the ejection direction of the asymmetric toroidal ion
trap (in this case the axial direction).

In addition to changing the higher-order terms of the trapping
potential, changing the AR can also shift the location of the saddle
point of a TorIT. The saddle point is the point where the potential
reaches its maximum or minimum in the trapping region. Due to
symmetry, in quadrupole and linear traps the saddle point and
geometric trap center coincide. However, as noted by Kotana and
Mohanty [22] and also seen in our SIMION simulations, in toroidal
traps the geometric trap center and saddle point generally do not
coincide. This has particular consequence in TorITs with ion ejec-
tion along the axial direction, where alignment between trapping
center and ejection slits impacts the ion ejection process. With
radial ejection, the saddle point remains aligned along the ejection
slits, although its radial position still changes with AR.

Fig. 3 shows that the separation between the saddle point of the
trapping potential and the geometric trap center varies as a func-
tion of AR in both asymmetric and simplified TorITs. The location of
the saddle point follows from Coulomb's Law and is dependent on
the electrode geometry and placement. Fig. 4 illustrates qualita-
tively how the curvature of electrodes in toroidal ion traps results in
this shift when the AR of the trap is changed. This figure also shows
how the broader inner electrode and the narrower outer electrode,
as seen in the r-z plane of the asymmetric TorIT (Fig. 4(a)),
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Fig. 3. Separation between the saddle point of the trapping potential and the geo-
metric trap center in the asymmetric TorIT and simplified TorlIT as a function of the
aspect ratio. The displacement is along the radial direction, r, in both types of traps.
Positive values indicate that the saddle point is closer to the rotational axis, or center of
the device.
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Fig. 4. Qualitative illustration of (a) r-z view and (b) x-y of the Asymmetric TorIT with a test charge at the trapping center. The magnitude of the Coulombic force on the test charge
from each point on the electrode surface depends on distance to the surface, which is illustrated with the shaded lines. The asymmetry in the widths of inner and outer electrodes
seen in the r-z view cancels the curvature of inner and outer electrodes seen in the x-y view. In (c), an x-y view of a trap with higher aspect ratio, these effects cancel at a different

point, and the trapping center shifts.

compensates for the curvature of the electrodes seen in the x-y (r)
plane. These factors never exactly cancel except by coincidence or if
intentionally so designed; hence the trapping center and geometric
center do not generally coincide. When the AR is small, the shape of
the trapping potential is most sensitive to small changes in curva-
ture of the electrodes, with this sensitivity dropping off at higher
values of AR, as seen in Fig. 3. In the limit of very large AR, the
saddle point and geometric center asymptotically approach con-
stant, non-zero values, as expected due to the asymmetry in the
electrode cross section.

Fig. 5 shows how the ion secular frequencies vary with AR for
both types of traps, while keeping the electrode cross-section
constant. The change in curvature causes the secular frequencies
to vary in the same way as it changes the higher-order terms in the
trapping potential. Similar to the trends in Figs. 2—3, Fig. 5 shows
that the behavior of a toroidal trap varies significantly but smoothly
for AR changes below approximately AR = 10, and varies much less
when the AR is above this value. At AR values higher than this,
electrode curvature has less of an effect on ion behavior. These
observations agree with predictions using Kotana and Mohanty's
approach [22] for calculating secular frequencies using numerical
methods.
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Fig. 5. Effect of aspect ratio on the secular frequency of simplified (ro = 5.8 mm) and
asymmetric (ro = 10.0 mm) TorITs for an ion of m/z = 100. The conditions applied to
the trap were 500 V., RF voltage at 1 MHz with no DC offset and no collision gas. The
last point for the simplified TorIT represents the secular frequencies of a linear trap
with the corresponding (asymmetric) electrode geometry. lons were not stable in the
Asymmetric TorIT with AR above 105.

Within each trap design, and for all values of AR, the radial and
axial secular frequencies are nearly degenerate. This is similar to
what is observed in a linear ion trap, but quite different from the
behavior of a 3-dimensional (3-D) quadrupole ion trap. In the latter
case, the r- and z-secular frequencies typically differ by a factor of
the square root of 2. This demonstrates that a toroidal trap is more
correctly thought of as a linear or 2-dimensional trap with added
curvature than as a type of 3-D trap, even for toroidal traps at the
limit of low AR.

Fig. 5 also shows that ions do not have stable trajectories in the
asymmetric toroidal ion trap at infinite AR (essentially a linear ion
trap with the same cross section as the asymmetric toroidal trap).
Apparently this AR is too far away from the AR for which this trap
was originally designed and optimized, and the deviation in the
trapping potential is too great to trap ions. In contrast, the simpli-
fied TorlIT was originally designed and optimized for a higher AR, so
the infinite AR case represents a smaller deviation from the original
design.

Ion ejection efficiencies using dipolar resonance ejection in the
simplified TorIT were investigated, as shown in Fig. 6. Due to
higher-order terms in the trapping potential, the AC frequency
corresponding to maximum ejection efficiency was slightly off from
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Fig. 6. Ion ejection efficiency of simplified TorIT (ejection in the radial direction). AC
voltage applied on the endcap electrode (Vo., = 2 V) to excite the ion with m/z of 100
via dipolar resonant ejection. The hard sphere collision cooling technique was incor-
porated under the pressure and temperature of 1.5 mTorr and 273 K respectively.
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the ions’ secular frequencies before excitation. The frequency for
the AC waveform in this simulation was set to a value that is a few
percent lower than the exact secular frequency of the ion in the
absence of excitation. This auxiliary AC frequency was determined
empirically and represents the frequency with maximum ion
ejection. During ejection, some ions impacted the wall of the slit or
the outer ring electrode of the trap, and other ions were not suffi-
ciently excited to be ejected. A small positive DC voltage on outer
ring electrode and small negative DC voltage on inner electrode
reduced the outward ion ejection.

As seen in Fig. 6, the ion ejection efficiency follows the same
general trend as all of the higher-order terms and the secular fre-
quency: specifically, each parameter shows sharp change with AR
at low values of AR, and approaches a constant value for larger AR
values, with the transition in behavior occurring around AR = 10.
This is not surprising, given that ion ejection from traps has some
dependence on non-linear effects. In addition, the dependency of
secular frequency on AR has some contribution on the ion ejection
efficiency as ions do not eject at the same beta value at different
ARs. This effect is very dominant at lower ARs and has less of an
effect after the secular frequency flattens off with larger AR.

4. Conclusion

The aspect ratio (AR) of an ion trap directly affects the trapping
capacity and sensitivity of the resulting mass spectrometer and
represents an important variable in miniaturization efforts. A
unique consequence of varying the AR in toroidal traps is the
resulting change in the shape of the trapping potential. “Curvature
effects” can be understood in terms of higher-order terms of the
potential, and affect secular frequencies, ion ejection, and the
location of the trapping center. Traps with smaller AR are more
sensitive to these curvature effects, and for a given AR, the electrode
design must be optimized for performance. These studies show
that curvature effects change very little about AR of ~10. The secular
frequencies of ions show that toroidal ion traps more closely
resemble linear ions traps with added curvature, rather than 3-D
quadrupole ion traps, and indeed, a toroidal ion trap with infinite
AR s just a linear ion trap with an asymmetric cross section. Finally,
the dependency of the secular frequency on AR could help deter-
mine other important parameters such as the beta value of the ions,
and may lead to improvements in ion ejection efficiency and mass
resolution.
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