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CURVED ION MOBILITY ARCHITECTURE

FIELD

The present disclosure relates to ion manipulation devices.

BACKGROUND
Ton manipulation techniques are increasingly employed in a myriad of applications that
range from the detection of explosives to detecting biomarkers. The resolving power of such
techniques is largely determined and improved by the total ion path length. However, problems in

increasing ion path length within practical applications still remain.

ACKNOWLEDGMENT OF GOVERNMENT SUPPORT
This invention was made with Government support under Contract DE-ACO05-76RL01830
awarded by the U.S. Department of Energy and Grant No. GM130709 awarded by the U.S.

National Institutes of Health. The Government has certain rights in the invention.

SUMMARY

In a representative example of the disclosed technology, an ion manipulation device can
include an ion manipulation structure having one or more pairs of opposing curved surfaces sharing
a common longitudinal axis and radially spaced from one another by a radial gap along a radius of
the ion manipulation structure, each pair of opposing curved surfaces having a first electrode
arrangement and a second electrode arrangement opposed to the first electrode arrangement. The
first and second electrode arrangements define an ion pathway through the radial gap and are
configured to direct ions along the ion pathway and circumferentially through the radial gap.

In some examples, the first electrode arrangement extends along one of the pair of curved
surfaces and the second electrode arrangement extends along the other of the pair of curved
surfaces. The ion pathway, in some examples, has a plurality of circumferentially extending
segments and a plurality of longitudinally extending segments. In some examples, the
circumferentially extending segments have a first length and the longitudinally extending segments
have a second length, the first length being greater than the second length. In other examples, the
circumferentially extending segments have a first length and the longitudinally extending segments
have a second length, the first length being less than the second length.

In some examples, the ion manipulation structure includes a single coiled structure. In other
examples, the ion manipulation structure includes a pair of coiled structures. In still further

examples, the ion manipulation structure includes concentric cylindrical structures.
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In another representative example of the disclosed technology, an ion manipulation device
can include a radial series of curved surfaces arranged about a common longitudinal axis, wherein
adjacent pairs of the curved surfaces are spaced apart to define respective radial gaps and wherein
adjacent pairs of the curved surfaces respectively comprise pairs of opposing electrode
arrangements, wherein each pair of opposing electrode arrangements defines a respective ion
pathway and is confligured (o direct ions through the ion pathway and circumlerentially through its
respective radial gap, and to another one of the radial gaps.

In some examples, the opposing electrode arrangements of one or more pairs of the adjacent
curved surfaces define the ion pathway to have a plurality of circumferentially extending segments
and a plurality of longitudinally extending segments. In other examples, the opposing electrode
arrangements of one or more pairs of the adjacent curved surfaces define the ion pathway to be a
helical ion pathway. In some examples, each pair of adjacent curved surfaces are surfaces of a pair
of concentric structures. In some examples, a spacing between the curved surfaces of each of the
adjacent pairs of curved surfaces is the same. In further examples, the ion pathways are connected
to form a single continuous ion pathway. In other examples, the ion pathways of two radial gaps
are coupled to one another by an ion escalator configured to direct ions from one of the radial gaps
to the other of radial gap.

In further examples, the ion manipulation device can further include a drift tube electrode
arrangement extending along the common longitudinal axis and configured to direct ions from a
first end of the drift tube electrode arrangement to a second end of the drift tube electrode
arrangement. In such examples, one or more pairs of the adjacent curved surfaces encircle the drift
tube electrode arrangement.

In another representative example of the disclosed technology, a method can include
directing ions through one or more pairs of opposing curved surfaces of a curved ion manipulation
structure. Each pair of opposing curved surfaces are spaced apart radially relative to a common
longitudinal axis of the ion manipulation structure to define a radial gap and each pair of opposing
curved surfaces includes a first electrode arrangement and a second electrode arrangement opposed
to the first electrode arrangement. The first and second electrode arrangements define an ion
pathway and are configured to direct ions along the ion pathway and circumferentially through the
radial gaps of the ion manipulation structure.

In some examples, the first and second electrode arrangements of one or more of the pairs
of opposing curved surfaces define an ion pathway having a plurality of circumferentially

extending segments and a plurality of longitudinally extending segments. In other examples, the
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first and second electrode arrangements of one or more of the pairs of opposing curved surfaces
define a helical ion pathway.

In some representative method examples, the method further includes directing ions through
a drift tube electrode arrangement extending along the common longitudinal axis and encircled by a
pair of the opposing curved surfaces, the drift tube electrode arrangement configured to direct ions
[rom a first end (o a second end of the drilt wbe electrode arrangement.

In some examples, the pairs of opposing curved surfaces are defined by a pair of respective
concentric structures. In other examples, the pairs of opposing curved surfaces form a single coiled
structure. In still further examples, the pairs of opposing curved surfaces form a pair of coiled
structures.

The foregoing and other objects, features, and advantages of the disclosed technology will
become more apparent from the following detailed description, which proceeds with reference to

the accompanying figures.

BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1A is an elevated view of an ion manipulation device according to one configuration.

FIG. 1B is a perspective view of the ion manipulation device of FIG. 1A.

FIG. 2A is an elevated view of an ion manipulation device according to another
configuration.

FIG. 2B is a perspective view of the ion manipulation device of FIG. 2A.

FIG. 3A is an elevated view of an ion manipulation device according to another
configuration.

FIG. 3B is a perspective view of the ion manipulation device of FIG. 3A.

FIG. 4A is an elevated view of an ion manipulation device according to another
configuration.

FIG. 4B is a perspective view of the ion manipulation device of FIG. 4A.

FIGS. 5A-5C are plan views of different electrode arrangements which can be employed in
the ion manipulation devices described.

FIG. 6A is a perspective view of a substrate and electrode arrangement according to one
example.

FIG. 6B is an elevated view of an ion manipulation device comprising the substrate and
electrode arrangement of FIG. 6A.

FIG. 7A is a perspective view of a substrate and electrode arrangement according to another

example.
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FIG. 7B is an elevated view of an ion manipulation device comprising the substrate and
electrode arrangement of FIG. 7A.

FIG. 8 is a partial cross-sectional view of an ion manipulation device having a helical ion
pathway.

FIG. 9 is a cross-sectional view of an ion manipulation device having a drift tube extending
therethrough.

FIGS. 10A-10B are schematic views of an example ion escalator of an ion manipulation

device.

DETAILED DESCRIPTION

The disclosed technology is directed to devices, apparatus, and methods of manipulating,
separating, or transporting tong, inchading the use of electric fields, to ereate field-defined ion
pathways, traps, and conduits to manipulate ions with minimal or no losses over relatively greater
ion path lengths and under a wide range of conditions, including in gases over various pressures.

The corved ion manipulation architectures described herein can be devices constracted of
non-conductive or low conductivity materials capable of being fashioned into a variety of
longitudinally extending curved configurations. These devices can be fashioned to have one or
more pairs of adjacent curved surfaces arranged radially along a cornmon axis, with each pair of
adjacent surfaces being spaced apart and defining o respective radial gap. The radial gaps can be
enclosed or semi-enclosed volumes with which conductive electrodes are positioned and/or
embedded along. Flectrodes can be positioned on the opposed curved surfaces that define a
respective gap. Electric potentials provided to the electrodes can enable ion manipulation along the
pathways defined along the curved surfaces and radial gaps of the device. The curved surfaces of
the devices can be fashioned from a flexible or semi-flexible substrate suited for rolling, coiling,
and/or otherwise shaping the substrate into a cylindrical structure with one or more radial gaps.
Such substrates can be {lexible printed circuit boards or another suitable non- or low conductive
material. Additionally or alternatively, the ion manipulation devices described herein can be
fashioned from additive manufacturing processes which can construct layer-by-laver the device
into the desired rolled, coiled, concentric, and/or cylindrical configuration.

Opposing surfaces of pairs of adjacent curved surfaces of the device can inclade deposited,
printed, embedded, or otherwise positioned electrodes in which electrical potentials can be applied
o provide for ion confinement over circumferential, longitudinal, and/or non-linear ion pathways
through the radial gaps of the device. Such electrode arrays can be printed on the substrate, such as
via photohthography, and/or printed via additive mamufacturing process, 80 as to embed the
electrodes. The electrodes can be powered by an external power/voltage source or sources which
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can apply or provide various combinations of radio frequency (RF) and direct current (DC} (static
or dynamic) potentials to the electrodes o confine and/or divect ions along the ion pathways. The
electrical potentials can also act to confine the ions within a cross-section of the ion pathways, such
as within the outer boundaries of the pathways, with minimal to no ion losses. The combination of
RF and DC electrodes can be any arrangement whereby ions can remain within the cross-section of
the ion manipulation device and ion pathways, whether the pathways are linear or nonlinear.

In some iraplementations, coraplex sequences of ion separations, transfers, path switching,
and trapping can occur in the volume of the radial gaps defined by respective pairs of adjacent
curved surfaces and opposing electrode arrangements. fon confinement can be provided by blased
or unbiased RF electric fields, which are generally applied in such a way that the RF fields of
adjacent RF clecirodes are out of phase with one another to form a “pseudo potential” or an
“effective potential” that inhibit ions from approaching the electrodes and respective surfaces. RF
electrodes are typically out of phase by 130 degrees. Confinement generally refers to inhibiting or
restricting ion motion or relative ion motion in one or more directions, or (o procedures or devices
associated with achicving confinement. Longitudinal confinement can include inhibition of motion
or relative motion along an axis of ion transport, such as an ion path. Longitudinal confinement
can occur in a surfing mode traveling wave, wherein fons continue to move in a longitudinal
direction, but cannot ship with respect to the traveling wave. Longitedinal confinernent can also
cccur in devices such as accumulators or traps. Transverse confinement can include inhibition of
motion in directions orthogonal to an axis of ion transport. In some configurations described
herein, RF confinement or DC guard potentials or combinations can be used to achieve transverse
confinerment. Surrounding electrodes, for example, can provide a DC guard potential that is
relatively high in comparison to the other RF and/or DC potentials employed, such that tons
drifting transversely or orthogonal o an ion propagation axis are confined. Transverse confinement
can occur independently of longitudinal confinement.

Confinement can be provided over a range of pressures (e.g., less than approximately 0.001
torr vo approximately 1000 torr), and over a useful, broad, and adjustable mass to charge (m/z)
range associated with the ions. In some Unplernentations, ions are manipulated for analysis through
mass spectromelry or with a mass spectrometer over a useful /7 range, e.g., w/z 20 to greater than
approximately 20,000, In some configurations, ion confinement volumes include gases or
reactants. Arrangements of RF electrodes and traveling wave electrodes receive corresponding
potentials that allow the creation of ton traps and/or conduits in the volume or gap between the
electrode arrangements so that lossless or substantially lossless storage and/or movement of ions of

the same or different polarities can be achieved, including without the application of static or
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superimposed DC potentials. For example, lossless manipulation can include losses of less than
0.1%, 1%, S%, or 10% of ions injected into a corresponding ton confinement volume.

Traveling waves are typically created by dynamically applying DC potentials to a plurality
of electrodes arranged in one or more sequences. Traveling wave electrode sets can be formed by
one or more sequences of traveling wave electrodes situated in series. As the DC potentials are
varied between adjacent electrodes of a traveling wave electrode sequence, a traveling wave can be
formed with a speed based on the time-dependent variation of the DC potentials. The temporal
change of the traveling waveforms can assume any one or combination of shapes, including a
square, sinusoidal, triangular, symmetrical sawtooth, or asymmetrical sawtooth shape. Varying
traveling wave characteristics can affect and manipulate various movements of ions having
different ion mobilities, including producing ion confinement, lossless transport, and ion
separation. One such characteristic is the traveling wave speed, with ions that have higher mobility
moving or surfing with the traveling wave and ions that have lower mobility rolling over and
lagging behind the traveling wave to allow ion separation. Another such characteristic is traveling
wave amplitude, which can transport ions with lower ion mobilities with a corresponding increase
in traveling wave amplitude. Traveling wave amplitudes are typically selected based on ion
mobility characteristics and the desired ion manipulation to be in the range of greater than 0 V up to
30V,50V,80V, 100V, or greater. Traveling wave speeds are typically selected based on ion
mobility characteristics and the desired ion manipulation to be in the range of less than 5 m/s, 20
m/s 50 m/s, 100 m/s, 200 m/s, 500 m/s, or 1000 m/s. Traveling wave frequencies are typically
selected between 10 kHz and 200 kHz.

In general, traveling waves include at least one trough and at least one crest that propagates
along a channel, formed by an electric potential waveform. When used for ion mobility separation,
a TW can be continuous or can extend over multiple periods, however this is not a requirement. In
other examples, a TW can be a single period (or even as little as half a period) of an oscillatory
waveform. Multiple periods of a TW waveform can be regular or irregular, for example, stuttering
or burst waveforms can be used in certain applications. When used for ion mobility separation, it
can be desirable for the TW amplitude to be below a first threshold at which all ion species of
interest can pass over crests from one trough to the next; such a configuration is considered to be in
a separation mode. For some directional changes, such as with escalator configurations, it can be
desirable for the TW amplitude to be above a second threshold at which no ion species of interest
can pass over a crest, i.e., all species of interest experience longitudinal confinement within the TW
and can be carried by the TW at the TW speed; such a configuration is considered to be a surfing

mode. A TW amplitude that distinguishes surfing mode from separation mode can depend on
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frequency, wavelength, speed of propagation, or ion species. Some embodiments can be
configured so that a surfing mode region is in a surfing mode for all ion species of interest, and a
separation mode region is in a separation mode for all species of interest. For a given ion species, a
transition between surfing mode and separation mode can also be made by changing the TW
frequency while amplitude and wavelength are held fixed. In such a configuration, the TW can
operate in separation mode above a threshold [requency, and in sur(ing mode below the threshold
frequency. TW excitation and devices have been described, for example, in U.S. 2019/0004011A1,
the contents of which are incorporated herein by reference.

The ion manipulation devices detailed provide relatively greater ion pathway lengths over
typical deviees. The cylindrical structures and ton pathways configurations, for instance, provide
for substantially longer elecirode arrangements while retaining a relatively small and compact
footprint of the device. Such compact systems can be suitably implemented in portable and
compact applications demanded for various applications and environments, without sacrificing
resolution for ton maripulations, such as ion mobility separations.

FIGS. 1A-1B depict a curved ion manipulation device 100 according to one example. In
some examples, the device 100 can be fashioned from a single substrate 102 which forms the
overall structure of the device. The device 100 can extend in a longitudinal direction, from a first
end 118 to a second end 120. The device 100 can have a spiraled or coiled shape in which the
substrate 102 defines a continuous, or near continuous, structure that spirals radially outwardly
from an inner most region 104 of the device 100 to an outer most region 106. As shown in FIGS.
1A-1B, the coiled shape of the device 100 can define a plurality of curved layers 108a-108d
positioned along a radius R1 and YZ plane of the device 100. In particular examples, each curved
layer 108a-108d can be one of a series of curved layers arranged radially about a central or
common longitudinal axis Al. Because of the spiraled shape, the curved layers 108a-108d can be
arranged such that a given layer’s radius increases within a range of radii as the layer spirals
outward to a subsequent adjacent layer. Each curved layer 108a-108d of the device 100 can
include a portion of a first curved surface 110 and a portion of a second curved surface 112. The
first and second curved surfaces 110, 112 can correspond to opposite surfaces of the substrate 102.
With the substrate 102 formed into the coiled shape, portions of the first curved surface 110 can be
facing radially outwardly and away from the common longitudinal axis A1, while portions of the
second curved surface 112 can be facing radially inwardly toward the common axis Al.

Between each pair of radially adjacent curved layers 108a-108d and curved surfaces 110,
112 extends a radial gap 114. The radial gap 114 can be defined by a space extending between the

first curved surface 110 of one of the curved layers 108a-108d and the second curved surface 112
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of an adjacent curved layer 108a-108d (e.g., a portion of the first curved surface 110 of curved
layer 108b and a portion of the second curved surface 112 of curved layer 108c in FIGS. 1A-1B).
Because of the coiled shape, the different curved layers 108a-108d can smoothly connect to form
the radial gap 114 as a continuous coiled gap between two or more adjacent layers of the curved
layers 108a-108d. At least a first electrode arrangement 111 can be patterned along the first curved
surface 110 of one side of the radial gap 114 and a second electrode arrangement 113 opposing the
first electrode arrangement can be patterned along the curved surface 112 across the radial gap 114
(e.g., RF electrodes and/or traveling wave electrodes, only a few being shown in FIG. 1B for clarity
of illustration). The first and second electrode arrangements define an ion pathway 115 that
extends through at least a portion of the radial gap 114 and device 100. In many examples, the first
and second electrode arrangements 111, 113 can be similar to one another across the radial gap
114. For instance, first and second electrode arrangements 111, 113 can be radially aligned with
one another across the gap 114 so that the patterns of the first and second electrode arrangements
111, 113 across the gap 114 mirror each other or provide a one-to-one correspondence. For
example, the second electrode arrangement 113, which can be situated radially outward relative to
the first electrode arrangement 111, can have electrodes and/or electrode gaps that are relatively
longer in a circumferential direction than the opposing electrodes of the first electrode arrangement
111. The first and second electrode arrangements 111, 113 can be configured for longitudinal and
transverse ion confinement to direct and manipulate ions along the ion pathway 115 of at least a
portion of the radial gap 114, such as for ion mobility separations, with minimal to no ion losses.
The electrode arrangements can also be employed for ion trapping. Within the spiral shape of
device 100, the ion pathway 115 can continuously extend through the radial gap 114 between the
inner and outer most regions 104, 106 in various ways, as discussed further below. In
representative implementations, the radial distance across the radial gap 114 and between the
opposed curved surfaces 110, 112 of the adjacent curved layers 108a-108d (e.g., between layers
108a, 108b) can have the same or substantially the same value S1 throughout the coiled shape of
the device 100. Equal spacing S1 for the radial gap 114 can ensure that ion pathways are
configured suitably for ion confinement consistently throughout the device 100. Additional
example electrode arrangements and ion pathways are described further below.

In some implementations, the ion pathway 115 defined between the radial gap 114 by the
electrode arrangements 111, 113 and the curved shape of the device 100 can have both linear and
non-linear segments. Such segments can extend in longitudinal and/or circumferential directions
(e.g., FIGS. 6A-7B). For instance, the first and second electrode arrangements 111, 113 and

associated ion pathway 115 can have longitudinal segments extending in the +/-X directions
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parallel to the common axis Al and circumferential segments that follow the curvature of the first
and second curved surfaces 110, 112 and radial gap 114 (e.g., within a YZ plane). As the ions
travel through the device 100 along the ion pathway 115 and the radial gap 114, the ions can follow
an overall circumferential path. This overall circumferential path is indicated by arrows 116. Ions
can be introduced, for example, at the inner most region 104 of the device 100 and directed along
the ion pathway 115. As the ions travel through the device 100, the ions are directed through the
longitudinally and circumferentially segments of the ion pathway 115 and follow the overall
circumferential path 116 in a counterclockwise direction toward the outer most region 106. In this
way, the ions travel along the ion pathway 115 sequentially defined by the curved layers 108a-
108d. Although the overall circumferential path 116 of the ions is described as directed in a
counterclockwise direction, it should be appreciated that the overall circumferential ion path 116
can be directed in a clockwise direction in the same manner described. Further, while the spiral
shape of the device 100 spirals inwardly in a clockwise direction, other examples can spiral
inwardly in a counterclockwise direction.

The outer most region 106 in the above example, can represent an ion outlet of the device
100, where the ions exit the device 100 to be received by another device, such as a mass
spectrometer, an ion analyzer, and/or another ion manipulation device. The inner most region 104,
similarly, can represent an ion inlet, where ions are introduced into the device 100 from another
device, such as from an ion injector, ion trap, or other ion manipulation device. However, in some
implementations, the outer most region 106 can be an ion inlet and the inner most region 104 can
be ion outlet. As will become apparent from the following description, ion inlets and outlets can be
positioned to couple ions to or from the radial gap 114 anywhere throughout the radial gap 114, and
at the first end 118 or the second end 120 of the device 100. For example, ions can enter the device
100 via an inlet located at the radial gap 114 between curved layers 108b, 108c at the first end 118
and exit through an ion outlet located in the radial gap 114 between curved layers 108c, 108d at the
second end 120.

The substrate 102 can be constructed of a single flexible or semiflexible material layer or
set of layers (e.g., flexible printed circuit board), which is then coiled, rolled, or otherwise
manipulated into the coiled shape shown in FIGS. 1 A-1B to form the ion manipulation device 100.
The substrate 102, for instance, can be initially planar, or otherwise in a non-coiled shape, with first
and second surfaces (e.g., first and second surfaces 110, 112). The electrode arrangements 111,
113 can be positioned along or within the opposite surfaces of the substrate 102. The substrate 102
can then be coiled to form the curved surfaces 110, 112 with opposing first and second electrode

arrangements 111, 113 patterned (e.g., in a mirrored and/or one-to-one configuration) such that the
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first and second electrode arrangements 111, 113 across the radial gap 114 define the ion pathway
115. With suitable static and/or dynamic voltages applied to the electrodes of the first and second
electrode arrangements 111, 113, ions can be directed through the radial gaps 114 along the ion
pathway 115. Additionally or alternatively, in some implementations, the device 100 can be
constructed layer-by-layer, such as by an additive manufacturing process. In such
implementations, the electrode arrangements 111. 113 and other [eatures of the device 100 can be
embedded within the substrate 102. In some implementations, a bracket or housing can retain the
device 100 in a desired shape.

In various examples of the coiled device 100, other quantities of curved layers may be used.
The device 100 illustrated in FIGS. 1A-1B, for instance, can be coiled comparatively more
“tightly,” allowing for more curved layers within the radius R1. In some examples, the device 100
can be coiled comparatively more “loosely” with relatively fewer turns within a given radius R1.
The device 100 can also have any desired radius R1.

FIGS. 2A-2B illustrate a curved ion manipulation device 200 according to another example.
The device 200 can be generally similar to the ion manipulation device 100 in various respects.
The device 200 is fashioned from a pair of substrates 202A, 202B which can form a significant
amount of the structure of device 200. The device 200 can have a spiraled or coiled shape that
extends in a longitudinal direction, from a first end 218 to a second end 220, in which the pair of
substrates 202A, 202B spiral side-by-side radially outwardly from an inner most region 204 of the
device to an outer most region 206 in a continuous fashion.

As shown in FIGS. 2A-2B, the coiled shape of the device 200 can define pairs of opposed
curved surfaces 208a-208d positioned along a radius R2 and YZ plane of the device 200. Each pair
of opposed curved surfaces 208a-208d can be one pair within a plurality of paired curved surfaces
208a-208d arranged radially in series about a commeon longitudinal axis A2. The radius of each
given pair of curved surfaces 208a-208d can increase within a range of radii as the opposed curved
surfaces 208a-208d spiral outwardly to a subsequent pair of opposed curved surfaces 208a-208d.
Each pair of opposed curved surfaces 208a-208d of the device 200 can include a portion of a first
curved surface 210 facing radially outwardly and away from the common longitudinal axis A2 and
a portion of a second curved surface 112 facing radially inwardly toward the common axis A2. The
first curved surface 210 can correspond to one surface of the substrate 202A and the second curved
surface 212 can correspond to the surface of substrate 202B adjacent and opposing the first curved
surface 210 as the substrates 202A, 202B spiral radially outwardly.

Extending between each pair of opposed curved surfaces 208a-208d is defined a radial gap

214. The radial gap 214 can be defined by a space extending between the first curved surface 210
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and the second curved surface 212 adjacent and opposed to the first curved surface 210 (e.g., the
pair of curved surfaces 208b in FIGS. 2A-2B). The pairs of opposed curved surfaces 208a-208d
can smoothly connect to one another to form the radial gap 214 as a continuous coiled gap between
two or more pairs of opposed curved surfaces 208a-208d. At least a first electrode arrangement can
be patterned along the first curved surface 210 on one side of the radial gap 214 and at least a
second electrode arrangement opposing the [irst electrode arrangement can be patterned along the
second curved surface 212 and across the radial gap 214. It should be appreciated that, while not
shown, the first and second electrode arrangements of the device 200 can include similar electrode
arrangements to the electrode arrangements 111, 113 described in connection with device 100 and
FIG. 1B, or any of the other electrode arrangements described herein.

The first and second electrode arrangements define an ion pathway 215 that extends at least
through a portion of the radial gap 214 and device 200. The first and second electrode
arrangements can be similar to one another across the radial gap 214. The patterned first and
second electrode arrangements can, for example, be radially aligned across the radial gap 214 and
arranged such the electrode arrangements mirror each other or are in one-to-one correspondence
with one another. As one example, the second electrode arrangement can be situated radially
outward relative to the first electrode arrangement and have electrodes and/or electrode gaps that
are relatively longer in a circumferential direction than the opposing electrodes and electrode gaps
of the first electrode arrangement situated radially inward. The ion pathway 215 can extend
through the radial gap 214 continuously between the inner and outer most regions 204, 206. The
ion pathway 215 defined between the radial gap 214 by the first and second electrode arrangements
and the curved shape of the device 200 can also have linear and/or non-linear segments (e.g., FIGS.
6A-7B). The first and second electrode arrangements and ion pathway 215, for instance, can have
longitudinal segments extending in the +/—X directions parallel to the common axis A2 and
circumferential segments that follow the curvature of the first and second curved surfaces 210, 212
and radial gap 214 (e.g., within a YZ plane). Ions directed through the radial gap 214 and along ion
pathway 215 of device 200 can follow an overall circumferential path, in either a clockwise or
counterclockwise direction. The overall circumferential path is indicated by arrows 216.

Tons can be introduced into and exit the device 200 via ion inlets and outlets positioned to
couple ions to or from the radial gap 214 anywhere throughout the radial gap 214, and either at the
first end 218 or the second end 220 of the device 200. For example, ions can enter and/or exit the
device 200 at the first end 218 or second end 220 via the radial gap 214 at the inner most region
204, the outer most region 206, and/or anywhere between the inner and outer most regions 204,
206.
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As mentioned, the ion manipulation device 200 can be constructed of a pair of substrates
202A-202B. The substrates 202A-202B of the device 200 can be flexible or semiflexible substrate
material layer or set of layers (e.g., flexible printed circuit board), which can be coiled, rolled, or
otherwise manipulated from a planar or otherwise non-coiled shape into the coiled shape shown in
FIGS. 2A-2B. The substrates 202A-202B can be retained in this shape via a bracket, housing,
and/or due (o the rigidity of the substrate material. In representalive examples, the substrates
202A-202B do not have electrode arrangements on both surfaces. Rather, one surface of each
substrate 202A-202B (e.g., curved surfaces 210, 212) can have patterned and/or embedded within,
one of the first and second electrode arrangements defining the ion pathway 215 through the radial
gap 215. For example, the substrates 202A-202B can be coiled in parallel with one another such
that the corresponding segments of the first and second electrode arrangements are opposed and
radially aligned, and similar to one another across the radial gap 214. Alternatively, the device 200
can be fashioned layer-by-layer, such as by an additive manufacturing process.

The coiled shape of the device 200 can, in some examples, include any desired quantity of
opposed curved surfaces 208a-208d. In particular, the device 200 can be coiled comparatively
more “tightly,” allowing for more pairs of opposed curved surfaces 2082a-208d within the radius
R2, . or coiled comparatively more “loosely” with relatively fewer pairs of opposed curved surfaces
208a-208d within the radius R2. The device 200 can also have any desired radius R2 and the
distance across the radial gap 214 and between the curved surfaces 210, 212 of the opposed curved
surfaces 208a-208d can have the same or substantially the same value S2 throughout. This can
ensure that ion pathways are configured suitably for ion confinement consistently throughout the
device 200.

FIGS. 3A-3B depict a curved ion manipulation device 300 according to another example.
The device 300 can be constructed of a pair of substrates 302A, 304A which form cylindrical inner
and outer structures 302, 304. The inner and outer structures 302, 304 can be concentrically
aligned and extend in a longitudinal direction from a first end 306 to a second end 308 of the device
(e.g., in the +/-X directions). The inner and outer structures 302, 304 can also define a pair of
opposed curved surfaces 310, 312 that are positioned along a radius R3 and YZ plane of the device
300 such that the curved surfaces 310, 312 are arranged about a central or common longitudinal
axis A3. The radius of the curved surfaces 310, 312 can increase and decrease with increasing and
decreasing distance between the curved surfaces 310, 312 and the common axis A3. The inner
structure 302 can define a central portion of the device 300 and include a first curved surface 310
and the outer structure 304 can include a second curved surface 312 adjacent and opposed to the

first surface 310 of the inner structure 302. The first curved surface 310 can be a radially
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outwardly facing surface facing away from the longitudinal axis A3 and the second curved surface
312 can be a radially inwardly facing surface facing toward the first curved surface 310 and
longitudinal axis A3.

Between the inner and outer structures 302, 304 and opposed curved surfaces 310, 312
extends a radial gap 314. The radial gap 314 can be defined by the space extending between the
[irst curved surface 310 of the inner structure 302 and the second surface 312 ol the outer structure
304. Atleast a first electrode arrangement 311 can be patterned along the first curved surface 310
on one side of the radial gap 314 and at least a second electrode arrangement 313 opposing the first
electrode arrangement 311 can be patterned along the curved surface 312 across the radial gap 314.
For illustrative purposes, only a few electrodes of the first and second electrode arrangements 311,
313 are shown in FIG. 3B.

The first and second electrode arrangements 311, 313 define an ion pathway 315 that
extends through at least a portion of the radial gap 314 and in between the first and second curved
surfaces 310, 312. The first and second electrode arrangements 311, 313 can be similar to one
another and be configured for longitudinal and transverse ion confinement to direct and manipulate
ions along the ion pathway 315 of at least a portion of the radial gap 314, such as for ion mobility
separation, ion trapping, and/or other ion manipulation. The first electrode arrangement 311, for
example, can be situated radially inward relative to the second electrode arrangement 313 and have
respective electrodes and/or electrode gaps that are relatively shorter in a circumferential direction
than the opposing electrodes and/or electrode gaps of the second electrode arrangement 313
situated radially outward. The first and second electrode arrangements 311, 313, in this way, can
be patterned to mirror one another or provide one-to-one correspondence.

The ion pathway 315 defined between the radial gap 314 by the first and second electrode
arrangements 311, 313 and curved shape of the device 300 can have linear and/or non-linear
segments (e.g., FIGS. 6A-7B), or a helical configuration (e.g., FIG. 8). For instance, the first and
second electrode arrangements 311, 313 and ion pathway 315 can have longitudinal segments
extending in the +/—X directions parallel to the common axis A3 and circumferential segments that
follow the curvature of the radial gap 314 and the first and second surfaces 310, 312 of the inner
and outer structures 302, 304 (e.g., within a YZ plane of the device 300). As indicated by arrows
316, as the ions are directed along the ion pathway 315 of the radial gap 314 and through the device
300, the ions can follow an overall circumferential path in either a clockwise or counterclockwise
direction.

In various other implementations, the ion pathway 315 of the radial gap 314 can have a

helical or coiled configuration. As one example, the first and second electrode arrangements 311,
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313 defining the ion pathway 315 can be arranged in a helical pattern along the opposing curved
surfaces 310, 312 and the length of the device 300. In this helical configuration, ions can be
directed along the ion pathway 315 and through the radial gap 314 circumferentially (e.g., as
indicated by arrows 316) about the inner structure 302 and common axis A3 in both the +/-YZ
directions, and along the length of the device 300 in the +X or — X direction (FIG. 8).

Ions can be introduced into the radial gap 314 of the device 300 via an ion inlet and exit the
radial gap 314 of the device 300 through an ion outlet. The ion inlets and outlets can be positioned
anywhere throughout the radial gap 314. As illustrated in FIGS. 3A-3B, for instance, ions can be
introduced at the first end 306 of the device 300 via an ion inlet located anywhere along the radial
gap 314 and between respective first and second curved surfaces 310, 312. Ions can then exit the
radial gap 314 of the device 300 at either the first end 306 and/or second end 308, depending on the
configuration of the ion pathway 315 extending through the radial gap 314, e.g., a helical
configuration or a combination of the linear and nonlinear segments. As one example, two
longitudinal segments of the ion pathway 315 can define an ion inlet and an ion outlet, respectively,
that are located at the same end of the device 300, e.g., at the first end 306 or second 308.

One or both substrates 302A, 304A that form the inner and outer structures 302, 304 of the
ion manipulation device 300 can be constructed of a flexible or semiflexible substrate material
layer or set of layers (e.g., flexible printed circuit boards). The outer structure 304, for example,
can be fashioned from a single substrate 304A which is curved or otherwise shaped into the tube-
like cylindrical structure such that the outer structure 304 defines the second curved surface 312
and encircles the inner structure 302. The inner structure 302 can be fashioned from a solid or
hollow substrate 302A which extends coaxially through the outer structure 304. In some
implementations, the inner structure 302 can be fashioned into a tube-like cylindrical structure
similar to that of the outer structure 304. In such implementations, the inner structure 302 can have
another ion manipulation device, such as a drift tube, coaxially aligned with and extending through
the inner structure 302 (FIG. 9). Additionally or alternatively, in some implementations, the device
300 can be constructed layer-by-layer, such as by an additive manufacturing process. In such
implementations, the electrode arrangements and other features of the device can be embedded
within the structures 302, 304.

FIGS. 4A-4C depict a curved ion manipulation device 400 according to another example.
The device 400 can include three or more cylindrical structures 402, 404a-404c, each constructed
of a respective substrate 402A, 404A-404C. The device 400 can include a first inner structure 402
and a series of outer structures 404a-404c encircling the inner structure 402. The inner and outer

structures 402, 404a-404c¢ can be concentrically aligned and extend in a longitudinal direction from
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a first end 406 of the device 400 to a second end 408 of the device 400 (e.g., in the +/-X
directions). The inner and outer structures 402, 404a-404c can define pairs of opposed curved
surfaces 422a-422d that are positioned along a radius R4 of the device 400 such that the pairs of
opposed curved surfaces 410, 412 are arranged in series about a common longitudinal axis A4. The
radius of the opposed curved surfaces 422a-422d can increase and decrease with increasing and
decreasing distance between (he curved surfaces 422a-422d and the common axis A4.

Each pair of opposed curved surfaces 422a-422d can include a first curved surface 410 and
a second curved surface 412 adjacent and opposed to the first curved surface 410. For example, the
inner structure 402 can define a central portion of the device 400 and include a respective first
curved surface 410 facing radially outwardly and away from the longitudinal axis A4. Each outer
structure 404a-404c of the device 400 can also include a respective first surface 410 and a second
radially inwardly facing surface 412 facing radially inwardly toward the longitudinal axis A4 and
respective first surface 410.

Extending between each pair of opposed curved surfaces 422a-422d is defined a radial gap
414a-414c (FIG. 4C). Each radial gap 414a-414c can be defined by a space between a first surface
410 of one structure 402, 404a-404c and a second surface 412 of the adjacent structure 404a-404c
(e.g., the first surface 410 of structure 404b and second surface 412 of structure 404c). As
described herein, at least a first electrode arrangement can be patterned along the first curved
surface 410 on one side of the radial gap 414 and at least a second electrode arrangement opposing
the first electrode arrangement can be patterned along the opposed curved surface 412 across the
radial gap 414(e.g., similar to electrode arrangements 311, 313). The first and second electrode
arrangements define an ion pathway 415 that extends through a at least a portion of a radial gap
414a-414c. In various examples, the first and second electrode arrangements can be similar to one
another across a respective radial gap 414a-414c, such that the first and second electrode
arrangements mirror each other or provide one-to-one correspondence. In representative
implementations, the distance across each radial gap 414a-414c and between opposed curved
surfaces 422a-422c can have the same or nearly the same value S4 for consistent ion confinement
throughout the device 400.

The configuration of the first and second electrode arrangements that define the ion
pathways 415 of the radial gaps 414a-414c can be the same along each radial gap 414a-414 of the
device 400, or can be different along two or more radial gaps 414a-414c¢. In particular, in one
implementation, each radial gap 414a-414c of the device 400 can have the same opposing electrode
arrangement and defined ion pathway 415 configuration, while in a second implementation, two or

more radial gaps 414a-414c can have different opposing electrode arrangements and defined ion
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pathway 415 configurations. In one electrode arrangement, ion pathways 415 can be defined by
linear and/or nonlinear segments of opposing electrode arrangements (e.g., FIGS. 6A-7B and 9).
The first and second electrode arrangements defining the ion pathway 415 of one or more radial
gaps 414a-414c, for instance, can have longitudinal segments extending in the +/-X directions
parallel to the common axis A4 and circumferential segments that follow the curvature of the radial
gap 414a-414¢ and respective [irst and second curved surfaces 410, 412 (e.g., within a YZ plane of
the device 400). In another electrode arrangement, the opposing electrode arrangements defining
the ion pathways 415 of one or more of the radial gaps 414a-414c can be defined by a helical or
coiled electrode pattern (e.g., FIG. 8). The first and second electrode arrangements, for example,
can define a helical ion pathway 415 that extends circumferentially about a respective structure
402, 404a-404c and the common axis A4, in both the +/-YZ directions and the length of the device
400 in the +X or — X direction.

In comparison to the coiled shape of the ion manipulation device 100 and device 200, in
which ions travel through a continuous radial gap and a series of opposed curved surfaces, ions
directed through the device 400 can move between the radial gaps 414a-414c and opposing
electrode arrangements via one or more ion escalators (FIGS. 10A-10B). lon escalators of the
device 400 are indicated at labels 418, 420 of FIG. 4C, which depicts a cross-section of the device
400 taken along a YZ plane. Each ion escalator 418, 420 can have a curved geometry within the
YZ plane and be defined by an opening that extends through a respective outer structure 404a-404c
of the device 400, from one radial gap 414a-414c to the next adjacent radial gap 414a-414c. Each
ion escalator 418, 420 can have at least a pair of opposing electrode arrangements configured and
arranged to direct ions from one ion pathway 415 of one radial gap 414a-414c to another ion
pathway 415 of an adjacent radial gap 414a-414c. In the illustrative example of FIG. 4C, for
instance, ions can be introduced into the inner most radial gap 414a proximate the inner structure
402 and directed to the adjacent radial gap 414b via the ion escalator 418. In the same way, ions
can be directed from the radial gap 414b to the adjacent radial gap 414c through the ion escalator
420. Tons in this way can be directed through a series of two or more radial gaps 414a-414c (e.g.,
as indicated by arrows 416) radially outwardly and away from the common axis A4 to the outer
most radial gap 414c. Inversely, ions can be directed through a series of two or more radial gaps
414a-414c via the escalators 418, 420 radially inwardly toward the common axis A4 to the inner
most radial gap 414a.

An ion escalator 418, 420 described herein can extend between each radial gap 414a-414c
and respective ion pathway 415, or between selected nonadjacent radial gaps 414a-414c and ion

pathways 415, depending on a desired configuration. In some implementations, in addition to
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directing ions between adjacent radial gaps 414a-414c, two or more ion escalators can form a chain
of escalators, in which ions can be directed from one radial gap 414a-414c to another nonadjacent
radial gap. As one example, the ion escalators 418, 420 of device 400 can be aligned and form an
escalator chain in which ions in the outer most radial gap 414c of the device 400 can travel directly
to the inner most radial gap 414a. This, among other things, allows the device 400 to be configured
Lo recirculate ions through one or more selected radial gaps 414a-414c¢ or the entire device 400,
more than once, as desired. In some implementations, the ions need not be circulated or
recirculated between the inner and outer most radial gaps 414a, 414c of a device 400, but can be
circulated or recirculated through any two or more radial gaps 414a-414c positioned between the
inner and outer most radial gaps.

As shown in FIGS. 4A-4C and indicated by arrows 416, as ions are directed along the ion
pathway 415 of one or more radial gaps 414a-414c, the ions can follow an overall circumferential
path. While the overall circumferential path 416 is illustrated as being directed in a clockwise
direction, it should be appreciated that the overall path can be directed in a counterclockwise
direction as well. The ion path need not also follow the same direction along each of the radial
gaps 414a-414c. For instance, ions introduced at the inner most radial gap 414a can travel in an
overall circumferential path 416 in a clockwise direction, but then directed to the next adjacent
radial gap 414b in which the ions travel in an overall circumferential path 416 in the
counterclockwise direction. The direction of the overall circumferential path 416 of each pair of
adjacent curved surfaces 410, 412 and radial gaps 414 can be dictated by the configuration of the
respective first and second electrode arrangements which define the respective ion pathways.

ITons can be introduced and exit the device 400 via one or more ion inlets and outlets located
at and/or anywhere along a respective radial gap 414a-414c to couple ions to or from the device
400. Ions can be introduced into the device 400 from another device, for example, such as from an
ion injector, ion trap, or other ion manipulation device, and can exit the device 400 to be received
by another device, such as a mass spectrometer, an ion analyzer, and/or another ion manipulation
device. Ion inlets and outlets can be located at any desired and suitable location at the first end 406
or the second end 408 of the device 400.

The substrates 402A, 404 A-C that form the inner and outer structures 402, 404a-404c of the
ion manipulation device 400 can be constructed of a flexible or semiflexible substrate material
layer or set of layers as described herein, such as a flexible printed circuit board. Each of the outer
structures 404a-404c, for example, can be fashioned from a single substrate which is curved or
otherwise shaped into the tube-like cylindrical structure that defines respective first and second

curved surfaces 410, 412 as shown in FIGS. 4A-4C. The inner structure 402 can be fashioned from
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a solid or hollow substrate which extends coaxially through the proximate most outer structure
404a and forms a respective first curved surface 410. Pairs of adjacent structures 402, 404a-404c
can be shaped in such a way as to form corresponding opposing adjacent first and second electrode
arrangements that are similar to one another and define an ion pathway to direct ions along the
radial gaps 414a-414c (e.g., in a mirrored configuration or in one-to-one correspondence). In some
implementations, the inner structure 402 can be fashioned into a wube-like cylindrical structure
similar to that of the outer structures 404a-404c. In such implementations, the inner structure 402
can have another ion manipulation device, such as a drift tube, coaxially aligned with and
extending through volume defined by the inner structure 402 (e.g., FIG. 9). Additionally or
alternatively, in some implementations, the device 400, or portions of the device, can be
constructed layer-by-layer, such as by an additive manufacturing process. In such
implementations, the electrode arrangements and other features of the device can be embedded
within the structures 402, 404a-404c.

Although shown as comprising four structures and three radial gaps defined by respective
pairs of opposed curved surfaces, it will be appreciated that the device 400 can include any number
of desired structures and respective curved surfaces and radial gaps. The device 400, for example,
can include three concentric structures having two radial gaps and respective pairs of opposed
curved surfaces, while in other examples, the device 400 can have five or more structures and four
or more radial gaps and respective pairs of opposed curved surfaces. The device 400 can have any
radius R4 as desired.

It will be appreciated that, although the ion manipulation devices 100-400 are described and
depicted herein as being circular and cylindrical in shape, ion manipulation devices can take
different forms. Any of the ion manipulation devices, for example, can generally be shaped as
oblique cylinders or elliptic cylinders, or other geometric shapes (e.g., rectangular, hexagonal, etc.).

FIGS. 5A-5C are representative electrode arrangements SO0A-S00C patterned along
respective substrates 302 A-502C, each substrate S02A-502C of which can be a substrate fashioned
into the tons manipulation devices 100-400 described herein. For the purpose of illustration, each
electrode arrangement S00A-500C and substrate S02A-502C is show in a flat configuration.
However, it should be undersiond that each electrode arrangement S00A-5300C and substrate 502A-
502C, when iraplemented within an ion manipulation device described, can be curved along and
form a respective curved surface {e.g., FIGS. 1A-4C and 6A-7B). In each of the illustrated
examples of FIGS. SA-5C, the curvature and/or {ashioning of the substrates S02A-502C and

electrode arrangements SO0A-500C is generally indicated by the arrows 3. 1t should be appreciated
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that each electrode arrangement 500A-500C can be one of a pair of opposing electrode
arrangements used to define respective ton pathways.

As shown in FIG. SA, the electrode arrangement 5300A can include a plurality of RF
electrodes 506a-506d that extend along the propagation axis 504 A and between input and output
ends 5ifa, 510b. The RF electrodes 506a-506d typically receive RF voltages alternately or
adjacently out of phase. For instance, in the configuration shown in FIG. SA, the RF electrodes
5064, 506¢ can be in phase with each other and 180 degrees out of phase with adjacent RF
electrodes 506h, 5064, The electrade arrangement S00A can also include a plurality of traveling
wave electrode sets S08a-308d that extend parallel to the propagation axis 304A and are situated
adjacent and in between the RF electrodes 506a-506d. Each traveling wave set 308a-508d can
include respective traveling wave electrodes 512a-512d that are configured to receive
corresponding time-varying DC voltages or phase-shifted AC voltages to form a traveling wave
that directs (e.g., separates) ions along the ion propagation axis SO4A.

A voltage source 501 coupled to the electrodes 506a-506d can be configured to supply the
RF electrodes 506a-506d with the RF potentials. In this way, the RF clectrodes 506a-506d can
confing ions between a pair of opposed electrode arrangements S00A which define an ion pathway.
Each traveling wave set 308a-5308d can be coupled to DC voltage soarce 503 1o receive a
dynamically applied DC raveling wave voltage that produces a traveling wave electric field (i.e.,
traveling waves) within the confinement voluime between the pair of opposing electrode
arrangements S00A defining the ion pathway. In some implementations, dynamically applied DC
travehing wave voltages can be applied differently along different segments of an ion manipulation
device to produce different ion manipulations. The traveling waves can vary with tiree and produce
a movement, net movement, separation, trapping, accumulation, peak compression, directional
change, and/or other manipualations of ions within a confinement volume based on ion
characteristics, such as ion mobility or polarity. Traveling wave volitages can also be applied such
that similar voltages are applied to traveling wave electrodes of a pair of opposed electrode
arrangements, though other dissimilar or altered configurations can be used, including in bends,
escalators, switches, etc.

Turning now o FIG. 3B, the electrode arrangement S00B can include a plurality of laterally
extending RF electrodes 514a-5140 arranged in a column-like configuration which tracks the ion
propagation axis 304B. Adiacent RF electrodes 514a-5140 can be in opposite phase of one another
sach that the RF electrodes S14a-5140 can direct ions away from the substrate S02B for ion
confinement. In some implementations, selected ones of the RF electrodes can be configured as a

fraveling wave electrode set to receive a time-varying DC voltage that directs iong along the ion
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propagation axis 504B. Por instance, the electrodes 514c¢, 5141, 5144, 5141, 5140 can constitute the
fraveling wave electrode set. In such implementations, traveling waves produced by the traveling
wave electrode set are superimposed over the RF potentials o effectuate ion manipulation and ion
confinement.

The electrode arrangement 500C of FIG. 5C can include a pharality of RF electrode
columns 516-316c. Each RF electrode columm 516-516¢ can include a plurality of respective RF
electrodes 518a-518¢ and interposed traveling electrode sets 520a-520c. The RF electrode columns
516-516c and traveling wave electrode sets 520a-520c¢ can extend paraliel to the ion propagation
axis SO6E (e.g., while RF electrodes 518a-513c are perpendicular). In some configorations,
adjacent electrodes 518a-518c of the RF elecurode columns 516-516¢ can be in opposite phase with
one another. In other configurations, the laterally adjacent electrodes 5183-518¢ in one or more
selected rows can have an opposite phase.

The RF voltages received by the electrodes can vary, for instance, with respect to frequency
and amplitade, over tire, or between adjacent electrodes. Traveling wave characteristics, such as
wave speed or amplitude, can also be varied between different traveling electrode arrangemenis. A
control device, such as a computer, controller, etc. can be coupled to or part of any of the voltage
sogrces (o control electric potentials applied to the various electrodes, including for ion escalators,
switches, DC and/or RF confinement potentials, and traveling wave sequencing, direction,
amplitude, frequency, etc. Typically, a processor can execute computer readable instructions,
stored in memory, to carry out the control of electrode potentials within the ion manipulation
deviees.

I some iraplementations, each of the electrode arrangements S00A-500F can be situated
between guard electrodes {e.g., guard electrodes 1038 of FIG. 10A). Guard electrodes can be
driven with a relatively high voltage in comparisen to the voltages applied to the RF and/or DC
electrodes so that ions drifting transversely or orthogonal to an ion propagation axis are conlined
ions within a given ion pathway. Further details and descriptions of electrode arrangements are
described, for example, in U.8. Patent No. 16,460,920, which is incorporated herein by reference in
its entirety. In further implementations, the RF and/or traveling wave electrodes of the elecuode
arrangements 300A-300C can be axially and laterally spaced from one another such that electrodes
do not contact one another or short when a respective substrate 302A-502C is curved or otherwise
shaped into a non-flat configuration (e.g., in three dimensions}.

FIGS. 6A and 7A depict representative examples of substrates 600, 700 which can be used
in the construction of the jon manipulation devices 100-400 described berein. The substrates 600,

700 are shown in 2 flattened or planar state and can be individual or one of a pair of substrates
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which are then coiled, rolled, or otherwise fashioned into the coiled shapes of device 100 or device
200, respectively. The substrates 600, 700 can also be fashioned, such as by being curved, folded,

or otherwise shaped into any one of the structures of the device 300 or device 400. This fashioning
of the substrates 600, 700 is indicated by arrows 0A and arrows 7A, respectively.

Each substrate 600, 700 can include a respective electrode arrangement that when paired
with an opposing electrode arrangement can defline an ion pathway. As shown in both FIGS. 6A
and 7A, each elecirode arrangement 602, 702 can be patierned, printed, and/or embedded along a
surface 608, 708 of a respective substrate 600, 700. The electrode arrangements 602, 702 can
extend along at least a portion of the substrate surfaces 608, 708 between respective first ends 6034,
704 and second ends 606, 706 and have a similar serpentine arrangement. Each electrode
arrangement 602, 702, for example, can include a plurality of extended segments 626, 726 and
bended segments 628, 728 within the serpentine arrangements. As shown in FIG. 6A, the extended
segments 626 of the electrode arrangement 602 can extend in the +/~Z directions and have a first
length relatively longer than the bended segments 628 which can be arranged to link the extended
segments 626 to one another to define a continuous patterned electrode path. The bended segments
6238 can extend in the +/-X direction and by exiension, can have a relatively shorter length than the
extended segments 626. In comparison, the electrode arrangerent 702 can have a different
ortentation. In particular, as ilustrated 1n FIG. 7A, the extended segments 726 of the electrode
arrangement 702 can extend in the +/~X direction, while the bended segments 728 can link together
the extended segments 726 and extend in the +/~Z directions. As will be {urther deseribed, the
extended segments 626, 726 and bended segments 628, 723 can correspond to the circumferential
and longitudinal segments of the ion pathways extending along one or more radial gaps of the ion
manipulations devices.

As depicted in FIGS. 6A and 7A, ion inlets 630, 730 of the electrode arrangements 602, 702
can be located at respective first ends 604, 704 of the substrates 600, 700, The indets 630, 730 can
be a location at which ions are first introduced into the ion manipuiation device and/or where ions
enter into after traveling through an ion escalator from another connected ion pathway and radial
gap (e.g., FEGS. 4C and 10A-10B). Located at respective second eunds 606, 706, can be one or
moare switches 632, 732, ion escalators 634, 734, and/or ton outlets 636, 736, A switch 632, 732
can include a respective electrode arrangement configured (e.g., using DC voltages) to direct ions
1o the ion escalator 634, 734 where 1ons can be directed to an adjacent or another radial gap and
pair of electrode arrangements for circulation or recirculation. The switches 632, 732 can
alfernatively direct tons 1o the outlets 636, 736 such that the ions exit the jon manipulation device,

such as to another device for analysis or further manipulation. In some implementations, a switch
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632, 732 can have operational states, such as a first state and second state, which can be controlled
via suitable electric potentials to route the ions o the ion escalators 634, 734 or outlets 636, 736 as
destred. In other implementations, the switches 632, 732 can be used for ion trapping or ion
accumulation, such as by accumulating ions at the switches 632, 732 during some time interval. It
should also be appreciated that in certain implementations, the ion escalators 634, 734 need not be
included. For instance, in the coiled shapes of ton manipulation devices 100-200, or the single pair
of structures of the device 300, an ion escalator may not be desired. It will also be understood that
in order to suit various configurations, the inlets, outlets, ion escalators, and switches can he located
at different segments, euds, or other portions of the of the electrode arrangements 602, 702 than
those deseribed.

“ach electrode arrangement 602, 702 can serve as one electrode arrangement in a pair of
opposed electrode arrangements defining an ion pathway. FIGS. 6B and 78, for example, show
each substrate 600, 700 after being fashioned into an outer structure 612, 712 of a respective ion
manipulation device 610, 710. The ion manipulation devices 610, 710 can have the same general
arrangement as the ion manipulation device 300 or ion manipulation device 400. In partcular, as
shown in the illustrated examples, the substrates 600, 700 are fashioned into outer structures 612,
712 of respective 1on manipulation devices 610, 710 that encirele and are coaxially aligned with
inner structures 614, 714 along a coramon longitudinal axis A6, A7 (the inner structures 614, 714
are not shown in FIGS. 7A, 7B). In this configuration, the inner structures 614, 714 define first
curved surfaces 616, 716 facing radially outwardly from respective common axes A6, A7, while
the surfaces 608, 708 of the sabstrates 600, 700 defive second curved sarface 618, 718 opposed to
the first curved surfaces 616, 716 and facing radially inwardly toward the coramon axes A6, A7.
Extending between each pair of oppeosed curved surfaces 616, 618 and curved surfaces 716, 718 is
defined a respective radial gap 622, 722, The inner structures 614, 714 can also include respective
first electrode arrangements 620, 724 patterned along the first curved surfaces 616, 716 on one side
of the radial gap 622, 722 in a serpentine arrangement that correspond with the second electrode
arrangements 602, 702 patterned along the second surface 618, 718 of the substrates 600, 700 and
across the radial gaps 622, 722, In this way, the electrode arrangements 620, 720 of the inoer
structures 614, 714 can be radially aligned and opposed to the electrode arrangeroenis 602, 702
such that the electrode arrangements 620, 602 and electrode arrangements 720, 702 are respectively
similar to one another and can define ion pathways 624, 724 that extend through respective radial
gaps 622, 722 and devices 610, 710 (e.g., in a mirrored configuration or in one-to-one

correspondence). Accordingly, as shown in FIGS. 6B and 7B, the extended segments 626, 726 and

bended segments 628, 728 reflected in the serpentine arrangement of the electrode arrangements
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602, 702 define circumferential segments and longitudinal segments (e.g., opposed electrodes
arrangements 912, 914 of FIG. 9) of the ion pathways 624, 724 extending through the radial gaps
622, 722 and curved surfaces. It should be appreciated that, in some examples, an electrode
arrangement patterned along one curved surface can differ slightly in scale from an opposing
electrode arrangement of an opposed curved surface. For instance, an electrode arrangement
patterned along an inner curved surlace can be slightly smaller in scale [rom the opposing electrode
arrangement patterned along a corresponding outer curved surface, which has a relatively greater
radius than the inner curved surface. The difference in scale, such as the size and shape of the
electrode arrangements, can account for the difference in radius across a respective radial gap and
pair of opposing curved surfaces to ensure that pairs of opposing electrode arrangements define a
desired ion pathway.

FIG. 6B depicts a cross-section of the ion manipulation device 610 after being rolled but
taken along the YZ plane of the substrate 600 shown in FIG. 6A. FIG. 6A shows that the plane 6B
is taken along an extended segment 628 of the electrode arrangement 602 and is the portion of the
electrode arrangement 602 illustrated in FIG. 6B. As shown in FIG. 6B, the extended segment 626
of the electrode arrangement 602 and electrode arrangement 620 of the inner structure 614 define a
circumferential segment 638 of the ion pathway 624 that follows the curvature of the first and
second curved surfaces 616, 618 (or surface 608) and radial gap 622 within the YZ plane of the
device 610. As illustrated in FIG. 6B, ions can follow an axis of propagation 640 circumferentially
in a counterclockwise direction along the circumferential segments 638. In this configuration, as
the ions reach the upper most end of the circumferential segment 638, the ions are directed in the
+/-X direction into the plane of FIG. 6B as it travels through a respective bended segment 628 to
the next extended segment 626 and so forth until reaching an ion escalator 634 or outlet 636. As
ions travel through the next adjacent extended segment 626 the ions can move in a
circumferentially path in the clockwise direction. Accordingly, the ions can be said to follow an
overall circumferential path through the ion manipulation device 610 and extended segments 626.
In some implementations, ions move in both clockwise and counterclockwise directions in an
alternating fashion as ions travel along two or more radial gaps.

Similarly, FIG. 7B depicts a cross-section of the ion manipulation device 710 taken along a
plane 7B extending in the YZ directions of the substrate 700. As shown in FIG. 7A, the plane 7B
extends across a series of bended segments 728 of the electrode arrangement 702 proximate the
first end 704 of the substrate 700. FIG. 7B shows that the series of bended segments 728 of the
electrode arrangement 702 and electrode arrangement 720 define a corresponding number of

circumferential segments 738 that track the curvature of the first and second curved surfaces 716,
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718 (or surface 708) and radial gap 722. Ions directed through these circumferential segments 738
can follow an axis of propagation 740 through each segment in a counterclockwise (or clockwise)
direction. In between each circumferential segment 738 is a pair of longitudinal segments of the
ion pathway 724 extending in the +/-X direction of the device 710 (e.g., in and out of the plane of
FIG. 7B). An example of a longitudinal segment is shown in FIG. 9 and is defined by the opposing
electrode arrangements 912, 914. At the opposing end of the device 710, e.g., the second end 706
of the substrate 700, another series of bended segments 728 define another corresponding number
of circumferential segments 738. Tons can move through the curved surfaces 716, 718 and radial
gap 722 and in and out of the circumferential segments 738 and longitudinal segments of the device
710 until reaching an ion escalator 734 or outlet 736.

Although described herein as having a serpentine arrangement, it should be appreciated that
the electrode arrangements 602, 702 can have any configuration or arrangement in accordance with
the present disclosure.

FIG. § tllustrates a segroent of an ion manipulation device 800 having one or more helical
ion pathways 802 extending along the device. The device 800 can have a similar configuration as
the ion manipulation device 300 or ion manipulation device 400 and include any one or
combination of feanres described above in connection with FIGS. 3A-4C. The ton mampelation
device 800, can include a series of cylindrical structures, such as & {irst inner structure 804 and a
second outer structure 806, which are coaxially aligned along a common longitudinal axis A8, The
inner and outer structures 804, 806 can define a respective pair of adjacent curved surfaces 808,
§10 opposing oue another and spaced apart to define a radial gap €12, The curved surfaces 808,
§10 and the radial gap 812 can be arranged radially about the common axis A8. The carved surface
808 of the inner structure 804 can be facing radially outwardly away from the common axis A8 and
include a first electrode arrangement 814, In a similar fashion, the curved surface 810 of the outer
structure 306 can be a radially inwardly facing surface facing toward the conumon axis A8 and
include a second electrode arrangement 816 opposed to the first electrode arrangement 814, For
purposes of lustration, in order to iHustrate the helical ion pathway 802, FIG. 8 shows a partial
cross-section taken along an XY plane of the ion manipulation device 800 through the outer
structure 806 and first and second electrode arrangerments §14, 816, The first and second electrode
arrangements 814, 816 are also shown schematically. It should be appreciated that first and second
electrode arrangements 814, 816 of the device 800 can comprise any one or combination of
electrode arrangements described in conpection with FIGS. SA-SE for ion confinement and

manipulation.
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As shown in FIG. 8, the first and second electrode arrangements 814, 816 can be similar to
one another and define a helical ion pathway 802 that extends along the radial gap 812 and along
the device 800. The first and second electrode arrangements 814, 816 can be configured for
longitudinal and transverse ion confinement to direct and manipulate ions along the helical pathway
802, such as for ion mobility separations or ion trapping. The helical pathway 802 is depicted by
the outer transverse boundaries (e.g., orthogonal) delined by the electric potentials applied (o the
first and second electrode arrangements 814, 816. Ions can generally travel along an ion
propagation axis 818. As ions are directed through the radial gap 812 and helical pathway 802, the
ions can follow an overall circumferential ion path (e.g., FIGS. 3A-4C), circumferentially about the
inner structure 804 and the common axis A8 in both the +/~YZ directions, while moving along the
length of the device 800 in the +X or — X direction. As mentioned in connection with FIGS. 4A-
4C, multiple helical pathways can be included throughout the ion manipulation devices described
herein, each along a respective radial gap. In the example shown in FIG. 8, for instance, once ions
travel through the helical pathway 802, from one end 820 of the device 800 to another end 822 of
the device in the +X direction, the ions can be directed via one or more ion escalators to another
radial gap, adjacent or nonadjacent, which can include a respective helical ion pathway. In this
case, the helical pathway of the second radial gap can travel in the —X direction, from one end 822
to the other end 820 of the device. A third helical ion pathway in this sequence can again travel in
the +X direction. In some implementations, one or more helical pathways 802 can be arranged and
combined with one or more ion pathways having longitudinal and circumferential segments (FIGS.
6A-7B). Rather than using electrodes to form electric barriers to push ions down the length of a
device or virtually extend the ion pathway, the ion manipulation device 800 is configured to direct
ions through and along a realized helical ion pathway 802, which advantageously extends the
physical length of ion pathways that other applications cannot achieve for ion mobility
manipulations.

FIG. 9 shows a segment of another ion manipulation device 900. The device 900 can have
a similar configuration as the ion manipulation device 300, device 400, device 610, device 710, or
device 800, and can include any one or combination of features described above in connection with
FIGS. 3A-4C and FIGS. 6A-8.

FIG. 9, shows a cross-section view of the device 900 taken along an XY plane parallel to a
common longitudinal axis A9. The ion manipulation device 900 can include a series of two or
more cyhindrical structares coaxially aligned with one another along the common axis A9, Inthe
illustrated exarnple of FIG. 9, a first inner structure 902 and a second outer structure 904 encircling

the inner structure 902 are shown. The inner and outer structures 902, 904 can define a respective
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pair of adjacent curved surfaces 906, 908 opposing one ancther and spaced apart to define a radial
gap 910. The corved surface 906 of the tnner structure 902 can be a radially outwardly facing
surface {acing away {rom the conunon axis A9, while the curved surface 903 of the outer structure
904 can be a radially inwardly facing surface facing toward the common axis A9. The device 200
can also have opposed first and second electrode arrangements 912, 914 that define an ion pathway
having longitudinal and circumferential segments, as opposed w the helical ion pathway 802 of
device 800. As shown in FIG. 9, for example, the first and second electrode arrangements 912, 914
extend longitudinally along in the +/~ X direction to define a longitudinal segment of the ion
pathway. Although not shown, the electrode arrangements 912, 914 can also form circumferential
portions (e.g., FIGS. 6B and 7B). In some implementations, the first and second electrode
arrangements 912, 914 within the device 900 can define a helical ion pathway (FIG. 8).

A first inner structure 902 of the device 900 can have a tube-like configuration. The inner
strocture 802, for example, can have a eyhindrical configoration simmlar to the outer structare 904,
in which the taner structure 902 bas a hollowed tube-like body. Advantageously, in this
configuration, extending through the inner structure 902 can be sub-ion manipulation device 216
such that the inner structure 902 encircles the sub-device 916, The sub-ton manipulation device
316 can have a respective electrode arrangement which forther ncludes a plurality of electrodes
918 axtally spaced from one another along the common axis A9 and coaxially with the device 900.
The sub-device 916 can be configured, for example, as a stacked ring drift tube, although other drift
tubes can be used. A voltage source 920 can be coupled to the sub-device 816 and configured to
apply a range of voltages to individual electrodes or groups of electrodes 918 such that ions
infroduoced into the sub-device 916 can be directed through the volume of the sub-device 916, from
one end 922 1o the other end 924. The voltage source 920 can be coupled to the device 216 via
wiring or printed circuit board and can be configured to apply linear and/or nonlinear electric figlds
{e.g., DC electric potentials). As shown in FIG. 9, the voltage source 920 can also he coupled to
the device 900, such that the voltage source 920 can supply the electric fields to both device 900
and sub-device 916. In other implementations, the device 900 and sub-device 916 are coupled to
separate voltage sources (e.g., voltage sources 501, 517 and voltage source 920, respectively).

Attached to both the device 900 and sub-device 916, e.g., via the voltage source 920, can be
a control 926 to contral the operation of the devices. The contral 926, for instance, can be
configured to switch between modalities in which, in one state the device 900 is operational, and in
another state the sub-device 916 is operational. In this way, the device 900 and sub-device 916 can
be configured to operate separately from one another but co-located within the existing footprint of

the device 900. In some implementations, the device 900 and sub-device 916 can operate at the
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same time, such that the device 900 can manipulate ions in one mode, while the sub-device 916 can
manipulate ions in another mode different from the mode of the device 900. The control 926 can
typically be a processor, such as 2 computer or other device, that can execute coraputer readable
instructions, stored in memory, to carry out the control of the electrode potentials and operation of
both the device 900 and sub-device 916.

FIGS. 10A-10B iHustrate one example of an ton escalator 1000 and corresponding traveling
wave patierns that can be used in the ion manipulation devices described berein. For the purpose of
illustration and to facilitate discussion of the ion escalator 1000, curved surfaces 1020, 1022, 1024,
1026 and electrode arrangements 1002, 1004, 1006, 1008 of the ion escalator 1000 are shown from
a side view and shown schematically. Portions of the ion escalator 1000 that might otherwise
obstruct the view of the electrode arrangements and curved surfaces have also been omitted for
clarity. FIG. 10A, in particudar, is a cutout or segment of a curved ion manipulation device which
inclodes the ion escalator 1000, and a schematic representation of electrode arrangements 1002,
1004 defining an ion pathway 1014, electrode arrangements 1006, 1008 defining an ion pathway
1016, and electrode arrangements 1016, 1012 defining an ion pathway 1018. The ion pathway
1018 couples the ion pathways 1014, 1016 through the ion escalator 1000. FIG. 108 is a schematic
representation of the traveling wave electrodes of the different electrode arrangements 1002, 1804,
1006, 1008, 1010, 1012, The traveling wave electrodes can be used to direct ions along the ion
pathways 1014, 1016, 1018, The schematic representations of FIGS. 10A-10B show the electrode
arrangements 1002, 1004, 1006, 1008 and respective curved surfaces 1026, 1022, 1024, 1026
arranged radially along a radius R10 and Y axis of a device including the ton escalator 1000, and
defining ion pathways 1014, 1016, and 1018 extending in the +/-X and —Y directions. In this
regard, the ion escalator 1000 can have a curved geometry in the +/-2Z directions, similar to that of
the curved surfaces 1020, 1022, 1024, 1026.

While shown schematically, it should be appreciated that the electrode arrangements 1002,
1004, 1006, 1008 can be patterned along the curved surfaces 1020, 1022, 1024, 1026 in any
arrangement, including those electrode arrangements described herein (e.g., any of the electrode
arrangements S00A-500E shown in FIGS. 5A-5E). The electrode arrangements 1002-1012 can, for
example, inchude rows of RF electrodes 1034 and traveling wave electrodes 1036 arranged side-by-
side in an alternating fashion {(e.g., along a respective curved surface in the Z direction). The
electrodes arrangements 1002-1012 can be similar to the electrode arrangement 500C shown in
FIG. 5C, for instance. The rows of RF electrodes 1034 and traveling wave electrodes 1036 canbe

situated between guard electrodes 1038,
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As shown in FIGS. 10A-10B, the electrode arrangements 10402, 1004 can be patterned along
a first pair of adjacent curved surfaces 1020, 1022 and the elecirode arrangements 1006, 1008 can
be patterned along a second pair of adjacent curved surfaces 1024, 1026, Between the curved
surfaces 1020, 1022 and 1024, 1026 can be defined respective radial gaps 1028, 1030 for ion
pathways 1014, 1016, The opposing electrodes arrangements 1002, 1004 and opposing electrode
arrangements 1006, 1008, for example, can each deline a helical ion pathway or an ion pathway
comprising circumnferential and longitudinal segments through the respective radial gap 1028, 1030,
An escalator region 1032 and escalator pathway 1018 of the ion escalator 1000 can extend to
couple the radial gaps 1028, 1030. The escalator region 1032 can be defined by the opposing
electrode arrangements 1010, 1012 and electrode arrangements 10028, 1008B. The electrode
arrangements 10028, 10088 can correspond to portions or extensions of the electrode
arrangements 1002, 1608, respectively.

In the Hustrated examples of FIGS. 10A-10B, the first radial gap 1028 is shown as an inner
radial gap and the second radial gap 1030 is shown as an outer radial gap, such as along a radios
R10 of a device. The ion escalator 1000 can extend and be operable to the direct ions from the
inner radial gap 1028 to the adjacent outer radial gap 1030 and from ion pathway 1014 to pathway
1016, In this configuration, ious are being directed radially cotwardly {e.g., in the YZ plane of the
device) from a common axis of the curved surfaces 1022, 1024, 1026, 1028, lons, for instance, can
be directed radially outwardly with electrode arrangements situated at a sequence of two or more
pairs of curved surfaces, from an tnner section of the ion manipulation device to an outer section of
the ion manipulation device (e.g., FIGS. 4A-4C and R4). Although deseribed as divecting ions
radially outwardly, it should be appreciated that the following description can be applied to
directing ions radially inwardly as well {e.g., toward a common axis of the plurality of adjacent
surfaces).

Provided with RF electric potentials in altemating polarity or other phasing, the RF
electrodes 1034 can provide transverse confinement along the ion pathways 1014, 1016, 1018 via
an effective potential resulting from time-varying cut-of-phase RF wave forms. The guard
electrodes 1038 can be used to also provide a transverse DC potential well for additional transverse
confinement. Phased traveling wave electric potentials apphed to traveling wave electrodes 1036
can generate a traveling wave propagating along the ion pathway 1014 through the inner radial gap
1028 in the +X direction, along the pathway 1018 through the aperture 1032 in the ~Y direction,
and along the pathway 1016 through the second radial gap 1030 in the —X direction as the ions

emerge from the ion escalator 1000, In this configuration, the ion escalator 1000 can define a
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“wraparound” ton escalator configuration which facilitates movement of ions between the first and
second radial gaps 1028, 1030.

FIG. 108 illustrates an example of the traveling wave potentials for the ion escalator 1000
and ion pathways 1014, 1016, 1018 which can be employed for directing ions between the inner
and outer radial gaps 1028, 1030, although other potentials can be used. For the purpose of
iHustration, only the vaveling wave electrodes 1036 are depicted, and each is Jabeled with a
respective phase of traveling wave potential (TW). The label of taveling wave “TW1,” for
instance, indicates that the corresponding traveling wave electrode has a relative phase of 1. In this

ray, the TW designation indicates that TW2 has peaks shortly after TW 1, TW3 peaks after TW2,
and so forth. In the Hostrated configuration of FIG. 10B, eight phases of traveling wave potentials
are used, corresponding to an approximately 45-degree phase shift between successive phases. it
should be appreciated that TW1 follows TWE and can be considered equivalent to a relative phase
of TWY and so on.

As shown 1o FIG. 10B, the traveling wave potentials can be applied to the traveling wave
electrodes 1002A, 1004A of the electrode arrangements 1002, 1004 as shown so that the electric
potential traveling wave 1040 provided by electrodes 1002A, 1004A can direct ions from left-to-
right through first radial gap 1028, along the pathway 1014, and toward the ion escalator 1000, Ina
simnilar fashion, the traveling wave 1042 provided by the vaveling wave electrodes 10064, 10084
can direct ions from right-to-feft such that ions emerging from the bottom or exit of the escalator
1000 travel through the second radial gap 1030 and along the pathway 1016 in the —X direction.

As mentioned, the escalator pathway 1018 can be defined by the third pair of opposing
electrode arrangements 1010, 1012 and corresponding portions of the electrode arrangements
10028, 1008B. The electrode arrangements 1010, 1812 and traveling wave electrodes
arrangements 10028, 1008B can be phased as indicated 1o provide a traveling wave 1044 that is
generally in continuous phase with the traveling waves 1040, 1042, In sorae tmplernentations, the
amplitude of the traveling wave 1044 can be greater than an amplitude of the other traveling waves
1040, 1042 and can be in a surfing mode to provide better ion confinement and reduce 1on losses
along the bend of ion pathway 1018 from the first radial gap 1028, through the escalator aperture
1032, and into the second radial gap 1030, Although the phasing of the traveling wave electrodes
depicted in FIG. 10B are shown with some particularity, other phases and configurations can be
emploved. k should be appreciated that the escalator 1000 can be one within a chain of escalators
leading back to another nonadjacent radial gap, for example, for recirculation or to lirnit the overall

ion path length for ion roanipulation.
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it will be appreciated that ion escalators can have different configurations. As one example,
an 1on escalator can be configured to receive ions from and propagating in opposite directions, such
as ions traveling from both the —X and +X directions from axially aligned electrode arrangements
within a single radial gap. In such a configuration, opposing traveling wave electrodes and
potentials can be phased in much the same way as described in connection with ion escalator 1000,
o direct ions from a {irst radial gap in which the ions are propagating in opposite directions to
another pair of adjacent curved surfaces and elecirode arrangements. Further details and
descriptions of inon escalators are described, for example, in U.S. Patent No. 11,119,069, which is
incorporated herein by reference i its entivety.

General Considerations

29

As used in this application and in the claims, the singular forms “a,” “an,” and “the” include
the plural [orms unless the context clearly dictates otherwise. Additionally, the term “includes”
means “‘comprises.” Further, the term “coupled” or “connected” does not exclude the presence of
intermediate elements between the coupled items.

The systems, apparatus, and methods described herein should not be construed as limiting
in any way. Instead, the present disclosure is directed toward all novel and non-obvious features
and aspects of the various disclosed embodiments, alone and in various combinations and sub-
combinations with one another. The disclosed systems, methods, and apparatus are not limited to
any specific aspect or feature or combinations thereof, nor do the disclosed systems, methods, and
apparatus require that any one or more specific advantages be present, or problems be solved. Any
theories of operation are to facilitate explanation, but the disclosed systems, methods, and apparatus
are not limited to such theories of operation.

Although the operations of some of the disclosed methods are described in a particular,
sequential order for convenient presentation, it should be understood that this manner of description
encompasses rearrangement, unless a particular ordering is required by specific language set forth
below. For example, operations described sequentially may in some cases be rearranged or
performed concurrently. Moreover, for the sake of simplicity, the attached figures may not show
the various ways in which the disclosed systems, methods, and apparatus can be used in
conjunction with other systems, methods, and apparatus. Additionally, the description sometimes
uses the terms like “produce” and “provide” to describe the disclosed methods. These terms are
high-level abstractions of the actual operations that are performed. The actual operations that
correspond to these terms will vary depending on the particular implementation and are readily

discernible by one of ordinary skill in the art.
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In some examples, values, procedures, or apparatus are referred to as “lowest,” “best,”
“minimum,” or the like. It will be appreciated that such descriptions are intended to indicate that a
selection among many used functional alternatives can be made, and such selections need not be
better, smaller, or otherwise preferable to other selections.

Some examples are described in relation to one or more longitudinal and lateral directions
generalized Lo correspond (o ion movement or confinement. Directions Lypically apply (o ion
movement, trapping, and confinement and are provided by electric fields produced by one or more
electrodes that are arranged on inner and opposing surfaces of the layers of the ion manipulation
device to define one or more circumferentially and longitudinally extending ion pathways of
various shapes, sizes, and configurations. Actual ion movement paths vary and can depend on the
various characteristics of the electrode arrangements and electric fields produced by the
corresponding electrodes and the positional, polarity, kinetic, or other characteristics of the ions
received in a confinement volume. Directions referred to herein are generalized and actual specific
particle movements typically correspond to electric fields produced and the electrical mobilities of
the ions propagating in relation to the electric fields, as well as gas flow movements in some
examples.

In view of the many possible embodiments to which the principles of the disclosed
technology may be applied, it should be recognized that the illustrated embodiments are only
representative examples and should not be taken as limiting the scope of the disclosure.
Alternatives specifically addressed in these sections are merely exemplary and do not constitute all
possible alternatives to the embodiments described herein. For instances, various components of
systems described herein may be combined in function and use. I therefore claim all that comes

within the scope of the appended claims.
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CLAIMS:

1. An ion manipulation device, comprising:

an ion manipulation structure comprising one or more pairs of opposing curved surfaces
sharing a common longitudinal axis and radially spaced from one another by a radial gap along a
radius of the ion manipulation structure, each pair ol opposing curved surfaces comprising a [irst
electrode arrangement and a second electrode arrangement opposed to the first electrode
arrangement, wherein the first and second electrode arrangements define an ion pathway through
the radial gap and are configured to direct ions along the ion pathway and circumferentially through

the radial gap.

2. The device of claim 1, wherein the first electrode arrangement extends along one of
the pair of curved surfaces and the second electrode arrangement extends along the other of the pair

of curved surfaces.

3. The device of claim 1, wherein the ion pathway has a plurality of circumferentially

extending segments and a plurality of longitudinally extending segments.

4. The device of claim 3, wherein the circumferentially extending segments have a first
length and the longitudinally extending segments have a second length, the first length being

greater than the second length.

5. The device of claim 3, wherein the circumferentially extending segments have a first
length and the longitudinally extending segments have a second length, the first length being less

than the second length.

6. The device of claim 1, wherein the ion manipulation structure comprises a single

coiled structure.

7. The device of claim 1, wherein the ion manipulation structure comprises a pair of

coiled structures.

8. The device of claim 1, wherein the ion manipulation structure comprises concentric

cylindrical structures.

9. An ion manipulation device, comprising:
a radial series of curved surfaces arranged about a common longitudinal axis, wherein

adjacent pairs of the curved surfaces are spaced apart to define respective radial gaps and wherein
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adjacent pairs of the curved surfaces respectively comprise pairs of opposing electrode
arrangements, wherein each pair of opposing electrode arrangements defines a respective ion
pathway and is configured to direct ions through the ion pathway and circumferentially through its

respective radial gap, and to another one of the radial gaps.

10. The device of claim 9, wherein the opposing electrode arrangements of one or more
pairs of the adjacent curved surfaces define the ion pathway to have a plurality of circumferentially

extending segments and a plurality of longitudinally extending segments.

11. The device of claim 9, wherein the opposing electrode arrangements of one or more

pairs of the adjacent curved surfaces define the ion pathway to be a helical ion pathway.

12. The device of claim 9, wherein each pair of adjacent curved surfaces are surfaces of

a pair of concentric structures.

13. The device of claim 9, wherein a spacing between the curved surfaces of each of the

adjacent pairs of curved surfaces is the same.

14. The device of claim 9, wherein the ion pathways are connected to form a single

continuous ion pathway.

15. The device of claim 9, wherein the ion pathways ol two radial gaps are coupled (o
one another by an ion escalator configured to direct ions from one of the radial gaps to the other of

radial gap.

16. The device of claim 9, further comprising a drift tube electrode arrangement
extending along the common longitudinal axis and configured to direct ions from a first end of the

drift tube electrode arrangement to a second end of the drift tube electrode arrangement.

17. The device of claim 16, wherein one or more pairs of the adjacent curved surfaces

encircle the drift tube electrode arrangement.

18. A method comprising:

directing ions through one or more pairs of opposing curved surfaces of a curved ion
manipulation structure, wherein each pair of opposing curved surfaces are spaced apart radially
relative to a common longitudinal axis of the ion manipulation structure to define a radial gap and
wherein each pair of opposing curved surfaces comprises a first electrode arrangement and a

second electrode arrangement opposed to the first electrode arrangement, wherein the first and
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second electrode arrangements define an ion pathway and are configured to direct ions along the

ion pathway and circumferentially through the radial gaps of the ion manipulation structure.

19. The method of claim 18, wherein the first and second electrode arrangements of one
or more of the pairs of opposing curved surfaces define an ion pathway having a plurality of

circumferentially extending segments and a plurality of longitudinally extending segments.

20. The method of claim 18, wherein the first and second electrode arrangements of one

or more of the pairs of opposing curved surfaces define a helical ion pathway.

21. The method of claim 18, the method further comprising directing ions through a
drift tube electrode arrangement extending along the common longitudinal axis and encircled by a
pair of the opposing curved surfaces, the drift tube electrode arrangement configured to direct ions

from a first end to a second end of the drift tube electrode arrangement.

22. The method of claim 18, wherein the pairs of opposing curved surfaces are defined

by a pair of respective concentric structures.

23. The method of claim 18, wherein the pairs of opposing curved surfaces form a

single coiled structure.

24. The method of claim 18, wherein the pairs of opposing curved surfaces form a pair

of coiled structures.
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