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(57) Abregé/Abstract:

Methods and apparatuses for ion manipulations, including ion trapping, transfer, and mobility separations, using traveling waves
(TW) formed by continuous alternating current (AC) are disclosed. An apparatus for ion manipulation includes a surface to which
are coupled a first plurality of continuous electrodes and a second plurality of segmented electrodes. The second plurality of
segmented electrodes Is arranged In longitudinal sets between or adjacent to the first plurality of electrodes. An RF voltage applied
to adjacent electrodes of the first plurality of electrodes is phase shifted by approximately 180° to confine ions within the apparatus.
An AC voltage waveform applied to adjacent electrodes within a longitudinal set of the second plurality of segmented electrodes is
phase shifted on the adjacent electrodes by I°-359" to move ions longitudinally through the apparatus for separation.
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(57) Abstract: Methods and apparatuses for 10on manipulations, including 1on trapping, transter, and mobility separations, using trav-
eling waves (TW) formed by continuous alternating current (AC) are disclosed. An apparatus for 1on manipulation includes a surface
to which are coupled a first plurality of continuous electrodes and a second plurality of segmented electrodes. The second plurality of
segmented electrodes 1s arranged 1n longitudinal sets between or adjacent to the first plurality of electrodes. An RF voltage applied to
adjacent electrodes of the first plurality of electrodes 1s phase shifted by approximately 180° to contine 1ons within the apparatus. An
AC voltage wavetorm applied to adjacent electrodes within a longitudinal set of the second plurality of segmented electrodes 1s phase
shifted on the adjacent electrodes by 1°-359° to move 10ons longitudinally through the apparatus for separation.
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METHOD AND APPARATUS FOR ION MOBILITY SEPARATIONS
UTILIZING ALTERNATING CURRENT WAVEFORMS

CROSS-REFERENCE TO RELATED APPLICATIONS
[0001] This application claims priority to U.S. Provisional Application Serial
No. 62/238.,291, filed October 7, 2015, titled “METHOD AND APPARATUS FOR

CONTROLLING IONS IN A GAS PHASE,” hereby incorporated by reference in its

entirety for all of its teachings.

STATEMENT REGARDING FEDERALLY SPONSORED RESEARCH OR
DEVELOPMENT

[0002] This invention was made with Government support under Contract
DE-ACO0576RI.O1830 awarded by the U.S. Department of Energy. The Government

has certain rights in the invention.

Technical Field

[0003] Embodiments of the present disclosure relate to 1on mobility
separations and related 1on manipulations.  More specifically, the disclosed
embodiments relate to performing 1on manipulations including movement in moving
ion trapping regions and ion mobility separations using a continuous, alternating
current (AC) voltage waveform or, multiple continuous AC voltage waveforms,

applied to one or more segmented electrodes.

BACKGROUND
{0004] Ion mobility spectrometry (IMS) 1s a technique f{or separaung and
identifying tons. IMS can be employed to separate structural 1somers and resolve
conformational features of macromolecules. IMS may also be employed to augment
mass spectroscopy (MS) in a broad range of applications, including metabolomics,
glycomics, and proteomics.
[0005] For example, when performing IMS, a sample containing different 1ons

1s 1njected 1nto a first end of an enclosed cell containing a carrier gas, also reterred to

as a buffer gas. In the cell, the 1ons move from the first end of the cell to a second end
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of the cell under the influence of an applied electric field. The ions are subsequently

detected at the second end of the cell as a current as a function of time. The sample
ions achieve a maximum, constant velocity (i.e., a terminal velocity) arising from the
net effects of acceleration due to the applied electric field and deceleration due to
collisions with the buffer gas molecules. The terminal velocity of 1on within the IMS
cell is proportional to their respective mobilies, related to 1on characteristics such as
mass, size, shape, and charge. Ions that differ in one or more ol these characteristics
will exhibit different mobilities when moving through a given buffer gas under a
given electric field and, therelore, different terminal velocities. As a result, each 1on
exhibits a characteristic time for travel from the first end of the cell to the second end
ol the cell. By measuring this characteristic travel time for ions within a sample, the
ions may be identified.

[0006] There are a number of IMS formats used for chemical and biochemical
analysis, including constant field drift tube 1on mobility spectrometry (DT-IMS), high
ficld asymmetric 1on mobility spectrometry (FA-IMS), differential mobility analysis
(DMA), and traveling wave ion mobility spectrometry (TW-IMS). These formats
vary in the manner by which the electric field is applied to separate the 1ons within the
IMS cell. Notably, however, conventional IMS devices are limited in their ability to
separate ions (separation power) due to practical limitations on size and complexity of
the electrode structures generating the electric fields that separate the 1ons.

[0007] Accordingly, there exists an ongoing need for improved systems and

methods for 10n mobility separation.

SUMMARY
[0008] In an embodiment of the disclosure, an apparatus for 1on mampulations
1s provided. The apparatus includes at least one surface, a first plurality of continuous
electrodes, and a second plurality of segmented electrodes. The first plurality of
continuous electrodes is coupled to the at least one surface and in electrical
communication with a radiofrequency (RF) voltage source. An RF voltage applied to
adjacent electrodes of the first plurality of electrodes by the RF voltage source 1s

phase shifted on the adjacent electrodes of the first plurality of electrodes by

approximately 180°. The second plurality of segmented electrodes is coupled to the at
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least one surface and arranged in longitudinal sets between or adjacent to the first
plurality of electrodes. The second plurality of segmented electrodes is further in
electrical communication with an alternating current (AC) voltage source. An AC
voltage wavelorm applied to adjacent electrodes within a longitudinal set of the
second plurality of segmented electrodes by the AC voltage source is phase shifted on
the adjacent electrodes of the second plurality of electrodes by 1°-359°.

[0009] Embodiments of the apparatus may include one or more of the
following, in any combination.

[0010] In an embodiment, the apparatus further includes a plurality of guard
electrodes positioned on outer ends of the first and second plurality of electrodes on
the at least one surface. The plurality of guard electrodes are in electrical
communication with a DC voltage source. The plurality of guard electrodes generate
electric fields that constrain 1on motion towards the guard electrodes when receiving a
constant DC voltage from the DC voltage source.

[0011] In an embodiment of the apparatus, the AC voltage waveform 1s a sine
wave.

[0012] In an embodiment of the apparatus, the AC voltage waveform is the
sum of more than one AC voltage waveform.

[0013] In an embodiment of the apparatus, the AC voltage waveform applied
to adjacent electrodes within a longitudinal set of the second plurality of segmented
electrodes is phase shifted on the adjacent electrodes of the second plurality of
segmented electrodes 1n a repeating pattern.

[0014] In an embodiment of the apparatus, the AC voltage waveform appled
to adjacent electrodes within a longitudinal sel of the second plurality of segmented
electrodes is phase shified by approximately 45°, 90° or 120° on the adjacent
electrodes of the second plurality of electrodes in a stepwise fashion.

[0015] In an embodiment of the apparatus, the at least one surface includes a
single and non-planar surface.

[0016] In an embodiment of the apparatus, the single, non-planar surface 1s
one of the following shapes: curved, cylindrical, a spiral, a funnel, hemispherical, or

elliptical.
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[0017] In an embodiment of the apparatus, the at least one surface includes

two surfaces spaced apart from one another.

[0018] In an embodiment of the apparatus, the two surfaces are approximately
parallel to one another.

[0019] In an embodiment of the apparatus, a frequency of the applied AC
voltage waveform is selected from the range of 10 Hz - 200 kHz, and a frequency of
the applied RF voltage is selected {rom the range of 100 kHz — 5 MHz.

[0020] In an embodiment of the apparatus, a frequency applied AC voltage
waveform 1s selected from the range of 1 Hz to 1 kHz.

In an embodiment of the apparatus, a pressure range of the apparatus 1s from
atmospheric pressure to 1 mtorr vacuum.

[0021] In another embodiment of the disclosure, an apparatus for 1on
manipulations 1s provided. The apparatus includes at least one surface and a plurality
of segmented electrodes. The plurality of segmented electrodes is coupled to the at
least one surface and arranged in one or more longitudinal sets. The plurality of
segmented electrodes is further in electrical communication with an alternating
current (AC) voltage source and a radiofrequency (RF) voltage source. An AC
voltage waveform applied to adjacent electrodes within a longitudinal set of the
plurality of electrodes by the AC voltage source is phase shifted by 1°-359°. An RF
voltage applied to adjacent electrodes of the plurality of electrodes by the RF voltage
source is phase shifted by approximately 180°.

(0022] Embodiments of the apparatus may include one or more of the
following 1n any combination.

[0023] In an embodiment, the apparatus further includes a plurality of guard
electrodes positioned on outer ends of the plurahity of electrodes on the at least one
surface. The plurality of guard electrodes are further in electrical communication
with a DC voltage source. The plurality of guard electrodes generate electric fields
that constrain 1on motion towards the plurality of guard electrodes when receiving a
constant DC voltage from the DC voltage source.

[0024] In an embodiment of the apparatus, the applied AC voltage waveform

1S a sine wave.
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[0025] In an embodiment of the apparatus, the AC voltage waveform 1s the
sum of more than one AC voltage wavetorm.

[0026] In an embodiment of the apparatus, the applied the AC voltage
waveform is phase shifted on the adjacent electrodes ol the plurality of electrodes in a
repeating pattern.

[0027] In an embodiment of the apparatus, the applied AC voltage waveform
is phase shifted by approximately 45°, 90°, 120°, or 180° on the adjacent electrodes of
the plurality of electrodes 1n a stepwise fashion.

[0028] In an embodiment of the apparatus, the at least one surface includes a
single and non-planar surface.

[0029] In an embodiment of the apparatus, the single, non-planar surface is
one of the following shapes: curved, cylindrical, a spiral, a funnel, hemispherical, or
elliptical.

[0030] In an embodiment of the apparatus, the at least one surface includes
two surfaces spaced apart from one another.

[0031] In an embodiment of the apparatus, the two surfaces are approximately
parallel to one another.

[0032] In an embodiment of the apparatus, a frequency of the applied AC
voltage waveform 1s selected from the range of 1 kHz - 200 kHz, and the RF voltage
1s selected from the range of 100 kHz — 5 MHz.

[0033] In an embodiment of the apparatus, a pressure range of the apparatus is
from atmospheric pressure to 1 mtorr vacuum.

[0034] In an additional embodiment of the disclosure, a method of 1on
manipulations 1s provided. The method includes providing at least one surface. The
at least one surface includes a first plurality of continuous electrodes coupled to the at
least one surface and in electrical communication with a radiofrequency (RF) voltage
source. The at least one surface further includes a second plurality of segmented
electrodes coupled to the at least one surface and arranged in longitudinal sets
between or adjacent to the first plurality of electrodes. The second plurality of
segmented electrodes 1s further 1n electrical communication with an alternating

current (AC) voltage source. The method further includes applying, by the RF

voltage source, an RF voltage to adjacent electrodes of the first plurality of electrodes,
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where the applied RF voltage 1s phase shifted on the adjacent electrodes of the first
plurality of electrodes by approximately 180°. The method additional includes
applying, by the AC voltage source, an AC voltage waveform within a longitudinal
set of the second plurality of segmented electrodes, where the applied AC vollage

waveform is phase shifted on the adjacent electrodes of the second plurality of
electrodes by 1°-359°.

[0035] Embodiments of the method may include one or more of the following,
in any combination.

[0036] In an embodiment, the method further includes positioning a plurality
of guard electrodes on outer ends of the first and second plurality of electrodes on the
at least one surface. The plurality of guard electrodes are further in electrical
communication with a DC voltage source. The plurality of guard electrodes generate
electric fields that constrain ion motion towards the guard electrodes when receiving a
constant DC voltage from the DC voltage source.

[0037] In an embodiment of the method, the AC voltage waveform is a sine
wave.

[0038] In an embodiment of the method, the AC voltage waveform is the sum
of more than one AC voltage wavetorm.

[0039] In an embodiment of the method, the applied AC voltage waveform is
phase shifted on the adjacent electrodes of the second plurality of segmented
electrodes 1n a repeating pattern.

[0040] In an embodiment of the method, the applied AC vollage waveform is
phase shifted by approximately 45°, 90°, or 120° on the adjacent electrodes of the
second plurality of segmented electrodes 1n a stepwise [ashion.

[0041]} In an embodiment of the method, the at least one surface includes a

single and non-planar surface.

[0042] In an embodiment of the method, the single, non-planar surface is one
of the following shapes: curved, cylindrical, a spiral, a funnel, hemispherical, or
elliptical.

[0043] In an embodiment of the method, the at least one surface includes two

surfaces spaced apart from one another.
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[0044] In an embodiment of the method, the two surfaces are approximately
parallel to one another.

[0045] In an embodiment of the method, a frequency of the applied AC
voltage waveform is selected from the range of 10 Hz - 200 kHz, and a {requency of
the RF voltage is selected from the range of 100 kHz — 5 MHz.

[0046] In énother embodiments of the disclosure, a method of 1on
manipulation is provided. The method includes providing at least one surlace
including a plurality of segmented electrodes coupled to the at least one surface and
arranged in one or more longitudinal sets. The plurality of segmented electrodes are
in electrical communtcation with an alternating current (AC) voltage source and a
radiofrequency (RF) voltage source. The method further includes applying, by the
AC voltage source, an AC voltage waveform to adjacent electrodes within a set of the
plurality of segmented electrodes. The applied AC voltage waveform is phase shifted
on the adjacent electrodes of the plurality of segmented electrodes by 1°-359°. The
method also includes applying, by the RF voltage source, an RF voltage to adjacent
electrodes of the plurality of segmented electrodes. The applied RF voltage 1s phase
shifted on the adjacent electrodes of the plurality of segmented electrodes by
approximately 180°.

[0047] Embodiments of the method may include one or more of the following,
in any combination.

[0048] In an embodiment, the method further includes positioning a plurality
of guard electrodes on outer ends ol the plurality of segmented electrodes on the at
least one surface. The plurality of guard electrodes is further in electrical
communication with a DC voltage source. The plurality of guard electrodes generate
electric fields that constrain ion motion towards the guard electrodes when receiving a
constant DC voltage from the DC voltage source.

[0049] In an embodiment of the method, the AC voltage waveform 1s a sine
wave.

10050] In an embodiment of the method, the AC voltage waveform is the sum

of more than one AC voltage wavetorm wave.
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[0051] In an embodiment of the method, the applied AC voltage wavetform 1s
shifted on the adjacent electrodes of the plurality of segmented electrodes in phase 1n
a repeating pattern.

[0052] In an embodiment of the method, the applied AC voltage waveform 1s
phase shifted on the adjacent electrodes of the plurality of segmented electrodes by
approximately 45°, 90°, or 120° in a stepwise fashion.

[0053] In an embodiment of the method, the at least one surface includes a
single and non-planar surface.

(0054] In an embodiment of the method, the single, non-planar surface 1s one
of the following shapes: curved, cylindrical, a spiral, a funnel, hemispherical, or
elliptical.

[0055] In an embodiment of the method, the at least one surface includes two
surfaces spaced apart from one another.

[0056] In an embodiment of the method, the two surtaces are approximately
paralle] to one another.

[0057] In an embodiment of the method, a frequency of the applied AC
voltage waveform is selected from the range of 10 Hz - 200 kHz, and a frequency ot
the applied RF voltage is selected within the range of 100 kHz - 5 MHz.

[0058] In an embodiment, the electrodes may be arranged to cause ions to be
trapped and accumulated in a region of an ion manipulation device, such as, but not
limited to, the device described in U.S. Patent No. 8,835,839, incorporated by
reference 1in its entirety.

[0059] In an embodiment, the AC waveform can be adjusted to change,
reduce, or ehminate a degree of ion heating by the AC traveling waveform compared
to the transient application of DC voltages.

[0060] In an embodiment, the ton mobility separation can be stopped by
increasing the amplitude of the AC waveform.

[0061] In one embodiment, the AC traveling waveform is stopped by
changing the phase shift applied to adjacent AC electrodes to approximately zero or

by reducing the AC frequency to approximately zero.

BRIEF DESCRIPTION OF THE DRAWINGS
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[0062] Figure 1 is a schematic diagram of an apparatus for ion mobility
separations, in accordance with a first embodiment of the present disclosure.

[0063] Figure 2 is a schematic diagram of an apparatus for ion mobility
separations, in accordance with a second embodiment of the present disclosure.

[0064] Figure 3 is a schematic illustration of an apparatus for ion mobility
separations, in accordance with a third embodiment of the present disclosure.

[0065] Figures 4A-4B are schematic diagrams illustrating ion motion under
the influence of electric fields gencrated by a first plurality of RF electrovdes for

confinement of the 10ns.

[0066] Figure 4C is a schematic diagram illustrating net electric fields
generated by the first plurality of RF electrodes and a plurality of guard electrodes for
confinement of ions.

[0067] Figure 5 is a schematic illustration of a continuous -.AC .voltage
waveform (ACWF) applied to a second plurality of segmented electrodes for
generating a traveling wave for axial movement and separation of ions.

[0068] Figures 6A-6F are schematic illustrations of alternative embodiments
of electrode configurations.

[0069] Figures 6G-6P are schematic illustrations of alternative embodiments
of apparatus, including multiple levels, for performing ion separation using
continuous AC waveforms.

[0070] Figure 7A is a schematic illustration of an apparatus for performing ion

separation employing transient DC voltages.

[0071] Figure 7B is a schematic illustration of a transient DC voltage
employed in conjunction with the apparatus of Figure 7A. |

[0072] Figure 8A is a plot of voltage as a functién of time illustrating a
transient DC voltage waveform with a peak-to-peak amplitude (Vp.p) of
approximately 17V and a frequency of 4 kHz.

[0073] Figure 8B is a plot of intensity as a function of time illustrating an
arrival time distribution for ions possessing a mass to charge ratio (m/z) of 622 and

922 moving through the device of Figure 7A under the influence of the transient DC

voltage waveform of Figure 8A at speed of 116 m/s.

RECTIFIED SHEET (RULE 91) ISA/EP

PCT/US2016/047070
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[0074] Figure 9A 1s a plot of voltage as a function of time illustrating a

continuous AC voltage waveform with a peak-to-peak amplitude (V,,) of
approximately 35 V and a frequency of 4 kHz.

[0075] Figure 9B is a plot of intensity as a function of time illustrating an
arrival time distribution for ions possessing a mass to charge ratio (m/z) of 622 and
922 moving through the device of Figure 1 under the influence of the continuous AC
voltage waveform of Figure 9A at a speed of 76 m/s.

[0076] Figure 10 is a plot of resolution as a function of traveling wave speed
illustrating the resolution achieved using the DC voltage waveform of Figure 7A and
the continuous AC voltage waveform of 8A for ions possessing an m/z of 622 and
922 moving through the device of Figures 6 and 1, respectively.

[0077] Figure 11 is a plot of normalized time as a function of electric field
strength for 1ons possessing an m/z of 622-922 moving through the device of Figures
6 and 1 using the voltage waveforms of Figures 7A and 8A, respectively.

[0078] Figure 12 is a schematic illustration of an apparatus having a curved
surface for performing 1on separation employing transient DC voltages.

[0079] Figure 13A is a plot of ion counts as a function of time illustrating an
arrival time distribution for ions possessing an m/z of 622 and 922 moving through
the device of Figure 12 under the influence of transient DC voltages.

[0080] Figure 13B i1s a plot of ion counts as a function of time illustrating an
arrival time distribution for ions possessing an m/z of 622 and 922 moving through

the device of Figure 3 under the influence of a continuous AC waveform.

DETAILED DESCRIPTION
[0081] The following description includes embodiments of the present
disclosure. These embodiments are not limited to these illustrated but also include a
variety of modifications and embodiments thereto. Therefore, the present description

should be seen as illustrative and not limiting. While the disclosed embodiments are

‘susceptible of various modifications and alternative constructions, it should be

understood, that there is no intention to limit the disclosure to the specific form

10
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discussed, but, on the contrary, the disclosure is to cover all modifications, alternative
constructions, and equivalents falling within the spirit and scope of the disclosure as
defined in the claims.

[0082] Embodiments of the present disclosure are directed to improved
methods and apparatuses for separation of gas phase 1ons based on their mobilities
employing continuous, alternating current (AC) waveforms or multiple continuous
AC wavelorms applied to one or more segmented electrodes. As discussed in detail
below, these embodiments provide advantages over conventional i1on mobility
separation devices and methods, including reduced heating of 1ons, while providing
comparable separation ability.

[0083] Conventional drift tube ion mobility separation (DT-IMS) employs a
fixed voltage drop over the length of an IMS tube to provide a relatively weak,
constant electric field under which 1ons move through the IMS tube. In this
technique, ions are separated according to their relative mobilities when moving
through a given buffer gas under a the applied electric field. The mobility 1s related to
the collision cross-section of the ion with the inert buffer gas, the area around the 1on
in which the center of a buffer gas molecule must strike in order for a collision to
occur. As discussed above, the collision cross-section 1s related to 1on characteristics
such as mass, size shape, and charge. In general, 1ons with a relatively larger collision
cross-section possess lower mobility and vice versa. For example, an 1on having a
relatively low ion mobility (larger ion collision cross-section) will arrive at the
detector at a later time as compared to an 10n having a relatively larger 1on mobiity
(smaller collision cross-section). Thus, by measuring the number of 10n counts as a
function of time, a spectrum of peaks and valleys is obtained. Comparing such
spectra to spectra of known ions under the measurement conditions permits
identification of the respective ions within a sample.

[0084] For any IMS measurements, it 1s desirable to adequately separate
different ions so that they appear as distinct peaks IMS spectrum. That is to say,
interpretation of IMS spectra becomes considerably more difficult when peaks due to
different 1ons overlap. Thus, the ability of an IMS instrument to resolve closely

spaced peaks 1s of significant interest.
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[0085] In the context of conventional DT-IMS, increasing the resolving
power, a quantity characterizing the separation efficiency of the IMS, requires
increasing the magnitude of the voltage drop (V) over the length (d) of the tube. As
discussed above, in DT-IMS, the electric field (E) i1s held constant and given by E =
V/id. Accordingly, it may be understood that increasing the resolving power
(increasing V) requires an increase in the length of the drift tube, d, to maintain a
constant electric field. Therefore practical constraints on the magnitude of the voltage
drop and the tube length, amongst other considerations, limit the resolving power
achieved in DT-IMS.

[0086] Turmng to another conventional IMS technique, traveling wave 1on
mobility separation (TW-IMS), a traveling electric field waveform is employed to
move 1ons through the IMS tube, in contrast to the constant electric field discussed
above. The traveling waveform 1n this case is generated by application of a transient
and repetitive direct current (DC) voltage profile on a series of electrodes along the
length of the IMS tube. For example, as discussed 1n greater detail below with respect
to the example of Figure 7, a transient DC voltage may be applied to the set of
electrodes to form a square-like voltage profile across the set of electrodes. For
example, a high and constant voltage is applied to a first subset of the electrodes and a
low (e.g. zero) voltage applied to an immediately subsequent second subset of the
electrodes. The DC voltage waveform is then time-stepped through the entire set of
electrodes in steps such that an electrode receiving a high voltage at a first time step
receives a Jow vollage at the next time step. This time-stepping 1s then propagated
throughout the device to create the TW, typically with simple sequences of steps
repeated many times over many electrodes in the device. The application of transient
DC voltages (e.g., traveling waves) can eliminate the need for increasingly high
voltages as the drift length increases.

[0087] In general, the variables affecting ion motion in TW-IMS are the
amplitude of the traveling wave, the traveling wave velocity, and the operating
pressure. The ability of an ion to keep up with the traveling wave in the presence of
collisions with the buffer gas is a function of the 1on’s velocity (mobility). Depending
on the ratio of the maximum ion velocity to the speed of the traveling wave, c, three

modes of 10n behavior are observed.
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. ¢ >> 1: When the maximum ion velocity is much greater than the
speed of the traveling wave, ¢ >> 1, ions move through the device in
elfective and distinct ion trapping regions created by the TW. Thus,
under this condition, 1ons move through and exit the device

unseparated.

. ¢ << 1: When the maximum ion velocity is much less than the speed
of the wave, ¢ << 1, the ions have insufficient mobility to keep up with
the TW. Under this circumstance, ions are largely unaffected by the
TW. As a result, the ions become trapped inside the IMS device, not

exiting the IMS device, or only slowing moving and exiting the IMS

device, often with significant diffusional broadening.

* c = 1: When the maximum ion velocity is approximately equal to the
speed of the wave, ¢ = 1, 1ons can move with the wave much of the
time, but are also occasionally passed over by waves. Ions of lower
velocity or mobility tend to fall behind more often than those of higher

velocity or mobility, and 1on separation is achieved.

[0088] Notably, however, commercially available TW-IMS devices have
limited separation ability due to practical limitations on the size and complexity of the
electrode structures. This limited separation ability can be inadequate for many
potential applications, a challenge that 1s general to IMS, particularly where high
sensitivity 1s also desired. Furthermore, because the transient DC voltages in
conventional TW-IMS are apphed in an on-or-off basis, the magnitude of the resultant

electric field at the front of the wave i1s relatively high, as compared to the magnitude

of the electric field used in DT-IMS. The high electric field in TW-IMS leads to ions

spending more time 1n high electric fields and further results in some increased extent
of internal ‘heating’ of ions compared to drift tube arrangements. This heating can
lead to undesired changes of conformation or shape of ions, as well as reduced

precision in the determination of collision cross-sections for ions being separated.
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[0089] To address these limitations, embodiments of the disclosure present
development and characterization of a new traveling wave-based Structure for
Lossless Ion Manipulations (SLIMS) for ion mobility separations that employs
continuous, alternating current (AC) voltage waveforms (AC-SLIMS) o form the
traveling wave, as opposed to the transient DC voltage waveforms of conventional
TW-IMS.

[0090] As discussed in greater detail below, certain embodiments of the AC-
SLLIMS apparatus include a first plurality of continuous radiofrequency (RE)
electrodes and a second plurality of segmented AC electrodes. The first plurality of
RF electrodes are mounted to a sﬁrface and positioned generally parallel to one
another. The second plurality of segmented AC electrodes are positioned laterally
adjacent to the first plurality of RF electrodes (e.g., interposed between). Application
of RF voltages to the first plurality of continuous electrodes generates electric fields
that provide ion confinement. Application of a continuous, time-varying AC voltage
to the second plurality of segmented electrodes forms an alternating current (AC)
voltage waveform to create a TW that generates an electric field to provide
longitudinal ion motion and separation. The AC voltage waveform may be applied 1n
the form of a sine wave, a cosine wave, or a combinations of multiple sine and/or

cosine waves.

[0091] As illustrated below in the Examples, the AC-SLIMS approach
achieves comparable resolution to conventional TW-IMS.  Furthermore, an
unexpected feature of the AC-SLIMS embodiments is that 1ons appear to spend less
time at higher electric fields. As a result, ions separated using the AC-SLIMS
approach undergo fewer conformational changes {from ion heating, as compared (o
conventional TW-IMS using transient application of DC voltage waveforms.
Furthermore since conformation changes also change the ion collision cross-section,
reducing the number of these changes using the AC-SLIMS approach enables more
precise measurement of 1on collision cross-sections.

[0092] The ability of the AC-SLIMS approach to provide more precise
measurement of collision cross-section is highly beneficial. In one aspect, this

precision facilitates 1on measurements performed in one laboratory to be reproduced

in another laboratory. In another aspect, this precision provides a greater degree of
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confidence in acquired measurements using the AC-SLIMS apparatus and methods.

In a further aspect, this precision is umportant for detailed examination of ion
structure, as it allows for reasonable determinations of what different structures may
be present in a sample. In an additional aspect, as the collision cross-section may be

used in other calculations as a physical constant, this precision lends itself to further

precision in those other calculations as well.

[0093] The discussion will now turn to Figure 1, which presents a schematic
diagram of an apparatus 100 for ion mobility separations, in accordance with one
embodiment of the present disclosure. The apparatus 100 includes at least one surface
(not shown) and a plurality of electrodes coupled thereto. In certain embodiments, the
at least one surface 1s a single surface. In further embodiments, the at least one
surface 1s a single planar surface or a single non-planar surface (e.g., a curved
surface). In alternative embodiments, the at least one surface 1s a pair of surfaces,
oriented approximately parallel to one another and offset by a gap (e.g., vertically
offset).

[0094] For example, in certain embodiments, a pair of surfaces may be
approximately parallel if a spacing between the pair of surfaces along their respective
lengths deviates from a selected value by less than a pre-determined amount. The
predetermined amount may be selected within the range from 0.001% to 10%.

[0095] In an embodiment, the at least one surface is a substrate formed from a
material suitable for receiving one or more electrically conductive elements (e.g.,
electrodes) and/or forming electrical circuits thereon. For example, the at least one
surface may be formed from any insulating material (e.g., a semiconductor, a ceramic,
a polymer, etc.). In another example, the at least one surface may be formed by
additive manufacturing process (e.g., 3-D printing).

[0096] In further examples, the at least one surface is a printed circuit board
(PCB). PCBs may be formed from materials including, but not limited to, reinforced

or unreinforced polymer resins. Example reinforcements may include, but are not
limited to, continuous and discontinuous fibers (e.g., glass fibers). Example polymer

resins may include, but are not limited to, epoxies.
[0097] In further embodiments, the dimensions of the at least one surface may

be provided, as necessary, without limit. In certain embodiments, each of the

15



CA 03000341 2018-03-28

WO 2017/062102 PCT/US2016/047070

dimensions of the at least one surface may be independently selected from the range

of 3 cm - 300 c¢cm in length and 0.75 cm — 76 cm in width.

[0098] The plurality of electrodes includes a first plurality of continuous

electrodes 110 and 120 and a second plurality of 125 of segmented electrodes. A

5  plurality of guard electrodes 130 are also positioned to the side of the first plurality of
continuous electrodes 110 and 120. As discussed in greater detail below, the first
plurality of continuous electrodes 110, 120 serve to conline the 10ns 1n the y-direction
(e.g., vertically), while the guard electrodes 130 serve to confine the 1ons in the x-
direction (e.g., in the width direction). The second plurality of segmented electrodes

10 125 form the TW that moves the ions in the z-direction (e.g., in the longitudinal
direction) through the apparatus 100.

[0099] The discussion will continue with further reference to the first plurality
of continuous electrodes 110, 120. As an initial matter, these electrodes may be
interchangeably referred to herein as RF electrodes, first plurality of electrodes, or

15  simply electrodes 110 and/or electrodes 120. Each of the first plurality of electrodes
110, 120 is generally elongated and continuous, extending along at least a portion of a
length of the at least one surface (e.g., the z-direction). For example, as illustrated in
Figure 1, each of the first plurality of electrodes 110, 120 extends along the entire
length of the surface. Further, the first plurality of electrodes 110 and 120 are

20  positioned in an alternating fashion along a width of the surface (e.g., the x-direction),
spaced apart from one another.

[0100] The dimensions of the first plurality of electrodes 110, 120, and their
respective spacing to one another, may be independently selected to generate effective
potentials that confine ions within the apparatus 100. In general, there 1s no

25 maximum or minimum length or width of the first plurality of electrodes 110, 120.
The length of the first plurality of electrodes 110, 120 is limited only by the desired
dimensions of the at least one surface upon which they are secured. The width and
lateral spacing of the first plurality of electrodes 110, 120 is generally desired to be as
small as feasible to provide fine control of the confining electric field. In an example,

30 the width of the first plurality of electrodes 110, 120 may be independently selected

from the range of 0.05 mm to 5 mm (e.g., 0.5 mm). In a further example, the lateral
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spacing between adjacent electrodes of the first plurality of electrodes 110, 120 may

be selected from the range of 0.04 mm — 4 mm.

[0101] It should be noted that the embodiment of Figure 1 is not be construed
as hmiting, and that the number of {irst plurality of continuous electrodes 110 and 120
coupled to the at least one surface can be the same or different. Also, the first
plurality of continuous electrodes nearest the guard electrodes 130 can each be the
same electrode 110 or 120 or can each be different ones of the first plurality of
electrodes 110 and 120. Thus, as one example, the electrode nearest each guard
electrode 130 can be the same electrode 110. Further alternative configurations of the
first plurality of electrodes are discussed 1n greater detail below with respect to Figure
0.

[0102] Each of the electrodes of first plurality of electrodes 110, 120 is
additionally 1n electrical communication with an RF voltage source (not shown). In
use, RF voltages are applied to laterally adjacent ones of the first set of electrodes 110
and 120, approximately 180° out of phase with respect to each other. That is, an RF
voltage applied to the plurality of first electrodes 110 1s 180° out of phase with an RF
voltage applied to the plurality of first electrodes 120, as one example. Thus, the
charge on laterally adjacent ones of the first plurality of electrodes 110 and 120 at any
given time 1s of opposite polarity, indicated in Figure 1 as RF+ and RF-. As discussed
in detail below, as time advances, the polarity of each of the plurality of electrodes
110, 120 switches, transitioning from positive to negative or negative to positive.

[0103] An example ol ion behavior within electric fields generated by
application of RE voltages to the first set of electrodes 110 and 120 1s i1llustrated in
Figures 4A-4B. A longitudinal cross-section (x-y plane) of apparatus 100 is
presented, including two opposing surfaces having respective first sets of electrodes
110 and 120 coupled thereto. In an initial state (Fig 4A), electrodes 110 have a
positive charge thereon and electrodes 120 have a negative charge thereon.

[0104] Assume, for example, first and second positive ions 400, 402
positioned between the two surfaces, with the first positive ion 400 positioned
approximately 1n the middle of the two surfaces and the second positive ion (solid

outline) positioned near an electrode 110. In general, the magnitude of the voltage

applied to the first plurality of electrodes 110, 120 is such that the resultant electrical
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fields only influence the motion of the ions when the distance between the 1on and the

electrode is less than two electrode widths. This creates a “neutral zone” (dot-dot-
dash lines) between the surfaces where the first positive 1on experiences
approximately no net attraction or repulsion due to the electric fields generated by the
first plurality of electrodes 110, 120. In contrast, the second positive ion, which is
close to positively charged electrode 110, experiences a repulsive force urging the
second positive ion towards the neutral zone (e.g., upwards in Figure 4A).

[0105] With further reference to Figure4, as time advances, the ¢ of the first
set of electrodes 110, 120 reverses, resulting in the electrodes 110 possessing a
negative charge and the electrodes 120 possessing a positive polarity. Should the
repulsive force experienced by the second positive ion, as described above with
respect to Figure 4A, cause it to move beyond the neutral zone, the electric field
generated by the electrode 120 exerts a further repulsive force urging the second
positive back towards the neutral zone (e.g., upwards in Figure 4A).

[0106] Subsequently, as time further advances, the polarity of the first
plurality of electrodes 110, 120 reverses again, returning to the state of Figure 4A.
Provided that the RF frequency changes quickly enough to prevent ions trom
contacting the electrodes, the position of 10ns that stray out of the neutral zone close 1s
corrected to return them to the neutral zone, providing confinement between the two
surfaces (i.e., in the y-direction). For example, in an embodiment, the frequency of
the RF voltage applied to the first plurality of electrodes may be selected from the
range between 100 kHz — 5 MHz. the amplitude of the RF vollage may be selected
from the range between 10 V to 500 V.

[0107] For a given charge, the RF [requency and amplitude are selected {rom
their respective ranges based upon the mass of the ions and the pressure of the buffer
gas. Relatively higher frequencies and higher amplitudes are selected for relatively
light ions (1.e., faster moving ions) and lower frequencies and lower amplitudes
selected within this range for relatively heavy ions (i.e., slower moving 10ns).
Relatively higher voltages are employed for higher pressures. The electric field
generated by the RF electrodes in this manner may be represented by an eflective

electric field, Eqf, rp, as illustrated in Figure 4C.
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[0108] With further reference to Figure 1, each of the plurality of guard
electrodes 130 is coupled to the surface and positioned laterally adjacent to the
outward most ones of the first plurality of electrodes 110, 120. For example, as
illustrated in Figure 1, the plurality of guard electrodes 130 are positioned laterally
adjacent to the outward most electrodes 110. Each of the plurality of guard electrodes
130 are further in electrical communication with a DC voltage source (not shown).
Each of the dimensions of the guard electrodes may be independently selected from
the range of 0.05 mm —~ 5 mm in width.

[0109] In use, a constant DC voltage is applied to each of the plurality of
guard electrodes 130 to further confine 1ons in the x-direction (e.g., laterally,
orthogonal to the direction of longitudinal motion of the 1ons). The polarity of the DC
voltage 1s selected to be the same as that of the 1ons, generating an electric field, Epc
that repels the ions, as illustrated in Figure 4C. In an embodiment, the magnitude of
the DC voltage is selected from the range between 1 V to 100 V.

[0110] The discussion will now turn to the second plurality of electrodes 123
with further reference to Figure 1. The electrodes of the second plurality of electrodes
125 are segmented and interposed between the first plurality of electrodes 110 and
120. A given set of electrodes of the second plurality of electrodes 125 may include
respective electrodes positioned between a given pair of the first plurality of
electrodes 110, 120. For example, a given set of electrodes of the second plurality of
electrodes 125 may extend in the z direction along a line, as illustrated 1n Figure 1.
Each of the dimensions of the respective ones ol the second plurality of electrodes
125 may be independently selected from the range of 0.2 mm — 20 mm 1n length and
0.04 mm ~ 4.5 mm in width.

[0111] It may be understood, however, that other configurations of the second
plurality of electrodes are also contemplated. For example, a set of the second
plurality of electrodes may be positioned laterally adjacent to the guard electrodes,
and thus not necessarily be interposed between laterally adjacent ones of the first
plurality of electrodes. In other embodiments, the length of respective ones of the
second plurality of electrodes may be independently varied. Further alternative
configurations of the second plurality of electrodes are discussed in greater detail with

respect to Figure 6.
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[0112] Each of the segmented electrodes of the second plurality ot electrodes
125 1is further in electrical communication with an AC voltage source (not shown).
With further reference to Figure 5, a single set of the second plurality of electrodes
125 is illustrated. Inuse, an AC voltage wavelorm is applied (o each of the electrodes
125, with the AC voltage waveform applied to longitudinally adjacent electrodes
within the longitudinal set of the second plurality of electrodes 125. The applied AC
voltage waveform is phase shifted with respect (o the longitudinally adjacent
electrodes 125. In this manner, the applied AC voltage waveform spans a portion of
the second plurality of electrodes 125, extending longitudinally in the desired
direction of ion travel (i.e., the z-direction).

[0113] For example, as illustrated in Figure 5, the second plurality of
electrodes 125 includes 8 segmented electrodes 141-148 across which an AC voltage
waveform in the form of a sine wave is applied. In an embodiment, the phase shift
between each of the segmented electrodes 141-148 is equal (i.e., 45°) and the total
phase shift across the electrodes 141-148 sums to 360°. That is, the phases of the
applied AC waves are shifted by 45°, 90°, 135°, 180°, 225°, 270°, 315°, and 360°
respectively on the segmented electrodes in a stepwise fashion so as to move and
separate the ions in the direction of the increasing phase shift. Accordingly, the AC
voltage waveform applied to segmented electrode 141 has a phase of 45°% the AC
voltage waveform applied to segmented electrode 142 has a phase of 90°; the AC
voltage waveform applied to segmented electrode 143 has a phase of 135° the AC
voltage waveform applied to segmented electrode 144 has a phase of 180°; the AC
voltage waveform applied to segmented electrode 145 has a phase of 225°; the AC
voltage waveform applied o segmented electrode 146 has a phase ol 270° the AC
voltage waveform applied to segmented electrode 147 has a phase of 315%; and the
AC voltage waveform applied to segmented electrode 148 has a phase of 360°.

[0114] Subsequently, the AC voltage waveform is applied in a repeating and
stepwise manner to the plurality of second electrodes that follow electrodes 141-148.
For example, with further reference to Figure 1, the AC voltage waveform applied to
segmented electrode 151 has a phase of 45° the AC voltage waveform applied to
segmented electrode 152 has a phase shift of 90°; the AC voltage waveform apphed to

segmented electrode 153 has a phase shift of 135°; the AC voltage waveform apphed
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to segmented electrode 154 has a phase shift of 180° the AC voltage waveform
applied to segmented electrode 1355 has a phase shift of 225° the AC voltage
waveform applied to segmented electrode 156 has a phase shift of 270° the AC
voltage waveform applied to segmented electrode 157 has a phase shift of 315°; and
the AC voltage waveform applied to segmented electrode 158 has a phase shift of
360°. This process is repeated for additional segmented electrodes of the second
plurality of electrodes 125 until the end ol the second plurality of electrodes 125 is
reached, so as to move and separate the ions in the z-direction.

[0115] At a given time, an 1on within the apparatus 100 is generally located at
the lowest energy position, which depends upon the 1on velocity to keep up with the
traveling wave motion. For example, assume this lowest energy position lies at or
near to the position of the segmented electrode having the lowest magnitude of the
AC voltage waveform (i.e., electrode segment 146 having a phase shift of 270°).
When the maximum ion velocity i1s approximately equal to the speed of the traveling
wave, ¢ = 1, ions can move with the wave much of the time, but are also occasionally
passed over by waves. lons of lower velocity or mobility tend to fall behind more
often than those of higher velocity or mobility, and 10n separation is achieved. Thus,
under the conditions of ¢ = 1, translation of the AC voltage waveform in the z-
direction forms a traveling wave that urges the ion to move so as to stay within the
lowest energy position.

[0116] In an embodiment, the frequency of the AC voltage waveform may be
selected [rom the range between 10 Hz — 200 kHz (e.g., 1 kHz — 200 kHz) and the
amplitude of the AC voltage waveform may be selected from the range between 1 V
o 200 V. For example, in one embodiment, the [requency of the AC vollage
waveform can be selected from the range of 1 Hz — 1 kHz. In further embodiments,
the pressure of the carrier gas is selected from the range of atmospheric pressure to 1
mtorr vacuum. For a given charge, the frequency and amplitude of the AC voltage
waveform are selected from their respective ranges based upon one or more of
pressure of the buffer gas, dimensions of the segmented electrodes of the second
plurality of electrodes 125, and the mass to charge ratio of the ions.

[0117] The embodiment of Figure 5 employs a constant phase shift of 45°
between neighboring segmented electrodes (i.e., 360° divided by the number of
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electrodes over which the AC voltage waveform is spread). However, in further

embodiments, the traveling AC voltage waveform may adopt other phase shifts,
selected from the range of 0°-359°, without limit. For example, one alternative
embodiment, the phase shift may be 90° or 120°. In other alternative embodiments,
the phase shift between at least one pair of neighboring segmented electrodes may be
different. In further alternative embodiments, AC voltage waveform exhibits at least
one discontinuity (i.e., the sum of phase shilts between the electrodes over which the
AC voltage waveform is spread does not sum to 360°).

[0118] In the example of Figure 5, the AC voltage waveforms are sine waves.

However, 1t may be understood that, in alternative embodiments, the AC voltage
waveforms may adopt other forms, such as cosine waves or sums of more than one
wave.

[0119] In additional embodiments, the number of segmented electrodes of the
second plurality of electrodes may be different than that illustrated in Figures 1 or 5.
For example, the plurality of second electrodes require a minimum of three segmented
electrodes in order to form a potential valley to trap and transport ions for separation.
However, there is no limit on the maximum number of electrodes within the plurality
of second electrodes. Accordingly, the number of electrodes within the plurality of
second electrodes may be selected from integers greater than or equal to three.

[0120] Turning now to Figure 2, a schematic diagram of an apparatus 200 for
ion mobility separations, in accordance with a second embodiment of the present
disclosure, 1s illustrated. The apparatus 200 includes at least one surface (not shown),
and a plurality of segmented electrodes 250 coupled to the surface. In alternative
embodiments, the at least one surface is a pair of surfaces, oriented parallel (0 one
another and offset by a gap (e.g., vertically offset). The apparatus 200 further
includes guard electrodes 230 are positioned to the side of the plurality of electrodes
250.

[0121] Still referring to Figure 2, the apparatus 200 differs from the apparatus
100 in that AC and RF voltages are applied concurrently on the plurality of electrodes
2350, rather than on the first plurality of electrodes 110, 120 and the second plurality of

electrodes 125. Thus, as discussed in greater detail below, the plurality of segmented

electrodes 230 serve to confine the 1ons 1n the y-direction (e.g., vertically) and form
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the TW that moves the 1ons in the z-direction (e.g., longitudinally) through the
apparatus 100. The plurality of guard electrodes 130 serve to confine the ions in the
x-direction (e.g., horizontally). Unless otherwise noted in the discussion below, the
apparatus 200 operates similarly to apparatus 100.
S [0122] Each of the plurality of segmented electrodes 250 is in electrical
communication with an AC voltage source and an RF voltage source (not shown).
With [urther reflerence to Figure 2, in use, AC voltages are applied to each of the
plurality of segmented electrodes 250, with the AC voltages applied to longitudinally
adjacent segmented electrodes being phase shifted with respect to one another by a
10 value selected from the range of 0°-359°. In this manner, an AC voltage waveform is
formed that spans a portion of the plurality of segmented electrodes 250, extending
longitudinally in the desired direction of ion travel (i.e., the z-direction).
Concurrently, RF voltages are superimposed upon the applied AC voltages. The
phase of the RF voltages apphed to longitudinally adjacent segmented electrodes
15  being approximately 180° out of phase with respect to one another (i.e., the phase shift
1S 1n the direction of 1on motion).

[0123] For example, an AC voltage waveform exhibiting a 45° phase and a
separate RF voltage are each applied to electrode segment 251; an AC voltage
waveform exhibiting a 90° phase and an RF voltage, 180° out-of-phase from the RF

20  voltage applied to the electrode segment 251, are each applied to the electrode
segment 252; an AC voltage waveform exhibiting a 135° phase and an RF voltage,
180° out-of-phase from the RF voltage applied to the electrode segment 252, are each
applied to the electrode segment 253; an AC voltage waveform exhibiting a 180°
phase and an RF voltage, 180° out-of-phase {from the RF voltage applied (o the

25  electrode segment 253, are each apphed to the electrode segment 254; an AC voltage
waveform exhibiting a 225° phase and an RF voltage, 180° out-of-phase from the RF
voltage applied to the electrode segment 254, are each applied to the electrode
segment 255; an AC voltage waveform exhibiting a 270° phase and an RF voltage,
180° out-of-phase from the RF voltage applied to the electrode segment 255, are each

30 applied to the electrode segment 256; an AC voltage waveform exhibiting a 315°
phase and an RF voltage, 180° out-of-phase from the RF voltage applied to the

electrode segment 256, are each applied to electrode segment 257; and an AC voltage
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waveform exhibiting a 360° phase and a RF voltage, 180° out-of-phase from the RF
voltage applied to electrode segment 257, are each applied to electrode segment 258.
[0124] Continuing on the segmented electrodes in Figure 2, an AC voltage
wavelorm exhibiting a phase shilt of 45° and an RF voltage are concurrently applied
to segmented electrode 261; an AC voltage waveform exhibiting a phase of 90° and

an RF voltage, 180° out-of-phase from the RF voltage apphled to electrode 261, are

each applied to segmented electrode 262; an AC voltage waveform exhibiting a phase
of 135° and an RF voltage, 180° out-of-phase from the RF voltage applied to electrode
262, are each concurrently applied to segmented electrode 263; an AC voltage
waveform exhibiting a phase of 180° and an RF voltage, 180° out-of-phase from the
RF voltage applied to electrode 263, are each concurrently applied to segmented
electrode 264; an AC voltage waveform exhibiting a phase of 225° and an RF voltage,
180° out-of-phase from the RF voltage applied to electrode 264, are each concurrently
applied to segmented electrode 265; an AC voltage exhibiting a phase ot 270° and an

RF voltage, 180° out-of-phase from the RF voltage applied to electrode 265, are each
concurrently applied to segmented electrode 266; an AC voltage waveform exhibiting
a phase of 315° and an RF voltage, 180° out-of-phase from the RF voltage applied to
electrode 266, are each concurrently applied to segmented electrode 267; and an AC
voltage waveform exhibiting a phase of 360° and an RF voltage, 180° out-of-phase
from the RF voltage applied to electrode 267, are each concurrently applied to
segmented electrode 268.

[0125] In an embodiment, the frequency of the RF voltage may be selected
from the range between 100 kHz — 5 MHz and the amplitude of the RF voltage may

be selected from the range between 10 V to 500 V. In lurther embodiments, the
frequency of the AC waveform may be selected from the range between 10 Hz —

200 kHz and the amplitude of the AC waveform may be selected from the range
between 1 V to 200 V.

[0126] With further reference to Figure 2, each of the plurality of guard

electrodes 230 is coupled to the surface, positioned laterally adjacent to the outward
most ones of the plurality of segmented electrodes 250. Each of the plurality of guard
electrodes 230 are further in electrical communication with a DC voltage source (not

shown). In use, a constant DC voltage is applied to each of the guard electrodes 230
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to further confine ions in the x-direction (e.g., laterally, orthogonal to the direction ot
longitudinal motion of the ions), as discussed above with respect to the guard
electrodes 130 of Figure 1. In an embodiment, the magnitude of the DC voltage 1s
selected from the range of 1 V to 100 V.

[0127] The example above employs a constant phase shift of 45° between the
AC voltage waveform applied to longitudinally adjacent ones of the plurality of
segmented electrodes 250 (i.e., 360° divided by the number of electrodes over which
the AC waveform is spread). However, in further embodiments, the traveling AC
voltage waveform may adopt other phase shifts, selected from the range of 0°-359°,
without limit. For example, in one alternative embodiment, the phase shift may be
90° or 120°. In other alternative embodiments, the phase shift between at least one
pair of longitudinally adjacent segmented electrodes may be different. In further
alternative embodiments, AC voltage waveform may exhibit at least one discontinuity
(i.e., the sum of phase shifts between the electrodes over which the AC voltage
waveform is spread does not sum to 360°).

[0128] In additional embodiments, the number of the plurality of segmented
electrodes 250 may be different than that illustrated in Figure 2. For example, the
plurality of segmented electrodes 250 requires a minimum of three segmented
electrodes in order to form a potential valley to trap and transport 1ons for separation.
However, there i1s no limit on the maximum number of segmented electrodes of the
plurality of segmented electrodes. Accordingly, the number of segmented electrodes
may be selecled [rom integers greater than or equal to three.

[0129] The AC voltage waveforms applied to the plurality of electrodes of the
apparatus of Figure 2 have been discussed above as sine waves the AC voltage
waveforms. However, in further embodiments, the AC voltage waveform may adopt
other forms, such as cosine waves or sums of more than one wave.

[0130] With reference to Figure 3, a schematic diagram for an apparatus 300
for ion mobility separations, in accordance with a third embodiment of the present
disclosure, 1s 1llustrated. The apparatus 300 includes at least one surface (not shown),
and a plurality of curved electrodes 310, 320, 325, and 330 coupled to the surface.

The radius of curvature of the curved electrodes may be selected from the range of 1

mm to 100 mm.
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[0131] A first plurality of curved electrodes 310 and 320 are laterally spaced

from one another and in electrical communication with an RF voltage source (not
shown) In operation, opposite phase RF voltages 1s are applied to laterally adjacent
ones of the first plurality of electrodes 310 and 320 to confine the 10ons within the y-
direction. The dimensions and positioning of the curved electrodes 310, 320, as well
as the manner of applying the RF voltages, may be provided as discussed above with
respect to the first plurality of electrodes 110, 120 of Figure 1.

[0132] Electrodes 330 are curved guard electrodes, laterally spaced from one
another and adjacent the outermost ones of the curved electrodes 310, 320, and 325.
For example, as illustrated in Figure 3, the curved guard electrodes 330 are positioned
laterally adjacent to the outermost ones of the first plurality of curved electrodes 310,
320. The curved guard electrodes 330 are further in electrical communication with a
DC voltage source (not shown). In operation, DC voltages are applied to the guard
electrodes 330 such that the curved shape and the electric fields generated by the
applied DC potentials provides confinement of the ions in the x-direction. The
dimensions and positioning of the curved guard electrodes 330, as well as the manner

of applying the DC voltages, may be provided as discussed above with respect to

guard electrodes 130 of Figure 1.

[0133] A second plurality of curved electrodes 325 are segmented and
interposed between respective ones of the first plurality of curved electrodes 310, 320.
The second plurality of curved electrodes are further in electrical communication with
an AC voltage source (not shown). A given set of electrodes of the second plurality
of curved electrodes 325 may be positioned between a given pair of the first plurality
of curved electrodes 310, 320. In operation, a continuous AC voltage waveform is
applied to a second plurality of curved electrodes 325, where the AC voltage
waveform 1s phase shifted on longitudinally adjacent electrodes within a given set of
the second plurality of curved elecrodes to move the ions through the length of the
apparatus 300 (i.e., in the z-direction). The dimensions and positioning of the second
plurality of curved electrodes 325, as well as the manner of applying the continuous
AC voltages, may be provided as discussed above with respect to the second plurality

of electrodes 120 of Figure 1.
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[0134] Alternative embodiments of electrode configurations coupled to the at
Jeast one surface are illustrated in Figures O6A-6F. As discussed below, the
embodiments of Figures 6 A-6F are presented in the context of apparatus 100 with
reference to the first plurality of continuous electrodes 110, 120, guard electrodes 130,
and the second plurality of electrodes 125. Furthermore, the guard electrodes 130 are
positioned to the side of the first plurality of electrodes 110 and 120 and the second
plurality of segmented electrodes 125 is interposed between the first plurality of
electrodes 110 and 120.

[0135] In alternative embodiments, the positions of the first plurality of
continuous electrodes 110, 120 and the second plurality of segmented electrodes 1235
in the electrode configurations of Figures 6A-6F may be reversed. In further
alternative embodiments, the electrode configurations of Figures 6A-6F may be also
used in combination with the apparatus 200, where the plurality of electrodes 250 are
provided in lieu of the first and second plurality of electrodes 110, 120, 123.

[0136] Figure 6A illustrates an embodiment of an alternative electrode
configuration including f{irst segments 600A-1 oriented parallel to one another and
connected to a second segment 600A-2 oriented perpendicular the first segments
600A-1, forming a “U” shape. This configuration may be beneficial in circumstances
where it 1s desired to reverse the direction of 1on motion. It may be understood that,
in further alternative embodiments, the respective orientations of the first and second
segments 600A-1, 600A-2 may be varied. For example, the first segments 600A-1
need not be parallel but may adopt a non-zero angle with respect to one another. In
another example, the second segment 600A-2 need not be perpendicular to one or
both of the first segments 600A-1 and may instead adopt a non 90° angle, while still
remaining connected to each of the first segments 600A-1.

[0137] Figure 6B illustrates an embodiment of an alternative electrode
configuration where each of first plurality of electrodes 110, 120 includes a first
portion, adjacent the guard electrodes 130, that is oriented with its longitudinal axis
parallel to the direction of ion travel and a second portion, inward of the first portion,
that is oriented perpendicular to the direction of ion travel. Each of the second
plurality of electrodes 125 is oriented with its longitudinal axis perpendicular to the

direction of ion travel. The manner of applying the RF and AC waveforms to the first
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and second plurality of electrodes is the same as that discussed above with respect to
Figure 1.

[0138] Figure 6C illustrates an embodiment alternative electrode
configuration that varies the electrode arrangement along the path length of 10on travel.
The electrode configuration of Figure 6C includes a first segment 600C-1 and a
second segment 600C-2. In the first segment 600C-1, the longitudinal axis of each of
the first plurality of electrodes 110, 120 and the second plurality of electrodes are
each oriented parallel to the direction of 10on travel (i.e., longitudinally). In the second
segment 600C-2, the first and second plurality of electrodes 110, 120, 125 are
configured as discussed above with respect to Figure 6B.

[0139] Figure 6E illustrates an embodiment of an alternative electrode
configuration including a first portion 600D-1 having fewer of the first and second
plurality of electrodes 110, 120, 125 than a second portion 600D-2. The result is that
the width of the ion pathway along the direction of mouon of the 10ons 1s varned (e.g.,
converging, diverging, eic.) along the direction of 1on motion. This configuration
may be benelicial for compressing the width of the ion beam (e.g., for [ocusing)
and/or adjacent to the junction of two different ton pathways.

[0140] Figure OF illustrates an embodiment of an alternative electrode
configuration including a first segment 600E-1 connected to a second segment 600E-2
at a right angle, forming a “T” shape. This configuration may be beneficial 1n
circumstances where it is desired to divert ions from the first segment 600E-1 to the
second segment 600E-2. This configuration may be desirable for selection of ions of
a particular mobility or composition (e.g2., removal of unwanted 10ns prior to injection
of the remaining 10ns within a mass spectrometer).

[0141] It may be understood that, in further alternative embodiments, the
respective orientations of the first and second segments 600E-1, 600E-2 may be
varied. For example, the first segment 600E-1 need not be perpendicular to the
second segment 600E-2 but may adopt a non-90° angle.

[0142] Figure 6G illustrates an apparatus containing two different levels 602a,
602b, where each level includes a pair of parallel surfaces containing the plurality of
electrodes (e.g., 110, 120, 125), as discussed above. In one aspect, the use of multiple

levels allows different levels to be optimized for separation of different ions.
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[0143] Notably, however, a mechanism of transporting ions between levels is
necessary to insert and remove ions from the respective levels. Accordingly, an
opening 604 (e.g., a square or circular opening) 1s formed each of the opposing
parallel surfaces of levels 602a, 602b. The opening 604 is positioned so as to
intersect second plurality of segmented electrodes 125 (e.g., Figure 6H), allowing
access to an elevator 606. An elevator 606 1s positioned so as to overlap the
respective openings 604 of levels 602a, 602b and includes a plurality of stacked,
segmented electrode arrays 610 (e.g., 6 stacked electrodes). In operation, a traveling
wave generated by the second plurality of electrodes 125 1s employed to convey ions

from the level 600a, through the elevator 606, to the level 600b, as illustrated by the

directional arrows in Figure 6G.

[0144] Embodiments of electrode arrays 610 within each electrode stack 610

are illustrated in Figures 61 and 6J. In general, each electrode array includes
alternating AC electrodes (e.g., 125) and RF electrodes (110 and/or 120). In one
embodiment, each of the RF electrodes within an electrode array 610a may each
possess the same polarity at a given time. In an allernative embodiment, each of the
RF electrodes within an electrode array 610b may each possess the opposite polarity
as its nearest neighbor RF electrode. For example, as illustrated in Figure 6lI,
electrode array 610a includes alternating segments of RF electrodes 120 and AC
electrodes 125, where the RF electrodes 120 each have the same RF phase at a given
time. As further illustrated in Figure 6J, electrode array 610b includes alternating
segments of RF electrodes 110, 120, and AC electrodes 125, where the RF electrodes
110 and 120 have the opposite RF phase (i.e., are 180° out-of-phase with each other).

[0145] Embodiments of elevators 606 having different stacking arrangements

of electrode arrays 606 are illustrated in Figures 6K and ©6L. For example, the
elevator 606a of Figure 6K is formed from electrode arrays 606a, where each RE
electrode within a given electrode array 606a possesses the same polarity. Notably,
though, neighboring electrode arrays 606 possess opposite polarities. In contrast, the
elevator 606b of Figure 6L is also formed from electrode arrays 506a but neighboring
electrode arrays 606a also possess the same polarities.

[0146] In an alternative embodiment, the apparatus 100 includes an elevator
620, as illustrated in Figures 6M-60. The elevator 620 1s formed from a plurality of
plates 622, each having electrodes 110, 120, 125, and 130, that are stacked upon one
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another. Each plate 622 contains an aperture 624 that is aligned with an aperture 624
of its adjacent neighbor, forming a passage for ion transit through the elevator 620.
As above, a traveling wave generated by the plurality of second electrodes 125 is
employed to convey 1ons from the level 600a, through the elevator 620, to the level
602b, while electric fields generated by RF electrodes 110, 120 and guard electrodes
130 confine the ions within the aperture 622 of their respective plate 622.

[0147] In a {further altemative embodiment, illustrated in Figure 6P, the
apparatus 100 includes at least two levels 602 formed and connected by relatively
inclined portions 630, where each of the levels 602 and the inclined portions 630
include pairs of parallel surfaces containing the plurality of electrodes 110, 120, 125,
130. For example, as illustrated in Figure 6P, five levels 602a-602e are present,
where level 602a is the lower-most level and level 602e is the upper-most level.
Furthermore, the incline 630a extends between level 602a and 602c, incline 630b
extends between level 602b and 602d, and incline 630c extends between levels 602c,
and 602e. In use, a traveling wave generated by the plurality of second electrodes 125
1s employed to convey 1ons (e.g., 634) [rom an underlying level (e.g., 602a, to an
overlying level (e.g., level 602c) via respective inclines (e.g., 630a).

[0148] It may be understood that embodiments of each of the multi-level
apparatus illustrated in embodiments of Figures 6G-6P may be employed with any

configuration of electrodes, as illustrated in Figures 1, 2, 3 and 6A-6F.

Experimental Results
[0149] Simulations were performed to explore the performance of
embodiments of the AC-SLIMS approach discussed above for ion separation using
flat and curved surfaces. Corresponding simulations are further performed for
conventional TW-IMS using transient DC voltages for comparison. The following
examples turther serve to illustrate embodiments and aspects of the present disclosure

and are not meant to be construed as limiting the scope thereof.

Example | — Simulations of Flat Surfaces

(1) AC-SLIMS Simulation Parameters
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[0150] The schematic module shown in Figure 1 1s used for the simulation.
The AC electrodes 125 are segmented electrodes adjacent to the long RF electrode
strips 110, 120. The guard electrodes 130 are on the outside of the AC electrodes 125
and the RF electrodes 110, 120._The module is fabricated using PCBs and include of
a pair of parallel PCBs (30.5 cm long x 7.6 cm wide) spaced by a gap of 4.75 mm.
The module uses 5 arrays of AC electrodes 125, separated from adjacent arrays of RF
electrodes 110 and 120 by 0.13 mm. The dimensions of the AC electrodes 125 are
1.98 mm in length and 0.43 mm in width. Guard electrodes 130 are each 0.508 mm
wide. The dimensions of the RF electrodes 110 and 120 are each 0.43 mm in width.

[0151] The module is operated at a pressure of 4 Torr utilizing nitrogen as the
buffer gas. Singly charged ions with a mass to charge ratio (m/z) of 622 and 922 are
used for the simulations.

[0152] RF voltages are applied to the six RF electrodes 110 and 120, 180° out-
of-phase for adjacent electrodes on each surface to create the pseudopotentials to
confine the 1ons and inhibit ion loss to the two PCBs.

[0153] AC voltage waveforms, sine waves in this simulation, are further
applied to the first eight segmented electrodes 141, 142, 143, 144, 145, 146, 147, and
148 and the second set of eight segmented electrodes 151, 152, 153, 154, 155, 156,
157 and 158, positioned between the RF electrodes 110, 120.

[0154] A 45° phase shiit of the AC voltage waveform 1s further employed to
each adjacent electrode segments 141, 142, 143, 144, 145, 146, 147, and 148. The
AC waveforms applied (o longitudinally adjacent electrode segments 141, 142, 143,
144, 145, 146, 147, and 148 are shifted in phase 1n a repeating pattern. That 1s, the
phases of the applied AC voltage waveform are shifted by 45°, 90°, 135°, 180°, 225°,
270°, 315°, and 360°, respectively, on the segmented electrodes 141, 142, 143, 144,
145, 146, 147, and 148 in a stepwise fashion so as to move and separate the ions in
the direction of the increasing phase shift.

[0155] Subsequently, the AC voltage waveforms are further applied in a
repeating and stepwise manner to the AC electrodes 151, 152, 153, 154, 155, 156,
157, and 158. The phases of the applied AC voltage wavetorm are shifted by 45°,
00°, 135°, 180°, 225° 270° 315° and 360° respectively, on the segmented
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electrodes 151, 152, 153, 154, 155, 156, 157, and 158 in a stepwise tashion so as to
move and separate the ions in the direction of the increasing phase shift.

[0156] For additional arrays of segmented electrodes, the phase of the AC
voltage waveform applied to those additional electrode arrays would repeat in a

5  stepwise fashion so as to move and separate the ions 1n the direction of the increasing

phase shift.

(i) DC-TW Simulation Parameters
[0157] The schematic module 700 shown in Figure 7A is used for the
10  simulation. The DC electrodes 625 are segmented electrodes, positioned adjacent to
the long RF electrodes 710, 720. The guard electrodes 730 are on the outside of the
DC electrodes 725 and the RF electrodes 710, 720.
[0158] The module 700 is fabricated using PCBs and included of a pair of
parallel PCBs (30.5 cm long x 7.6 cm wide) spaced by a gap of 4.75 mm. The
15 module used 5 arrays of DC electrodes 725, separated from adjacent arrays of RF
electrodes 610 and 120 by 0.13 mm. The dimensions of the DC electrodes 725 were
1.98 mm in length and 0.43 mm in width. Guard electrodes 730 were 0.508 mm
wide. The dimensions of the RF electrodes 710 and 720 were each 0.43 mm in width.
[0159] The module is operated at a pressure of 4 Torr utilizing nitrogen as the
20  buffer gas. Singly charged ions with mass to charge (m/z) of 622 and 922 are used for
the simulations.

[0160] RF voltages, are applied to the six RF electrodes 710 and 720, 180°

out-of-phase for adjacent RF electrodes on each surface to create the pseudopotentials
to confine the ions and inhibit ion loss to the two PCBs. The transient DC voltage
25 waveform is applied to a series of adjacent segmented DC electrodes 725. For
example, as illustrated in Figure 7A, the DC voltage is applied to DC electrodes in
blocks of four (e.g., 741, 742,743 744 and 751, 752, 753 754). The DC voltage 1s not
applied to DC electrodes in blocks of four as well (e.g., 745, 746, 747, 748 and 755,
756, 757, and 758). This forms a square wave, as illustrated in Figure 7B. As time 18
30 stepped forward, the DC transient waveform advances (e.g., from left to right) one

DC electrode at a time. That is to say, as time is stepped forward in a first increment,

application of the DC voltage to electrode 741 and 751 stops, while application of the
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DC voltage to electrodes 745 and 755 starts. As time fturther moves forward, this

stepwise progression of the DC transient waveform continues.

(iii) Comparison Of Arrival Time Distribution

[0161] Figures 8A and 9A illustrate the DC transient waveform and the
continuous AC waveform, respectively. The applied transient DC wave speed
possesses a peak-to-peak amplitude of approximately 17 V and a speed of 116 m/s.
The applied continuous AC waveform possesses a peak-to-peak amplitude of
approximately 17 V,; and a sine wave speed of 76 m/s.

[0162] Figures 8B and 9B illustrate the resultant arrival time distributions
using the DC transient waveform and the continuous AC waveform, respectively, on
ions having m/z 622-922. Notably, the arrival time measurements of 8B and 9B
illustrate that the conventional, transient DC approach and embodiments of the

SLIMS-AC approach disclosed herein achieve nearly identical separations.

(iv) Comparison Of Resolution

[0163] Figure 10 shows the resolutions achieved using the transient DC
waveform and the continuous AC waveform generated according to embodiments of
the disclosed AC-SLIMS technique, with the m/z 622-922 1ons moving through the
devices of Figures 1 and 7. The traveling wave voltage was 30V, and 5V was applied
to the outside guard electrodes. A RF frequency between 628-648 kHz was applied to
both PCB surfaces. The amplitude of the RF voltage was 220 V..

[0164] Notably, embodiments of the SLIMS AC approach disclosed herein
achieve nearly identical resolution as compared to the conventional, transient DC

waveform approach.

(iv) Comparison Of Electric Field Exposure
[0165] Figure 11 compares the amount of time the m/z 622-922 ions spend in
a high vs. low electric field, using the transient DC waveform and the continuous AC

waveform generated according to embodiments of the disclosed AC-SLIMS

technique. The frequency of the AC waveform was approximately 10 kHz, and the
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frequency of the transient DC waveform was approximately 35 kHz. The amplitude

of each of the waveforms i1s 30 V.

[0166] The data of Figure 11 shows that the ions moving under the influence
of the transient DC wavelorm (squares) spent almost 40% of their time 1n a high
electric field, while the 1ons moving under the influence of embodiments of the
disclosed continuous AC waveform (triangles) spent most of their time in a low
electric field. From this, it may be concluded that the ions moving under the
influence of the continuous AC waveform remain at a lower temperature than the 1ons
moving under the influence of the transient DC waveform. The absence or mitigation
of heating is highly beneficial because, as ions are heated, they can undergo

dissociation, which is detrimental to the 10n separation process.

Example 2 ~ Simulations of Curved Surfaces
(i) AC-SLIMS Simulation Parameters

[0167] The schematic module shown in Figure 3 1s used for the simulation.
The curved AC electrodes 325 are segmented electrodes adjacent to the long, curved
RF electrode strips 310, 320. The curved guard electrodes 330 are on the outside of
the curved electrodes 310, 320, 325.

[0168] The module i1s fabricated using PCBs and included a single PCB (135
cm long x 0.5 cm wide). The module uses 2 sets of AC electrodes 325, separated
from adjacent RF electrodes 310 and 320 by 0.3 mm. The dimensions of the AC
electrodes 125 are 2 mm in length and 0.4 mm in width. Guard electrodes 130 are
each 1 mm wide. The dimensions of the RF electrodes 110 and 120 are each 1 mm 1n
width. The radius of curvature of the electrodes 1s 3.6 mm.

[0169] The module is operated at a pressure of 4 Torr utilizing nitrogen as the
buffer gas. Singly charged ions with a mass to charge ratio (m/z) of 622 and 922 were
used for the simulations.

[0170] RF voltages are applied to the three RF electrodes 310 and 320, 180°
out-of-phase for adjacent electrodes to create the pseudopotentials to confine the 10ns
and inhibit ion loss to the PCB. The RF voltage 1s 300 Vp, 1n amplitude and 1 MHz

in frequency.
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[0171] DC voltages are applied to the curved guard electrodes to contrain
lateral 1on motion (in the x-direction). The DC voltage amplitude is 30 V.

[0172] An AC voltage waveform is a sinusoid applied over a repeating
sequence ol eight AC electrodes 3235 to move and separate the ions in the longitudinal
direction. The applied AC voltage waveform has an amplitude of 30 V and a
frequency of 20 KHz. A 45° phase shift of the AC voltage waveform is applied to
longitudinally adjacent AC electrodes 325.

(ii) DC-TW Simulation Parameters

[0173] Figure 12 1s a top-down view of a module 1200 used for the
stmulation. The module 1200 includes a curved surface 1205 containing inner DC
electrodes 1230 that are laterally offset from outer DC electrodes 1210. RF electrodes
1220 and 1225 are positioned on either side of the inner DC electrodes 1230. The
electrodes are couled to and extend along the length of the surface 1205.

[0174] The module is fabricated using a single PCB (15 c¢cm long x 0.5 cm
wide). The module uses 2 outer DC electrodes 1210, 2 inner DC electrodes 1230, and
2 pairs of RF electrodes 1220, 1225, of opposite phase, RF+ and RF-. Each inner DC
electrode 1230 i1s positioned between an adjacent pair of inner DC electrodes 1220
and 1225. The dimensions of the RF electrodes 1220, 1222 are 76 mm 1n length and
I mm in width. Outer DC electrodes 1210 are 2 mm in length and 0.4 mm in width.
Inner DC electrodes 1230 are 2 mm in length and 0.4 mm in width. The radius of
curvature ol the electrodes 1s 3.5 mm.

[0175] The DC voltages applied to the outer DC electrodes 1210 1s the same.
The voltage applied o inner RF electrodes 1220 is out ol phase with its neighboring
inner electrode 1225. Fields generated by the potentials applied to the elctrodes 1210,
1220, 1225 provide ion confinement. The DC voltage applied to the inner array

electrodes 1230 1s a time dependent DC field or waveform for moving and separating

ions positioned within the module 1200.

[0176] The combination of RF and DC fields applied to the electrodes 1210,
1220, 1225, 1230 create, in combination with the shape of the curved surface 1205,
confining and driving fields that move i1ons through the module 1200. Lateral

confinement is achievable by a combination of electric fields applied to the outer
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electrodes 1210 as well as the curvature of the surface 1205. Further details regarding
the module 1200 may be found in U.S. Patent Application No. 14/851,935,
incorporated by reference in its entirety.

[0177] The module 1200 is operated at a pressure of 4 Torr utihizing nitrogen
as the buffer gas. Singly charged ions with a mass to charge ratio (m/z) of 622 and
922 are used for the simulations.

[0178] Figure 13A is a plot of ion counts as a function of time illustrating an
arrival time distribution for ions possessing a mass to charge ratio (m/z) of 622 and
022 moving through the curved surface device of Figure 12 under the influence of DC
transient voltages. Figure 13B is a plot of 10n counts as a function of time illustrating
an arrival time distribution for ions possessing an m/z of 622 and 922 moving through
the curved surface device of Figure 3 under the influence of a continuous AC

waveform.
[0179] Comparing Figures 13A-13B, it is observed that the curved AC-
SLIMS module of Figure 3, employing the continuous AC waveform for 1on motion

and separation performs comparably to the curved module of Figure 12, employing

the DC transient voltages.

[0180] While a number of embodiments of the present disclosure have been
shown and described, it will be apparent to those skilled 1n the art that many changes
and modifications may be made without departing from the disclosure 1n its broader
aspects. The appended claims, therefore, are intended to cover all such changes and

modifications as they fall within the true spirit and scope of the disclosure.
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We claim:
1. An apparatus for ion manipulations, comprising:

al least one surlace;

S a first plurality of continuous electrodes coupled to the at least one
surface and in electrical communication with a radiofrequency (RF) voltage
source, wherein an RF voltage applied to adjacent electrodes of the first
plurality of electrodes by the RF voltage source is phase shifted on the
adjacent electrodes of the first plurality of electrodes by approximately 180°;

10 and
a second plurality of segmented electrodes coupled to the at least one
surface and arranged in longitudinal sets between or adjacent to the first
plurality of electrodes, the second plurality of segmented electrodes being
further in electrical communication with an alternating current (AC) voltage
15 source, wherein an AC voltage waveform applied to adjacent electrodes within
a Jongitudinal set of the second plurality of segmented electrodes by the AC
voltage source is phase shifted on the adjacent electrodes of the second

plurality of electrodes by 1°-359°.

20 2. The apparatus of Claim 1, further comprising a plurality of guard electrodes
positioned on outer ends of the first and second plurality of electrodes on the
at least one surface, the plurality of guard electrodes being further in electrical
communication with a DC voltage source, wherein the plurality of guard

electrodes generate electric {ields that constrain ion motion towards the guard

25 electrodes when receiving a constant DC voltage from the DC voltage source.
3. The apparatus of Claim 1, wherein the AC voltage waveform is a sine wave.
4. The apparatus of Claim 3, wherein the AC voltage waveform is the sum of
30 more than one AC voltage waveform.
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The apparatus of Claim 1, wherein the AC voltage waveform applied to
adjacent electrodes within a longttudinal set of the second plurality of
segmented electrodes 1s phase shiited on the adjacent electrodes of the second

plurality of segmented electrodes in a repeating pattern.

The apparatus of Claim 5, wherein the AC voltage waveform applied to
adjacent electrodes within a longitudinal set of the second p‘lura]ity of
segmented electrodes 1s phase shifted by approximately 45°, 90° or 120° on
the adjacent electrodes of the second plurality of electrodes in a stepwise

fashion.

The apparatus of Claim 1, wherein the at least one surface comprises a single

and non-planar surface.

The apparatus of Claim 7, wherein the single, non-planar surface is one of the
following shapes: curved, cylindrical, a spiral, a funnel, hemispherical, or

elliptical.

The apparatus of Claim 1, wherein the at least one surface comprises two

surfaces spaced apart from one another.

The apparatus ol Claim 9, wherein the two surfaces are approximately parallel

to one another.

The apparatus of Claim 1, wherein a frequency of the applied AC voltage
waveform is selected from the range of 10 Hz - 200 kHz, and a frequency of
the applied RF voltage is selected from the range of 100 kHz — 5 MHz.

The apparatus of Claim 1, wherein a frequency applied AC voltage wavetorm

1s selected from the range of 1 Hz to 1 kHz.
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The apparatus of Claim 1, wherein a pressure range of the apparatus is from

atmospheric pressure to 1 mtorr vacuum.

An apparatus for ion manipulations, comprising:
at least one surface:

a plurality of segmented electrodes coupled to the at least one surface

and arranged in one or more longitudinal sets, the plurality of segmented
electrodes being in electrical commumnication with an alternating current (AC)
voltage source and a radiofrequency (RF) voltage source,

wherein an AC voltage waveform applied to adjacent electrodes within
a longitudinal set of the plurality of electrodes by the AC voltage source 1s
phase shifted by 1°-359°; and

wherein an RF voltage applied to adjacent electrodes of the plurahty of
electrodes by the RF voltage source i1s phase shifted by approximately 130°.

The apparatus of Claim 14, further comprising a plurality of guard electrodes
positioned on outer ends of the plurality of electrodes on the at least one
surface, the plurality of guard electrodes being further in electrical
communication with a DC voltage source, wherein the plurality of guard
electrodes generate electric fields that constrain ion motion towards the
plurality of guard electrodes when receiving a constant DC voltage from the

DC voltage source.

The apparatus of Claim 14, wherein the applhied AC voltage waveform 1s a

sine wave.

The apparatus of Claim 16, wherein the AC voltage waveform 1s the sum of

more than one AC voltage waveform.

The apparatus of Claim 14, wherein the applied the AC voltage wavetorm is

phase shifted on the adjacent electrodes of the plurality of electrodes 1n a

repeating pattern.
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The apparatus of Claim 18, wherein the applied AC voltage waveform 1s
phase shifted by approximately 45°, 90°, 120°, or 180° on the adjacent

electrodes of the plurality of electrodes in a stepwise fashion.

The apparatus of Claim 14, wherein the at least one surface comprises a single

and non-planar surface.

The appamtus of Claim 20, wherein the single, non-planar surface 1s one of
the following shapes: curved, cylindrical, a spiral, a funnel, hemispherical, or

elliptical.

The apparatus of Claim 14, wherein the at least one surface comprises two

surfaces spaced apart from one another.

The apparatus of Claim 22, wherein the two surfaces are approximately

parallel to one another.

The apparatus of Claim 14, wherein a frequency of the applied AC voltage
waveform is selected from the range of 1 kHz - 200 kHz, and the RF voltage 1s
selected from the range ot 100 kHz — 5 MHz.

The apparatus of Claim 14, wherein a pressure range of the apparatus is from

atmospheric pressure to 1 mtorr vacuum.

A method for performing 1on manipulations, comprising:
providing at least one surface comprising:
a first plurality of continuous electrodes coupled to the at least
one surface and in electrical communication with a radiofrequency
(RF) voltage source; and
a second plurality of segmented electrodes coupled to the at

least one surface and arranged in longitudinal sets between or adjacent

40



CA 03000341 2018-03-28

WO 2017/062102 PCT/US2016/047070

to the first plurality of electrodes, the second plurality of segmented
electrodes being further in electrical communication with an
alternating current (AC) voltage source;
applying, by the RF voltage source, an RF voltage (o adjacent
S electrodes of the first plurality of electrodes, wherein the applied RF voltage is
phase shifted on the adjacent electrodes of the first plurality of electrodes by
approximately 180°; and
applying, by the AC voltage source, an AC voltage waveform within a
longitudinal set of the second plurality of segmented electrodes, wherein the
10 applied AC voltage waveform is phase shifted on the adjacent electrodes of
the second plurality of electrodes by 1°-359°.

27.  The method of Claim 26, further comprising positioning a plurality of guard
electrodes on outer ends of the first and second plurality of electrodes on the at
15 least one surface, the plurality of guard electrodes being further in electrical
communication with a DC voltage source, wherein the plurality of guard
electrodes generate electric fields that constrain 1on motion towards the guard

electrodes when receiving a constant DC voltage from the DC voltage source.

20  28. The method of Claim 26, wherein the AC voltage waveform is a sine wave.

29.  The method of Claim 28, wherein the AC voltage waveform is the sum of

more than one AC voltage waveform.

25  30. The method of Claim 26, wherein the applied AC voltage waveform is phase
shifted on the adjacent electrodes of the second plurality of segmented

electrodes in a repeating pattern.
31.  The method of Claim 30, wherein the applied AC voltage waveform is phase

30 shifted by approximately 45°, 90°, or 120°, on the adjacent electrodes of the

second pluraltty of segmented electrodes in a stepwise fashion.
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The method of Claim 26, wherein the at least one surface comprises a single

and non-planar surface.

The method of Claim 32, wherein the single, non-planar surface is one of the
following shapes: curved, cylindrical, a spiral, a funnel, hemispherical, or

elliptical.

The method of Claim 26, wherein the at least one surface comprises two

surfaces spaced apart from one another.

The method of Claim 34, wherein the two surfaces are approximately parallel

to one another.

The method of Claim 26, wherein a frequency of the applied AC voltage
waveform is selected from the range of 10 Hz - 200 kHz, and a frequency of

the RF voltage is selected from the range of 100 kHz — 5 MHz.

A method for performing ion manipulations, comprising:

providing at least one surface comprising a plurality of segmented
electrodes coupled to the at least one surface and arranged 1in one or more
longitudinal sets, the plurality of segmented electrodes being in electrical
communication with an alternating current (AC) voltage source and a
radiofrequency (RF) voltage source;

applying, by the AC voltage source, an AC voltage waveform (o
adjacent electrodes within a set of the plurality of segmented electrodes,
wherein the applied AC voltage waveform is phase shifted on the adjacent
electrodes of the plurality of segmented electrodes by 1°-359°; and

applying, by the RF voltage source, an RF voltage to adjacent
electrodes of the plurality of segmented electrodes , wherein the applied RE
voltage is phase shifted on the adjacent electrodes of the plurality of

segmented electrodes by approximately 180°.
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38. The method of Claim 37, further comprising positioning a plurality ot guard
electrodes on outer ends of the plurality of segmented electrodes on the at least
one surface, the plurality of guard electrodes being further in electrical
communication with a DC voltage source, wherein the plurality of guard

S electrodes generate electric fields that constrain ion motion towards the guard

electrodes when receiving a constant DC voltage from the DC voltage source.

39.  The method of Claim 37, wherein the AC voltage waveform 1s a sine wave.

10 40.  The method of Claim 39, wherein the AC voltage waveform is the sum of

more than one AC voltage waveform wave.

41.  The method of Claim 37, wherein the applied AC voltage waveform 1s shifted
on the adjacent electrodes of the plurality of segmented electrodes in phase 1n

13 a repeating pattern.

42.  The method of Claim 41, wherein the applied AC voltage waveform 1s phase
shifted on the adjacent electrodes of the plurality of segmented electrodes by

approximately 45°, 90°, or 120° 1n a stepwise fashion.

20
43.  The method of Claim 37, wherein the at least one surface comprises a single
and non-planar surlace.
44.  The method of Claim 43, wherein the single, non-planar surface 1s one ol the
25 following shapes: curved, cylindrical, a spiral, a funnel, hemispherical, or
elliptical.
45.  The method of Claim 377, wherein the at least one surface comprises two
surfaces spaced apart from one another.
30

46.  The method of Claim 43, wherein the two surfaces are approximately parallel

to one another.
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47.  The method of Claim 37, wherein a frequency of the applied AC voltage
waveform is selected from the range of 10 Hz - 200 kHz, and a frequency of
the applied RF voltage is selected within the range of 100 kHz — 5 MHz.
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