METHOD AND DEVICE FOR ION MOBILITY SEPARATION

CROSS-REFERENCE TO RELATED APPLICATIONS
[0001]  This application claims priority to U.S. Application Serial No. 14/851,935, filed
September 11, 2015, titled “METHOD AND DEVICE FOR ION MOBILITY

SEPARATIONS” hereby incorporated by reference in its entirety for all of their teachings.

STATEMENT REGARDING FEDERALLY SPONSORED RESEARCH OR
DEVELOPMENT

[0002]  This invention was made with Government support under Contract
DE-AC0576RL01830 awarded by the U.S. Department of Energy. The Government has

certain rights in the invention.

TECHNICAL FIELD
[0003] This invention relates to ion mobility separations and other ion manipulations in
the gas phase. More specifically, this invention relates to an ion mobility separation method

and ion manipulations in a device having a single, non-planar surface containing electrodes.

BACKGROUND

[0004] The utility of mass spectrometry expands with the capability to conduct more
complex ion manipulations. Current ion mobility technologies and ion manipulations rely on
surrounding surfaces that serve to define the electric fields. However, these approaches can
become ineffective when, for example, trying to miniaturize these devices for field

deployment. In addition, it is extremely difficult to achieve high ion mobility spectrometry



(IMS) resolution by extending the drift length traveled by ions in a reasonable and practical
physical length. Hence, the utility of IMS is hindered by conventional ion optics designs.
[0005] What is needed is an ion mobility separation or manipulation device with an open

structure, including an ion separation channel, and which also prevents ion losses.

SUMMARY

[0006] The present invention is directed to an ion mobility separation or manipulation
device that includes a single surface. The single surface is non-planar or not flat. The device
also includes arrays of electrodes coupled to the surface. The device further includes a
combination of RF and DC voltages applied to arrays of electrodes to create confining and
driving fields that move ions through the device. The surface can have, in one embodiment,
arrays of electrodes on each side of the surface.

[0007] In one embodiment, one or more electrodes or others surfaces external to the
device can help partially or fully define or affect the electric fields created by the electrodes
on the surface. These external electrodes or surfaces, which have voltages applied to them,
allow different or more complex fields to be established or created. This would allow, for
example, one array of electrodes on the surface to be turned off while the other array is turned
on. This can be useful for, among other things, peak compression or the bunching of ions. In
one embodiment, the arrays of electrodes coupled to the surface extend above the surface,
and may also vary in the distance above the surface. Further, the one or more arrays of
electrodes coupled to the surface can be turned on or turned off by the external surfaces
and/or electrodes.

[0008] The single, non-planar surface can be of many different shapes. The surface can
have a curved, cylindrical, spiral, funnel, hemispherical, elliptical, or non-symmetrical shape.

[0009] In one embodiment, a transparent enclosure or cover is disposed on the device. A

voltage can be applied to the cover to guard against interfering potential from, e.g., ground or
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nearby electronics. In one embodiment, the device is located in a partially or completely
transparent enclosure or cover.

[0010] In one embodiment, the arrays of electrodes include one or more arrays of inner
RF electrodes and a plurality of arrays of outer DC electrodes. The inner array of RF
electrodes and the outer arrays of DC electrodes extend substantially along the length of the
surface. In one embodiment, a first outer array of DC electrodes is positioned on one side of
the inner array of RF electrodes, and a second outer array of DC electrodes is positioned on
the other side of the inner array of electrodes.

[0011] In one embodiment, the DC voltages are applied to the first and second outer
electrodes arrays, and the RF voltages are applied to the inner array of electrodes.

[0012] In one embodiment, the RF waveform on at least one inner electrode array is out
of phase with RF waveform on a neighboring inner RF electrode array. The RF voltage
applied to each inner RF electrode array may be phase shifted with its neighboring inner
electrode array to form a pseudopotential. In one embodiment, the RF voltage applied to the
inner electrode array is approximately 180 degrees out of phase with its neighboring inner
electrode array to form the pseudopotential.

[0013] The device may further comprise one or more arrays of inner DC electrodes that
extend substantially along the length of the surface, in either a linear or non-linear path. Each
inner array of DC electrodes is positioned between an adjacent pair of the RF electrode
arrays. A RF waveform on at least one inner array of RF electrodes is out of phase with RF
waveform on a neighboring or adjacent inner array of RF electrodes.

[0014] In one embodiment, a first DC voltage applied to the outer array of DC electrodes
is the same, and a second DC voltage applied to the inner array of DC electrodes is a DC

gradient or different across the inner DC arrays.



[0015] In one embodiment, a first DC voltage applied to the outer array of DC electrodes
is different across the outer array or is a DC gradient, and a second DC voltage applied to the
inner array of DC electrodes is a DC gradient or different across the inner DC arrays.

[0016] The first DC voltage may have a higher or lower amplitude than the second DC
field.

[0017] In one embodiment, the inner array of DC electrodes is misaligned or offset from
the outer array of electrodes.

[0018] In one embodiment, a DC voltage is superimposed on at least one of the inner
arrays of RF electrodes.

[0019] The device may be coupled to at least one of the following: a charge detector, ion
image detector, an optical detector, and a mass spectrometer.

[0020] In one embodiment, the ions are introduced from outside the device at an angle to
the device.

[0021] The ions may be formed inside or outside of the device using at least one of the
following: photoionization, Corona discharge, laser ionization, electron impact, field
ionization, chemical ionization, and electrospray.

[0022] The DC voltages may be static DC voltages or time-dependent DC potentials or
waveforms.

[0023] In one embodiment, the surface is formed by curving a flexible printed circuit
board material, three-dimensional printing, or other means to deposit conductive material on
a non-conductive surface.

[0024]  In another embodiment of the present invention, a method of moving and
separating ions in gas phase is disclosed. The method includes coupling arrays of electrodes
to a single, non-planar surface. The method also includes applying a combination of RF and
DC voltages to the arrays of electrodes to create confining and driving fields that move ions

through the single curved or non-planar surface.
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[0025] In another embodiment of the present invention, an ion mobility separation device
is disclosed. The device includes a single, non-planar surface. The device also includes
arrays of electrodes which include one or more arrays of inner RF electrodes and a plurality
of arrays of outer DC electrodes. The inner array of RF electrodes and the outer array of DC
electrodes extend substantially along the length of the surface. A first and second outer array
of DC electrodes is positioned on either side of the inner array of RF electrodes. The device
further includes one or more arrays of inner DC electrodes that extend substantially along the
length of the surface. Each inner array of DC electrodes is positioned between an adjacent
pair of inner RF electrode arrays. A combination of RF and DC voltages are applied to the
arrays of electrodes to create confining and driving fields that move ions through the device.

[0026] In one embodiment, a RF waveform on at least one inner array of RF electrodes is
out of phase with RF waveform on a neighboring or adjacent inner array of RF electrodes.

[0027] A first DC voltage applied to the outer array of DC electrodes is the same or
different, and a second DC voltage applied to the inner array of DC electrodes is a DC
gradient or different across the inner DC arrays.

[0028] In another embodiment of the present invention, an ion mobility device is
disclosed. The device includes a single, non-planar surface. The device also includes arrays
of inner RF electrodes and a plurality of arrays of outer DC electrodes, coupled to the single
surface, wherein the inner array of RF electrodes and the outer array of DC electrodes extend
substantially along the length of the single surface. A first and second outer array of DC
electrodes is positioned on either side of the inner array of RF electrodes. A combination of
RF and DC voltages applied to the arrays of electrodes to create confining and driving fields
that move ions through the device, and a DC field is superimposed on the inner arrays of RF

electrodes to further confine and move the ions through the device.



[0029] In another embodiment, the device can include two or more non-planar surfaces
with different orientations to each other that provide a “waterfall” effect of the ions moving

through each surface.

BRIEF DESCRIPTION OF THE DRAWINGS

[0030] Figure 1A is a top view schematic diagram of an ion mobility device having a
single curved or non-planar surface containing arrays of outer and inner DC electrodes and
arrays of RF electrodes of opposite phase on either side of the inner DC electrodes, in
accordance with one embodiment of the present invention.

[0031] Figure 1B is a perspective view schematic diagram of an ion mobility device
having a single curved or non-planar surface containing arrays of outer and inner DC
electrodes and arrays of RF electrodes of opposite phase on either side of the inner DC
electrodes, in accordance with one embodiment of the present invention.

[0032] Figure 1C is a front view schematic diagram of an ion mobility device having a
single curved or non-planar surface containing arrays of outer and inner DC electrodes and
arrays of RF electrodes of opposite phase on either side of the inner DC electrodes, in
accordance with one embodiment of the present invention.

[0033]  Figure 1D is a side view schematic diagram of an ion mobility device having a
single curved or non-planar surface containing arrays of outer and inner DC electrodes and
arrays of RF electrodes of opposite phase on either side of the inner DC electrodes, in
accordance with one embodiment of the present invention.

[0034]  Figure 2A is a top view schematic diagram of an ion mobility device having a
single curved or non-planar surface containing arrays of outer DC electrodes and inner RF
electrodes with a superimposed DC field on the inner array of RF electrodes, in accordance

with one embodiment of the present invention.



[0035]  Figure 2B is a perspective view schematic diagram of an ion mobility device
having a single curved or non-planar surface containing arrays of outer DC electrodes and
inner RF electrodes with a superimposed DC field on the inner array of RF electrodes, in
accordance with one embodiment of the present invention.

[0036] Figure 2C is a front view schematic diagram of an ion mobility device having a
single curved or non-planar surface containing arrays of outer DC electrodes and inner RF
electrodes with a superimposed DC field on the inner array of RF electrodes, in accordance
with one embodiment of the present invention.

[0037] Figure 2D is a side view schematic diagram of an ion mobility device having a
single curved or non-planar surface containing arrays of outer DC electrodes and inner RF
electrodes with a superimposed DC field on the inner array of RF electrodes, in accordance
with one embodiment of the present invention.

[0038] Figure 3A is a top view schematic diagram of an ion mobility device having a
single curved or non-planar surface containing arrays of outer and inner DC electrodes with
different DC fields or a DC gradient applied across the electrodes and arrays of RF electrodes
of opposite phase on either side of the inner DC electrodes, in accordance with one
embodiment of the present invention.

[0039] Figure 3B is a perspective view schematic diagram of an ion mobility device
having a single curved or non-planar surface containing arrays of outer and inner DC
electrodes with different DC fields or a DC gradient applied across the electrodes and arrays
of RF electrodes of opposite phase on either side of the inner DC electrodes, in accordance
with one embodiment of the present invention.

[0040]  Figure 3C is a front view schematic diagram of an ion mobility device having a
single curved or non-planar surface containing arrays of outer and inner DC electrodes with

different DC fields or a DC gradient applied across the electrodes and arrays of RF electrodes



of opposite phase on either side of the inner DC electrodes, in accordance with one
embodiment of the present invention.

[0041] Figure 3D is a side view schematic diagram of an ion mobility device having a
single curved or non-planar surface containing arrays of outer and inner DC electrodes with
different DC fields or a DC gradient applied across the electrodes and arrays of RF electrodes
of opposite phase on either side of the inner DC electrodes, in accordance with one
embodiment of the present invention.

[0042] Figure 4A is a top view schematic diagram of an ion mobility device having a
single curved or non-planar surface containing arrays of misaligned or offset outer and inner
DC electrodes with different DC fields or a DC gradient applied across the electrodes and
arrays of RF electrodes of opposite phase on either side of the inner DC electrodes, in
accordance with one embodiment of the present invention.

[0043]  Figure 4B is a perspective view schematic diagram of an ion mobility device
having a single curved or non-planar surface containing arrays of misaligned or offset outer
and inner DC electrodes with different DC fields or a DC gradient applied across the
electrodes and arrays of RF electrodes of opposite phase on either side of the inner DC
electrodes, in accordance with one embodiment of the present invention.

[0044] Figure 4C is a front view schematic diagram of an ion mobility device having a
single curved or non-planar surface containing arrays of misaligned or offset outer and inner
DC electrodes with different DC fields or a DC gradient applied across the electrodes and
arrays of RF electrodes of opposite phase on either side of the inner DC electrodes, in
accordance with one embodiment of the present invention.

[0045]  Figure 4D is a side view schematic diagram of an ion mobility device having a
single curved or non-planar surface containing arrays of misaligned or offset outer and inner

DC electrodes with different DC fields or a DC gradient applied across the electrodes and



arrays of RF electrodes of opposite phase on either side of the inner DC electrodes, in
accordance with one embodiment of the present invention.

[0046] Figure 5 shows a cross section of the ion mobility device of Figure 1, with ions
moving through the device at a distance from the surface, in accordance with one
embodiment of the present invention.

[0047] Figure 6 is a plot of ion counts over arrival time using the embodiment of Figure
1, showing separation of two ions with different mass-to-charge ratios according to their
mobilities.

[0048] Figure 7A is a three-dimensional schematic diagram of the device of Figure 1,
with ions moving through the device at a distance from the surface, in accordance with one
embodiment of the present invention.

[0049] Figure 7B is a plot showing ion confinement within the device of Figure 7A at the
high portion of a time-dependent electric field.

[0050] Figure 7C is a plot showing ion confinement within the device of Figure 7A at the
low portion of a time-dependent electric field.

[0051] Figure 8 is a plot of ion counts over arrival time of two ions with different mass-
to-charge ratios, and separated according to their mobilities, using two different
configurations - the embodiment of Figure 4 or a single board ion mobility separation device
and a prior dual board ion mobility separation device.

[0052] Figures 9A and 9B show a cross section and three-dimensional schematic
diagram, respectively, of the ion mobility device of Figure 2, with ions moving through the
device at a distance from the surface, with a DC traveling wave field applied to the outside
electrodes and opposing phases of RF applied to the inner electrodes, in accordance with one

embodiment of the present invention.



[0053] Figure 10A is a perspective view schematic diagram of two devices, each similar
to the embodiment shown in Figures 1A-D, with one device above and offset from the other
at an angle, to provide a “waterfall” effect of the ions traveling from one device to the other.

[0054] Figure 10B is a perspective view schematic diagram of two devices, each similar
to the embodiment shown in Figures 1A-D, with the devices positioned orthogonally to one

another, to provide a “waterfall” effect of the ions traveling from one device to the other.

DETAILED DESCRIPTION OF THE PREFERRED EMBODIMENTS

[0055] The following description includes the preferred best mode of embodiments of the
present invention. It will be clear from this description of the invention that the invention is
not limited to these illustrated embodiments but that the invention also includes a variety of
modifications and embodiments thereto. Therefore the present description should be seen as
illustrative and not limiting. While the invention is susceptible of various modifications and
alternative constructions, it should be understood, that there is no intention to limit the
invention to the specific form disclosed, but, on the contrary, the invention is to cover all
modifications, alternative constructions, and equivalents falling within the spirit and scope of
the invention as defined in the claims.

[0056] Disclosed are methods and devices for ion mobility separations. The device has
an open structure and may comprise a drift cell formed by a single surface that is not flat or
planar. The single surface is thus open and may be curved or angled to form an ion
separation channel and help prevent ion losses, which is in contrast to prior drift cells that
have two planar surfaces of electrodes forming the channel.

[0057] The single, non-planar surface may be formed by curving a flexible printed circuit
board material, by three-dimensional printing, or other means to deposit a conductive

material on a non-conductive surface.
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[0058] A combination of RF and DC fields are applied to arrays of electrodes coupled to
the surface to create, along with the shape of the curved surface, confining and driving fields
that move ions through the device. Lateral confinement is achievable by a combination of
electric fields applied to outer electrodes as well as the curvature of the surface. |

[0059] In one embodiment, two separate arrays of electrodes positioned closer to the
middle of the device confine and drive ions throughout the device.

[0060] Ions can be driven through the device either by application of static DC field or
time-dependent DC field.

[0061] The device allows for ion injection at an angle to the plane of ion motion and
construction of, in one example, a helical shaped separation device.

[0062] The open, non-planar device, which can be curved, also allows for the following:
ion introduction at any location in the device; ion current/mobility/mass measurements, as
well as optical measurements, at any location in the device; and the non-planar cross section
allows non-rectilinear ion path (e.g. helix) which is not possible with planar devices due to
the two top and bottom boards.

[0063] The device can also include a cover positioned or disposed on the device. On this
cover a voltage can be applied to guard against interfering voltage or potential from, e.g.,
ground or nearby electronics.

[0064] Two or more devices can be combined or coupled together, with one device above
and offset from the other at an angle, to provide a “waterfall” effect of the ions traveling from
one device to another.

[0065] Figures 1A-1D show different views of an ion mobility device 100 having a single
curved or non-planar surface 105 containing arrays of outer DC electrodes 110 and inner DC
electrodes 130. The device 100 also includes arrays of RF electrodes 120 and 125 of

opposite phase, RF+ and RF-, on either side of the inner DC electrodes 130, in accordance
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with one embodiment of the present invention. The arrays are coupled to and extend
substantially along the length of the surface 105.

[0066] In one embodiment, the DC voltage applied to the outer array DC electrodes 110
is the same. The DC voltages applied to the inner array DC electrodes 130 may be different
or may be a DC gradient applied across the inner array 130. The DC voltages or fields may
be static DC fields or time-dependent DC fields or waveforms.

[0067] As shown in Figure 1, each inner array of DC electrodes 130 is positioned
between an adjacent pair — e.g., adjacent RF arrays 120 and 125 or adjacent RF arrays 125
and 120 — of the inner array of RF electrodes. Also, a RF waveform on at least one inner
array of RF electrodes 120 and 125 is out of phase with a neighboring or adjacent array of RF
electrodes 120 or 125. In one embodiment, an inner RF electrode array120 or 125 is
approximately 180 degrees out of phase or phase shifted with its neighboring inner electrode
array 120 or 125 to form a pseudopotential.

[0068] The surface 105, which is either curved or non-planar, is a single surface. In one
embodiment, the surface 105 is not flat and may be comprised of, but is not limited to, a
flexible printed board material.

[0069]  Figures 2A-2D show different views of an ion mobility device 200 having a single
curved or non-planar surface 205 containing arrays of outer DC electrodes 210 and arrays of
inner RF electrodes 220 and 230 with a superimposed DC field on the inner array of RF
electrodes 220 and 230, in accordance with one embodiment of the present invention. The
RF field on at least one inner electrode array 220 is out of phase with its neighboring inner
electrode 230. For example, the RF waveform phase applied to electrode arrays 220 are
positive (+), and the RF waveform phase applied to electrode arrays 230 are negative (-). DC
gradient or different voltages are applied to the electrodes 210.

[0070]  Figures 3A-3D show different views of an ion mobility device 300 having a single

curved or non-planar surface 305 containing arrays of outer DC electrodes 310 and arrays of
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inner DC electrodes 330 with different DC fields or a DC gradient applied across the arrays
of electrodes 310 and 330. The device 300 also includes arrays of RF electrodes 320 and 325
of opposite phase, RF+ or RF-, on either side of the inner DC electrodes 330, in accordance
with one embodiment of the present invention. As such, each inner array of DC electrodes
330 is positioned between an adjacent pair of the inner array of RF electrodes 320 and 325.

[0071] The DC field applied to the outer array of DC electrodes 310 is different across
the outer array 310 or is a DC gradient. The DC field applied to the inner array of DC
electrodes 330 is a DC gradient or is different.

[0072] Figures 4A-4D show different views of an ion mobility device 400 device having
a single curved or non-planar surface 405 containing arrays of inner DC electrodes 430 that
are offset or misaligned from the arrays of outer DC electrodes 410. Arrays of RF electrodes
420 and 425 of opposite phase (+ or -) are on either side of the inner DC electrodes 430.

[0073] The DC field applied to the outer array of DC electrodes 410 and inner array of
DC electrodes 430 is different across the outer and inner DC arrays 410 and 430. In one
embodiment, a DC gradient is applied across the outer and inner DC arrays 410 and 430.
Each inner array of DC electrodes 430 is positioned between an adjacent pair of the inner
array of RF electrodes 420 and 425.

[0074] Figure 5 shows a cross section of the ion mobility device 500 of Figure 1, with
ions 550 moving through the device at a distance from the surface, in accordance with one
embodiment of the present invention. The device 500 includes an outer array of DC
electrodes 510, an inner array of RF electrodes 520 and 525, and an inner array of DC
electrodes 530 positioned between array of RF electrodes 520 and 525 of opposite phase (+
or -).

[0075] In the example of Figure 5, the ions are approximately 0.3 mm from the surface of
the device 500. A combination of RF and DC fields applied to the arrays of electrodes 510,

520, 525, and 530, along with the shape of the curved surface, create confining and driving
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fields that move ions through the device 500. Lateral confinement is achievable by the
curved nature of the surface and application of electric fields to the outer electrodes 510. The
inner RF and DC electrode arrays 520, 525, and 530 confine and drive ions through the
device. The ions can be driven either through a static DC field or a time-dependent DC
waveform or field.

[0076]  Figure 6 is a plot of ion counts over arrival time using the embodiment of Figure
1, showing the mobility separation of two ions with different mass-to-charge ratios — m/z 622
and m/z 922.

[0077]  Figure 7A is a three-dimensional schematic diagram of the device of Figure 1,
with ions moving through the device at a distance from the surface, in accordance with one
embodiment of the present invention.

[0078]  Figure 7B is a plot showing ion confinement within the device of Figure 7A at the
high portion of a time-dependent electric field, a dynamic electric field.

[0079]  Figure 7C is a plot showing ion confinement within the device of Figure 7A at the
low portion of a time-dependent electric field, a dynamic electric field.

[0080] Figure 8 is a plot of ion counts over arrival time of two ions with different mass-
to-charge ratios (m/z 622 and m/z 922) using two different configurations - the embodiment
of Figure 4 or a single board ion mobility separation device and a prior dual board ion
mobility separation device. The prior dual boards are straight or planar, while the single
board configuration is curved. The length of each device is approximately 76 mm.

[0081] Figures 9A and 9B show a cross section and three-dimensional schematic
diagram, respectively, of the ion mobility device 200 of Figure 2, with ions 950 moving
through the device at a distance from the surface, with a DC traveling wave field applied to
the outside electrodes and opposing phases of RF applied to the inner electrodes, in

accordance with one embodiment of the present invention.
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[0082] Figure 10A is a perspective view schematic diagram of two devices 1005 and
1055 used in combination as an ion mobility separation device or apparatus 1000. Each
device 1005 and 1055 is similar to the embodiment shown in Figures 1A-D, with one device
1005 above and offset from the other 1055 at an angle, to provide a “waterfall” effect of the
ions traveling from one device to the other.

[0083] The device 1005 includes outer arrays of DC electrodes 1010, inner arrays of DC
electrodes 1030, and arrays of RF electrodes_ 1020 and 1025. Eagh inner array of DC
electrodes 1030 is positioned between an array of RF electrodes 1020 and 1025 having
opposite phases (RF+ or RF-).

[0084] The device 1055 includes outer arrays of DC electrodes 1060, inner arrays of DC
electrodes 1080, and arrays of RF electrodes 1070 and 1075. Each inner array of DC
electrodes 1080 is positioned between an array of RF electrodes 1070 and 1075 having
opposite phases (RF+ or RF-).

[0085] Figure 10B is a perspective view schematic diagram of two devices 1105 and
1155 used in combination as an ion mobility separation device or apparatus 1100. Each
device 1105 and 1155 is similar to the embodiment shown in Figures 1A-D, with the devices
1105 and 1155 positioned orthogonally to one another, to provide a “waterfall” effect of the
ions traveling from one device to the other.

[0086] The device 1105 includes outer arrays of DC electrodes 1110, inner arrays of DC
electrodes 1130, and arrays of RF electrodes 1120 and 1125. Each inner array of DC
electrodes 1130 is positioned between an array of RF electrodes 1120 and 1125 having
opposite phases (RF+ or RF-).

[0087] The device 1155 includes outer arrays of DC electrodes 1160, inner arrays of DC
electrodes 1180, and arrays of RF electrodes 1170 and 1175. Each inner array of DC
electrodes 1180 is positioned between an array of RF electrodes 1170 and 1175 having

opposite phases (RF+ or RF-).
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[0088] While a number of embodiments of the present invention have been shown and
described, it will be apparent to those skilled in the art that many changes and modifications
may be made without departing from the invention in 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 invention.
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CLAIMS

1.  Anion mobility separation or manipulation device comprising:

(a) asingle, non-planar surface that is curved to form an ion separation channel; and

(b) arrays of electrodes coupled to the surface, in which the arrays of electrodes

include inner arrays of RF electrodes, and one or more inner arrays of DC electrodes;

in which the inner arrays of RF electrodes is configured to receive RF voltage to create
confining fields and the one or more inner arrays of DC electrodes is configured to

receive DC voltages to create driving fields that move ions through the device,

in which the array of electrodes receiving the RF and DC voltages conform to the shape

of the surface and extend substantially along the length of the surface.

2. A device according to Claim 1 further comprising one or more surfaces and/or

electrodes external to the device to create additional electric fields on the device.

3. A device according to Claim 2 in which voltages received by the one or more surfaces

and/or electrodes external to the device are turned on or turned off.

4. A device according to Claim 1 in which the arrays of electrodes coupled to the surface

extend above the surface and vary in the distance above the surface.

5. A device according to Claim 2 in which one or more of the arrays of electrodes coupled
to the surface are turned on or turned off by the surfaces and/or electrodes external to the

device.

6. A device according to Claim 1 in which the single, non-planar surface includes arrays of

electrodes on each side of the single, non-planar surface.

7. A device according to Claim 1 in which the single, non-planar surface is located in a

partially or completely transparent cover or enclosure.

8. A device according to Claim 1 in which the single, non-planar surface is one of the

following shapes: cylindrical, a spiral, a funnel, hemispherical, or elliptical.

9. A device according to Claim 1 in which the arrays of electrodes comprise a plurality of

outer arrays of DC electrodes comprising a first outer array of DC electrodes and a second
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outer array of DC electrodes, in which the inner arrays of RF electrodes and the plurality of

outer arrays of DC electrodes extend substantially along the length of the surface.

10. A device according to Claim 9 in which the first outer array of DC electrodes is
positioned on one side of the inner arrays of RF electrodes, and the second outer array of DC

electrodes is positioned on the other side of the inner arrays of RF electrodes.

11. A device according to Claim 1 in which the RF voltage received by at least one inner

array of RF electrodes is out of phase with its neighboring inner array of RF electrodes.

12. A device according to Claim 11 in which the RF voltage received by each inner array of
RF electrodes is phase shifted with respect to its neighboring inner array of RF electrodes to

create the confining fields comprising a pseudopotential.

13. A device according to Claim 12 in which the RF voltage received by each inner array of
RF electrodes is approximately 180 degrees out of phase with respect to its neighboring inner

array of RF electrodes to form the pseudopotential.

14. A device according to Claim 10 in which the one or more inner arrays of DC electrodes
extending substantially along the length of the single, non-planar surface, in which each inner
array of DC electrodes is positioned between an adjacent pair of the inner array of RF

electrodes of the inner arrays of RF electrodes.

15. A device according to Claim 14 in which a RF voltage received by at least one inner
array of RF electrodes of the inner arrays of RF electrodes is out of phase with a neighboring

or adjacent inner array of RF electrodes of the inner arrays of RF electrodes.

16. A device according to Claim 15 in which a first DC voltage received by the first outer
array of DC electrodes and the second outer array of DC electrodes, and a second DC voltage
received by the one or more inner arrays of DC electrodes is a DC gradient across the inner

arrays of DC electrodes.

17. A device according to Claim 15 in which a first DC voltage received across the first
outer array of DC electrodes and the second outer array of DC electrodes is a DC gradient,
and a second DC voltage received by the one or more inner arrays of DC electrodes is a DC

gradient across the one or more inner arrays of DC electrodes.
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18. A device according to Claim 17 in which the one or more inner arrays of DC electrodes

is misaligned or offset from the first outer array of DC electrodes.

19. A device according to Claim 10 further comprising a superimposed DC field received

by the inner arrays of RF electrodes.

20. A device according to Claim 19 in which the RF voltage received by at least one inner
array of RF electrodes of the inner arrays of RF electrodes is out of phase with its neighboring

inner array of RF electrodes of the inner arrays of RF electrodes.

21. A device according to Claim 9 in which the DC voltages received by the plurality of

outer arrays of DC electrodes are static DC voltages or time-dependent DC waveforms.
22. A method of separating or manipulating ions in gas phase comprising:

(a) coupling arrays of electrodes to a single, non-planar surface that is curved to form
an ion separation channel, in which the arrays of electrodes include inner arrays of RF

electrodes and one or more inner arrays of DC,

in which the inner arrays of RF electrodes is configured to receive RF voltage to create
confining fields and the one or more inner arrays of DC electrodes are configured to
receive DC voltages to create confining and driving fields that move ions along the

single, non-planar surface,

in which the electrodes receiving the RF and DC voltages conform to the shape of the

surface and extend substantially along the length of the surface.

23. A method according to Claim 22 further comprising creating additional electric fields
via one or more surfaces and/or electrodes external to the single, non-planar surface and the

arrays of electrodes.

24. A method according to Claim 23 in which voltages received by the surfaces and/or
electrodes external to the single, non-planar surface and the arrays of electrodes are turned on

or off.

25. A method according to Claim 22 in which the arrays of electrodes coupled to the surface

extend above the surface and vary in the distance above the surface.
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26. A method according to Claim 23 further comprising turning on or turning off at least
one of the arrays of electrodes coupled to the surface by the surfaces and/or electrodes
external to the single, non-planar surface and/or electrodes external to the single, non-planar

surface and the arrays of electrodes.

27. A method according to Claim 22 in which the single, non-planar surface includes arrays

of electrodes on each side of the single, non-planar surface.

28. A method according to Claim 22 further comprising disposing the arrays of electrodes
coupled to the single, non-planar surface in a partially or completely transparent cover or

enclosure.

29. A method according to Claim 22 in which the single, non-planar surface is one of the

following shapes: cylindrical, a spiral, a funnel, hemispherical, or elliptical.

30. A method according to Claim 22 in which the arrays of electrodes comprise a plurality
of outer arrays of DC electrodes comprising a first outer array of DC electrodes and a second
outer array of DC electrodes, in which the inner arrays of RF electrodes and the plurality of

outer arrays of DC electrodes extend substantially along the length of the surface.

31. A method according to Claim 30 in which the first outer array of DC electrodes is
positioned on one side of the inner arrays of RF electrodes, and the second outer array of

electrodes is positioned on the other side of the inner arrays of electrodes.

32. A method according to Claim 30 in which the DC voltages received by the first outer
array of DC electrodes and second outer array of DC electrodes, and in which the RF voltages

are received by the inner arrays of RF electrodes.

33. A method according to Claim 22 in which the RF voltage received by at least one inner

array of RF electrodes is out of phase with its neighboring inner array of RF electrodes.

34. A method according to Claim 33 in which the RF voltage received by each inner array
of RF electrodes is phase shifted with respect to its neighboring inner array of RF electrodes

to create the confining fields comprising a pseudopotential.

35. A method according to Claim 34 in which the RF voltage received by each inner array
of RF electrodes is approximately 180 degrees out of phase with respect to its neighboring

inner array of RF electrodes to form the pseudopotential.
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36. A method according to Claim 31, in which each inner array of DC electrodes is
positioned between an adjacent pair of the inner array of RF electrodes of the inner arrays of

RF electrodes.

37. A method according to Claim 36 in which a RF voltage received by at least one inner
array of RF electrodes of the inner arrays of RF electrodes is out of phase with a neighboring

or adjacent inner array of RF electrodes of the inner arrays of RF electrodes.

38. A method according to Claim 37 in which a first DC voltage received by the first outer
array of DC electrodes and the second outer array of DC electrodes, and a second DC voltage
received by the one or more inner arrays of DC electrodes is a DC gradient across the inner

arrays of DC electrodes.

39. A method according to Claim 37 in which a first DC voltage received across the first
outer array of DC electrodes and the second outer array of DC electrodes is a DC gradient,
and a second DC voltage received by the inner arrays of DC electrodes is a DC gradient across

the inner arrays of DC electrodes.

40. A method according to Claim 39 in which the one or more inner arrays of DC electrodes

is misaligned or offset from the first outer array of DC electrodes.

41. A method according to Claim 31 further comprising superimposing a DC electric field

on the inner arrays of RF electrodes.

42. A method according to Claim 22 in which the ions are introduced from the outside at an

angle to the surface.

43. A method according to Claim 22 in which the DC voltages are static DC voltages or

time-dependent DC waveforms.
44.  An ion mobility separation or manipulation device comprising:

(a) asingle non-planar surface that is curved to form an ion separation channel;

(b) arrays of electrodes including one or more arrays of inner arrays of RF electrodes
and a plurality of outer arrays of DC electrodes, coupled to the single surface, in which
the inner arrays of RF electrodes and the outer arrays of DC electrodes extend

substantially along a length of the single surface, in which a first outer array of DC
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electrodes and a second outer array of DC electrodes are positioned on either side of the

inner arrays of RF electrodes; and

(c) one or more arrays of inner DC electrodes extending substantially along the length
of the surface, in which each inner array of DC electrodes is positioned between an

adjacent pair of the inner array of RF electrodes,

(d) in which the inner arrays of RF electrodes is configured to receive RF voltage to
create confining fields and the one or more arrays of inner DC electrodes are configured

to receive DC voltages to create driving fields that move ions through the device;

in which the one or more arrays of inner RF electrodes, the plurality of arrays of outer
DC electrodes, and one or more arrays of inner DC electrodes conform to the shape of

the surface and extend substantially along the length of the surface.

45. A device according to Claim 44 in which a RF voltage on at least one inner array of RF

electrodes is out of phase with a neighboring or adjacent inner array of RF electrodes.

46. A device according to Claim 44 in which the first outer array of DC electrodes is
configured to receive a first DC voltage, and the one or more inner arrays of DC electrodes is
configured to receive a second DC voltage to create a DC gradient across the inner arrays of

DC electrodes.

47. A device according to Claim 44 in which a first DC voltage received across the first
outer array of DC electrodes and the second outer array of DC electrodes is a DC gradient,
and a second DC voltage received by the inner arrays of DC electrodes is a DC gradient across

the inner arrays of DC electrodes.

48. A device according to Claim 45 in which the inner arrays of DC electrodes are

misaligned or offset from the first outer array of DC electrodes.
49.  An ion mobility separation or manipulation device comprising:

(a) asingle non-planar surface that is curved to form an ion separation channel;

(b) arrays of electrodes including one or more arrays of inner arrays of RF electrodes,
one or more arrays of inner DC electrodes and a plurality of outer arrays of DC
electrodes comprising a first outer array of DC electrodes and a second outer array of

DC electrodes, coupled to the single surface, in which the inner arrays of RF electrodes
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and the outer arrays of DC electrodes extend substantially along a length of the single
non-planar surface, in which the first outer array of DC electrodes and the second outer

array of DC electrodes are positioned on either side of the inner arrays of RF electrodes,

(c) in which the inner arrays of RF electrodes are configured to receive RF voltage to
create confining fields and the one or more arrays of inner DC electrodes are configured

to receive DC voltages to create driving fields that move ions through the device; and

(d)  in which the inner arrays of RF electrodes is configured to receive a

superimposed DC field to further confine and move the ions through the device;

in which the one or more arrays of inner RF electrodes, the plurality of outer arrays of
DC electrodes, and the one or more arrays of inner DC electrodes conform to the shape

of the surface and extend substantially along the length of the surface.

An ion mobility separation or manipulation apparatus comprising:

(a) atleast two non-planar surfaces that are curved to form an ion separation channel

extending therebetween;
(b) arrays of electrodes coupled to the at least two surface; and

(c) acombination of RF and DC voltages applied to the arrays of each surface to
create confining and driving fields that move ions from one surface to another, thus

providing a “waterfall” effect of the ions moving through each surface;

in which the electrodes receiving the applied RF and DC voltages conform to the shape

of the surfaces to which they are coupled.

An apparatus according to Claim 50, in which one of the surfaces is positioned above

and offset from the other at an angle.

52.

An apparatus according to Claim 50, in which the at least two surfaces are orthogonal to

one another.
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