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(57) Abstract: An ion manipulation device and systems and methods for controlling the ion manipulation device. The ion manipulation
device includes a pair of counter-facing surfaces and a plurality of electrodes arranged in one or more linear array on each of the counter-
facing surfaces. At least one RF power source is coupled to the electrodes and configured to apply an RF potential to the electrodes to
create an electric field that inhibits charged particles from approaching the counter-facing surfaces. At least one DC power source is
coupled to the electrodes and configured to apply a DC potential to affect the movement of ions between the counter-facing surfaces in
a direction parallel to the counter-facing surfaces. The DC potential and the RF potential are applied to the electrodes simultaneously.
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METHODS AND SYSTEMS FOR ION MOBILITY AND MASS ANALYSIS
RELATED APPLICATIONS

G001 This application claims the benefit of U S. Provisional Patent Apphication No.
62/623,762, filed January 30, 2018, entitled “METHODS AND SYSTEMS FOR MASS

ANALYSIS,” the entire contents of which are incorporated herein by reference.
BACKGROUND

3002} The present mvention relates to systems and methods for ion mobility and mass

analysis,
SUMMARY
{3003} In some implementations, the invention provides an ion manipulation device with

an electrode geometry that is configured to support vartable electric fields, background gases,
and pressures. In some implementations, the device mcludes a novel geometry that includes
two (or more) separatelv controlled regions {¢.g., a scparation region and a reaction region)
and can be interfaced with commercially available ion mobility (IM) quadrupole time-of-
flight (IM-QTOF) instrumentation for highly dimensional (N23) chemical analyses. Though
commercial instromentation can perform collision-mduced dissociation (CID} post-mobility,
supporting gas-phasc reactions prior to mobility analyvsis {c.g., IMR, M) would allow
collision cross section information to be collected on the products of the reaction, rather than
just the reactants. The proposed instrnament configuration facilitates high versatility for
analvtical analyses, allowing for pre-separation of ions by either mass or mobility in the first
region, followed by collision-induced dissociation (CID), electron transter dissociation
(ETD), or ion molecule reactions (IMR) in the second region, and concluding with high-
resolution IM-QTOF analyses where additional mass-selected fragmentation (MS/MS)

experiments can be conducted.

[G004] In some implementations, the invention provides a system including (i} an
clectrospray ionization (EST) source, (i) ion funnels for focusing ions at low pressure, and
(i1} tandem scgmented quadrupole units. The system 1s interfaced to a commercial 1M-
QTOF for high-resolotion collision cross section (CC8} and mass-to-charge (m/z) analyses.

In some mplementations, cach unit of the platform is approximately 200 mm in length with
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an inscribed electrode radius of 4.25 mm consisting of 42 sets of electrodes (sets of 4). In
this configuration, the tandem segmented devices will each be capable of operation in
multiple modes mcluding quadrupole mass selection, IM selection, trapping for ETD or IMR,

and full transmussion, which will accommodate CID.

[GB05] In one embodiment, the invention provides an ion manipulation device including a
pair of counter-facing surfaces and a plurality of electrodes arranged i one or more hingar
array on each of the counter-facing surfaces. At least one RF power source 15 coupled to the
clectrodes and configured to apply an RF potential to the clectrodes to create an electric field
that inhibits charged particles from approaching the counter-facing surfaces. At least one DC
power source is coupled to the electrodes and configured to appiv a DC potential to affect the
movement of 1ons between the counter-facing surfaces in a direction paraliel to the counter-
facing surtaces. The DC potential and the R¥ potential arc applied to the clectrodes

simultaneously.

6606} in some embodiments, the invention further includes control circwitry configured
to control the R¥F potentials and DC potentials applied to the electrodes to cause the ion
manipulation device to selectively operate in a plurality of different operating modes. In
some embodiments, the invention is configured to scparately control electrodes in different
regions of the ion manipulation device to simultaneously provide multiple different operating

modes at different regions along the length of the ion manipulation device.

[6607] Other aspects of the mvention will become apparent by consideration of the

detailed description and accompanying drawings.
BRIEF DESCRIPTION OF THE DRAWINGS

[6608] Fig. 1A s an overhead view of one printed circuit board of an 1on manipulation

device in one embodiment.

3009} Fig. 1B 1s a side view of an ion manipulation device meluding two oppositely

facing printed circuit boards similar to the printed circuit board of Fig. 1A,
16018 Fig. 1€ 15 a cross-sectional view of the ion manipalation device of Fig. 1B.

6011} Fig. 1D 15 a partially transparent perspective view of the ion manipulation device

of Fig. 1B showing an example of the dirsction of ion movement.

[\]
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0612} Fig. 2A 13 a block diagram of a control system for an ton manipulation device

such as the one tHustrated m Fig. 1B.

16013} Fig. 2B is a block diagram of the electrical power supply for one set of four

clectrodes in the ion manipulation device of Fig. 1B.

16014} Fig. 2C is a block diagram of one example of an electrical power supply

arrangement for the 1on manipulation device of Fig. 1B,

{613} Fig. 3A 1s a block diagram of an example of an ¢lectrical power supply for the 1on

manipulation device of Fig. 1B configured to operate with two separate operating regions.
6616} Fig. 3B is a side view of the two-region ion manipulation device of Fig. 3A.

16617} Fig. 4 is a fimctional block diagram of different operating modes that can be

applied in the single-region ion manipulation device of Fig. 1B.

[6618] Fig. 5 is a functional block diagram of different operating modes that can be

applied 1 the two-region 1on manipulation device of Fig. 3B.

{6019} Fig. 6 is a functional block diagram of an ion-mobility mass spectrometry {IM-

M8} system including the two-region ion manipulation device of Fig. 3B

6024} Fig. 7A is a graph of the DC voltages and RF switching applied to the electrodes
of the 1on manipulation device of Fig. 1B or Fig. 3B operating 1n a guadrupole mass

spectrometer mode.

6621} Fig. 7B is a graph of relative transmission of ions of different masses under
various combinations of RF and DC stimulus applied to the clectrodes of the ion

manipulation device operating in the quadrupole MS mode of Fig. 7A.

16622} Fig. 7C is a cross-sectional view of ion positions in the ion manipulation device

operating in the guadrupole MS mode of Fig. 7A.

6023} Fig. 7D 1s a side-view of ion trajectories (flight paths) in the ion manipulation
device operating in the guadrupole MS mode of Fig. 7A under three difterent RE/DC

combinations.
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3024} Fig. 8A 15 a graph of the DC voltages applied to the electrodes of the ion
manipulation device of Fig. 1B or Fig. 3B operating in a travelling wave ion manipulation

mode.

16625] Fig. B is a cross-sectional view of ion trajectories {flight paths}in the ion

manipulation device operating in the travelling wave ton manipulation mode of Fig. 8A.

16026} Fig. 8C is side view of ion positions in the ion manipulation device operating in

the travelling wave 1on mobility mode of Fig. 8A.

G827} Fig. 9 1s a side-view of ion trajectorics (flight paths)in the second {¢.g, reaction)
region of the two-region ion manipulation device of Fig. 3B operating in an ion transfer

mode.

[6628] Fig. 10 is a potential energy surface view of a side-view of won trajectories (flight
paths}and a graph of kinetic energy in the second {(¢.g., reaction) region of the two-region 1on

manipulation device of Fig. 3B operating in a collision induced dissociation {CiD) mode.

[6629] Fig. 11 is a side-view of ion trajectornies (Hlight paths)in the second (e.g., reaction)
region of the two-region ion manipulation device of Fig. 3B operating in an electron transfer

dissociation (ETD) mode.

3030} Fig. 12 13 a side~-view of ion positions m the second (e.g., reaction) region of the
two-region ion mantpulation device of Fig. 3B operating in an ion molecule reactions (IMR)

mode.
DETAILED DESCRIPTION

3631} Before any embodiments of the invention are explained in detail, 1t is to be
understood that the invention is not limited in its application to the details of construction and
the arrangement of components set forth in the following description or tHustrated in the
followmg drawings. The invention is capable of other embodiments and of being practiced

or of being carried out in various ways.

3632} In some implementations, a vanable-mode ion manipulation device includes at
least two counter-facing printed circuit boards. Fig. 1A illostrates an example of one of the

circutt boards 101 that includes a plurality of individual electrodes 103, The electrodes 103



WO 2019/152129 PCT/US2019/012196

are arranged on the first printed circutt board 101 m two linear arrays 105, 106. The hincar
arrays 105, 106 are arranged so that the clectrodes 103 are arranged in pairs. A second
printed circuit board 107 mcludes clectrodes that are sinularly arranged in two linear arrays.
As illustrated in Fig. 1B, the first printed circuit board 101 and the second printed circut
board 107 are configured in a counter-facing arrangement with a space provided between the
surfaces of the two printed circuit boards 101, 147, Each clectrode 103 on the first printed
circuit board 101 is positioned across from an clectrode 103 on the sccond printed cireuit

board 107.

16033} Fig. 1C dlustrates a cross-section of the ion manipulation device along line A in
Fig. 1B, Asshown m Fig. 1C, the arrangement of the electrodes 103, the first printed circut
board 101, and the second printed circuit board 107 provides a plurality of electrode groups
that each includes four electrodes 103 arranged in the same cross-sectional plane. Fig. 1C
illustrates one electrode group that imcludes an upper left electrode 103 A, an upper right
electrode 1038, a lower left electrode 103C, and a lower right electrode 103D, The upper left
clectrode 103 A and the upper right electrode 1038 are mounted to the first pnoted circuit
hoard 101 while the lower left clectrode 103C and the lower night electrode 103D are

mounted to the second printed circuit board 107,

3034} Fig. 1D illustrates the ion mampulation device with a plurality of electrode groups
- gach including four electrodes. Although the example of Figs. 1A, 1B, and 1D show only
five electrode groups (cach including four electrodes), in other tmplementations, the device is
contigured with more or fewer electrode combinations. For example, in one ieplementation,
the printed circuit boards 101, 107 are each approximately 200 mm in length and mclude 42
clectrode groups. In this example, each electrode 1s provided as a square clectrode surface
with a width/length of 4.25 mm. However, in other implementations, the electrodes may be
provided with a different shape {e.g., a circle with 2 4.25mm radius) or different size {e.g.,
smaller or larger than 4.23 mum). Furthermore, in some implementations, the device may
include electrodes of various different sizes and/or shapes in the same device {¢.g., electrodes
that increase or decrease in size to form an elecirode size gradient along the length of the

printed circuit boards 101, 107).

[G835] In the example of Fig. 1D, electric potentials are controllably applied to the
clectrodes 103 to cause ions to move through the device between the two printed circuit

boards 101, 107 as dlustrated by the arrow 1n the direction of the x-axis. As described in
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further detail below, the electric potentials apphied to the electrodes can include, for example,
an RF component, a DC component {¢.g., a DBC offset), and a BC gradient, and can be
controtlably adjusted/regulated in order to provide a particular operating mode. Furthermore,
in some implementations, the system may be configured to alter or adjust the electric
potentials applied to the vartous electrodes in order to selectively operate in multiple different

operating modes using the same device and the same electrode configuration.

13636} Fig. ZA illustrates an example of a control svstem for regulating the electric
potentials applied to the electrodes 103 and, in doing so, controlling the operation of the ion
manipulation device. The control system ncludes a controller 201 with a processor 203 and
a non-transttory, computer-readable memory 205, In some tmplementations, the memory 205
stores computer-executable instructions that are accessed and executed by the processor 203
to control the operation of the system (for example, as described hercin}. Although the
example of Fig. 2A shows only one controller 201, one processor 203, and one memory 205,

some tmplementations can include mudtiple controliers, processors, and/or memory units,

[6637] in the example of Fig. 2A, the processor 203 is commumnicativelyv coupled to one
or more AC/RY generator 207 and to one or more DC generator 209. The controller 201 may
be configured to control the operation of the AC/RF generator 207 and/or the DC generator
209 by activating/deactivating the generators and, in some implementations, providing a
control signal to the generator defining a variable of the output of the generator inchuding, for
example, an RF frequency for the cutput of the AC/RF generator 207 and an electnic potential

amplitude for the output of the AC/RF generator 207 and/or the DC generator 209,

{0838} In some implementations, the controller 201 15 also communicatively coupled to
one or more switches 211 and/or variable resistors 213 {e.g., potentiometers) and 13
configared to operate the switches 211 and variable resistors 213 in order to control and/or
vary the electric potential applied to one or more of the clectrodes 103, Furthermore, in some
implementations, the controller 201 is also communicatively coupled to a user inferface
which is configured 1o allow the user to control the device and/or define operating
characteristics for the device meluding, for example, selecting one or more gperating modes
and defining/adjusting settings relating to the electric potential to be applied to the electrodes

103.
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3039} Fig. 2B shows an example of how the electrodes in a single electrode group are
coupled to and controlled by the AC/RF generator 207 and the DC generator 209, In this
example, the electrodes in each electrode group are paired crosswise so that the upper left
clectrode 103A 1s paired with the lower right electrode 103D and the upper night electrode
103B 15 paired with the lower left electrode 103C. In some implementations, the AC/RF
generator 207, the DC generator 209, and the controller 201 are configured to apply an
cquivalent DC potential across both clectrode pairs in a single clectrode group (¢.g,. the same
DC potential applied between electrodes 103A and 103D 1s applied between electrodes 1038
and 103C). However, in some implementations, the system 1s configured to apply RF
potentials to the two electrode pairs with similar amphitude and frequency, but with alternate
phases. For example, the RF potential applied between a first electrode pair (103A/103D)
has the same amplitude and frequency as the RF potential applied between the second
clectrode pair (103B/103C), but the phase of the RF potential apphed to the second electrode
pair (103B/103C} 1s opposite the phase of the RF potential applied to the first clectrode pair
(103A/103D). In some implementations, the RF potential and the DC potential are apphied to
the electrodes simutdtancously so that the DC potential 15 effectively a DC offset for the RF

potential applied to the same electrode(s).

0044} Fig. 2B illustrates one example of how the AC/RF generator 207 and the BC
gencrator 209 might be coupled to the electrodes in a single clectrode group in order to
provide the DC and RF potentials to the electrode group as discussed above. A positive
output of the AC/RF generator 207 is coupled to the upper left electrode 103A and to the
fower right electrode 103D while a negative cutput of the AC/RY generator 207 is coupled to
the upper right electrode 1038 and the lower left clectrode 103C. In some implementations,
the AC/RF generator 207 and/or the controlier 201 may be configured to apply the aliernate
phase RF signals to the crossing electrode pairs simultancously {¢.g., alternate phase RF
signals applied to both electrode pairs 103A/103D, 103B/103C at the same time} and/or
alternatingly (c.g., so that no RF signal 1s applied to the first electrode pair 103A/103D while
an RF signal 1s applied to the second electrode pair 103B/103C and vice versa). The outputs
of the BC generator 209 are also coupled to cach of the four electrodes in the electrode group

of Fig. 2B, .

{6041} In some implementations, a separate RF/AC generator 207 and DC generator 209

may be provided for cach individual electrode group. However, in other implementations, a

-~
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single RF/AC gencrator 207 and a single DC generator 209 are coupled to multiple ditferent
electrode groups. In such mmplementations, the svstem may be configured to provide the
same RF potential and BC potential to cach electrode group and/or include additional

circutiry to adjust the potentials applied to cach electrode group.

G042} Fig. 2C illustrates an example of a svstem configured to use the same RF/AC
generator 207 and DC generator 209 for multiple clectrode groups and additional circuitry to
vary the potentials applied to one or more of the clectrode groups. In the example of Fig. 2C,
an AC/RYF generator 207 i3 coupled directly to five different electrode groups 215, 217, 219,
221,223, As discussed above, cach clectrode group in the example of Fig. 2C includes four
clectrodes and the four electrodes in each electrode group are paired crosswise 1o provide two
clectrode pairs in each electrode group. The system of Fig. 2C also includes a single DC
gencrator 209 that is coupled to each electrode group. However, the system of Fig. 2C also
includes a switch and a resistor coupled n parallel between each electrode group relative o

the DC generator 209,

[6043] For example, as in Fig. 2C, a first switch 211 A and a first resistor 2134 are
coupled m parallel between the node at which the DC generator 209 is coupled to the first
clectrode group 215 and a node at which the DC generator 209 1s coupled to the second
clectrode group 217, A second switch 2118 and a second resistor 2138 are coupled n
parallel between the node at which the DC generator 209 15 coupled to the second electrode
group 217 and the node at which the DT generator 209 is coupled to the third electrode group
219, Similarly, a third switch 211C and a third resistor 213C are provided relative to the
fourth electrode group 221 and a fourth switch 211D and a fourth resistor 213D are provided

relative to the fifth electrode group 223,

(3044} In this configuration, when all of the switches 211A 2118, 211C, 211D are
closed, the same DC potential is applied by the DC gencrator 209 to each of the electrode
groups 215, 217, 219, 221, 223 However, when all of the switches are open, the current
from the DC generator 209 must run through cach of the resistors 213A, 2138, 213C, 213D
before reaching cach respective electrode group 217, 219, 221, 223, Each successive resistor
causes the DC potential applied to the electrode group 1o decrease. Accordingly, in the
arrangement of Fig. 2C, a DC gradient is applied to the clectrode groups along the length of
the device. Furthermore, in some implementations, the resistors 213A, 2138, 213¢, 213D

can be provided as variable resistors {e.g., electncally-controlled potentiometers) so that the
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controlier 201 may be configured to adjust the resistance of cach resistor and, thereby,

control/adjust the degree to which the DC potential changes along the DC gradient.

[0045] Fig. 2( provides just one example of circuit configurations that can be used to
adjust the electric potential that is applied to each electrode group while using a comumon
AC/RF genecrator 207 and a common DC generator 209 for multiple electrode groups. Other
implementations may include other switching configurations for adjusting/regulating DC
potentials m addition to or instead of the configuration llustrated i the example of Fig. 2C.
Similarly, 1 some implementations, additional cirenitry can be implemented to adjust,
control, and vary the RF potential applied to the different electrode groups. For example, in
some implementations, the system is further configured to selectively disable (or significantly
bty a DC and/or RF/AC potential applied to a particalar electrode group in order to provide

a traveling wave eleciric potential scheme as discussed in further detail below.

[(6046] Furthermore, the diagrams of Figs. 2A, 2B, and 2C are provided as block
diagrams to lustrate various functional componcuts that can be included in implementing the
functionality of the devices described herein and are not intended as comprehensive circut
diagrams. For example, the device may mchide vanious summing node components to
combine the DC potential and RF potential applied to cach clectrode group {and/or electrode
pair in each group} to combine the DC and RF potentials applied while preventing the RF

potential from altering the operation of the DC circuif and vice versa.

16047} ¢ example of Fig. 2C provides a configuration m which a single DC generator
209 and a single AC/RF generator 207 are used to control the electric potential applied to five
clectrode groups 215, 217, 219, 221, 223 However, as discussed above, other

wplementations may include more or fewer electrode groups.

3648} The electric potentials applied to cach individual electrode group in the example
of Fig. 2C can be controlled to provide a single operating mode as discussed in further detail
below. However, in other inplementations, the system can be configured to provide multiple
different regions each configured to separately provide a different, selectable operating mode.
Fig. 3A ilustrates onc example of a system in which the clectrode groups are controlled to
provide separate operating regions. The syvstem of Fig. 3A includes a first DC generator 301
and a first AC/RF gencrator 303 coupled to a first series of electrode groups 305, 367, 309,

311, The system of Fig. 3A also includes a second DC generator 313 and a second AC/RF
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generator 313 coupled to a second series of electrode groups 317, 319, 321, 323, In this
example, both DC generators 301, 313 and both AC/RF generators 303, 315 are separately
controlied to provide different combinations of RF and DC potentials on their respective
clectrode groups. For example, a first DC/RF potential scheme can be applied to electrode
groups 305, 307, 309, 311 while a second, different DC/RF potential scheme is applied to

clectrode groups 317,319, 321, 323,

3649} Ag shown in Fig. 3B, the individual electrodes are mounted to two counter-facing
printed circutt boards 331, 333 similar to the configuration illustrated in Fig. 1B. The top
clectrodes 3038, 3078, 3098, 311B, 3178, 3198, 3218, and 323B in cach ¢lectrode group
are all mounted to the same top circuit board 331 in a hinear array while the bottom electrodes
305D, 307D, 3090, 311D, 3170, 319D, 321D, and 323D in each electrode group are all
mounted to the same bottom circuit board 333 in a linear array. Furthermore, although only
the top night electrodes and the bottom right electrodes are visible in Fig. 3B, the top lefi
electrodes and bottom left electrodes are similarly mounted to the top circuit board 331 and

-
ol

the bottom circuit board 333, respectively, in similar Hncar electrode arrays.

[0054] Although the electrodes are all mounted to the same top circuit board 331 and
bottom circuit board 333, they are configured to be controlied scparately to eftectively form
two separate operating regions in the device — a first region 335 and a second region 337, As
descnbed in further detail below, the svstem may be configured to separately control the
clectric potentials applied to the clectrodes 1n each separate region to provide separate

operating modes in each region as the ions pass through the device.

{6651} Again, although the example of Figs. 3A and 3B shows only four electrode groups
in each operating region, other implementations may mclade more or fewer electrode groups.
For example, a device may be configured to include 42 clectrode groups with 21 electrode
groups configured to operate as part of a first operating region while the other 21 elecirode
groups are configured to operate as part of the second operating region. In still other
implementations, the number of clectrode groups in each operating region is not necessarily
the same — for example, the first 23 electrode groups might be operated as part of the first
operating region while the remaining 17 electrode groups arc operated as part of the second
operating region. Furthermore, the svstem in some implementations may be configured to
selectively vary the number of clectrode groups 1n each operating region based, for example,

on a user input or a selected operating mode.

10
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{6052} Also, although the example of Fig. 3A llustrates a first DC generator 301 and a
first AC/RF generator 303 controlling the ¢lectric potentials applied to electrodes in the first
operating region while a second DC generator 313 and a second AC/RF generator 315
controls the electric potentials applied to electrodes in the second operating region, some
mplementations are configured to utilize more or fower generators. For example, i some
tmplementations, a single DC generator 301 and a single AC/RF generator 303 are used to
provide the electric potential for all electrode groups in both operating regions while
additional circuitry s used to adjust/control the specific DC/RF potentials applied to each
particular electrode group. Altermatively, multiple different AC/RF generators and/or BC
generators can be used to control the electric potential applied to different clectrode or

clectrode groups within a single operating region.

[G853] The examples described above provide a device including a plurality of clectrode
groups arranged on counter-facing printed circuit boards and configured to selectively control
an electric potential applied to cach electrode. By selectively controlling various
characteristics applied to the electrodes {and the electrode groups) including, for example, a
DC potential, an RF potential, a DC gradient, and an RF frequency, the system is able to
operate in a plurality of different operating modes using the same clectrode platform and

control system.

3054} Fig. 4 dllustrates one example of a method for operating a system including the 1on
manipulation device to provide a single operating region {¢.g., the device of Fig. 1B). lons
from an 1on source 401 {¢.g , an clectrospray ion source} enter the ion manipulation device
403 at a first end. After passing through the 1on manipulation device 403, some or all of the
tongs exit the ion manipulation device 403 mto an ion detector 405 {¢.g., a mass spectrometer).
The ion manipulation device 403 itself, however, can be operated to selectively perform a
oumber of diffcrent operations including, for cxample, ion transfer (mode 1), mass
spectrometer {mode 2), ion mobility spectrometer (mode 3), and ion activation {mode 4).
Although only four separate functional “modes” are illustrated in the example of Fig. 4. the
device can be configured to provide more, fower, or different operating modes by varying
parameters such as, for example, RF frequency, RF amplitude, DC amplitude, DC gradient,

device pressure, background gas, and operating temperature.

[B055] Although the example of Fig. 4 discusses onlv a single operation that can be

performed by the manipulation device 403 at any particular time, as discussed above, in some

i
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implementations, the ion manipulation device can be operated o concurrently provide two
separate operating regions by separately controlling the operating parameters for the separate
areas of the device. Fig. 5 illustrates an example of a system in which the device is operated
1o provide two separate operating regions along the 1on path. In the example of Fig. 3, wons
from an ion source 501 enter one end of the ion manipulation device. In particelar, the ions
first pass through the first region 503 of the ion manipulation device before exiting the first
region 503 and entering the sccond region 505, lons ultimately exit the second region 505

and enter an 10n detector 507,

6656} As described above, the first region 5073 and the second region 505 can be
controtled to separately provide various different functional operations in each region. For
example, in some implementations, the first region 503 is operated as a separation region
while the second region 305 is operated as a reaction region for the ions after “separation.”

In the example of Fig. 5, the first region 503 can be selectively operated to provide any one of
the same four modes described above in reference to Fig. 4 (¢.g., ton transfer (mode 1), mass
spectrometer {mode 2), ion mobility spectrometer {(mode 3}, and {on activation {(mode 4).
Furthermore, the second region 5305 s configured to be operated to selectively provide one of
four ditferent operating modes: ion transfer {mode A), collision induced dissociation (CID)
{mode B}, clectron transfer dissociation (ETD) {mode C), and ion molecule reactions (IMR)

{mode D)), These modes are described 1n further detail below.

[6657] Accordingly, the system of Fig. 5 can be selectively operated to provide up to 16
different operating combinations by selectively controlling the operating mode for the first
region and the operating mode for the second region. Furthermore, even though the two-
region device illustrated above (e.g., Figs. 3A and 3B) are described as operating the first
region and the second region separately, in some tmplementations, the system may be
configured to sclectively operate the two-region device as a single operating region by
controlling the operating parameters of the first region 303 and the second region 503 to

perform a single operating mode across the entire length of the device.

16058} Fig. 6 illustrates an example of a system including the controllable ion
manipulation device with two operation regions. The systerm includes an electrospray
tonization (ESI) source 601 configured to inject ions mto a first rectilinear ion funnel (R1F)
603. The first RIF 603 provides a narrowed beam of 1ons that then enter the controllable ion

manipulation device 605. As discussed above, the controliable 1on manmipulation device 605

iz
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in this example is operated to provide two separate operating regions: a selection region
603 A followed by a reaction region 603B. In some implementations, the device may be
configured to pump a gas {reactive or inert) 607 into the controllable 1on mantpulation device
605, Similarly, in some implementations, the sysiem may be configured to pump/remove
some tons and/or neutral molecules from the system at the first RIF 603 or at the controllable
ton mantpulation device 605 (as indicated by the output arrows in Fig. 6}. In some
tmplementations, ions that pass through the entire length of the controllable ion manipulation
device 605 then pass through a second rectilinear ion funnel (RIF} 609 before entering an ion
mobility mass spectrometer (IM-MS) 611 (e g, for high resolution IM-QTOF analysis).
Alternatively, in some implementations, the system could be configured to send ions to other
nstrument configurations {e.g., IMS, MS, ¢tc ) or a Faraday detector to terminate 1ons

mmmediately after the second region of the ion manipulation device.

3059} The examples presented above described tour examples of operating modes for
the device of Fig. 1B that includes a single operating region. These same four modes can be
utilized m the first region {¢.g., the sclection region} of 3 two-region device {e.g., as

iHustrated in Figs. 3A and 3B).

[G864] In mode 1, the device is operated as an ion transfer device where a broad
distribution of ons are transmitted from the 1on source 401 to the ion detector 405, This can
be achieved, for example, by applying an RY potential 1o the electrodes with an RF frequency
of 1.0525 MHz and a peak-to~-ground RF amplitude of 0 to 1 kV. At the same time, a BC
voltage (c.g., a DC offset) ranging from 0 to 1 kV 15 also applied to the clectrodes. In some
implementations, while operating as an 1on transfer device, pressure within the deviee is
maintained at approximately 1 Torr with nitrogen as the background gas and with a

temperature ranging from 22°C to 27°C.

0061} In mode 2, the device 1s operated as a mass spectrometer by use of appropriate RF
and DC potentials so that ions of a specified mass are allowed o pass through the device to
the ion detector while all other ion masses are rejected. In some implementations, the device
is operated as a mass spectrometer by applying an RF potential with an RF frequency of
1.0525 MHz and a peak-to-ground RF amplitade of 0 to 5kV. At the same time, a BC
voltage {g.g., a DC offset) ranging from 0 to 2 kV 1s also applied to the elecirodes. In some

implementations, the pressure within the device 1s maintained at 0.001 Torr with nitrogen as

J—
2



WO 2019/152129 PCT/US2019/012196

the background gas while operating the device as a mass spectrometer. Agam, in some
wplementations, the temperature is mamtained between 22°C and 27°C while operating the

device as a mass spectrometer.

3662} Mode 2 operation as a mass spectrometer can be achieved, for example, by
controlling the applied potentials to cause the device to act as a quadrupole as tHustrated in
Figs. 7A, 7B, 7C, and 7D. When the device {or the first region of the device) is operated as a
guadrupole mass filter, the ion trajectorics are mass-dependent. Fig. 7C shows a cross-
section of the device/region operating as a quadrapole mass spectrometer. Lower mass ions
{c.g., approximately 380 Da) arc filtered out in one dimension 801 by an applied RF ficld and
higher mass 1ons {e.g., approximately 420 Da) are rejected by the DC bias in an orthogonal
dimension 803, The tons of the target mass (¢.g., approximately 400 Da} travel through the
device and remain near the center 805, The DC bias is shown in the potential energy
diagrams ot Fig. 7A by the letimost arrow in the first graph (Time 1) and the RF switching is
ithustrated with the reversing of that arrow in the lower potential energy diagram (Time 2).
The long arrows to the right represent the DC gradient applied across the device to improve

transnussion. This DO gradient feature is inaccessible in conventional quadaupole rods.

[6063] Fig. 7B dlustrates the relative transmission of ions of different masses at various
combimations of DC potential and RF potentials. lons of approximately 380 Da mass will
pass through the device at DC/RF combinations in area (1) of Fig. 7B, ions of approximately
400 Da mass will pass through the device at BC/RF combinations in area () of Fig. 7B, and
ions of approximately 420 Da mass will pass through the device at BC/RF combinations in
arca (1t} in Fig. 78. Accordingly, the filtering mechanism of the device can be adjusted to
selectively transmit particular masses while rejecting other masses by selecting a combination

of BC and RF potentials that is unigue for the target ton mass.

16064} Fig. 7D illustrates three examples of ion transmuission (from a side view of the
device) at three different combinations of DC and RF potentials. o the first example, the DO
and RF potentials are selected and applied to transmit 1ons of a 480 Da mass while
rejecting/fittering ions of a 500 Da mass and 1ons of a 520 Da mass. In the second example,
the DC and RF potentials are selected and applied to transmit ions of a 300 Da mass while

rejecting/filtering ions of a 480 Da mass and tons of a 520 Da mass. Finally, in the third
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example, the DC and RF potentials are selected and applied to transmit 1ons of'a 520 Da mass

while rejecting/filiering ions of a 480 Da mass and ions of a 500 Da mass.

186065} Returning now 1o the examples of Fig. 4 and Fig. §, in mode 3, the device 18
operated as an ion mobility spectrometer by use of appropriate RF and DC potentials so that
tons of a specified mobility are allowed to pass to the ion detector. The tons of the specified
mobility are separated in either space or time from other 1ons possesasing different mobilities.
In some mmplementations, the device is operated as an ion mobility spectrometer by applying
an RF potentiad with an RF frequency of 2.8 MHz and a peak-to-ground RF amplitude of 123
Y. At the same time, DC voltages are applied to the electrodes, for example, as a travelling
wave with an amplifude of 40V, In some implementations, the pressure within the device is
maintained at 0.1 Torr to 20 Torr with mitrogen as the background gas while operating the
device as an ion mobility spectrometer. Again, in some tmplementations, the teraperature is
maintained between 22°C and 27°C while operating the device as an 1on mobility

spectrometer.

[B866] Figs. 84, 8B, and 8C illustrate one example in which the device or a region of the
device 1s operated as an ion mobility spectrometer using a travelling wave. Fig. 84 isa
potential energy diagram showing the DC voltage applied to the electrodes along the length
of the device/region at three different times (e.g., three sequential phases). In the first phase,
clectrodes are held at higher DC voltage m sections of four adjacent electrode groups. In the
next phase, the high DC voltage is shifted along the main axis by two electrode groups, and
so on, creating a potential energy wave that propels ions through the device. Fig. B showsa
cross-sectional view of the ion trajectories as viewed down the main axis of the
device/region. The electric ficld generated by the four PCR pads n each electrode group
cause the 1ons to occupy a diamond shaped arca. Fig. 8C shows the ion trajectories along the
device/region from a side view perspective. The trajectories illustrated in Fig. 8C show a
periodic focusing that is noticeable due to the traveling wave and confining RF being low

magnitude to increase dwell time and improve separation,

3067} Returning again to Fig. 4 and Fig. 3, in mode 4, the device is operated as an 10n
activation device where ions are encrgetically-activated to unfold or break apart into
fragments by use of the appropriate RF and BC fields or by use of trapped ions or clectrons.

Various combmations of RE and DC potentials, pressures, background gases, and

[—
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temperatures may be used while operating the device as an ion activation device including,

for example, the parameters described below in reference to modes B, €, and B

[0068] Fig. 5 includes examples of four specific operating modes that can be
implemented by controlling and adjusting operating parameters of the second region: ion
transfer (mode A). collision mduced dissociation (CID) (mode B), clectron transfer

dissociation (ETD) {mode ), and ion molecule reactions (IMR} (mode D)),

3669} in Mode A, the second region of the device is operated similarly to the 1on transfer
mode {mode 1} of the first operating region to cause a broad distribution of ion masses to be
transmitted from the first region to the ion detector. An RF potential 1s applied with an RF
frequency of 1.0525 MHz and a peak-to-ground RF amplitude of Oto 1 kV. A DC voltage
ranging from O to 1 kV 1s also apphed 1o the electrodes. The pressure is approximately 1
Torr and mitrogen is used as the background gas. When the second region is operated in a
transfer mode, the RF and DC voltages are held relatively low to allow transmission of a
wide range of masses. Fig. 9 shows ion positions in the second region from a side-view
perspective while the second region is being operated in an on transter mode (mode A). As
tthustrated in Fig. 9, the trajectories show full transmission of 1ons ranging from 250 Da mass

to 2000 Da mass simultancously.

[6670] In Mode B, the second region 1s operated as a collision induced dissociation (CID)
device where ions are energetically-activated to unfold or break apart into fragments by use
of the appropriate RF and DC fields and collisions with a neutral background gas. An RF
potential is applied with an RY frequency of 1.0525 MHz and a peak-to-ground RF amplitude
of 400V. The DC voltage is applied ranging from O to 1 kV. Aun inert background gas such
as, for example, nifrogen is used and the pressure n the device is mantained at a level
between 1 Torr and 100 Torr. To perform collision induced dissociation (CID), a DC drop is
imposed about % of the way through the device to give ions higher kinetic energy. The
graphs in Fig. 10, with distance on the x axis and kinetic encrgy on the v axis, shows how the
magnitude of this voltage change directly affects the kinetic energy of the 1ons, enabling

cffective collisions with the background gas.

6871} In Mode C, the second region 1s operated as an electron transfer dissociation
(ETD) device where 1ous are energetically-activated to unfold or break apart into fragments

by use of appropriate RF and DC ficlds and/or by use of trapped ions or electrons. An RF

6
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potential 1s applied with an RF frequency of 1.0525 MHz and a peak-to-ground RF amplitude
of 400V along the device. However, a peak-to-ground RF amplitude of 1000 kV 15 applied at
the electrode groups at the entrance and exit of the second region. The DC voltage is
maintained at 0 V. The DC voltage 1s applied ranging from 0 to 1 kV. An inert background
gas such as, for example, nitrogen is used and the pressure in the device is maintained at
approximately 0.001 Torr. When the device is operated for electron transfer dissociation
(ETD), the entrance and exit electrodes are held high, effectively trapping positive and
negative ions for milliseconds or more. This allows time for transfer of electrons. Fig. 11
itlustrates 1on positions from a side view along the length of the second region as it 1s

operated as an ETD device,

{6072} In Mode D, the second region 1s operated as an 1on molecule reaction (IMR)
device where 1ons undergo chemical reactions by use of appropriate RF and DC fields and/or
wnteraction with a reactive background gas. An RF potential 1s applied with an R¥ frequency
of 1.0525 MHz and a peak-to-ground RF amplitude of 400V along the device. However, a
peak-to-ground RF amplitude of 1000 kV 15 applied at the electrode groups at the entrance
and exit of the second region. The DC voltage 1s maintained at 0 V. The DC voltage is
applied ranging from 0 1o 1 kV. The pressure i the device 18 maintained at approximately
(.001 Torr and a reactive background gas such as, for example, ozone is provided to the
device. For IMR, the first and last electrode groups are held at high potential energy,
preventing ions from exiting the device. A wide range of masses can be trapped for
milliseconds or more to allow time for ions to react with the background gas. Fig. 12
itlustrates ion positions from a side view along the length of the second region as it 1s

operated as an IMR device.

16873} The examples described above include only a fow specific examples of operations
that can be performed by a controllably ton manipulation device as discussed above. In some
implementations, other parameter combinations are used to cause the device to perform other
operations. Also, although the examples above only describe implementations that include
one or two operating regions, other implementations may be configured to include more that
two separately controlled operating regions that each are selectively controlied to perform a

particular operation.

3874} Thus, the invention provides, among other things, a system and method for

selectively performing a plurality of different 100 mobility operations, individually or
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concurrently, using a device with a single electrode geometry and configuration. Various

features and advantages of the mvention are set forth in the following claims.

18
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CLAIMS

What is claimed s

1. Arion manipulation device comprising:
a pair of counter-facing surfaces;

a plurality of electrodes arranged in one or more linear array on cach of the

counter-facimg surfaces;

at least one RF power source coupled to the electrodes of the plurality of
electrodes and configured to apply RF potentials to the electrodes to create an elecinc

ficld that inhibits charged particles from approaching the counter-facing surfaces; and

at least one DC power source coupled to the electrodes of the plurality of
electrodes and configured to apply DC potentials to the electrodes to affect movement
of ions between the counter-facing surfaces in a direction paraliel o the counter-

facing surfaces,

wherein the DC potentials and the RF potentials are applied to the ¢lectrodes

simultancously.

2. The 1on manipulation device of claim 1, whergin the plurality of electrodes arvanged
in the one or more linear array on cach of the counter-facing surfaces includes electrodes
arranged in four linear arrays, wherein two linear arrayvs are arranged on cach of the counter-
facing surface, and wheren the four linear arrays are arranged paraliel to each other in the

direction paratlel to the counter-facing surfaces.

~

3 The ion mamnipulation device of claim 2, wherein the plurality of electrodes n the four
linear arrays are arranged to position groups of four electrodes in each of a plarality of cross-
sectional planes, wherein cach group of four elecirodes include one electrode from cach

lincar array of the four inear arrays.
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4. The 1on manipulation device of claim 3, wherein the at least one RF power source is
configured to apply an RF potential across electrodes that are paired crosswise i each group

of four clectrodes,

wherein each group of four electrodes includes a top-left electrode, a top-right
clectrode, a bottom-left electrode, and a bottom-right electrode in a cross-sectional

plane, and

wherein the top-left electrode is paired with the bottom-right electrode and the

top-night electrode is paired with the bottom-left clectrode.

5. The 1on mamipulation device of claim 4, wherein the at least one RF power source is
configured to apply the RF potential to the electrodes by applving a first RF potential to a
first pair of electrodes in a group of electrodes and applyving a second RF potential to a
second pair of electrodes in the group of electrodes, wherein the second RF potential has the
same amplitude as the first RF potential, the same frequency as the first RF potential, and a

phase that 1s opposite mn phase to the first RF potential.

~

7. The 1on manipulation device of claim 5, wherein the at least one DC power source is
configured to apply a DC potential to the electrodes by applying a DC bias to both pairs of

clectrodes in each group of four electrodes.

8. The 1on manipulation device of claim 4, wherein the at least one DC power source is
configured to apply a DC potential across the electrodes that are paired crosswise in each

group of four electrades.

2 The 1on manipulation device of claim 4, wherein the at least one DC power source is

configured to apply the DC potentials across the electrodes by applying a DC gradient to the
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pluraiity of electrodes by applving a successively lower BC potential to each group of four

electrodes along a length of the counter-facing surfaces.

10, The ion manipulation device of claim 3, further comprising control circuitry
configured to control RE potentials and DC potentials applied to each group of four
clectrodes to cause the ton manipulation device to selectively operate m a plurality of

different operating modes.

11 The 1on mampulation device of claim 10, wherein the plurality of different operating

modes includes

an ion transfer mode where the applied RF potentials and DC potentials cause
a broad distribution of ions to move between the counter-facing swrfaces in the

direction parallel to the counter-facing surfaces,

a mass spectrometer mode where the applied RF potential and DC potential
cause only 1ons of a particular mass o pass through the 1on mampulation device in the

direction paralie] to the counter-tacing surfaces,

an ton mobility spectrometer mode where the applied RF potential and DC
potential cause ions of a specified mobility to pass through the ion manipulation
device m the direction parallel to the counter-facing surfaces separated in space or

time from ions of other mobilitics, and

an ion activation mode where the applied RF potential and DU potential

energetically activate iong to unfold or break apart mto fragments.
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12, The ion manipulation device of claim 10, wherein the plurality of different operating
modes includes an ion transfer mode where the applied RF potential and DC potential cause
all ions to move between the counter-facing surfaces in the direction parallel to the counter-
facing surfaces, wherein the control circuttry is configured to operate the ion mampulation

device in the ion transfer mode by

applving the RF potential to the electrodes with a peak-~to-ground amplitude

between -1kV and 1kV and with an RF frequency of 1.0525 MHz,

applving the DC potential to the electrodes by applying a DC bias to each

grovp of four electrodes between -1 kV and 1 kV, and

applving a DC gradient of between 0 Viem to 100 V/iem from a front group of

four electrodes and a back group of four electrodes 1n the four linear arrays.

13. The 1on mampulation device of claim 10, wherein the plurality of different operating
modes includes 3 mass spectrometer mode where the applied RF potential and DC potential
cause onlv ions of a particular mass to pass through the ion manipulation device in the
direction parallel to the counter-facing surfaces, wherein the control circuitry 1s configured to

operate the ton manipulation device in the mass spectrometer mode by

applving the RF potential to the electrodes with a peak-to-ground amplitude

between -5kV and 5kV and with an RF frequency of 1.0525 MHz,

applving the DC potential to the electrodes by applying a DC bias to each

group of four clectrodes between -2 kV and Z kV, and

applving a BC gradient of between § Viem to 100 V/em from a front group of

four electrodes and a back group of four electrodes m the four linear arrays.
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14, The ion manipulation device of claim 10, wherein the plurality of different operating
modes includes an ion mobility spectrometer mode where the applied RF potential and DC
potential cause ions of a specified mobility (o pass through the ion manipulation device in the
direction paratlel to the counter-facing surfaces separated n space or time from ions of other
mobilitics, wherein the control circaitry 15 configured to operate the ion manipulation device

in the ion mobility spectrometer mode by

applving the RF potential to the electrodes with a peak-to-ground amplitude

between -3kV and 5kV and with an RF frequency of 1.0525 MHz,

applving the DC potential to the electrodes by applying a DC bias to each

group of four electrodes between -2 kV and 2 kV, and

applving a BC gradient of between § Viem to 100 V/em from a front group of

four electrodes and a back group of four electrodes m the four linear arrays.

15. The ton manipulation device of claim 10, wherein the plurality of different operating
modes includes an 1on mobility spectrometer mode where the applied RF potential and DC
potential cause 1ons of a specitied mobility to pass through the ion manipulation device in the
direction paralle] to the counter-facing surfaces separated 1n space or time from ions of other

mobilities,

wherein the control circuitiy is configured to operate the ion manipulation
device n the ion mobility spectrometer mode by applying a travelling wave of DC

potentials to the clectrodes,
wherein the control circuitry 1s configured to apply the travelling wave of DC
potentials by

applving a ugh DC potential and a low DC potential to alternating sets

of groups of four electrodes along a length of the ion manipulation device and

teratively shifting the sets of groups of electrodes to wihich the high
DBC potential and the low DC potential are applied along the length of the ion

manipulation device 1n a direction of ion movement.

]
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16, The won manipulation device of claim 15, wherein the control circuit 1s configured to
apply the high DC potential and the low DC potential to alternating sets inclading at least
four groups of four electrodes 1n each set, and wherein the control circuit is configured to
ticratively shift the sets by shifting the sets by at least two groups of four electrodes so that at
least two groups of four electrodes m each set that received the high DC potential ina

previous tteration receive the low DC potential in the subsequent iteration.

17, The ion manipulation device of claim 10, whercin the plarality of different operating

modes includes
a collision induced dissociation {CID) mode,
an electron trangfer dissociation (ETD} mode, and

an 1on molecule reaction (IMR) mode.

18 The ion manipuelation device of claim 10, wherein the control circuitry is configared
to operate the ton manipulation device in at least one operating mode of the plurality of

different operating modes by

applving a high DC potential to a first group of four electrodes from the four

limear arrays,

applving the high DC potential to a last group of four elecirodes from the four

linear arravs, and

applying a lower DC potential to a plurality of groups of electrodes from the
four mear arrays between the first group of four electrodes and the last group of four

electrodes,
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wherem the high DC potential applied to the first group of four electrodes and
the last group of four electrodes mhibit movement of ions from nside the ion

manipulation device to outside the ion manipulation device .

19. The ton mampelation device of claim 18, wherein the at least one operating mode

includes an electron transfer dissociation (ETD) mode,

N

wherein, when operating in the electron transfer dissociation (ETD) mode, a

neuiral background gas is provided between the counter-facing surfaces,

wherein, when operating in the electron transfer dissociation (ETD) mode,
electrons are transferred between the tons and other 1ons or electrons witlun the ion

manipuiation device, and

wherem the high DC potential applied to the first group of four electrodes and
the last groap of four electrodes traps the ions within the ion manipulation device to

aliow more time for the transfer of electrons.

20 The ton mampelation device of claim 18, wherein the at least one operating mode

>

includes an ion molecules reaction (IMR) mode,

wherein, when operating in the ion molecules reaction (IMR) mode, a reactive

gas is provided between the counter-facing sorfaces,

wherein, when operating in the ion molecules reaction (IMR) mode, the ions

undergo chemical reactions, and

wherein the high DC potential applied to the first group of four electrodes and
the last group of four clectrodes traps the ions within the 1on manipulation device to

aliow more time for the chemical reactions.

]
(]
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2}, The ion manipulation device of claim 10, wherein the plurality of different operating
modes includes a collision induced dissociation (CID) mode, whergin the control circuitry s
configured to operating the ion manipulation device in the collision mduced dissociation

(CID) mode by

applving a high DC potential to a first plurality of groups of four electrodes

adjacently positioned beginning at a front end of the four linear arrays, and

applving a low DC potential to a second phurality of groups of four electrodes
adjacently positioned between an end of the first plurality of groups of electrodes and

a back end of the four linear arrays,

wherein a drop it BC potential from the first phurality of groups to the second
plurality of groups increases kinetic energy of the ions and cnables effective collisions

between the 1ous and a background gas.

22. The 1on mampulation device of claim 1, further comprising control circuitry
contigured to control the RF potential and DC potential applied to the clectrodes to cause the

ton manipulation device to simultaneousiv operate in at least two different operating modes,

wherem the control circuitry 1s configured 1o operate in a first operating mode
in a first region between the counter-facing surfaces by controlling the RF potentials
and BC potentials applied to electrodes 1n the first region according to a first set of

control parameters, and

wherein the control circuitry is configured {o operate mn a second operating
maode in a second region between the counter-facing surfaces by controlling the RF
potentials and the DC potentials applied to electrodes in the second region according

to a second set of control parameters.
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23, The ion manipulation device of claim 22, wherein the control circuitry is configured
to cause the ton mamipulation device to selectively operate 1n a first plurality of different
operating modes in the first region and to selectively operating in a second plurality of

different operating modes in the second region.

24. The on manipuolation device of claim 1, further comprising control circuitry
configured to control the RF potential and DC potential applied to the clectrodes, wherein the

control circuitry includes
at least one electronic controller,
a plurality of electronicallv-controlled switches, and

a plurality of vanable resistors.
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FIG. 7C
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