ION FUNNEL DEVICE

CROSS-REFERENCE TO RELATED APPLICATIONS

[0001] This application claims priority to U.S. Provisional Application Serial No.
62/010,036, filed JunelQ, 2014, titled “RECTANGULAR ION FUNNEL,” and to 1J.S.
Application Serial No. 14/733,517, filed June 8, 2015, titled “ION FUNNEL DEVICE”

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-ACO05-
76R1.01830 awarded by the U.S. Department of Energy and Grant R01-GM099549 awarded

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

TECHNICAL FIELD
[0003] This invention relates to ion funnels. More specifically, this invention relates to
an ion funnel device wherein a first pair of electrodes and a second pair of electrodes are

positioned in different directions.

BACKGROUND

[0004]  The ion funnel has become a well-established interface for enabling the
manipulation and focusing of ions between an ion source at the entrance of the ion funnel and
an ion mobility or other ion manipulation device at the exit of the ion funnel. Current ion

funnel interfaces, which have circular ring electrodes with a focusing lens at the exit, as
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depicted in Figure 1, provide only limited ion transmission due to unmatched fields between
the ion funnel and the ion manipulation devices, of noncircular entrance, at the exit of the ion
funnel. This constitutes a geometric and field mismatch that results in ion loss at the ion
funnel-ion mobility device interface.

[0005] What is needed is an ion funnel device that provides better sensitivity, higher-

efficiency ion transfer, and stable performance for an extensive period of time.

SUMMARY

[0006]  The present invention is directed to an ion funnel device and method of making
the device. In accordance with one embodiment of the present invention, an ion funnel
device is disclosed. The ion funnel device includes a first pair of electrodes positioned in a
first direction. The ion funne! device also includes a second pair of electrodes positioned in a
second direction. The ion funnel device further includes a RF voltage source and a DC
voltage source, wherein a RF voltage with a superimposed DC voltage gradient is applied to
the first pair of electrodes, and a DC voltage gradient is applied to the second pair of
electrodes.

{0007]  In one embodiment, each of the electrodes in the first direction has a RFF phase
that is phase shifted approximately 180 degrees from an adjacent first direction electrode.

[0008] In one embodiment, the first pair of electrodes are central rung electrodes
positioned in a y direction, and the second pair of electrodes are guard clectrodes positioned
in g x direction.

[0009]  The inlet and outlet of the ion funnel device may be coupled to other devices. The
outlet of the ion funnel device may be coupled but not limited to one of the foliowing
devices: an ion mobility device, a separate ion funnel device, and a mass spectrometer device.
The inlet of the ion funnel device is coupled but not limited to a scparate ion funnel device or
an ion source such as electrospray ionization (ESI).
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[0010]7  The ion funnel device may include a DC bias range which depends on the length
of the operational DC gradient of the ion funnel. For example, for a 20 cm long ion funnel
with a 50 V/cm gradient, the device would include a DC bias of approximately 1000V. In
another embodiment, the DV bias range is from approximately -100 V to approximately +100
V for the inlet and the outlet of the ion funnel device.

[06011] In one embodiment, the RF frequency applied to the electrodes is in the range of
0.1 kHz to 50 MHz, and the RF amplitude applied to the electrodes is in the range of 1 V to
500 V.

[0012] The ion funnel device may be formed using printed circuit boards, 3D printing,
additive printing, and/or metal lens.

[0013]  In one cmbodiment, the distance between each pair of electrodes varies from the
inlet of the ion funnel device to the outlet of the ion funnel device.

[0014]  The distance between the pairs of electrodes at the outlet of the device is smaller
than the distance between the pairs of electrodes at the inlet of the device.

[0015]  The shape of the electrodes may be, but is not limited to, at least one of the
following: rectangular, circular, semicircular, or curved.

[0016] The ions moving through the device are moving in a third direction, which is
ditferent from the first and second directions, in a direction from the inlet of the device
toward the outlet of the device.

[0017] In another embodiment of the present invention, a method of making an ion funnel
device is disclosed. The method includes positioning a first pair of electrodes in a first
direction. The method also includes positioning a second pair of electrodes in a second
direction. The method further includes applying a RF voltage with a superimposed DC
voltage gradient to the first pair of electrodes, and applying a DC voitage gradient to the

second pair of electrodes.
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{0018]  In another embodiment of the present invention, an ion funnel device is disclosed.
The ion funnel device includes a first pair of electrodes positioned in a first direction and a
second pair of electrodes positioned in a second direction. The ion funncl device also
includes a RF voltage source and a DC voltage source. A RF voltage with a superimposed
DC voltage gradient is applied to the first pair of electrodes. A DC voltage gradient is
applied to the second pair of electrodes, and ions moving through the device travel in a third

direction.

BRIEF DESCRIPTION OF THE DRAWINGS

[0019]  Figure 1 shows a conventional ion funnel.

[6020]  Figure 2A is a schematic diagram of an ion funnel device containing a first pair of
electrodes positioned in the y direction and a second pair of electrodes positioned in the x
direction, coupled to an ion mobility device at the exit of the ion funnel, in accordance with
one embodiment of the present invention.

[60621]  Figure 2B is a simplified diagram of an ion funnel device with RF and DC
voltages applied to onc of the two pairs of electrodes, and only a DC voltage applied to the
other pair of electrodes, in accordance with one embodiment of the present invention.

{0022}  Figure 2C shows an ion funnel device interface coupled between a conventional
ton funnel at the entrance of the ion funnel interface and an ion mobility device at the exit of
the ion funnel interface, in accordance with one embodiment of the present invention.

[0023] Figures 3A-3F show the results of simulations for one of the two pairs of
electrodes of the ion funnel device, where a DC bias of +3 V was used in Figures 3A and 3D,
a DC bias of +1 V was used in Figures 3B and 3E, and a DC bias of -5 V was used in Figures
3C and 3F.

{0024}  Figures 4A-4C show the results of simuiations for one of the two pairs of

electrodes of the ion funnel device, where the DC gradient along the electrodes on the ion
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funnel device was varied from 5 V/em (Figure 4A), 10 V/em (Figure 4B), and to 20 V/cm
(Figure 4C).

[0025]  Figures 5A-5B show the results of simulations ot confinement of the ions in the
ion funnel device using a RF voltage of 60 Vpp (Figure SA) and 300 Vpp (Figure 5B).

[0026]  Figure 6A is a schematic circuit diagram for one of the pairs of electrodes of the
ion funnel device with only a DC voltage gradient applied to the electrodes, in accordance
with one embodiment of the present invention.

[0027]  Figure 6B is a schematic circuit diagram for one of the pairs of electrodes of the
ion funnel device with both RF and DC voltages applied to the electrodes, in accordance with
one embodiment of the present invention.

[0028]  Figure 7 shows images of a printed circuit board-based ion funnel device, in
accordance with one embodiment of the present invention.

[0029] Figure 8A shows the effect of DC bias on the ion transmission of the ion funnel
device, wherein the ion current was measured as a function of the DC bias at the entrance or
inlet of one of the pairs of electrodes.

[0030] Figure 8B shows the effect of DC bias on the ion transmission of the ion funnei
device, wherein the ion current was measured as a function of the DC bias at the exit or outiet
of one of the pairs of electrodes.

[0031}]  Figure 9 is a plot of the ion funnel device characterization of the DC gradient,
with ion current measured as a function of the electric field.

[0032] Figure 10A shows peak intensities of certain m/z ions as a function of RF
amplitude for the ion funnel device.

[0033]  Figure 10B shows peak intensities of certain m/z ions as a function of RF
amplitude for the ion funnel device.

[0034]  Figure 11 shows the sensitivity comparison along a m/z range of the ion funnel

interface (top) and without the ion funnel interface (bottom).
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[0035]  Figure 12 shows the stability evaluation of the ion funnel interface, showing no

significant intensity variation during the 11-hour test.

DETAILED DESCRIPTION OF THE PREFERRED EMBODIMENTS

[0036] 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 iilustrated 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 consiructions, 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.

[0037] Disclosed are apparatuses and methods of designing and fabricating an ion funnel
device. The ion funnel device may be used as an interface that seamlessly couples to ion
manipulation, ion mobility, ion source, and/or convention ion funnel devices. In one
embodiment, the ion funnel device couples to an ion manipulation device described in U.S.
Patent No. 8,835,839, entitled “Ion Manipulation Device™ (hereinafter referred to as the
*SLIM Device™).

[0038] Figure 2A is a schematic diagram of an ¢lectrode design 200 for an ion funnel
device 200 coupled to a SLIM Device 240, in accordance with one embodiment of the
present invention. The ion funnel device contains a first pair of electrodes 210 positioned in
the y direction and a second pair of electrodes 220 positioned in the x direction. The SLIM
Device 240 is coupled at the exit of the ion funnel device 200.

[0039]  The dimensions of the ion funnel device 200 decrease from the entrance (or inlet)

to the exit {or outlet) of the device 200. The decrease may be linear or non-linear, As one
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example, the distance between the pairs of electrodes at the outlet of the device is smaller
than the distance between the pairs of electrodes at the inlet of the device. In one particular
embodiment, the inlet of the ion funnel device 200 has a dimension of 25.0 x 25.0 mm in the
x direction 231 and the y direction 233, and the outlet of the ion funnel device 200 has a
dimension of 5.0 x 5.0 mm in the x and y directions, forming an overall approximately 83
mm-long 235 device. In this example, the ions would be traveling in the z-direction. it
should be noted that other numerical dimensions and lengths can be used for the ion funnel
device 200. For example, the inlet of the ion funnel device 200 can have a dimension of 13.0
x 15.0 in the x and y directions, with outlet dimensions of 2.5 x 2.5 mm in the x and y
directions.

[0040] Tt should also be noted that different coordinate planes can be used to define the
electrodes of the ion funnel device 200. For example, the first pair of electrodes 210 and the
second pair of electrodes 220 can be defined in the xz-plane or the yz-plane and, therefore,
the ions can travel in a direction other than the z-direction.

[0041]  Still referring to Figure 2A, the SLIM Device 240 also includes numerical
dimensions in the v direction 243 and the x-direction 241. The outlet or exit dimensions of
the ion funnel device 200 should align with the inlet or entrance dimensions of the SL.IM
Device 240. 1t should be noted that the outlet of the ion funnel device 200 can be coupled to
other instruments such as, but not limited to, a mass spectrometer device, & separale ion
funnel device, or a different ion mobility device. Likewise, the entrance of the ion funnel
device 200 can be coupled to one of a number of instruments such as, but not limited to, a
separate ion funnel device or an ion source.

[0042]  Figure 2B is a simplified diagram of an ion funnel device 250 with RF and DC
voltages applied to one of the two pairs of electrodes, and only a DC voltage applied to the
other pair of electrodes, in accordance with one embodiment of the present invention. In one

embodiment, the RF voltage with a superimposed DC voltage gradient is applied to the
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electrodes positioned in the y direction, and a DC voltage gradient is applied to the electrodes
positioned in the x direction. The DC voltage gradients applied in the x- and y-directions
may be the same or different.

[0043]  Figure 2C shows an apparatus 260 for an ion funnel device 200 interface coupled
between a conventional ion funnel 280 at the entrance of the ion funnel interface and an ion
mobility device or SLIM Device 270 at the exit of the ion funnel interface, in accordance
with one embodiment of the present invention. In this particular embodiment, the
conventional ion funnel device 280 is also coupled to an ion source 290, and the SLIM
Device 270 is coupled to a conventional ion funnel 285.

[0044] Figure 6A is a schematic circuit diagram for one of the pairs of electrodes of the
ion funnel device with only a DC voltage gradient applied to the electrodes, in accordance
with one embodiment of the present invention.

[0045]  Figure 6B is a schematic circuit diagram for one of the pairs of electrodes of the
ion funnel device with both RF and DC voltages applied to the electrodes, in accordance with
one embodiment of the present invention.

[0046]  Figure 7 shows images of a printed circuit board-based ion funnel device, in
accordance with one embodiment of the present invention. The figure on the left shows the
first pair of electrodes 710 and the second pair of electrodes 720 near the entrance of the ion
funnel device, with an entrance dimension 730. The figure on the right shows the first pair of
electrodes 710 and the second pair of electrodes 720 near the exit of the ion funnel device,
with an exit dimension. The ion funnel decreases from the entrance to the exit of the device.
Also, as one example, RF and DC voltages are superimposed on one of the pairs of
electrodes, while only DC voltage is applied to the other pair. In Figure 7, as one
embodiment, RF voltage and DC gradient is applied to the clectrodes 710, while a DC

gradient is applied io the electrodes 720.
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EXPERIMENTAL SECTION
[0047]  The following examples serve to illustrate embodiments and aspects of the

present invention and should not be construed as limiting the scope thereof.

[0048]  In this example, the design of the new ion funnel device is evaluated, including its
interface to the SLIM Device, and its integration into a ion funnel trap- SLIM Device-time-
of-flight mass spectrometer (IFT-SLIM-TOF-MS) instrument. The performance and ion

transmission were evaluated, and significant gains in sensitivity were achieved.

Experimental Design

[0049] Materials. Agilent ESI-L low concentration tuning mix (Agilent Technologies,
Santa Clara, CA) was used to produce ions with #/z range from 118.09 to 2721.89 in ESI
positive mode for the ion funnel device optimization and the sensitivity evaluation.

[0050} TYornization Source. The electrospray ionization (ES) source used in this study
consisted of a chemically etched emitter (20 um i.d.) connected to a 75 pm i.d. fused-silica
capillary (Polymicro Technologies, Phoenix, AZ) through a zero volume stainless steel union
(Valco Instrument Co. Inc., Houston, TX). A syringe pump (Fusion 100, Chemyx Inc.,
Stafford, TX) with a 250 pL syringe (Hamilton, Reno, NV) was used to infuse solutions at a
flow rate of 300 nL/min. An ionization voltage of 3 kV (relative to the inlet capillary
voltage) was applied to the stainless steel union.

[0051} Ion Sampling Interfaces. Positive ions generated from ESI were introduced
through a heated capillary (140 °C) into a tandem ion funnel interface consisting of a
conventional ion funnel followed by the ion funnel device described in Figures 2A-2C. The
two ion funnels were operated as follows: conventional ion funnel RF 150 V,, at 800 kHz
and DC gradient at 15 V/em; the ion funnel device (described in Figures 2A-2C) RF

frequency at 800 kHz. The inlet capillary was offset 9.3 mm from the conventional ion
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funnel centerline to reduce any gas dynamic effects in the jon funne! device described in
Figures 2A-2C.

[0052] Acquisition. Mass spectrometer (MS) data was acquired using MassHunter
software (Agilent Technologies, Santa Clara, CA) utilizing three replicates to calculate the

mean and the standard error.

Results and Discussion

[0053] Iom Simulations. The electrode design of the ion funnel device was guided by
ion simulations prior to fabrication. The simulations of ion trajectories within the ion funnel
device utilized SIMION 8.1 (Scientific Instrument Services, Inc., Ringoes, NJ) with the SDS
(statistical diffusion simulation) user program to model the effects of collisions of charge
particles {mass range of m/z 50-2050) with background nitrogen molecules gas at a 4 Torr
environment. In contrast to the conventional ion funnel designs using ring electrodes, the ion
funnel device utilizes 2 pairs of electrodes, which may be planar and which may form a
rectangular outlet, 1o better match a rectanguiar SLIM Device entrance dimensions. For the
simulations, the ion funnel device, as shown in Figure 2A, was designed with entrance
dimensions 6f 25.0 x 25.0 mm, 5.0 x 5.0 mm for the exit, and 50.9 mm for the length of the
ion funnel device converging section. The 34 electrodes used in the simulation were 0.76
mm thick and spaced 0.76 mm apart. For optimum interfacing, the electrical fields applied to
the ion funnel device were made similar to SLIM Device. Similar to the SLIM Device
electrodes, the rectangular electrodes on each element or lens include a pair of “central rung”
electrodes in the y direction with superimposition of DC and RF voltages and a pair of
“guard” electrodes in the x direction with DC-only voltages. The field continuity provided
by the optimized voltages is expected to provide smooth ion transmission through the ion

funnel device-SLIM Device interface.
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[0054]  The design was first evaluated with simulations by introducing a wide range of
ions (m/z 50-2050, in 200 m/z steps with 5 ions for each m/z) at the entrance of the ion funne}
device to model the effect of RF confinement and without considering effects due to
excessive space charge. The ion motion was monitored for different RF parameters,
particularly at the ion funnel device-SLIM Device junction. In Figures SA and 5B, selected
ion trajectories of m/z 350 and 2050 ions are illustrated with RF frequency at 800 kHz and
electric field at 20 V/em. The DC bias of the guard electrodes relative to the central rung
electrodes of the ion funnel device was set to 1 V (AVrir biss = Veuard — Viung), While the SLIM
Device guard bias was set to 5 'V (as optimized previously). The ion trajectories remain
primarily within the confining region of the ion funnel device and SLIM Device electrodes
with RF amplitudes ranging from 60 V,,, in Figure 5A to 300 V,,, in Figure 5B. The results
showed that higher RF amplitudes are necessary to focus higher m/z ions, e.g., the ions
of m/z 2050 (the blue trajectories). The effective potential (¥*) for the averaged motion of

ions in the fast oscillatory field can be described as

2
[ooss] v+ =
[0056]  where Ej is the amplitude of the oscillatory field, g and m are ion charge and mass
of the ion, and Q is the angular frequency of the oscillatory field. Accordingly, heaver ions
experience less RF confinement which results in weaker ion focusing for higher m/z ions.
{60577  The ion distribution profile in the xy plane can be optimized by adjusting DC
penetrations in the ion drifting area. To evaluate the effect of the guard DC bias on the ion
transmission, the simulation was performed under the conditions of RF amplitude at 300
Vpp atd frequency at 800 kHz and electric field strength at 20 V/cm for the ion funnel device.
‘The results in Figure 3A-3F, where a DC bias of +3 V was used in Figures 3A and 3D, a DC
bias of +1 V was used in Figures 3B and 3L, and a DC bias of -5 V was used in Figures 3C

and 3F, show ion dispersion in different directions with the exception of Figures 3B and 3E

where the ions were nearly equally dispersed in both directions.
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[0058]  The effect of the DC gradient was also explored in the simulation in order to
optimize the electric field for the ion funnel device. In the simulations, the operating
parameters for the ion funnel device and SLIM Device were fixed at RFF 300 V,and 800
kHz, while the guard DC biases for the ion funnel device and for SLIM device were | and §
V, respectively. The DC gradient applied on the central rung electrodes was varied from 5 to
20 V/cm, as shown in Figures 4A-4C. The resuits of the simulations (Figures 4A-4C)
indicated better transmission of ions for DC gradients of 10-20 V/cm. Some ion losses were
observed at an electric field below 10 V/cm, presumably due to diffusion and/or space charge
effects.

[0059] Ion Funnel Device Design and Fabrication. Figure 7 shows the images of the
ion funnel device entrance and exit lens, fabricated utilizing PCB technology. Each lens has
two electrode pairs forming a rectangle shape laid down on a thin dielectric material. As
mentioned above, RF and DC are superimposed on one pair of electrodes while only DC is
applied to the other pair of electrodes. The electrodes are gold-plated copper material with a
thickness of 50 pwm and 2.0 mm wide. The ion funnel device lenses are 0.76 mm thick and
spaced 0,76 mm apart in the z direction to match the current electrode dimensions used in
SLIM Device for this example. The first 21 lenses have a constant electrode separation in a
dimension of 25.0 x 25.0 mm (in x and y directions), and the last 34 lenses dimensions
decrease linearly from 25.0 x 25.0 mm to 5.0 x 5.0 mm, forming an overall approximately
83 mm-long device.

[0060]  The x-pair electrodes on each element are connected to a DC power supply while
the y-pair electrodes on the same lens are supplied with the superposition of a DC voltage and
a RF waveform. Adjacent y-pair electrodes on subsequent lenses in the axial direction have a
RF waveform of equal amplitude but opposite phase to produce RF ion confinement in the y-
direction. The DC voltages applied on the ion funnel device gradually decreases toward the

exit of the funnel to drive ions along the axial direction (z).
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[0061] Ion Funnel Device Characterization. The instrument arranged used to
characterizc the ion funnel device consisted of a conventional ion funnel coupled to the
entrance of the ion funnel device and a charge detector placed at the exit of the ion funnel
device to evaluate the ion transmission.

[0062] The RF for the ion funnel device was maintained at 160 Vy, at 800 kHz, and the
guard DC bias was set at 3 V for the entrance lens and 1 V for the exit lens. A charge
collector was placed at the exit of the ion funnel device to evaluate the ion transmission.
During the experiments, the pressutes in the conventional ion funnel and ion funnel device
housing were maintained at 4 Torr. The plot in Figure 9 shows the dependence of the
transmitted ion current on the DC gradient using the tuning mix singly charged ions in
the m/z 118-2722 range. The increase of the DC gradient from 0.3 to 9.3 V/cm resulted in 2-
fold sensitivity improvement. The experimental results agree with the trends observed from
ion simulations shown in Figures 4A-4C. The decrease in ion transmission for the low DPC
field is related to the spatial broadening of the ion packets associated with thermal diffusion
and Coulomb expansion effects on the drift motion. The ion current reaches a plateau at ~9
V/cm, suggesting a minimum requirement of 9 V/em to avoid ion losses in the ion funnel
device.

[0063]  The ion funnel device uses different circuits, as shown in Figures 6A and 6B,
for x-direction and y-direction electrodes allowing independent control of the DC biases at
the entrance and exit of the ion funnel device. To study the effect of DC bias on the ion
transmission of the jon funnel device, the ion current was measured as a function of the guard
DC biases at the entrance lens as well as at the exit lens and is shown in Figures 8A and 8B,
respectively. Comparison of the results indicates that the measured current was less sensitive
to the guard DC bias at the entrance lens than at the exit lens. This is attributed to the large
acceptance area of jon funnel device compared to the ion beam diameter (~3 mm) entering

the ion funnel device. Results from the ion current measurements indicate that the optimum
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range of guard DC bias was —10 to +10 V for the entrance lens and +1 to +3 V for the exit
lens of the ion funnel device. The low intensities at the higher and lower DC biases resulted
from ion dispersion in the y (Figure 3A) and x (Figure 3F) directions, respectively.

[0064] lon Funnel Device — SLIM Characterization. The ion funnel device and SLIM
Device were interfaced with a time-of-flight mass spectrometer (model 6224 TOF-MS,
Agilent Technologies, Santa Clara, CA) in order to evaluate the performance of the ESI-ion
funnel device-SLIM-TOF-MS system. Details of the SLIM-TOF-MS configuration have
been described previously in Webb, L. K.; Garimella, S. V. B.; Tolmachev, A. V.; Chen, T.-
C.; Zhang, X.; Norheim, R. V.; Prost, 8. A.; LaMarche, B.; Anderson, G. A.; Ibrahim, Y. M.;
Smith, R. D. Anal. Chem.2014, 86, 9169~ 9176. In this work, a source IFT or conventional
ion funnei, coupled between the ESJ and the ion funnel device, was operated at RF 0.8 MHz
and 180 V,, while the exit funnel was operated at RFF 1.2 MHz and 140 V. The RF of the
short quadrupole (Q0) behind the exit ion funnel was 124 V,; at 0.8 MHz. To ensure optimal
ion transmission, the distance between the exit lens of the ion funnel device and the entrance
of the SLIM Device was kept at 0.76 mm which matches the distance between the SLIM
Device rung electrodes. The RF waveforms applied (o the ion funnel device and SLIM
Device were not phase locked as the effect of phase difference on ion motion at a pressure of
4 Torr is negligible. Figures 10A and 10B show the peak intensities as the function of RF
amplitudes for the ion funnel device. The ion funnel device was operated at an RF frequency
of 800 kHz. The selected intensities of m/z 622 and 1222 ions plateau at 70 V,,, as shown in
Figure 10A, and the higher m/z ions at 1822 and 2721 required higher RF amplitudes for the
optimal transmission through the ion funnel device. Similar RF-dependent trends were
observed for the SLIM Device. For instance, the peak intensity of the »/z 2721 ion became
constant at RF amplitudes higher than 110 V, (Figure 10A). The results indicate that
optimal transmission of ions for the m/z range from 300 to 2700 was achieved using Vy, (ion

funnel device) > 110 V.
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[0065] A back-to-back comparison of sensitivity for the conventional ion funnel 1110~
ion funnel device 1120-SLIM 1130 and conventional ion funnel 1110-SLIM 1130 was
performed to evaluate the performance of the system 1100 with the new ion funnel device
interface and the system 1150 without the ion funnel device interface. The optimal
parameters for each arrangement 1100 (top of Figure 11) and 1150 (bottom of Figure 11)
were as previously determined. The ion funnel device was operated at RF of 120 Vpp at 800
kHz, DC gradient of 9.5 V/cm, and guard bias voltage of 3 V (entrance of ion funnel device)
and 2 V (exit of ion funnel device). The SLIM Device in the conventional ion funnel-SLIM
configuration was operated as tollows: RF 200 Vy, at 800 kHz; DC gradient at 15 V/em; DC
bias at 5 V. As shown in Figure 11, a 2-fold of sensitivity improvement was demonstrated
using the tuning mix ion by adding the ion funnel device compared to the conventional ion
funnel-SLIM interface. Additionally, no significant variation in the spectral intensity was
observed during an 11 h stability test, as shown in Figure 12, The enhanced ion transmission
of the conventional ion funnel—ion funnel device~SLIM is attributed to improved field

continuity at the RIF-SLIM interface.

Conclusions

{0066] The ion funnel device was designed, fabricated, evaluated. It was also shown to
improve the ion introduction to other instruments or devices, including a newly developed
SLIM Device. lon motion simulations were used to understand and determine the optimal
operating parameters for ion transmission. In one embodiment, the ion funnel device was
fabricated using PCB technology and incorporated into a SLIM-TOF MS system for
instrument performance characterization. Three operating parameters, including RF
amplitude, x-direction electrode DC bias, and y-direction electrode DC gradients, were
optimized for the ion funnel device and its interface with the SLIM Device. The results of the

performance evaluation show that the ion funnel device-SLIM provided a 2-fold sensitivity
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increase and displayed an extended robust operation (i.e., high stability), without significant

discrimination over an m/z 3002700 range.

[0067]  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

We claim:

1.

An ion funnel device comprising:
a. a first pair of electrodes positioned in a first direction;
b. asecond pair of electrodes positioned in a second direction; and
¢. aRF voltage source and a DC voltage source, wherein a RF voltage with a
superimposed DC voltage gradient is applied to the first pair of electrodes, and
wherein a DC voltage gradient is applied to the second pair of electrodes and a RF
voltage is not applied to the second pair of electrodes.
The ion funnel device of Claim 1 wherein each of the electrodes in the first direction has a
RF phase that is shifted approximately 180 degrees from an adjacent first direction
electrode.
The ion funnel device of Claim 1 wherein the first pair of electrodes are positionedinay
direction, and the second pair of electrodes are guard electrodes positioned in a x direction.
The ion funnel device of Claim 1 wherein an outlet of the ion funnel device is coupled to
one of the following: an ion mobility device, a separate ion funnel device, and a mass
spectrometer device.
The ion funnel device of Claim 1 wherein an inlet of the ion funnel device is coupled to a
separate ion funnel device or an ion source.
The ion funnel device of Claim 1 wherein the RF frequency applied to the electrodes is in
the range of 0.1 kHz to 50 MHz.
The ion funnel device of Claim 1 wherein the RF amplitude applied to the electrodes is in

the range of 1V to 500 V.
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10.

11.

12.

13.

14.

15.

16.

The ion funnel device of Claim 1 wherein the distance between each pair of electrodes
varies from the inlet of the ion funnel device to the outlet of the ion funnel device.
The ion funnel device of Claim 8 wherein the diameter at the outlet of the ion funnel device
is smaller than the diameter at the inlet of the ion funnel device.
The ion funnel device of Claim 1 wherein the shape of the electrodes is at least one of the
following: rectangular, circular, semicircular, and curved.
The ion funnel device of Claim 1 wherein ions moving through the device travel in a third
direction, wherein the first direction, the second direction, and the third direction are
different.
A method of making an ion funnel comprising:

a. positioning a first pair of electrodes in a first direction;

b. positioning a second pair of electrodes in a second direction;

c. applying a RF voltage with a superimposed DC voltage gradient to the first pair of

electrodes; and
d. applying a DC voltage gradient to the second pair of electrodes without applying a RF
voltage to the second pair of electrodes.

The method of Claim 12 wherein each of the electrodes in the first direction has a RF phase
that is shifted approximately 180 degrees from an adjacent first direction electrode.
The method of Claim 12 wherein the first pair of electrodes are positioned in a y direction,
and the second pair of electrodes are guard electrodes-positioned in a x direction.
The method of Claim 12 wherein an outlet of the ion funnel device is coupled to one of the
following: an ion mobility device, a separate ion funnel device, and a mass spectrometer
device.
The method of Claim 12 wherein an inlet of the ion funnel device is coupled to a separate

1on funnel device or an ion source.
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17.

The method of Clam 12 further comprising providing a DC bias range from

approximately -10 to approximately +10 V for an inlet of the device, and a DC bias range from

approximately 1 to approximately 3 V for an outlet of the device.

18.

19.

20.
21.

22,

23.

24,

25.

The method of Claim 12 wherein the RF frequency applied to the electrodes is in the range
of 0.1 kHz to 50 MHz.
The method of Claim 12 wherein the RF amplitude applied to the electrodes is in the range
of 1V to 500 V.
The method of Claim 12 wherein the device is formed on a printed circuit board.
The method of Claim 12 wherein the distance between each pair of electrodes varies from
the inlet of the ion funnel device to the outlet of the ion funnel device.
The method of Claim 21 wherein the diameter at the outlet of the ion funnel device is
smaller than the diameter at the inlet of the ion funnel device.
The method of Claim 12 wherein the shape of the electrodes is at least one of the
following: rectangular, circular, semicircular, and curved.
The method of Claim 12 wherein ions moving through the device travel in a third direction,
wherein the first direction, the second direction, and the third direction are different.
An ion funnel device comprising:
a. a first pair of electrodes positioned in a first direction;
b. asecond pair of electrodes positioned in a second direction; and
c. aRF voltage source and a DC voltage source, wherein a RF voltage with a
superimposed DC voltage gradient is applied to the first pair of electrodes, wherein
only a DC voltage gradient is applied to the second pair of electrodes, and wherein

ions moving through the device travel in a third direction.
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