wo 2013/114191 A1 [N 00000000 O

(43) International Publication Date

Organization
International Bureau

—~
é

=

\

(12) INTERNATIONAL APPLICATION PUBLISHED UNDER THE PATENT COOPERATION TREATY (PCT)
(19) World Intellectual Property

(10) International Publication Number

WO 2013/114191 A1l

(51

eay)

(22)

(25)
(26)
(30)

1

(72

31

8 August 2013 (08.08.2013) WIPOIPCT
International Patent Classification:
HO01J 49/26 (2006.01) HO01J 49/36 (2006.01)
HO01J 49/10 (2006.01)
International Application Number:
PCT/IB2013/000131

International Filing Date:
1 February 2013 (01.02.2013)

Filing Language: English
Publication Language: English
Priority Data:

61/593,717 1 February 2012 (01.02.2012) US

Applicant: DH TECHNOLOGIES DEVELOPMENT
PTE. LTD. [SG/SG]; 80 Raffles Place #25-01 UOB Plaza,
048624 Singapore (SG).

Inventor: LOBODA, Alexandre; 726 Yorkhill Blvd.,
Thornhill, ON L4K 4V8 (CA).

Designated States (unless otherwise indicated, for every
kind of national protection available). AE, AG, AL, AM,
AO, AT, AU, AZ, BA, BB, BG, BH, BN, BR, BW, BY,
BZ, CA, CH, CL, CN, CO, CR, CU, CZ, DE, DK, DM,

(84)

DO, DZ, EC, EE, EG, ES, FI, GB, GD, GE, GH, GM, GT,
HN, HR, HU, ID, IL, IN, IS, JP, KE, KG, KM, KN, KP,
KR, KZ, LA, LC, LK, LR, LS, LT, LU, LY, MA, MD,
ME, MG, MK, MN, MW, MX, MY, MZ, NA, NG, NI,
NO, NZ, OM, PA, PE, PG, PH, PL, PT, QA, RO, RS, RU,
RW, SC, SD, SE, SG, SK, SL, SM, ST, SV, SY, TH, TJ,
T™M, TN, TR, TT, TZ, UA, UG, US, UZ, VC, VN, ZA,
M, ZW.

Designated States (uniess otherwise indicated, for every
kind of regional protection available): ARIPO (BW, GH,
GM, KE, LR, LS, MW, MZ, NA, RW, SD, SL, SZ, TZ,
UG, ZM, ZW), Eurasian (AM, AZ, BY, KG, KZ, RU, TJ,
TM), European (AL, AT, BE, BG, CH, CY, CZ, DE, DK,
EE, ES, FL, FR, GB, GR, HR, HU, IE, IS, IT, LT, LU, LV,
MC, MK, MT, NL, NO, PL, PT, RO, RS, SE, SI, SK, SM,
TR), OAPI (BF, BJ, CF, CG, CIL, CM, GA, GN, GQ, GW,
ML, MR, NE, SN, TD, TG).

Published:

with international search report (Art. 21(3))

before the expiration of the time limit for amending the
claims and to be republished in the event of receipt of
amendments (Rule 48.2(h))

(54) Title: METHOD AND APPARATUS FOR IMPROVED SENSITIVITY IN A MASS SPECTROMETER

Power Supply |
40

=

(57) Abstract: An ion source and an ion guide
chamber are provided. The ion guide chamber
having a gas tlow, the gas flow having a longit-
udinal velocity and a transverse velocity. The ion
guide chamber having an exit aperture and at

24
Po

least one ion guide. The at least one ion guide

22 eeh e %

lon Source] ¢ & e & ¢ 36\

having an entrance end and an exit end with an
exit cross-section wherein the exit cross-section
is sized to be smaller in area than the entrance
cross-section. The at least one ion guide having a

387 '

plurality of elongated electrodes wherein a gap
between the elongated electrodes and the shape

Pt
34

28 Vacuum Pump

42 42b

Vacuum Pump

20

Figure 1

of the elongated electrodes in the vicinity of the
gap are essentially the same along the length of
the at least one ion guide for confining the ions
in the vicinity of the gap by a combination of the
transverse velocity of the gas and the RF voltage.



10

15

20

25

30

WO 2013/114191 PCT/IB2013/000131

METHOD AND APPARATUS FOR IMPROVED SENSITIVITY IN A MASS
SPECTROMETER

RELATED APPLICATION
[0001]  This application claims priority to U.S. provisional application no. 61/593,717

filed February 1, 2012, which is incorporated herein by reference in its entirety.

FIELD
[0002] The applicant’s teachings relate to a method and apparatus for improved
sensitivity in a mass spectrometer, and more specifically to ion guides for transporting

ions.

INTRODUCTION

[0003] In mass spectrometry, sample molecules are converted into ions using an ion

source, in an ionization step, and then detected by a mass analyzer, in mass separation
and detection steps. For most atmospheric pressure ion sources, ions pass through an
inlet aperture prior to entering an ion guide in a vacuum chamber. The ion guide
transports and focuses ions from the ion source into a subsequent vacuum chamber, and a
radio frequency voltage can be applied to the ion guide to provide radial focusing of ions
within the ion guide. However, during transportation of the ions through the ion guide,
ion losses can occur. Therefore, it is desirable to increase transport efficiency of the ions
along the ton guide and prevent the loss of ions during transportation to attain high
sensitivity. It is also desirable to increase gas flow handling capacity of the ion guide
which can lead to improved sensitivity. For some ion sources an increase in the gas flow
would bring with it more ions and more gas. However, only some ion guides such as
those described here would be able to handle the higher gas flow without the loss of the
ions. Sometimes, too high a gas flow can overwhelm and destroy the functioning of the
ion guide. Furthermore, the optimal gas flow and the optimal ion guide to handle the gas
flow can be different for different applications since different ion sources can generate

different amounts of gas flow. For example, a nanospray ion source can produce lower
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gas flow than an ESI source. Thus, there also exists a need for ion guides that can handle

higher gas flows without losing ions.

SUMMARY

[0004] In view of the foregoing, the applicant’s teachings provide a mass spectrometer
apparatus. In various aspects, the apparatus comprises an ion source for generating a
beam of ions from a sample and an ion guide chamber for receiving the ions from the ion
source. In various embodiments, one or more inlet apertures can be provided. In various
aspects, an array of smaller inlet apertures can be provided. In various aspects, the ions
are entrained in a gas flow, the gas flow having a longitudinal velocity and a transverse
velocity. In various aspects, the apparatus also comprises an exit aperture for passing
ions from the ion guide chamber. In various aspects, the at least one ion guide can be
located in the ion guide chamber, and the at least one ion guide can have an entrance end
and a predetermined entrance cross-section defining an internal volume, In various
aspects, the at least one ion guide can have an exit end and an exit cross-section wherein
the exit cross-section is sized to be smaller in area than the entrance cross-section. In
various aspects, a power supply can provide an RF voltage to the at least one ion guide.
In various aspects, the at least one ion guide can comprise at least one multipole ion
guide having a plurality of elongated electrodes wherein a gap between the elongated
electrodes and the shape of the elongated electrodes in the vicinity of or near the gap can
be essentially the same along the length of the at least one ion guide for confining the
ions in the vicinity of the gap by a combination of the gas drag due to transverse velocity
of the gas and the RF voltage.

[0005] A method of transmitting 1ons is also provided. In various aspects, the method
comprises generating a beam of ions, providing an ion guide chamber for receiving the
ions from the ion source. In various embodiments, one or more inlet apertures can be
provided. In various aspects, an array of smaller inlet apertures can be provided. In
various embodiments, multiple ions sources can supply ions simultaneously. In various
embodiments, different ion sources can supply ions through different apertures in an
array of apertures. In various aspects, the ions are entrained in a gas flow, the gas flow

having a longitudinal velocity and a transverse velocity. In various aspects, an exit
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aperture can be provided for passing the ions from the ion guide chamber. In various
aspects, the method comprises providing at least one ion guide located in the ion guide
chamber, the at least one ion guide having a predetermined cross-section defining an
internal volume. In various aspects, the at least one ion guide can have an exit end and an
exit cross-section wherein the exit cross-section is sized to be smaller in area than the
entrance cross-section. In various aspects, the method comprises applying an RF voltage
to the at least one ion guide. In various aspects, the at least one ion guide can comprise ‘at
least one multipole ion guide having a plurality of elongated electrodes wherein a gap
between the elongated electrodes and the shape of the elongated electrodes in the vicinity
of or near the gap are essentially the same along the length of the at least one ion guide
for confining the ions in the vicinity of the gap by a combination of the gas drag due to
the transverse velocity of the gas and the RF voltage.

[0006] In various aspects, a mass spectrometer is provided comprising an ion source
for generating a beam of ions from a sample in a high pressure region, and a first vacuum
chamber comprising an inlet aperture for passing the ions from the high-pressure region
into the vacuum chamber. In various embodiments, one or more inlet apertures can be
provided. In various aspects, an array of smaller inlet apertures can be provided. In
various aspects, an exit aperture is provided for passing the ions from the vacuum
chamber. In various aspects, the mass spectrometer comprises a gas dynamic ion transfer
device at the exit aperture of the first vacuum chamber, the gas dynamic ion transfer
device can have an inlet end and an outlet end wherein the ions pass through the inlet end
and exit through the outlet end of the gas dynamic ion transfer device. In various aspects,
the mass spectrometer can have a power supply for providing an RF voltage to the at least
one ion guide for radially confining the ions within the internal volume of the at least one
ion guide.

[0007] In various aspects, a method of transmitting ions is provided. The method

‘comprises generating a beam of ions from a sample in a high pressure region, and

providing a first vacuum chamber comprising an inlet aperture for passing the ions from
the high-pressure region into the vacuum chamber. The method can further comprise an
exit aperture for passing the ions from the vacuum chamber, and at least one ion guide

between the inlet and exit apertures, the at least one ion guide having an entrance end and
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a predetermined entrance cross-section defining an internal volume. The method can
comprise providing a gas dynamic ion transfer device at the exit aperture of the first
vacuum chamber, the gas dynamic ion transfer device can have an inlet end and an outlet
end wherein the ions pass through the inlet end and exit through the outlet end of the gas
dynamic ion transfer device. The method can comprise providing a power supply for
providing an RF voltage to the at least one ion guide for radially confining the ions within
the internal volume of the at least one ion guide.

[0008] In various aspects, a mass spectrometer is provided comprising an ion source
for generating a beam of ions from a sample in a high pressure region, and a vacuum
chamber comprising an inlet aperture for passing the ions from the high-pressure region
into the vacuum chamber. In .Various embodiments, one or more inlet apertures can be
provided. In various aspects, an array of smaller inlet apertures can be provided. In
various aspects, an exit aperture can be provided for passing the ions from the vacuum
chamber. In various aspects, at least one planar RF ion guide can be provided between
the inlet and exit apertures, the at least one planar RF ion guide having a first end and a
second end, and the at least one planar RF ion guide further having an array of RF
elements. In various aspects, a power supply can provide an RF voltage to the array of
RF elements wherein adjacent RF elements are each connected to opposite phases of the
RF voltage. In various aspects, a power supply can provide voltage to the array of RF
elements for directing the ions towards the second end of the at least one planar RF ion
guide.

[0009] In various aspects, a method of transmitting ions is provided comprising
providing an ion source for generating a beam of ions from a sample in a high pressure
region, and providing a vacuum chamber comprising an inlet aperture for passing the ions
from the high-pressure region into the vacuum chamber. In various embodiments, one or
more inlet apertures can be provided. In various aspects, an array of smaller inlet
apertures can be provided. In various aspects, the method comprises providing an exit
aperture for passing the ions from the vacuum chamber and providing at least one planar
RF ion guide between the inlet and exit apertures, the at least one planar RF ion guide
having a first end and a second end, the at least one planar RF ion guide further having an

array of RF elements. In various aspects, the method comprises providing a power
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supply for providing an RF voltage to the array of RF elements wherein adjacent RF
elements are each connected to opposite phases of the RF voltage, and providing a power
supply for providing DC voltage to the array of RF elements for directing the ions
towards the second end of the at least one planar RF ion guide.

[0010] These and other features of the applicant’s teachings are set forth herein.

BRIEF DESCRIPTION OF THE DRAWINGS
[0011] The skilled person in the art will understand that the drawings, described

below, are for illustration purposes only. The drawings are not intended to limit the
scope of the applicant’s teachings in any way.

[0012]  Figure 1 is a schematic view of a mass specirometry system according to
various embodiments of the applicant’s teachings.

[0013] Figure 2 is a three dimensional view of an ion guide according to various
embodiments of the applicant’s teachings.

[0014]  Figure 3 is a schematic view of an ion guide according to various embodiments
of the applicant’s teachings.

[0015]  Figure 4 is a schematic view of an ion guide according to various embodiments
of the applicant’s teachings.

[0016] Figure 5 shows cross-sectional views of an ion guide according to various
embodiments of the applicant’s teachings. |

[0017] Figure 6 shows a cross-sectional view of an ion guide according to various
embodiments of the applicant’s teachings.

[0018] Figure 7 shows cross-sectional views of an ion guide according to various
embodiments of the applicant’s teachings.

[0019] Figure 8A is a schematic view of an ion guide according to various
embodiments of the applicant’s teachings.

[0020] Figure 8B is a schematic view of an ion guide according to various
embodiments of the applicant’s teachings.

[0021] Figure 8C shows a cross-sectional view of a two stage ion guide setup

according to various embodiments of the applicant’s teachings.
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[0022] Figure 8D shows a cross-sectional view of a two stage ion guide setup
according to various embodiments of the applicant’s teachings.

Figure 8E shows the distance along the axis of the ion guide versus the magnitude of the
gas drag force exerted on ions of a given type in the seam of the ion guide.

[0023]  Figure 9 shows a cross-sectional view of an ion-gas separation element
according to various embodiments of the applicant’s teachings.

[0024]  Figure 10 shows a cross-sectional view of an ion-gas separation element
according to various embodiments of the applicant’s teachings.

[0025] Figure 11 shows a cross-sectional view of an ion-gas separation element
according to various embodiments of the applicant’s teachings. |

[0026] Figure 12 shows a cross-sectional view of an ion-gas separation element
according to various embodiments of the applicant’s teachings.

[0027]  Figure 13A is a schematic view of a mass spectrometry system according to
various embodiments of the applicant’s teachings.

[0028] Figure 13B shows a top view of a gas dynamic ion transfer device according to
various embodiments of the applicant’s teachings.

[0029] Figure 13C shows a detailed view of the gas flow displacement element of
Figure 13B.

[0030] Figure 14 is a schematic view of a gas dynamic ion transfer device according
to various embodiments of the applicant’s teachings.

[0031] Figure 15 is a schematic view of a gas dynamic ion transfer device according
to various embodiments of the applicant’s teachings.

[0032]  Figure 16 a schematic view of a gas dynamic ion transfer device according to
various embodiments of the applicant’s teachings.

[0033]  Figure 17 a schematic view of a gas dynamic ion transfer device according to
various embodiments of the applicant’s teachings.

[0034] Figure 18A is a schematic view of a mass spectrometry system according to
various embodiments of the applicant’s teachings.

[0035] Figure 18B is a schematic view of a planar ion guide according to various

embodiments of the applicant’s teachings.
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[0036] Figure 19 is a schematic view of electrical connections to a planar ion guide
according to various embodiments of the applicant’s teachings;

[0037] Figure 20 is a schematic view of a planar ion guide according to various
embodiments of the applicant’s teachings.

[0038]' Figure 21 is a schematic view of a planar ion guide according to various
embodiments of the applicant’s teachings.

[0039]  Figure 22 is a cross-sectional view of a planar ion guide according to various

‘embodiments of the applicant’s teachings.

[0040]  Figure 23 is a schematic view of a planar ion guide according to various
embodiments of the applicant’s teachings.
[0041] Figure 24 ié a schematic view of a planar ion guide according to various
embodiments of the applicant’s teachings.
[0042] Figure 25 is a schematic view of a planar ion guide according to various
embodiments of the applicant’s teachings.
[0043] Figure 26 is a schematic view of a planar ion guide according to various
embodiments of the applicant’s teachings.
[0044]  Figure 27 is a schematic view of a planar ion guide according to various
embodiments of the applicant’s teachings.
[0045] Figure 28 is a schematic view of a planar ion guide according to various
embodiments of the applicant’s teachings.
[0046] Figure 29 is a schematic view of a planar ion guide according to various
embodiments of the applicant’s teachings.

In the drawings, like reference numerals indicate like parts.

DESCRIPTION OF VARIOUS EMBODIMENTS

[0047] lon transfer efficiency of atmospheric pressure ionization (API) sources can

directly influence the sensitivity of mass spectrometers. To improve ion transfer
efficiency, the size of the inlet aperture can be increased. However, a larger inlet aperture
can lead to higher gas flow entering the mass spectrometer necessitating separation of
ions from the gas flow. RF ion guides can be used to transport and confine ions and

assist in handling the gas flow. Ion guides can provide focusing of ions to a central axis
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so they can be easily sampled through an aperture to the next stage of differential
pumping. However, some ion guides may not focus ions to a spot, but instead can spread
the ion beam as a ring or a line wherein ion losses can occur. Therefore, it is desirable to
increase transport and focusing efficiency of the ions along the ion guide and prevent the
loss of ions during transportation to attain high sensitivity.

[0048]  Accordingly, a method and apparatus for performing mass analysis is provided.
It should be understood that the phrase “a” or “an” used in conjunction with the
applicant’s teachings with reference to various elements encompasses “one or more” or
“at least one” unless the context clearly indicates otherwise. Reference is first made to
Figure 1, which shows schematically a mass spectrometer, generally indicated by
reference number 20. In various aspects, the mass spectrometer 20 comprises an ion
source 22 for generating a beam of ions 30 from a sample of interest, not shown, in a
pressure region Py. In various embodiments, the ion source 22 can be positioned in the
pressure PO region containing a background gas (not shown), generally indicated at 24,
while the ions 30 travel towards an ion guide chamber 26, in the direction indicated by
the arrow 38. In various embodiments, the ion source 22 can be part of the ion guide
chamber. Ih various aspects, the ion guide chamber 26 can receive the ions 30 from the
ion source 22. In various aspects, the ions can enter the chamber 26 through an inlet
aperture 28. In various embodiments, one or more inlet apertures can be provided. In
various aspects, an array of smaller inlet apertures can be provided. In various aspects,
the array of smaller inlet apertures can be ciréular or elongated. In various embodiments,
the total area of the array of smaller apertures can be comparable to the total area of a
single inlet aperture that has a diameter between about 0.1 mm and about 5 mm. In
various aspects, the array of smaller inlet apertures can be arranged in any suitable
pattern depending on the requirements of the ion source. For example, the array of
smaller orifices can be arranged in, but is not limited to, a circular, square, hexagonal, or
linear pattern. In various embodiments, the inlet aperture can be circular and can have a
diameter between about 0.1 and about 5 mm. In various aspects, the circular inlet
aperture can comprise a diameter of about 2 mm.

[0049] In various aspects, the pressure Pl in the ion guide chamber 26 can be

maintained by a vacuum pump 42. In various embodiments, the ion guide chamber can
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have a pressure between about 0.1 and about 100 torr. In various aspects, the ion guide
chamber 26 can have a pressure of about 10 torr. In various embodiments, the ion guide
chamber 26 can have a gas flow wherein the ions are entrained in the gas flow. In
various aspects, the gas flow can have a longitudinal velocity and a transverse velocity.
In various aspects, the ion guide chamber 26 further comprises an exit aperture 32 located
downstream from the inlet aperture 28 and at least one ion guide 36 can be located in the
ion guide chamber 26 for radially confining, focusing and transmitting the ions 30. In
various embodiments, the at least one ion guide 26 can be located in the ion guide
chamber 26. In various aspects, the at least one ion guide 36 can have an entrance end
and a predetermined entrance cross-section defining an internal volume 37. In various
aspects, the predetermined cross-section can form an inscribed circle, with a diameter as

indicated by reference letter D, and can have a diameter between about 1 and about 15

mim.

[0050] In various aspects, the at least one ion guide can have an exit end and an exit
cross-section wherein the exit cross-section can be sized to be smaller in area than the
entrance cross-section. In various embodiments, the at least one multipole ion guide 36 is
exemplified in Figures 2 and 3 which show, for example, a tapered quadrupole ion guide
and the electrode shape of the tapered ion guide. In various embodiments, the at least one
multipole ion guide 36 can comprise any number of poles, for example, but not limited
to, 36-pole, 108-pole, etc. In various embodiments, the at least one ion guide can be
tapered. In various aspects, a power supply 40 can be connected to the at least one ion
guide 36 to provide RF voltage in a known manner. In various embodiments, multiple
phases of RF can be provided. In various aspects, the at least one ion guide can comprise
at least one multipole ion guide having a plurality of elongated electrodes wherein a gap
between the elongated electrodes and the shape of the elongated electrodes in the vicinity
of or near the gap are essentially the same along the length of the at least one ion guide
for confining the ions in the vicinity of the gap by a combination of the gas drag due to
the transverse velocity of the gas and the RF voltage.

[0051] In various embodiments, the gap between the elongated electrodes comprises
between about .001 mm and about 5 mm. In various aspects, the entrance end of the at

least one ion guide can be sized to capture the entire ion beam. In various aspects, the
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elongated electrodes comprise a planar portion and wherein the width of the planar
portion is reduced to zero towards the exit end of the at least one ion guide. In various
embodiments, the length of the elongated electrodes can be between about 1 ¢m to about
300 cm. In various embodiments, the mass spectrometer further comprises a mesh
covering a planar portion of the elongated electrodes and a gas conduit for providing
buffer gas for flowing through the mesh into the ion guide. In various aspects, the planar
portion can comprise one of either a convex and a concave surface. In various aspects,
the mass spectrometer can further comprise a gas dynamic ion transfer device. In various
embodiments, the at least one multipole ion guide is selected from a quadrupole ion guide
having four elongated electrodes, a hexapole ion guide having six elongated electrodes,
and an octapole ion guide having eight elongated electrodes, a dodecople having 12
electrodes, an 18-pole ion guide, a 36-pole ion guide, a 54-pole ion guide, a 72 —pole ion
guide, a 108-pole ion guide and any combination thereof. In various embodiments, the at
least one multipole ion guide can comprise any suitable number of poles.

[0052] In various embodiments, the exit aperture 32 in Figure 1 is shown as the inter-
chamber aperture separating the ion guide chamber 26 from the next or second chamber
45 that may house additional ion guides or a mass analyzer 44. Typical mass analyzers
44 can include quadrupole mass analyzers, ion trap mass analyzers, including linear ion
trap mass analyzers, and time-of-flight mass analyzers. In various aspects, the pressure
of the second chamber 45 can be maintained by a vacuum pump 42b. In various aspects,
the at least one ion guide comprises a first ion guide followed by a second ion guide
wherein the diameter of the entrance end of the second ion guide is smaller than the
diameter of the exit end of the first ion guide. In various embodiments, the diameter of
the second ion guide can be about 4 mm at an entrance end and about 1 mm at an exit
end. In various aspects, the first and second ion guides can be selected from a quadrupole
ion guide having four elongated electrodes, a hexapole ion guide having six elongated
electrodes, and an octapole ion guide having eight elongated electrodes, a dodecople
having 12 electrodes, an 18-pole ion guide, a 36-pole ion guide, a 54-pole ion guide, a 72
—pole ion guide, a 108-pole ion guide and any combination therecof. In various
embodiments, the at least one multipole ion guide can comprise any suitable number of

poles. In various embodiments, the first and second ion guides can be in separate
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differentially pumped vacuum chambers. In various embodiments, a gas dynamic ion
transfer device can connect the first and second ion guides. In various aspects, the at
least one ion guide can comprise a series of multipole ion guides.

[0053] Reference is made to Figure 3 which exemplifies the at least one ion guide
according to various embodiments of the applicant’s teachings. For example, input and
output cross sections of a quadrupole ion guide are shown in Figure 3. An area where ion
confinement is critical is outlined by a circle. In this region, the gas flow shown by an
arrow, in a similar region, is dragging the ions away from the core of the ion guide. The
only force that can prevent ions from being sucked into the vacuum system here is the
pseudo-potential force generated due to the non-uniform RF field. The strength of the
pseudo-potential force is controlled mainly by the gap or spacing between the electrodes
(w) and the shape of the electrodes (r) in the critical confinement region. If the critical
dimensions w, r are maintained essentially the same along the length of the at least one

ion guide, the ion confinement in the critical confinement region can remain the same

“along the length of the ion guide. The principle of this ion confinement can be visualized

by the ion guide having seams where the gas flow passes through. If the seams are
“plugged” by RF pseudo-potential force the ions will be contained inside the ion guide.
In various aépects, higher order multipole ion guides can be constructed using a similar
principle.

[0054] Figures 5 and 6 exemplify input and output cross-sections as well as an axial
cross section of a tapered octapole ion guide. For simplification, Figure 6 shows a cross-
section of a tapered octapole ion guide with one electrode featuring gas flow to prevent
ions from contacting the surface in the planar region. In various embodiments, all
electrodes can comprise a repelling gas flow arrangement to prevent ions from contacting
the surface in the planar region. In the ion guides, ion loss can be further reduced by
providing a flow of buffer gas that would prevent ions from contacting the surface of the
electrodes in the f)lanar section where the effect of RF pseudo-potential is weak as
illustrated in Figure 6. A mesh is covering the planar section of the electrode and allows
additional buffer gas to pass through therefore dragging the ions away from the surface

where they could be neutralized and lost upon contact.
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[0055]) Reference is made to Figure 7 which shows alternative cross-section shapes of
the electrodes of an ion guide according to various embodiments of the applicant’s
teachings. In various aspects, the planar portion of the electrodes can be shaped as
convex or concave surface as illustrated in Figure 7. The ion confinement at the seams is
not significantly affected by the change of the shape in the planar section while alteration
of the shape may have a benefit of better matching with incoming ion beam or provide a
small additional RF pseudo-potential field that would push ions towards the axis. In
various embodiments, the conical shape of the ion guide can be altered from a straight
linear cone into a parabolic cone or any other suitable curve rotated around the axis.
Deviation from a straight cone can make the gas flow through the seams more uniform
along the length of the ion guide or make the gas flow through the seams diminish
slightly towards the exit of the ion guide. These arrangements can ensure that if ions are
confined by the seam near the entrance, they will continue to be confined as they move
along towards the exit of the ion guide.

[0056] Reference is made to Figure 8 A which shows that more than one ion guide can
be stacked one after another according to various embodiments of the applicant’s
teachings. In various embodiments, a series of ion guides can be provided. Figure 8A
shows an arrangement where the output ion beam of the first ion guide is connected to the
input of the following ion guide. In various embodiments, an aperture optionally can be
placed between the two ion guides to separate electrical fields and control the gas flow
between two sections.

[0057] In various aspects, utilizing stacked ion guides can comprise a higher order
multipole ion guide at the entrance followed by a quadrupole ion guide. If the setup is
located in one section of the vacuum interface the gaps w and shape 7 of the first and the
second ion guide can be made the same and the same RF voltage can be appliéd in both
sections. In such a setup, the pséudo-potential confinement as well as gas flows at the
seams of the first and second stages will be similar ensuring effective confinement of ions
in both sections. For example, a setup with a dodecapole in the first section can connect
to a quadrupole. The dodecapole ion guide that starts with the same width of the planar
electrode W will have roughly 3 times larger inlet diametér than the following quadrupole

resulting in about an order of magnitude larger inlet area. Moreover, the ion beam at the
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output of the quadrupole ion guide can be better focused than the ion bean at the output
of the octapole 1on guide thus simplifying passing of the ion beam into the next section of
a mass spectrometer through an aperture (not shown). In various embodiments of the
stacked ion guides, it can be beneficial to split the setup into two sections of differential
pumping as shown in Figure 8B.

[0058] In Figure 8B, for example, the pressure in the first section P1 is higher than the
pressure in the second section P2. The first and the second sections are interconnected
with an aperture for passing the ion beam. Large portions of the buffer gas in the first
section are pumped away using pumping means connected to the first section. Residual
gas flow from the first section enters the second section via the aperture together with the
ion flux. The pressure in the second section is maintained below the pressure in the first
section using pumping means connected to the second section. The output ion beam
from the second section can be passed to the next stage of a mass spectrometry system.

In this embodiment, since the pressures in the first and second sections are not identical
there is no advantage to keeping both ion guides with the same w, r dimensions and RF
voltages and frequencies. Each ion guide can have the optimal dimensions and RF
parameters determined by the operating pressures and the flows of buffer gas in each
section.

[0059]  Reference is made to Figure 8C which exemplifies a cross section of a two
stage ion guide setup in which the diameter of the entrance end of the second ion guide is
smaller than the diameter of the exit end of the first ion guide. The flow in the first stage
can be initially displaced by reduction in cross-sectional area due to the conical shape of
the inside of the ion guide. Towards the exit of the first ion guide, for example, a parallel
(cylindrical) section is shown where the gas flow additionally can be displaced by
inserting a gas flow displacement element, which, for example, is shown in the middle of
the setup located towards the exit end of the ion guide. In various embodiments, the gas
flow displacement element can reduce the cross-sectional area of an ion guide towards
the exit. In various aspects, the gas flow displacement element can be of various shapes.
At the exit of the first stage, the ion beam entrained in the gas flow passes through an
aperture and then enters the second stage of the ion guide. The flow of the gas is shaped

by the gas dynamic flow conversion element.
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[0060] In Figure 8D, at the exit of the first stage, the ion beam entrained in the gas
flow passes through an aperture and then enters the gas dynamic flow conversion
element. In various aspects, the gas dynamic flow conversion element can be of various
shapes. At the output of the gas flow conversion element, the flow is axial, round and
nearly uniform. This flow of gas and ions enters the second stage of the ion guide which
continues to displace the gas flow while bringing the ion beam closer to the axis. A
concentrated ion beam leaves the second stage through the output aperture.

[0061] Figure 8E shows x, the distance along the axis of the ion guide, versus Fz, the
magnitude of the gas drag force exerted on ions of a given type in the seam of the ion
guide. Solid curves 1, 2, and 3 show different scenarios for the gas drag profile created
by the variation of cross section of the ion guide along the axis. The dashed line shows
the limit of RF confinement. If the gas drag profile has a shape number 3 for a given type
of ions, a majority of these ions will be swept away by the gas flow and lost as the ions
move along from the entrance to the exit. The loss will occur as the ions enter the area
where the gas drag force is higher than the RF force.

[0062] Reference is made to Figure 9 which shows a cross-sectional view of an ion-
gas separation element. Solid arrow lines designate the gas flow component going
through the gap between RF+ and RF- electrodes. The circle with a cross designates a
gas flow velocity component in the direction perpendicular to the surface as indicated in
the drawing. Dashed lines designate directions of the repelling forces created by the
pseudo-potential from oscillating RF voltages applied to RF+ and RF- electrodes. The
net effect of the gas drag and the pseudo-potential force pushes the ions towards the
middle of the gap where the ions can reside in equilibrium while traveling along the axis
in the direction designated by the circle with the cross.

[0063] Reference is made to Figure 10 which shows elliptical regions representing the
location of the ion beams in equilibrium. Clouds of different ions can be centered at a
different position defined by the counteraction of the gas drag force (solid arrows) and
the pseudo-potential force (dashed arrows).

[0064] Reference is made to Figure 11 which shows an extra electrode with an

auxiliary DC1 voltage added to aid in ion confinement. Dotted arrows show an
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additional force superimposed on ions due to the application of the DC1 potential. This
DC field can help counteract the gas drag force due to the gas flow.

[0065] Reference is made to Figure 12 which shows an extra electrode with an
auxiliary DC2 voltage added to ensure that ions are confined in the channel. This
arrangement can be helpful when the gas drag force is not too strong, for example in the
exit region Qf the ion guide. Dotted arrows show an additional force superimposed on
ions due to the application of DC2 potential. This arrangement can be useful after ions
were already collected in the gap by the gas drag force at the initial stage and are carried
along the gap while the strength of the gas drag force is declining.

[0066]  Efficient sampling of ions requires that the entrance diameter of the ion guide
be sufficiently large to capture ions entrained in the incoming gas flow. For an ion guide
to operate efficiently at higher pressure, its RF frequency has to be kept higher than the
rate of dampening of ion motion due to collisions. However, a larger ion guide diameter
entrance can lead to lower operating RF frequency making RF confinement of ions weak
and inefficient at higher pressure. Furthermore, the gas drag on the ions can have a more
pronounced effect at the entrance portion of the ion guide since the gap between the rods
will be larger at this portion. The combination of a weak RF confinement of the ions and
the stronger gas drag at the entrance portion of the ion guide can lead to ion losses.
Therefore, it is desirable to provide an ion guide that can provide sufficient ion
confinement while operating at a higher RF frequency.

[0067] However, during transportation of the ions through the ion guide, ion losses
can occur. Therefore, it is desirable to increase transport efficiency of the ions along the
ion guide and prevent the loss of ions during transportation to attain high sensitivity.
[0068] In mass spectrometry, sample molecules are converted into ions using an ion
source, in an ionization step, and then detected by a mass analyzer, in mass separation
and detection steps. For most atmospheric pressure ion sources, ions pass through an
inlet aperture prior to entering an ion guide in a vacuum chamber. The ion guide
transports and focuses ions from the ion source into a subsequent vacuum chamber, and a
radio frequency signal can be applied to the ion guide to provide radial focusing of ions
within the ion guide. However, during transportation of the ions through the ion guide,

ion losses can occur.
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[0069] Accordingly, an apparatus and method is provided for transmitting ions.
Reference is made to Figure 13A, which shows schematically a mass spectrometer,
generally indicated by reference number 20. In Figure 13A, unless otherwise indicated,
common elements have the same reference numerals as in Figure 1 and for brevity the
description of these common elements, already described above, has not been repeated.
In various aspects, the mass spectrometer 20 comprises an ion source 22 for generating a
beam of ions 30 from a sample of interest, not shown, in a high pressure region Py. In
various embodiments, the ton source 22 can be positioned in the high-pressure PO region
containing a background gas (not shown), generally indicated at 24, while the ions 30
travel towards a first vacuum chamber 26, in the direction indicated by the arrow 38. In
various aspects, the ions enter the first vacuum chamber 26 through an inlet aperture 28
which passes the ions from the high-pressure region into the first vacuum chamber 26. In
various embodiments, one or more inlet apertures can be provided. In various aspects, an
array of smaller inlet apertures can be provided. In various aspects, the array of smaller
inlet apertures can be circular or elongated. In various embodiments, the total area of the
array of smaller apertures can be comparable to the total area of a single inlet aperture
that has a diameter between about 0.1mm and about 5 mm. In various aspects, the array
of smaller inlet apertures can be arranged in any suitable pattern depending on the
requirements of the ion source. For example, the array of smaller orifices can be
arranged in, but is not limited to, a circular, square, hexagonal, or linear pattern. The first
vacuum chamber 26 also comprises an exit aperture 32 for passing the ions 30 from the
first vacuum chamber 26.

[0070) Efficient transfer of ions between two compartments of a vacuum system
where the pressure of the buffer gas on one side is sufficiently high, for example above 1
torr, and where the emitting cross section of the upstream RF ion guide does not match
accepting cross sections of the ion optical element in the following section can be
problematic. The applicant has realized that this problem can be overcome by relying on
the flow of the buffer gas that is shaped by the gas conduit. When ions are transferred
between two stages of a mass spectrometer and at least one stage is located at sufficiently
high pressure, the ions can be carried by the gas flow and the loss of ions due to diffusion

to the walls can be sufficiently small. An additional “curtain” gas can be introduced near
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the walls of the gas dynamic interface to create an extra cushion for ions and further
reduce diffusion losses. To solve the problem with the ion beam being spread as a ring
(annular ion beam) or as a line (linear ion beam), we can take advantage of gas dynamics
that is quite strong when operating at higher pressure and provide a gas dynamic ion
transfer device 50.

[0071] In various embodiments, a gas dynamic ion transfer device 50 can be provided
at the exit aperture 32 of the first vacuum chamber, the gas dynamic ion transfer device
50 having an inlet end 52 and an outlet end 54 wherein the ions pass through the inlet end
52 and exit through the outlet end 54 of the gas dynamic ion transfer device 50. In
various aspects, the gas dynamic ion transfer device can be configured to converge the
ions entrained in a flow of gas. In various embodiments, the gas dynamic ion transfer
device can comprise a funnel geometry. In various aspects, the gas dynamic ion transfer
device can comprise an insert. In various aspects, the gas dynamic ion transfer device
can comprise channels at the inlet end for converging the beam of ions. In various
embodiments, the gas dynamic ion transfer device can be conﬁgﬁred to spread the beam
of ions. In various aspects, the gas dynamic ion transfer device can be between the first
vacuum chamber and a second vacuum chamber.

[0072] In various aspects, a power supply 40 can provide an RF voltage to the at least
one ion guide 36 for radially confining the ions within the internal volume 37 of the at
least one ion guide. In various embodiments, multiple phases of RF can be provided.
[0073] Reference is made to Figure 13B which shows a gas dynamic ion transfer
device that can be inserted to connect the first and second stages of differential pumping.
In various embodiments, the gas dynamic ion transfer device can be of various shapes.
The figure also shows a gas flow displacement element which can gradually displace the
gas and can lead to, for example, the creation of an annular (ring shaped) gas flow. The
gas flow displacement element can be part of the gas dynamic interface, or it can be a
standalone element. In various embodiments, the gas flow displacement element can be
located towards the exit end of the ion guide. In various embodiments, the gas flow
displacement element can reduce the cross-sectional area of an ion guide towards the exit.

In various aspects, the gas flow displacement element can be of various shapes.
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[0074]  Figure 13C shows in greater detail the gas flow displacement element of Fig
13B as a part of gas dynamic interface. The cross section at the entrance of the ion guide
is larger than the cross section at the exit since part of the exit area is blocked by the gas
flow displacement element.

[0075] In various aspects, the gas flow displacement element can have the advantage
of reducing the rate of contaminaﬁon of the ion optics downstream of the gas flow
displacement element since the element will effectively disperse and block small dust
particles and droplets from entering the following stages of the mass spectrometer. In
various embodiments, the gas flow displacement element has a channel or a set of
channels to provide an additional flow of curtain gas that prevents ions from contacting
the surface of the gas flow displacement element similar in function to the gas flow setup
shown in Figuré 6 where additional gas flow is used to prevent ions from contacting flat
portion of RF electrodes.

[0076] Reference is made to Figure 14 which shows a funnel style gas dynamic ion
transfer device for collecting an annular ion beam provided at the output of RF ion guide
and converting it into a flow from a round tube.

[0077] Reference is made to Figure 15 which shows a planar gas dynamic ion transfer
device for collecting a flat ion beam provided at the output of RF ion guide and
converting it into a flow from a round tube.

[0078] Reference is made to Figure 16 which shows a gas dynamic ion transfer device
utilizing channels at the inlet for collecting an annular ion beam provided at the output of
RF ion guide and converting it into a flow from a round tube.

[0079] Reference is made to Figure 17 which shows an inverted gas dynamic ion
transfer device that samples a narrow beam provided at the output of RF ion guide and
spreads it into a line at the output.

[0080] A planar RF ion guide can be defined as an ion guide that has its RF electrodes
in one plane. This type of RF ion guide can be particularly well suited for manufacturing,
for instance using a printed circuit board (PCB) as a supporting material. A planar RF

ion guide with DC bias voltages can be applied for the purposes of guiding and

‘compressing ion beams especially under higher pressure of buffer gas. The planar ion

guide can comprise an array of RF elements. In various aspects, half of the elements can
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be connected to one phase of RF while the other half can be connected to the opposite
phase of RF. In various embodiments, the planar RF ion guide can be operated with
more than two phases of RF. In various aspects, multiple phases of RF can be provided.
Multiple configurations of planar ion guides can be employed using basic elements. In
various embodiments, the interface can utilize a single planar RF ion guide. In various
aspects, gas flows and DC electrical fields can be organized to drive ions towards the
surface of the planar RF ion guide and then move the ions in the vicinity of the surface
across the ion guide towards the exit. In various embodiments, a travelling wave DC
field can be organized by periodic grouping of neighboring RF elements and by applying
varying DC fields that would propel the ions along the surface of the ion guide. Ih
various aspects, in the process of moving towards the exit, ions can also be concentrated
élong the second dimension of the planar surface. In various aspects, the ions will be
separated from the flow of the buffer gas and concentrated towards the exit to the next
stage of the mass spectrometer.

[0081] In various aspects, a planar ion guide allows one to minimize the distance
between neighboring opposite RF elements which in turn increases RF operating
frequency of the ion guide. Higher RF frequency can enable operation of the ion guide at
higher RF pressure. Multipole ion guides operating at higher frequency typically would
have a limited number of closely spaced RF rods which leads to very small inscribed
diameters precluding utilization of multipole ion guides for efficient capturing of wide
ion beams. In many circumstances, it is desirable to accept wide incoming ion beam and
pass it on to the next stage with smaller dimensions. RF ion guides with collisional
cooling can do that, however their operation at very high pressures of the buffer gas is
often hampered by the collisions between ions and buffer gas molecules. In order for an
ion guide to operate at higher pressure, its RF frequency has to be kept higher than the
rate of dampening of ion motion related to the frequency of collisions. For a given ion
and a fixed RF voltage, the RF frequency of the ion guide can increase when its inscribed
diameter is reduced. This allows for operation at higher pressure but reduces the
diameter of the ion beam at the entrance (acceptance area). An ion funnel can accept a
beam of wider dimensions and then compress it down to a smaller size, however an ion

funnel is a complicated device that involves a stack of plates and many electrical
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connectors. Therefore, there is a need for ion beam compression at higher pressures of
the buffer gas in several applications. The most notable application is sampling of ions
produced at atmospheric pressure.

[0082] The applicant realized that a planar ion guide can operate at higher RF
frequency because its RF elements can be made closely spaced. Higher RF frequency
will .permit operation at higher pressure of the buffer gas. At the same time, the
collection area of the ion guide can be kept large in order to efficiently capture ion beams
originating from wide sources such as sampling from atmospheric pressure ion sources.
In essence, the inventor realized that planar ion guides might be well suited for mass
production, for instance, due to the technology developed for the manufacturing of
printed circuit boards. Arranging planar ion guides in ways described here can lead to an
efficient and economical ion collection interface. Accordingly, a mass spectrometer and
method of transmitting ions is provided. Reference is made to Figure 18A, which shows
schematically a mass spectrometer, generally indicated by reference number 20. In
various aspects, the mass spectrometer 20 comprises an ion source 22 for generating a

beam of ions 30 from a sample in a high pressure region Py, a vacuum chamber 26

- comprising an inlet aperture 28 for passing the ions from the high-pressure region into the

vacuum chamber 26, and an exit aperture 32 for passing the ions from the vacuum
chamber 26. In Figure 18A, unless otherwise indicated, common elements have the same
reference numerals as in Figure 1 and for brevity the description of these common
elements, already described above, has not been repeated.

[0083] In various embodiments, at least one planar RF ion guide 56 can be provided
between the inlet 28 and exit 32 apertures, the at least one planar RF ion guide 56 having
a first end 58 and a second end 60, the at least one planar RF ion guide 56 further having
an array of RF elements, RF-A and RF-B, as shown in detail in Figure 18B.

[0084] In various aspects, a power supply provides an RF voltage to the array of RF
elements wherein adjacent RF elements are each connected to opposite phases of the RF
voltage. In various embodiments, multiple phasés of RF can be provided. In various
aspects, a power supply provides voltage to the array of RF elements for directing the
ions towards the second end of the at least one planar RF ion guide. In various

embodiments, a power supply can be provided for providing auxiliary voltage to the array
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of RF elements for directing the ions towards the second end of the at least one planar RF
ion guide. Reference is made to Figure 19 which shows an example of electrical
connections. Figure 20 shows a possible distribution of DC potential leading to ion
accumulation in the middle. F igure 21 shows the distribution of DC potential with ion
accumulation towards the edge.

[0085] In various embodiments, the at least one planar RF ion guide can comprise a
frame with stretched wire electrodes. Reference is made to Figure 22 which shows a
cross-section of a planar ion guide surface made with stretched wires. In various
embodiments, the at least one planar RF ion guide can comprise a printed circuit board.

In various embodiments, the at least one planar RF ion guide can comprise a first planar
RF ion guide and a second planar RF ion guide facing each other as exemplified in Figure
23. A blocking electrode can be provided at the intersection of the first and second
planar RF ion guides. In various embodiments, the at least one planar RF ion guide can
comprise a series of planar RF ion guides. Figures 24 and 25 show examples of
configurations of a first and a second planar RF ion guide according to various
embodiments of the applicant’s teachings.

[0086] Figures 26 to 29 show examples of planar RF ion guides according to various
embodiments of the applicant’s teachings. The ions can enter and exit the planar RF ion
guide in various ways as exemplified in Figures 26 to 29.

[0087]  All literature and similar material cited in this application, including, but not
limited to, patents, patent applications, articles, books, treatises, and web pages,
regardless of the format of such literature and similar materials, are expressly
incorporated by reference in their entirety. In the event that one or more of the
incorporated literature and similar materials differs from or contradicts this application,
including but not limited to defined terms, term usage, described techniques, or the like,
this application controls.

[0088] While the applicant’s teachings have been particularly shown and described
with reference to specific illustrative embodiments, it should be understood that various
changes in form and detail may be made without departing from the spirit and scope of
the teachings. Therefore, all embodiments that come within the scope and spirit of the

teachings, and equivalents thereto, are claimed. The descriptions and diagrams of the
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methods of the applicants’ teachings should not be read as limited to the described order
of elements unless stated to that eftect. |

[0089] While the applicant’s teachings have been described in conjunction with
various embodiments and examples, it is not intended that the applicant’s teachings be
limited to such embodiments or examples. On the contrary, the applicant’s teachings
encompass various alternatives, modifications, and equivalents, as will be appreciated by
those of skill in the art, and all such modifications or variations are believed to be within

the sphere and scope of the invention.
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CLAIMS

1. A mass spectrometer comprising:

an ion source for generating a beam of ions;

an ion guide chamber for receiving the ions from the ion source, the ion
source chamber having a gas flow wherein the ions are entrained in the gas
flow, the gas flow having a longitudinal velocity and a transverse velocity; the |
ion guide chamber further comprising an exit aperture for passing the ions
from the ion guide chamber;

at least one ion guide located in the ion guide chamber, the at least one ion
guide having an entrance end and a predetermined entrance cross-section
defining an internal volume;

the at least one ion guide having an exit end and an exit cross-section wherein
the exit cross-section is sized to be smaller in area than the entrance cross-
section;

a power supply for providing an RF voltage to the at least one ion guide; and
the at least one ion guide comprising at least one multipole ion guide having a
plurality of elongated electrodes wherein a gap between the elongated
electrodes and the shape of the elongated electrodes in the vicinity of the gap
are essentially the same along the length of the at least one ion guide for
confining the ions in the vicinity of the gap by a combination of the transverse

velocity of the gas and the RF voltage.

2. The mass spectrometer of claim 1 wherein the gap between the elongated

electrodes comprises between about .001 mm and about 5 mm.

3. The mass spectrometer of claim 1 wherein the entrance end of the at least one ion

guide is sized to capture the entire ion beam.
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. The mass spectrometer of claim 1 wherein the elongated electrodes comprise a

planar portion and wherein the width of the planar portion is reduced to zero
towards the exit end of the at least one ion guide, and optionally
wherein the length of the elongated electrodes is between about 1 cm to about 300

cm.

. The mass spectrometer of claim 1 further comprising a mesh covering a planar

portion of the elongated electrodes and a gas conduit for providing buffer gas for
flowing through the mesh into the ion guide, and optionally
wherein the planar portion can comprise one of either a convex and a concave

surface.

. The mass spectrometer of claim 1 further comprising a gas dynamic ion transfer

device, and optionally
further comprising a gas flow displacement element located towards the exit end

of the ion guide.

. The mass spectrometer of claim 1 wherein the at least one multipole ion guide is

selected from a quadrupole ion guide having four elongated electrodes, a hexapole
ion guide having six elongated electrodes, an octapole ion guide having eight
elongated electrodes, a dodecople having 12 electrodes, an 18-pole ion guide, a
36-pole ion guide, a 54-pole ion guide, a 72 —pole ion guide, a 108-pole ion guide,

and any combination thereof.

. The mass spectrometer of claim 1 wherein the at least one ion guide comprises a

first ion guide followed by a second ion guide wherein the diameter of the
entrance end of the second ion guide is smaller than the diameter of the exit end
of the first ion guide, and optionally

wherein the diameter of the second ion guide is about 4 mm at an entrance end

and about 1 mm at an exit end, and optionally
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9.

wherein the first and second ion guides are selected from a quadrupole ion guide
having four elongated electrodes, a hexapole ion guide having six elongated
electrodes, an octapole ion guide having eight elongated electrodes, a dodecople
having 12 electrodes, an 18-pole ion guide, a 36-pole ion guide, a 54-pole ion

guide, a 72 —pole ion guide, a 108-pole ion guide, and any combination thereof.

The mass spectrometer of claim 8 wherein the first and second ion guides are in

separate differentially pumped vacuum chambers, and optionally

wherein a gas dynamic ion transfer device connects the first and second ion guides.

10.

11.

12.

13.

The mass spectrometer of claim 1 wherein the at least one ion guide comprises a

series of multipole ion guides.

The mass spectrometer of claim 1 wherein the ion guide chamber comprises a
circular inlet aperture having a diameter between about 0.1 and about 5 mm,
optionally

wherein the ion guide chamber comprises a circular inlet aperture having a
diameter of about 2 mm, and optionally

wherein the predetermined cross-section forms an inscribed circle and has a

diameter between about 1 and about 15 mm.

The mass spectrometer of claim 1 wherein the ion guide chamber has a pressure
between about 0.1 and about 100 torr, and optionally

wherein the ion guide chamber has a pressure of about 10 torr.

A method of transmitting ions comprising:
generating a beam of ions from a sample in a high pressure region;
providing a vacuum chamber comprising an inlet aperture for passing the ions
from the high-pressure region into the vacuum chamber, the vacuum chamber
having a gas flow wherein the ions are entrained in the gas flow, the gas flow

having a longitudinal velocity and a transverse velocity; the vacuum chamber
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14.

15.

16.

further comprising an exit aperture for passing the ions from the vacuum
chamber;

applying an RF voltage to the at least one ion guide; and

providing at least one ion guide between the inlet and exit apertures, the at
least one ion guide having a predetermined cross-section defining an internal
volume; the at least one ion guide having an exit end and an exit cross-section
wherein the exit cross-section is sized to be smaller in area than the entrance
cross-section; the at least one ion guide comprising at least one multipole ion
guide having a plurality of elongated electrodes wherein a gap between the
elongated electrodes and the shape of the elongated electrodes in the vicinity
of the gap are essentially the same along the length of the at least one ion
guide for confining the ions in the vicinity of the gap by a combination of the

gas drag due to the transverse velocity of the gas and the RF voltage.

The method of claim 13 wherein the gap between the elongated electrodes
comprises between about .001 mm and about 5 mm, and optionally
wherein the entrance end of the at least one ion guide is sized to capture the entire

ion beam.

The method of claim 13 wherein the elongated electrodes comprise a planar
portion and wherein the width of the planar portion is reduced to zéro towards the
exit end of the at least one ion guide, and optionally

wherein the length of the elongated electrodes is between about 1 cm to about 300

cm.

The method of claim 13 further comprising a mesh covering a planar portion of
the elongated electrodes and a gas conduit for providing buffer gas for flowing
through the mesh into the ion guide, and optionally

wherein the planar portion can comprise one of either a convex and a concave

surface.
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17.

18.

19.

The method of claim 13 further comprising a gas dynamic ion transfer device,
optionally

further comprising a gas displacement element located towards the exit end of the
ion guide; and optionally

wherein the at least one multipole ion guide is selected from a quadrupole ion
guide having four elongated electrodes, a hexapole ion guide having six elongated
electrodes, an octapole ion guide having eight elongated electrodes, a dodecople
having 12 electrodes, an 18-pole ion guide, a 36-pole ion guide, a 54-pole ion

guide, a 72 —pole ion guide, a 108-pole ion guide, and any combination thereof.

The method of claim 13 wherein the at least one ion guide comprises a first ion
guide followed by a second ion guide wherein the diameter of the entrance end of
the second ion guide is smaller than the diameter of the exit end of the first ion
guide, optionally

wherein the diameter of the second ion guide is about 4 mm at an entrance end
and about 1 mm at an exit end, optionally

wherein the first and second ion guides are selected from a quadrupole ion guide
having four elongated electrodes, a hexapole ion guide having six elongated
electrodes, an octapole ion guide having eight elongated electrodes, a dodecople
having 12 electrodes, an 18-pole ion guide, a 36-pole ion guide, a 54-pole ion
guide, a 72 —pole ion guide, a 108-pole ion guide, and any combination thereof,
optionally

wherein the first and second ion guides are in separate differentially pumped
vacuum chambers, and optionally

wherein a gas dynamic ion transfer device connects the first and second ion

guides.

The method of claim 13 wherein the at least one ion guide comprises a series of
multipole ion guides, optionally
wherein the inlet aperture is circular and has a diameter between about 0.1 and

about 5 mm, optionally
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20.

wherein the circular inlet aperture comprises a diameter of about 2 mm, and
optionally
wherein the predetermined cross-section forms an inscribed circle and has a

diameter between about 1 and about 15 mm.
The method of claim 13 wherein the vacuum chamber has a pressure between

about 0.1 and about 100 torr, and optionally

wherein the vacuum chamber has a pressure of about 10 torr.
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Figure 8B
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