WO 2008/157019PCT/US2008/065581 ION TRANSPORT DEVICE AND MODES OF OPERAT_ION
THEREOF FIELD OF THE INVENTION [0001]The present invention relates generally to ion optics for
mass spectrometers and more particularly to a device for confiningI arr]td”focusing iodn; inda low vac(l)qum
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[0001] The present invention relates generally to ion optics for mass spectrometers,

and more particularly to a device for confining and focusing ions in a low vacuum Tegion.

BACKGROUND OF THE INVENTION

0002} A fundamental challenge faced by designers of mass spectrometers is the
efficient transport of ions from the ion source to the mass analyzer, particularly through
atmospheric or low vacuum regions where ion motion is substantially influenced by
interaction with background gas molecules. While electrostatic optics are commonly
employed in these regions of commercially available mass spectrometer instruments for ion
focusing, it is known that the effectiveness of such devices is limited due to the large
numbers of collisions experienced by the ions. Consequently, ion transport losses through
the low vacuum regions tend to be high, which has a significant adverse impact on the

mstrument’s overall sensitivity.

[0003] Various approaches have been proposed in the mass spectrometry art for
improving ion transport efficiency in low vacuum regions. One approach is embodied by the
ion funnel device described in USPN 6,107,628 to Smith et al. Roughly described, the ion
funnel device consists of a multitude of closely longitudinaiiy spaced ring electrodes having
apertures that decrease in size from the entrance of the device to its exit. The electrodes are
electrically isolated from each other, and radio-frequency (RF) voltages are applied to the
electrodes in a prescribed phase relationship to radially confine the ions to the interior of the
device. The relatively large aperture size at the device entrance provides for a large ion
acceptance area, and the progressively reduced aperture size creates a “tapered” RF field
having a field-free zone that decreases in diameter along the direction of ion travel, thereby
focusing ions to a narrow beam which may then be passed through the aperture of a skimmer
or other electrostatic lens without incurring a large degree of ion losses. Refinements to and
variations on the ion fimnel device are described in (for example) USPN 6,583,408 to Smith

etal.,, USPN 7,064,321 to Franzen, EP App. No. 1,465,234 to Bruker Daltonics, and Julian
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improving ion transport efficiency in low vacuum regions. One approach is embodied by the ion funnel
device described in USPN 6,107,628 to Smith et al. Roughly described, the ion funnel device consists
of a multitude of closely longitudinally spaced ring electrodes having apertures that decrease in size
from the entrance of the device to its exit. The electrodes are electrically isolated from each other, and
radio-frequency (RF) voltages are applied to the electrodes in a prescribed phase relationship to
radially confi@lihdlionEumntite fimtetioMistbe deyiaendhe salatualidares ARRTVES Siagal g device

entrance prgyjges-for ﬁ]ll@gg j)%%gfgscsefeé%g?%oe}r%, anqa%h%éiﬁggressively reduced aperture size

creates a "tapered” RF field having a fi ree zon&hh 4844 diameter along the direction of
ion travel, tggr%bg focusi%g ions to a narrow beam_ which may then be passed through the aperture of
a skimmer dr Sther electr diflficfendowithvueinderingtadatgerdegeeesationsfosses: Refiaements to and

variations oantfieionefunnel deyiesara:dessribedin,doy QF!,) SPN 6,583,408 to Smijth et al.,
USPN 7,064,321 tg Franzen, EP App. No. 1,465,234 to B’ruge %5%%%%,‘%%8“‘5’&?&% Ty !%et al.. "lon

Funnels for the Niss s SR e S aftf ShstBEHSWilya SitplifiedionrFuined], d:ikpeer. Soc.
Mass Specanrohxl6apfy 1008y 1R4200%) A00A4Whie theidon, funnelidevice hag been used

successfull¥e|§b{§s§grcah ﬁnr\gronments, its implementation in commercial mass spectrometer

reldl i st brlst Rt ishntettiianing. Aogpiead ionfumnelutiizes

instruments may be hindere
approximatélrtheaning dlectrodés, eaghhaviagd HAlGHRARRIY tediameter, Hilg dgsign;iesults ina
high part cqum %ﬂcﬁl%&ﬁ}ﬁgs@ ]pa%facturinﬁ%g .?1 and complexity. Furthermdre, the use of a large

e

c
number of ring electrodes creates a very hig ?(‘.:é%rafgi &9d58 “IHiEn requires a high-power amplifier to

drive the circuit. SUMMARY 10004alln a first aspect of the present invention, there is provided an ion
transport device, comprising: a plurality of longfitléih&iRspaced apart electrodes defining an ion
channel along which ions are transported, each of the plurality of electrodes being adapted with an

aperture thi8lgrivhich ibns finsyatiavelfand |nBsesCHARNLHONAZE SYECRICH Qﬁg&qefgaﬁ%ﬁaaﬁp ly

oscillatory yaltpges at least a portion of the plurality of electrodes; wherein at least orie of (i) the
spacing between agﬁj%%é%? %Ieacpr%lreﬁg?[ fn‘d?ﬂ?@ﬁgl ﬂféﬂlﬁ%&?%f&ﬂﬁ‘g shsthiadessisiaioy vokeyes
increases ikMadirdetienvdfiion ivavelrel 0a0HuHeia setond aspeshafithe,prerenbiaventigp. there is
provided adBaned with an aperture through which ions may travel; and an oscillatory voltage

source configured to apply oscillatory voltages to at least a portion of the plurality of

clectrodes; wherein at least one of (i) the spacing between adjacent electrodes, and (ii) the

amplitude of the applied oscillatory voltages increases in the direction of ion travel.

10004bj In a second aspect of the present invention, there is provided a mass
spectrometer, comprising: an ion source; a mass analyzer; and an ion transport device
located intermediate in an ion path between the jon source and the mass analyzer, the ion
transport device including: a plurality of longitudinally spaced apart clectrodes defining
an ion channel along which ions are transported, each of the plurality of electrodes being
adapted with an aperture through which ions may travel; and an oscillatory wvoltage
source configured to apply oscillatory voltages to at least a portion of the plurality of
electrodes; wherein at least one of (i) the spacing between adjacent electrodes and (ii) the

amplitude of the applied oscillatory voltages increases in the direction of ion travel.



spectrometer, comprising: an ion source; a mass analyzer: and an ion transport device located
intermediate in an ion path between the ion source and the mass analyzer, the ion transport device
including: a plurality of longitudinally spaced apart electrodes defining an ion channel along which ions
are transported, each of the plurality of electrodes being adapted with an aperture through which ions
may travel; and an oscillatory voltage source configured to apply oscillatory voltages to at least a

portion of thEpiddlity of électicdessmwhessimatieastanesatiih the-RPaCcHE hetween.adiagent

electrodes apg (i), mplitude of the applied gscillatory voltages increases in the direction of ion
travel. [OOO4c]Ingaﬂtﬁ%zﬁrgsg%cﬁs&g[ﬁ%nﬁrveasﬂéﬁ} ﬂﬁ?&‘%%ﬁ’ﬁ”{ﬁ’e% ?2“&)?8?}?8@8 RiFHBtsod femtedrsporting

and focusin§ishsSiithiprziow seopusmgr @msp@ecmﬁeﬁm}re}fegﬂ'@@@a@m§s Q&Ictglggllpter,

comprising: Jpseyiding a pluwality. agitudinally spaced apart electrodes, each electrode being
positioned adjacen?s?o at Iea%%%k% !é)%?]'geér %%3%%?3{8% E}%é%ﬁ%%t Sh A0 ERECAr APl Fesieicthavdactrodes

defining an b EHEiRAIEE Witekhoalseraviel; defthapplying:aseilatbrovioltages tortheRurality of

electrodes tghgeperain ak-aleciricfield that radially.conpfines jons within the jon channel; and increasing

the radial electric field penetrati_(ﬁn the direc':_tigin cﬁ‘%]no?r%%g%(%% %e%‘%r%@ra]éﬁ@@%ﬁﬁiﬁﬂe

embodiment'8f AV SRNBRC TS ik Hiridevivatsiprovided eomsistingadfa ghunalinfefapertured

electrodes whieh-aia spacegiapashalong the longitudinal axis of the device. The electrode apertures

define an io&i%p%nnel algng which ions are transported between an entrance and an exit of the device.
ory (€.9.

An oscillat , 1(F)(ifbﬁ%‘b‘g%ﬁ%&fi%ﬁﬁfﬁ%qﬁ@‘éﬁcﬂ%é}@s,i@mﬂ[ﬁki?@s escillmtonysraltages in an
appropriatedehasesrgtaticlesRimtosthe electiodas o ragialiyconfinethe ionsy,!n.0 %%85&@ proyide
focusing of g%h to etﬁgn%etggﬁtlleii?e of t%e_}i}on channel near the device_ exit, the spacing étween adjacent
electrodes incréases INthe direation of ISr'frAGR!. TheeririsyRfsater fsfdiceladirodbaspating near
the device ékinprovidesdos propontigoallyl inereasedrospilaiery:fieldpenstiation. ibereby greating a
tapered fielg.tk tr ions to the longitudinal, centerline. The magnitudes of the oscillator
voFI)tages mgﬂq/%ﬁtgé?nngg}%ﬂly v rié(()iﬁfa a gg%ﬁﬁgﬁ %ur}gs?g [ e(‘;ﬁ]%@iﬂﬁf’%régéPi?H%pﬂFﬁiEéfﬁ*‘é(nsmissxi/on
of certain it $pseigsBrapprerticte phassidistrmsinptiorhe frctsoddangiudinat RS fialkh which assists in

propelling ipnsaleng the.iap hannel eated by applyjng.a set of DC voltages to the
electrodes. 100061In%ﬂccordance W‘”’i‘t’ﬁ?;%{%n% em %eélgrlﬁ%prgf) 5]?%8’1 BEnn%h 18R $eaiport device

includes a fTirdfity BrTEELISHYCSpadiageapeltared wléptrotes havindiesdilliamowaliages Applied
thereto. Thelapeiediiatd-frdnensnddbe,onstadieienchanng! centering is %BS&%%%P y ncreasing
the amplitude of the oscijllatory voltage in the ' d

increased oscillatory field penetration, thereby creating a tapered field that concentrates

tons to the longitudinal centerline. The magnitudes of the oscillatory voltages may be

temporally varied in a scanned or stepped manner in order to optimize transmission of

certain jon species or to reduce mass discrimination effects. A longitudinal DC field,

which assists in propelling ions along the ion channel, may be created by applying a set

of DC voltages to the electrodes.

[0006] In accordance with a second embodiment of the invention, an ion transport
device includes a plurality of regularly-spaced apertured electrodes having oscillatory
voltages applied thereto. The tapered field for focusing the ions to the ion channel

centerline is generated by increasing the amplitude of the oscillatory voltage in the

direction of ion travel.
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direction of ion travel. WO 2008/157019PCT/US2008/065581 [0007]In either embodiment, streaming
of clusters, neutrals and undesolvated droplets to the downstream, lower-pressure regions of the mass
spectrometer may be reduced by one or a combination of techniques, including laterally and/or

angularly offsgiting.the gapillary with respect to the ion transport device enfr 2%p}gﬂlg_t}-@gral!y
offsetting eleséﬁf%de eib‘eﬁmjres relative to apertures of adjacent electrodes to%?d@ a |ne1?)f1-5|ght path.

BRIEF DESCRIPTION OF THE DRAWINGS [0008]In the accompanying drawings: [0009]FIG. 1 is a
schemati jction of S spectrometer incorporating an ion transport device canstructed in
Eﬂeﬂé\/ iy r%tﬁ@r enﬁjﬁ?g?%ﬁ? stream%%%]ota iugcrs él%lélt"lcj%s daégg un%eso?va}‘ %

accordan ith a first embodime e Inventioh, wherein Spacing is Rereased in thg
direction efdpigtetdletdasresitesmidpered fosusingfiolid ofobd 0)mGpRotiepictsrimay éateridetdil the ion

transport H%eé@fé%yéggﬂfgi%%&%ﬁeéﬁﬁﬁfﬁggﬁﬁﬁé%gI@tmja;ﬁy and/or angularly offsetting the

capillary with respect to the ion transport device entrance and laterally offsetting elecirode

apertures relative to apertures of adjacent electrodes fo block a line-of-sight path.

BRIEF DESCRIPTION OF THE DRAWINGS
[0008] In the accompanying drawings:

0009 FIG. 1 is a schematic depiction of a mass spectrometer incorporating an ion
transport device constructed in accordance with a first embodiment of the invention, wherein

electrode spacing is increased in the direction of ion travel to create a tapered focusing field;

[0010] FIG. 2 depicts in greater detail the ion transport device used in the mass
spectrometer of FIG. 1;

[6011] FIG. 3 depicts an example of an apertured electrode used in the ion transport
device of FIG. 2;

[0022] FIG. 4 depicts a portion of an ion transport device having an enclosure to

promote gas-assisted ion transport;

10613] FIG. 5 depicts a second embodiment of the ion transport device, wherein a
tapered focusing field is created by increasing the amplitude of the applied oscillatory voltage

in the direction of ion travel;

[0014] FIG. 6 depicts another implementation of the ion transport device, which
utilizes a geometry intended to reduce streaming of neutral gas molecules and other

undesirable particles into downstream regions of the mass spectrometer;

[0015] FIG. 7 depicts the application of a ramped-amplitude RF voltage to the ion
transport device according to a mode of operation intended to maximize transmission of ions

being analyzed by a quadrupole mass filter or similar mass analyzer;



[0011]FIG. 3 depicts an example of an apertured electrode used in the ion transport device of FIC_B. 2;
[0012]FIG. 4 depicts a portion of an ion transport device having an enclosure to pr_omote gas_-asssted
ion transport; 10013]FIG. 5 depicts a second embodiment of the ion transport device, wherein a

tapered focusing field is created by increasing the amplitude of the appliedyﬁﬁjgh%yﬂ ;Qjéilge in th_e
direction of iﬁi@é&/ﬁe&ﬁlﬁ){gﬂ]ﬂ& 6 depicts another implementation of the ion ranspor%(.’dgewce, which

utilizes a geometry intended to reduce streaming of neutral gas molecules and other undesirable

particles i WNStregfa regior ecirometar; 100! SHZI 7 depicts e.al plipation of a
ramped-afgﬁ%ﬁﬁde RF gidz?itégg%%g t%%ﬁpgfﬁ]iﬁpogﬁ dé\é}%lgp Sc&{?é}l‘]n% o a r%’%éae%%&t?&?mn intended to
maximize RATSITiS81oH 6ft6iENrdng madfokebpypicairardpdle radws filter dissimilatimass analyzer;

during an injection period;

100171 FIG. 9 depicts yet another implementation of the ion transport device, which
utilizes a tilted ring electrode geometry to reduce the RF field strength in a region adjacent to

the jet expansion; and

[0018] FIG. 10 depicts a further implementation of the ion transport device, which
utilizes an asymmetric DC field o urge ions away from a region of high RF field strength.

DETAILED DESCRIPTION OF EMBODIMENTS

{00197 FIG. 1 is a schematic depiction of a mass spectrometer 100 incorporating an
1on transport device 105 constructed in accordance with a first embodiment of the invention.
Analyte lons may be formed by electrospraying a sample solution into an ionization chamber
107 via an electrospray probe 110. For an ion source that utilizes the electrospray technique,
ionization chamber 107 will generally be maintained at or near atmospheric pressure. The
analyte ions, together with background gas and partially desolvated droplets, flow into the
inlet end of a conventional ion transfer tube 115 (e.g., a narrow-bore capillary tube) and
traverse the length of the tube under the influence of a pressure gradient. In order to increase
ion throughput from icnization chamber 107, multiple ion flow chamnels may be provided by
substituting multiple capillaries or a divided flow path ion transfer tube for the single channel
ion transfer tube depicted herein. Analyte ion transfer tube 115 is preferably held in good
thermal contact with a block 120 that is heated by cartridge heater 125. As is known in the
art, heating of the ion/gas stream passing through ion transfer tube 115 assists in the
evaporation of residual solvent and increases the number of analyte ions available for
measurement. The analyte ions emerge from the outlet end of ion transfer tube 115, which
opens to an entrance 127 of the ion transport device 105 located within low vacuum chamber
130. As indicated by the arrow, chamber 130 is evacuated to a low vacuum pressure bya
mechanical pump or equivalent. Under typical operating conditions, the pressure within low
vacuum chamber will be in the range of 1-10 Torr (approximately 1-10 millibar), but it is

believed that an ion transport device according to embodiments of the present invention may



WO 2008/157019PCT/US2008/065581 [0016]FIG. 8 depicts the application of a stepped-amplitude RF
voltage to the ion transport device according to a mode of operation intended tg reduce _
m/z-discrimination during an injection period; [0017]FIG. 9 depicts yet another implementation of the

ion transport.gdev. utilizes a tilted ring electrode geometry to redu%%,}t)g 5} ﬁldﬁtrength ina
region adjacé%l%tioﬁ%gvj@t?gxpansmn and [0018]FIG. 10 depicts a further |mplem ntation of the ion

transport device, which utilizes an asymmetric DC field to urge ions away from a region of high RE

matic depiction
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mcor ora Ing an
e.g., between 0.1 millibar and 1 bar.,

(0020} It should be understood that the electrospray ionization source depicted and
described herein is presented by way of an illustrative example, and that the ion transport
device of the present invention should not be construed as being limited to use with an
clectrospray or other specific type of ionization source. Other ionization techniques that may
be substituted for (or used in addition to) the electrospray source include chemical ionization,
photo-ionization, and laser desorption or matrix-assisted laser desorption/ionization
(MALDI).

10021] The analyte ions exit the outlet end of ion transfer tube 115 as a free jet
expansion and travel through an ion channel 132 defined within the interior of ion transport
device 105. As will be discussed in further detail below, radial confinement and focusing of
ions within jon channel 132 are achieved by application of oscillatory voltages to aperturad
electrodes 135 of ion transport device 105. As is further discussed below, transport of ions
along ion channel 132 to device exit 137 may be facilitated by generating a Iongitudinal DC
field and/or by tailoring the flow of the background gas in which the ions are entrained. lons
leave ion transport device 105 as a narrowly focused beam and are directed through aperture
140 of extraction lens 145 into chamber 150. The ions pass thereafter through ion guides 153
and 160 and are delivered to a mass analyzer 165 (which, as depicted, may take the form of a
conventional two-dimensional quadrupole ion trap) located within chamber 170. Chambers
150 and 170 may be evacuated to relatively low pressures by means of connection to ports of
a turbo pump, as indicated by the arrows. While ion transport device 105 is depicted as
occupying a single chamber, alternative implementations may utilize an ion transport device

that bridges two or more chambers or regions of successively reduced pressures.

10022] FIG. 2 depicts (in rough cross-sectional view) details of ion transport device
105. Ion transport device 105 is formed from a plurality of generally planar electrodes 135
arranged in longitudinally spaced-apart refation (as used herein, the term “longitudinally™
denotes the axis defined by the overall movement of ions along ion channel 132). Devices of
this general construction are sometimes referred to in the mass spectrometry art as “stacked-
ring” ion guides. Each electrode 135 is adapted with an aperture 205 through which ions may

pass. The apertures collectively define an ion channel 132, which may be straight or (as
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ion transport device 105 constructed in accordance with a first embodiment of the invention. Analyte
ions may be formed by electrospraying a sample solution into an ionization chamber 107 via an
electrospray probe 110. For an ion source that utilizes the electrospray technique, ionization chamber
107 will gene, intained at or near atmospheric pressure. The analyte ions, together with
background é@s%@ /fdgj}r}t[lglly desolvated droplets, flow into the inlet end of ch%Jﬁ\zk‘é%{%h%%lion transfer
tube 115 (e.g., a narrow-bore capillary tube) and traverse the length of the tube under the influence of
a pressurg gradient.; q;p&{nggé are IQn throughput from,ionizatio cham\ﬁ?er 107, é’ii?ple ion flow
channels may be prol\%éled by seu%s%tﬁgﬁiﬁgi %u?rfp‘i%g%%%iﬂ%%“g %‘Pé’%%@%&%ﬁ ?F‘(% @fﬁ%ﬁwg}? sfer tube
for the sifgfterande! ivaransfeniabadbpitteddreriv: Antlyliolohtdasfertuhalisigipreferably held
in good thesmakepniact with-adlosk A20.thatis heated by.cartiidoa haates 125, As is known in the art

heating of the ion/gas stream through ion transfer tube 115 assists in the evaporation of

assin
residual %WEWFWWC%%}%gW vﬁg%%@%f}hﬁé‘%ﬁé‘/ Tsrineilagretod reaseramentiTimvanalyte
ons emexgediggriive pulle ankofioe iransfer daehd, WA ORRRS 9 SALANER 2T, the ion

transport d(fvice %LO%%oca%e?? vs)(i hin Jow vacuum chamber 130. As indicated by the arrow, chamber 130
is evacuata & ot VAL ér@s@ﬁF@bﬁﬁg‘Fﬁ%tﬁﬁﬁﬁ&f%Fﬁﬁ‘%ﬂye‘ﬁl&’iﬁﬁf‘éﬁﬂn@Wd@nlfty@i“bal operating
conditionshines pra@dsutecarifitin tow pastitsa shisaibesyildee inthe dange @i Fpn (approximately

1-10 millipar), but it is believed that an ion transport device according to embodiments of the present
Q&ﬁia?gg S0 taggsﬁ? a%)ilsg &rated (R/legl’gep@téa%e%??a@’cﬁ%wg’f%ﬁdﬁl@ﬂﬁeﬁ%é}?@atmospheric

invention may succ u
pressuress@allptohenebese Oppinillibahamtatdae! {00201t shoidgitied prersioad iaktherelectrospray

lonizationseueeepiniach 3d;desclibetb HETSYS 1% RIRSERIRS by, way. of an fllustiarive example, and

that the ion transport device of the present invention shou d'not bR constried s eer'r?ﬁtT fted to use
with an eféCiro&pray Srdnlertspsefitstypeivippiretioirtoyrcdia@e bationipatisinctachirgties that may

be substisddeiorisedianmddiion indg rieriamRavsRUe Ialuda shemical ionization,

photo-ionization, and laser desorption or matrix-assisted laser desorption/ionization (MALDO

[0021] THERKARTEA0NS B TR erimcnsrrplifaferd sasapnlisd exslatony freldeeeapahsion and travel
through anianehaniie 142 glefiaedoagihio, e ietarion abip R FELUBNAS A0R-Ag i) be discussed
on

in furtherﬁgetail belrgw rqgéa\t_lj confirf}be ent and focusing o s within ion channel 132 are achieved by
application of OS¢ill ttgl?}(? IPE & t%@ﬁﬁ@@@%ﬁfﬂ&@%@%Wié%%%ﬁﬁﬁ%@ii@g. As is further
discussebtbeliwsanamsitonipf ionsiaahhianebannekd 3 iembevicewxiidsh Bayhaiaijtated by

generati longitudinal.DC field and/or by tailoring the flow of the background gas in which the ions
are entrgil%regg? F&I%qgcg%des' sl e %ftglﬁg%’rg\?mpf&ﬂg@&mﬁ?%ﬁéeﬁgéhd?Fected

ons leave ion t?épnspoﬁ SUIEe 0B 3d
through aperareil4ovf kotivactidd i 24 dBdntdehditbes IE0nTkesidnapaskinemafiastyough ion
guides 1a5,2d d89and arg.dgliverad o a.mas lyzer.165 (which, as depicted, may take the form
of a conventional two-diri}’ensio‘nal qu%%%upﬂ%ig%%%ap %ﬁi%){égtaec %v{/?ﬁ%égﬁ%gn gref%r%ﬁ%%bers 150
and 170 ShEe by v aidets velyvakzoRsedsciredasyalaban todhe onmentiomadiporisiaéla turbo

pump, agdniicats- e oo Wilkedon SansRet deves: 1085 daRiFiad e opsipying a single

chamber, alternative implementations may utilize an ion transport device t ges two or more

chamber, gions qf successjvely reduced pressures. [0022]FIG. 2 depicts (in rough cross-sectional
view) de% Sof ion traqr{%&)erft‘taé\;%)éa}!efg%? BiF ﬁgﬁi%’ﬁtf%ﬁi%‘@% RARBIIORFAplurality of

generallpiokinmtedesiredes 135 drrangschdnkingitidinely apaced-aparselation @s used herein, the
o e PN s el g o phanmel 32
"stackeRFiHY asncadéen@Bdulial et rodeidabtistdtiaptdulwitheantaparfurec2OBistaugtidvhich ions may
pass. ThesaReeFRR Rlgaibely dsing AR AN AL ARRELAAR, Sl may.Pe straight of {as

electrodes 135 are relatively closely spaced, which provides limited radial field penetration,

thereby producing a wide field-free region around the longitudinal axis. This condition

promotes high efficiency of acceptance of ions flowing from ion transfer tube 115 into ion

channel 132. Furthermore, the close spacing of electrodes near entrance 127 produces a

strongly reflective surface and shallow pseudo-potential wells that do not trap icns of a

diffuse ion cloud. In contrast, electrodes 135 positioned near exit 137 are relatively widely
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WO 2008/157(119PCT/US2008/065581 discussed below in connection with FIG. 4) curved, depending
on the lateral alignment of the apertures. To improve manufacturability and reduce cost, all of the
electrodes 135 may have identically sized apertures 205 (in contradistinction to the device disclosed in

the aforemengigngd.LISPIY 6,107,628 to Smith et aL, wherein each electroggﬁ%?@%gaﬁ%%uniquely

sized aperture). An oscillatory (e.g., radio-frequency) voltage source 210 applies oscillatory voltages to
electrodes 135 to thereby generate a field that radially confines ions within ion channel 132. According

toa prefegﬁageamngaxrgmde@eﬁe%mrﬁqﬁsﬂr;’gsoqug;vaaef?ﬁaagg?f;g@;9éyrx&3§?gsecg?§giS gapal in

amplitude and frequency but opposite in phase to the osc voltage applied to the adjacent

electrodeBSHEHEM b ERoc B8 88 R S et e AL i it adial ngibidiet stéctivéies 215
interleaves nébadplulityof sacand clecitodes22Qpwithuthe fitsh cleclredes %ﬁ?x{&ca%%gg an

oscillatory.vol%a e that is opposite in phase with respect to the oscillatory voltage applied to the second
electroded % ?%ﬂtéo@ﬁéﬁﬁ?ﬁﬁﬁmﬁfﬁﬁﬁ?wﬁ‘%’&ﬂf@ﬁ}&?} b Pphteide BT taechplswed Gscillatory
voltages aherfi-13¥Hz anda0x406:Y upltaeakd-diePepich thessied ampitudeheingstanaly
depende% %ngeec%% Q%é.algnshf&:u!71 _b~e‘E notetd hat the nurgber of electrodes 135 depicted in the figures
has been' chosen ATbit AR nd SHould ASE B LSRR TR LTSS FAFRICH ko 4Ry B tular number

of electrodisgedgpickl implementations of an ion transport device having a length of 50 ram will have
between 12 and 24 electrodes. Due to the increased inter-electrode spacing near the device exit, an

ion transpeubgpvice copskegtes %ﬁﬁmﬂ%@,%e!iyfegaé§d%f£m¢@§%§k% é@ﬁ&i@@%@enermly

utilize fewer electrodes relative to the conventional ion funnel device describe 107,628 to

Smith et SPPEREAGEFSTARSE pib RetiBriened iap s ot ths Slldrasihapéve dratereric field that

focuses thevions(s. aanasmem:RpRM-praXIMARdRvitaEXin3ha NG RAgIdinal SpRGRg Gflectrodes
135 increases in thlle glirection of ion travej. It i?bknown in the art (see, e.g., USPN 5,572,035 to

- e -
Franzen 2&wen a S 518 LML ARdcs et car  Araibtirethe Aedist pemitralicndtsn oscillatory
field in a Steckedaling i tuide gmpno pogtignatiadhadnterdeldctrode spagingmdearentiance 127,
electrodeg, goarer latively closel aced, which proyides limited radial field penetratign, thereby
producing j’ w?ge ?iae%- rénea%/e%%%eéxrg‘ggﬁ%] tﬁle%ir%lfd%ﬁlg?%%gS?ﬁ??@dﬂ%ﬁ?ﬂ?ﬁsdflo?ﬁ&@%eﬂigh efficiency
of acceptatis Ghibgrdlealingofrom ion transfer tube 115 into ion channel 132. Furtheimore, the close
spacing of electrodes near entrance 127 produces a strongly reflective surface and shallow

pseudo-fjotstial wellsithatde-mah andenssta diffvse inB &leue Inroniast %ﬁ%ﬁ(ﬁa%@fgﬁ 32

positioned near exit 1%; are relatively widely sri)aced, which provides effective focus lons (due to

the greatSPPATHEF BRE LSS e BasRAraEHCanE TR o Rireret thbleblicrduppeionfhin thelentral
longitudinatweds. dicisrbetigvéchtiyatsherrpdatiee hurvidiernientieshags sRAsRGMealdavic, exit 137 will

not cause significant.ion lgss, because igns are cooled towar central axis as they travel along ion
channel Egsf(?‘fhaﬁg?]aglee§se'm%§ag‘r¥/ofr%p g Ié’?]j?gﬁloﬁ Ic?fn%ﬁl%r‘ﬁﬁ\gﬁéc‘rjﬁg &Y ST ERE SO RGP
inter-electhatiesk pat ingpiceiacte bEntelpyasasdedpsinmap deviceTtranee] kdéste 5mm at device

exit 137. In. the F diment, the electrade spacing is.depicted as gradually and
6[9398'631& f% I%ple%.;(%%g&véﬂta etS MCTeas oxi decrease 1 %e ﬁpgn

continually increasing in irection of 1on travel along the fn endgljliﬁ 8?1?0 2ﬁ‘)vc?rlt device 105. In

other impleeedingtiongieatelrrite Shatinpodydbierediial aigitgdond DE Mekkasegmants of the ion
transporideying leRaide-8d RIRKMALE f%tgga%%{&ss%ﬂm&%z&%@%é?gﬂ Infreass glona another

segment (e.g., proximate to the device exit). Furthermore, certain implemeéntations may utilize a design

in which His®18aictleRpatingrrdiinsssalrasiteppedatiedimadigrbol bi2Yianmde JoREnder certain
conditions (igin¥vberaithe GReratNenR eSS deFRHVeNRION) alternate embodiments, a

longitudinal DC field may be generated by applying suitable DC voltages to auxiliary
electrodes (e.g., a set of resistively-coated rod electrodes positioned outside the ring

electrodes) rather than to ring electrodes 135.

[0026] For some applications, it may be advantageous to have the capability of
selectively operating ion transport device 105 in a trapping mode, whereby the ions received
through entrance 127 (or a portion thereof) are retained within ion channel 132 for a trapping

period of controllable duration. Trapping may be achieved by causing DC voltage source
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ions traveling through ion transport device 105 may become stalled (i.e., trapped within wells between
electrodes) if they do not possess sufficient kinetic energy to overcome the pseudo-potential barriers.
To avoid this problem, a longitudinal DC field may be created within ion channel 132 by providing a DC
voltage sourcg;g3a.thatapplies a set of DC voltages to electrodes 135. Thg&ggggﬂgv&l@gles increase
or decrease in the direction of ion travel, depending on the polarity of the transportedllo“risl The
longitudinal DC field assists in propelling ions toward device exit 137 and ensures that undesired
trapping dass b arall: AR ipicalonaialing condiians, a,onaityding! D¢ flgld aradient of
1-2V/imm is suffimgsr(q‘t Fgrgéminate stalling of ions Witgf%?r{] ion tran%?er (?ég\}%:%el?gfn ﬁ]g%%é’%ﬁate

embodim&fReraie (b Rttbefraiab el hiajhecyafiaeatedshVdpplying dasitable D G osttaes to auxiliary
electrode§>ﬁ@-gan@i@gwgsﬁayﬂyéq@@}%mﬁﬁg@@&%g&%eP&Ha%&?'aﬁi%ﬁsr ig,glgctrodes) rather

than to ring electrodes 135. [0026]For some applications, it may be advantageous to have the
capability'Bt SOREERTRP ShRRaENL 1017 Fah&porIdET ke T8sRCS Habpirtgtodediieraby the ions
received tiughleniianomlB7 (ed nadionthewahiareinigired withiniorishannsldads fer a trapping
period of controllable duration, Trapping m e achieved by causing.DC voltage source 225 to apply
appropriat?%e ﬁ’@eb%?ﬁﬁ‘él %‘%1&?@% %‘ €Bkath gfg}%&%‘lgé't% s%%lS ﬁ@P@BﬂF@gﬁ@?&?@% DC potential
well that adetiycenfinesiiohs r¥itharnd) isdasitadletdaatedse the ionsfroonion transpagpaayvice 105,
the barrier DC voltages are removed, and ions traverse the length of ion.channel 132 to exit 137 under
the influeﬁ%%% %%&Fgeasrg r%}%ar%r%leegnafgg%qo%%gﬁg1 ?:afﬁ%}?tué?r?ﬁf)ﬁ%eﬁ‘eﬁ% ? %‘aqgﬁﬁgn%%{? is technique, a
set of travislingbBOmileesonfmiebitypdaed cribwation dSoRateit Non6:8dp@4 ddncSiles et al. (the

disclosur ich.is | rel - )i i %ro 135 to create one or
N AR L R SR

) _ _ . n transport device 0b. It may also be
desirable®&sfedbicinedsiity Hes B supbratioridy ibnewathinlveatahepdrdelide 105 to, for example,

separate ﬁ@t@@t&@/amw&ggﬂ@%qﬁé&i@mﬁlbﬁ%%%&wéae;m_taﬂig Iadlanipeg ion ransport
device 105 will preferably be axially elongated and/or will be maintained at relatively high pressures in
order to &@&%@%BE@%M19&4@§?¥%?&PQ%%tion of ions having different mobilities. [0027]As
shown in FIG. 3, each electrode 135 may consist of a square plate 310 adapted with a centrally
located cl#ifdr aperture 205y idted abobelparddol it may coasnsfat tiimgresiserhay be reduced by
utilizing inte; fidentical dimensions and aperture size. Plate 310 may be wholly
fabricated fr%qr%&élrg %lagb(%t%r??a%?f gté%]g%%ﬁlv%%%}a% ﬁ%{%ggﬁp a[gss ain e%%sogﬁég orctc)}y'g?saf"vl n an alternative
constructipinufietelegtrods may isedonarddbyidepesitircitengeabsprispiiodesthiokinessahind over a
suitable afga)g Gandrclematerial ppdha seniald caion ey Jegipn.rdialy adiacent to the

aperture) of an insulative substrate, such as that used for printed circuit boards. A sét of conductive
traces m&§legiBe BaisHaltsHBeRvER sresEshrab RSSO P liEnatie wraediate ferestablish

electrical genneElians ie theneseiiagiysARd/ob RC.ypiRgRsaNgeRsinAtPcal dmpigmaatgtion of ion
transport device 105, each electrode 135 has lateral dimensions of 25 mm b%)ZS mm, a thickness of

0.5 mm, 450" HES AP R P O NSt R 8o B ALY pstRastibl fisdissiievice 105
may be cofwsirnetédiire aibopes, eorHigtiiatiiansdfospanndrifdt: Roadierahytbegapsdagtveen
electrodes 135 are n to and, communicate with chamber 130. This design allows gas.from the
ion/gas s?eaé;?ﬁ %agea?rgger%%gwfﬁtr@({)?u%% eeng%aep%mﬁtter \ﬁ):vlg iy rfh%éfﬁ&?éé%gfe éggi%%@sei%gﬁ y be
as_sembl@dbeﬂnmaltgne@mlwohlmhmiﬁa_tdrﬁmd/w D(é\mimmmgfﬂe&e&egﬁﬁdb spacings gsing a set
of insulatjye, RUPROIKERGT AR ARG 2l Fol ANCLESRSAP PSS Ml RRMN £l 04:8628,19 Smith etal. In

an alternative
mm by 25 mm, a thickness of 0.5 mm, and a circular aperture 205 having a diameter of 2-15

min.

100281 Lon transport device 105 may be constructed in an open configuration, as
shown in FIG. 2, whereby the gaps between electrodes 135 are open to and communicate
with chamber 130. This design allows gas from the ion/gas stream to be removed through the
gaps between the electrodes. Electrodes 135 may be assembled and aligned to each other and
fixed at the prescribed inter-electrode spacings using a set of insulative support rods and
spacers, in the manner described in USPN 6,107,628 to Smith et al. In an alternative

-8-



implementation, all or a portion of electrodes 135 may be located within an enclosure, which obstructs
the direct outflow of gas from the inter-electrode gaps to chamber 130 and thereby preserves a
relatively high gas flow along the enclosed portion of the ion channel. This gas flow assists in the
transport of igpg alang:fhe ion channel and may avoid the need to provide g lpngifudinal. BC field of the
type described above. Referring to FIG. 4, an enclosure 405 may be formed from a rectilinear
arrangement of plates 410. Electrodes 135 may be mounted within enclosure 405 using edge

connectogg ik Avichhixithe Injskelesk: [ | rovide connections for
the OSCi”amg%%?d optional DC?/%rlttlaggg.g[g(gggji@:fgg;éa&%?sgg%gigr‘y ?r%ﬁ%%%%&%%% %Zggfgonstructed

in accordAREE e dsess iy Eni shrae frost iniverlasioda sontrashentve PGl dmisbliment,
electrodep:BRbvaach RivNChiS aganted avth an LQ@EB&@@%%%@%M%MB@%&%%@'y spaced
along the longitudinal axis. The e]e(f:trode 505 callectively define an ion channel 510. To generate the
tapered ragi‘g?aﬁ%]lﬁstﬂb (SHATREE STHGH fOPPALRs AR B Rt Le wdite satrhitda ®iseand tight
focusing dfitieuitinabEanfialddefeetepit bibitbe Amplittde-aioseilatory valtagesapnlisd-ig,electrodes
505 increges%int %irectio f ion travel, such jI.hffltteali;all'%eI ftrod%S%)ia eceives an oscillatory voltage
i i (ﬁ S i é%é’r@%g?ﬁ?%gcillatory voltage

npte from 8 rectilinear arra dmen{:ho

of greater amplitude relative t0 e ellrodes IR the Bps re
amplituderighispredented! 0y thing edph depictod ihl 5 Ghish Thetdesitad-tsailatonaseliages: may be
delivered ghroygh, ircul to oscillatory vol source 525. In one
implementatlion of}ﬁtl)%e'%rf%@gg%ag\%%g ES(EECE)&(%E ﬁg%%%%%%%gyaa%ﬁso é&gi(ﬁl‘f}ﬁ‘?ﬁ Eﬁﬁ% centers, and the
oscillatorri/ é%% ge has a frequen%/ of 0.5-1 MHz and an amplitude that varies from 50-100Vp-p at
device elffte 510 td H00 66619 3 MEREROBAEELS SPR Sqatieid nachaidmempiitude of the
applied oseilatonyveliagaistapendanban ihedntaselast ode SpaaindiAns erRvRsisedysed by
utilizing a wider. spacin .g., spacing on 4. centers may reduce the maximum applied voltage to
100Vp-p) K é"%‘l‘%@ga%ﬁ?%i%ﬁ%ﬁﬁéﬂ?@f%‘%ﬁ%ﬁfﬁ%‘%‘e"’é’%@%ﬁ%&é%%‘é?Wa?%ﬂlﬁ?%t of DC
voltages thethengiadivet adsciibed abodes dEorrikction wddtithefr ion Shembosimant tengenerate a

longitudi ield_gradi t assisis to s Qel ions along ion channel. 510. Alternatively or
additionaﬂ%,%%é%ﬂﬁng%%%% igrl%]ﬁ%?g&g & davice aﬁ%%cgg%g%ﬁﬁgfed&‘ﬂfﬁl%%%‘@eéliezctrodes 505
within anasddigbtifecwirhahtiedoe kaeht Riyiceasifiold, dtedsphaideaif ecillithiry iosieannel 510.
[00301In iy iep lsasARASSaRORARIRARLLIICS & apd . & sslAN Y sl ynobstructed

ion channel is established between the device entrance and exit. owever, it may
advantag@6ti¥ s edfigintertheolreer ahspoteaiiiudeirplotive tetrbeninidgson evtrsigas: molecules,

clusters andunsesalvaies sioplets ima e dowss ﬁiﬁﬁ%ﬁé_%@;&?&%ﬂé&fb@ EE;@%?@H%% giagter, thereby
e

improving signal-to-noise ratjos and reducing pumping requirements. Reterring to FIG. 6, an ion

transportBévide s 08 flguFd R e colsEe rRatsiy rexd dheaah mfskokatigamiing of neutrals

and otherisndesicableupiticlessto damnstiean segiensslondarspai-davice §0srisgonstructed from a
plurality %f a er[t_y&ed.el%téo es GJgO ;??é are rouf%ed 'ngo a first electrode set 615 tpositioned adjacent
to device Ghtrance 6y, "anu A SER8R L2t %%8%? %ﬂai SEMERHR LR e BB ice exit 630.
First electrodgesetsel Seqenhavilape ridtesa63 arthatite réateraicsigemeiativ i apartures 640 of
second € ‘ t 625, lons,are.introduced to entr. 0 via an ipn transfer tube 645 having an
outlet tha#%g}%gégkfﬁécgéggt%v@aféggg‘e%% t%%‘ge‘cjzlecﬁteé}%l ogg%er ueréeg%%egofl?ﬁéim‘iﬁ‘éﬁgg Wg‘ﬁe of first
electrodégéieﬁmlinﬁﬁﬁ@lisi@mmb@sa&, dpandmhinalsagmedtetherdeahdagaadntegl Bow axis that is
angulr afseh Gynisaloy saut LI tesbech it i ceplial au s defineqy the centers of

apertures 635. Inaddition; the centers of apertures second electr 5 are laterally offset

with respBekiraacrRitnd M alvetie LedYars breBErwiassssisadrotrispineiheafrdight path exists
between ghe:eutigtsoh iomrapsfen e €46 %1%%3@ RGP AlAREr e 670 Qb SLIEDs, 8RR this

manner, apalyte ions must follow an arcuate path to traverse the length of ion transport device and
pass thrd %@Igpaﬁm%oéw% HiREFHASApRIttR RE isfé haksils @agerskr with
high-madsmhasggdopaticles suoh asdnslessivatediopiets andisaluantiam-addugta)-sniering ion
channel 05dare not af{)ec edlor aélfj%ct{adrto a Iﬁsser degree by the resultant laterally shifting electric
fields, and 6o theeHaltris KhE R SSe et tend Y ¥ IV P S ierB PRI Ges of electrodes
and do notigassthigh ghs|Eow age itunenittitnadtedhihdbo thensFementations of the ion transport
device designed to reduce streaming of neutrals may arrange the electrodes to define an S-shaped ion

channel ftion o neweakas awigyeh s i siaTiese,asp bs asgarTpliped using the

disturber structure disclosed in USPN 6,583,408, which consists essentially of a solid plate positioned
in the iorgRigotpebsEuptad itmesamstifors RbUgesrhniy csn bt tlerisesthenvrslaniflyzer may be
achieved by utilizing an ion guide located downstream of the ion transport device that has a central
axis that is curved and/or is laterally or angularly offset with respect to a longitudinal axis of the ion
transport device.



[0031]While the RE and optional DC sources and connections have been omitted from FIG. 6 for
simplicity and clarity, it will be recognized that RE and (optionally) DC voltages may be applied to
electrodes 610 in the manner described above in connection with FIG. 2, i.e., RE voltages of equal

amplitude ang,gpp c}t%(ﬂgases may be applied in a sequentially alternating(pia}}}g&% gglerate the
radially confining field, and DC voltages having amplitudes increasing or decreasing in the direction of

ion travel may be applied to generate a longitudinal DC field. Under certain conditions, it may be

beneficial,to apply RP voltages havin lower amplitude to electrodes of second electrade set 625
et B R B R L e e oonder 1o
reduce thefsteahgtiyoftivdeRifialth expendnoddsbiy iorb dremleting i tive datterposionrogtves ion channel

and therepyfeduce ynintsnded %@&ﬁgﬁ%&%@d&@éﬂ&@%&%§&%§%€?x9£&§%@3§%§! setting the

axis of the ion transfer tube (e.g., capi with Tespect to the central longitu the ion

transport HeWEenaaiteBefbaRdpoVe; s HdPToREFINhsTEcE 8881y dpprdatththéedsperoties and will
thereby be,expasediedegiansabelatively hiok REfglh suengthidnviawatibrdncrease in field

strength with proximity to the electrodes. This may cause unintended fragmentation of labile analyte

molecule SORRYTEHESHROEY JHBFRTEPHE J5TOBTEI JF GRmstatstiteay ARNtatibhoAARRREm off-axis ion
introductieneredem esantedrdhp-designagidepictedds RiGDs Jaantbhéd Iplening ditiady to FIG. 9, an

ion transport device 905 is formed fro lurality of electrodes 910 having increasing average
inter-élec%%@%%%%?ﬁ@qﬁ ?ﬁ%‘*’aﬁ%&?ﬁo?%%rp Of%vé%% R‘i’éé'f%@Tg%‘ﬁa?éefr@a%%"%eﬁﬁ&& %vit%"rfﬁspect to
each othetlanthée sor-tited clectrases: 826 3Subht thatpeachr éledirodd:of tile dpsetitHdefifes a plane

that is non:parglsl il sesneet o adlpcent elselindes Aceording fo s atragement, 4 segment o
ion transport device as inter-electrode spacings that are significanty emafier at the side of ion
transport texiice008:pushivirdtoppysifétowid mapet tndledeotyilinp @258 5 tiehsidetaligned with

jet expangign. Q30 srpanating frana.the sapiliany.exiDdslatye (o Q&%&%ﬁ%@g@%@g&iﬁfﬂﬁggwe

spacings at the other side of ion transport device 905. As is noted above, al penetration

increasescitFrifkreasiidhnfer wpiab e fEsa i cathebiethid § Threileremesto Spaeingat the side

opposite tefhe caRiianyetresuliain degraaseddadial figldnanetation.and {hus.the dansin jet
expansion 930 are exposed to lower RP field strength relative to an equivalent embodiment having

parallel eREEBAELCTHRI S FredriRRIbEEFoHENfsaRsRt oTReh Siher R i eeagh results in less
undesirablgdraginersatian dianaliie ionstbitbe iorbiiansnakdeNiees Widiransfer tube _
20081570197 G 520001065281 I0ZPICIG A18Pesanis an alermayve appreach f fducig te

an arcuate path to traverse the length of ion transport device and pass through lens aperture

650. Unlike the analyte ions, the trajectories of neutrals (together with high-mass charged

particles such as undesolvated droplets and solvent-ion adducts) entering ion channel 605 are

not affected or affected to a lesser degree by the resultant laterally shifting electric fields, and

so the neutrals and high-mass particles tend to collide with the solid surfaces of electrodes

and do not pass through lens aperture. It is noted that other implementations of the ion

transport device designed to reduce streaming of neutrals may arrange the electrodes to

define an S-shaped ion channel. Inhibition of neutral gas flow through the ion channel may

also be accomplished using the jet disturber structure disclosed in USPN 6,583,408, which

consists essentially of a solid plate positioned in the ion/gas flow axis. A further reduction is

streaming of neutrals to the mass analyzer may be achieved by utilizing an ion guide located

downstream of the ion transport device that has a central axis that is curved and/or is laterally

or angularly offset with respect to a longitudinal axis of the ion transport device.

10031] While the RF and optional DC sources and connections have been omitted
from FIG. 6 for simplicity and clarity, it will be recognized that RF and (optionally) DC
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unintended fragmentation. An ion transport device 1005 includes a plurality of electrodes 1010

arranged with increasing inter-electrode spacing in the direction of ion travel. lons are introduced into

the interior of ion transport device 1005 as a jet expansion 1015 via an angled capillary 1020. In

contradistinct\p(r)] 9 ghle (!g; 9 embodiment, ion transport device 1005 doe 1& e _a set of tilted
/1570 ) " . i 2

electrodes. Insteac?, a electrode 1025 is positioned proximate to the SI§§ {o)/ g}gthjl%%ﬁﬁégjlom

located opposite to the exit of capillary 1020. A suitable voltage is applied to DC electrode 1025 to

generate & iagiallyAmalls DS S WaSRINS AYALIMEIRETodes 1010 and fgward the

centerline of ion transport device 1005. This effect reduces exposure of the ions % %Ws rength RF

fields exiShfighésn the Bdeasddsard shwidbjpred enpsdicreitsees emrenpleafragmentation of
analyte iqagn Q03¢ Lisnaied atalthongh heRF-andiorigralRGseusepand sopnections have

been omitted from FIGS. 9 and 10 to avoid unnecessary complexity, the RF and (optionally) DC

voltages X8 &aplicasd thednsctotre e 5t e iscriva i e erpcaanivvemiebinection with
FIG. 2, i.garRiarvaltages.efeguat amplitudeandoppesithBRasemMa beRRRIedkin A sqauentially
alternatin atterg to%%]enllerate the rg%all{g %onfin'n fleld, and DC voltages having amplitudes
increasing0 PRECTRRGE I BPEGS O PG RS sy b ekisbingdd B6° gendratinsaimgitudinal DC
field. [003G]iishduid RE retagnizedlibbtdbitechaiqdisstol gendsaiing s faperee radiaald embodied by
the FIG. 2 and FIG. 5.embadiments may be, utilized separately.or.in combinatign, i.e., an ion transport
device m%])? Fr%ﬁ% gﬁ%eheor cﬁgﬁ% TeRgitut Eiigﬁ)}?ﬁ%r%%@%@%%%ﬁé%%%%ﬁﬂ% @%ﬁﬁﬁudinally
increasingheseiflatel yvolitagedmplitudettd feapethedapered field. Furthermore, one or both of these
techniques may be combined with the physical taper technique (i.e., longitudinally decreasing aperture
size) emipgstied by the ggvice discasedimpRRl 6:E07A28 foamituat ah Allgrmatiwely. and as

depicted in the FIG..6 embodiment and described above, the aperture size of the electrodes may be

varied in PRUHF Y RS RMBEEPI Ionetiatispbrraalits SLEamBhTedrints asrlaranbeor
segmentabeasssegment hiaving aclesalipsbelackodrsawibsiganticalysizgthapgsiisgsicwherein the

aperture size in ope ent is different from the aperture size in another segment (expressed in
another fashion ,0£§%§?é%§¥tgé%i%%2%f§%g\%gﬁ’lgéggg‘/nggg%ﬁéf&%ﬁﬁ?éfbﬂﬁl&s\%‘?ﬁh &8me aperture
size). WErE008#1 b0t SRCITHIE2008/66H581 400861 hHas hasn-obseneiibit mpmeion transport

device hayi ogressively increasing inter-electrode spacing i direction of ion travel, such as the
device dz%{’z% in F?é‘fozp %Sé%?essocﬁﬁgldgng E)h\? ,%ggeg}n?pl%lar%eg%%%hg% %%%ﬁﬁa\?osffja%?er%?which ion
transm!sﬁﬁfﬁéﬁi%ﬂérinyffiéwt'a)(imﬁze@wﬁtmmﬁéagmmhgdmismmgérm ion/z) of the
ransited g Al worts JorAGNER SRS APRIER RENOIRGE 11 janyapsmission

efficiency of the device may be rn/z dependent, such that ions having a cettain rm/z value may be
transmitt&lsHefsso 1@ S8 errciemessibKrEags ioHa-sleviFsle mreriig imfas dirceinnefieuduoiss, it may be
beneficiahtedtemparallycuansdie.amplitiee efihe anpliadRE: ¥ellagedn grderia.impeyedhe overall

instrument sensitivr/;%l. It is contemplated that there are at least two ways in which the RE voltage may

be varied g8 & 81??“8%6@@%%59 Lndrines amiseyiistde onetmdish a6t s596659N mass
spectrometiaténstidonedis ulizingdiacoinuaim heasm: analyzrRntaicinasasguadipalegass filter, in

which ions are filtered such that, at any given instant, only ions within a narrow range of m/z's are
transmittrgel%';t}‘(’%ﬁt‘f{é@e1 é:%é%ct%)rs Q%?l{lgso’i&ﬁzletf%ﬁ(())s\ﬂﬁ%lsi %(é?gﬁycs&ﬁai %ﬁ% B‘H&‘ﬁ’ﬂﬁ&%@&%ﬁ’é‘ﬁar), it may be
useful to ¥y theifRedaimgacappliedstn tferglhdransbopt HEvide tatmsidaniignkievitansmission
efficiency, pf | [y the fink's.being.fransmitied/detected by the mass analyzer at that point in
time. As fﬁédééggr?d%%rcé@%% %aé%rsnggeph%%ft{%}’h%{ﬁ?ag ?ﬁ%eoﬁ%%a%émﬁﬁ%?l or 6?%%%%%%?#5 voltages
applied té?éﬁi%ﬁe%&@}?@tﬁﬁtéﬁﬁ@fé@@%ﬁm@daWQ@Wére%eisiedtﬁd arcles, BIpfogtessively change the
m/z of the Jransmiltefidatectadions and RLEOX RN RIRAIMASS SRECINM). M. Amplitude of the RE

voltage applied to the electrodes of the ion transport device iS varied concurrently to maximize (at any
given instEAREMHATES fidasrnesitsriot Ry HEMg Hresylin mdoraprsedraitial fighkpanesatistected by the
mass anahgfusTiie i voageRmpiiuse mavhesarisbine ity uith:ine(CUT8RRAAGIAG to the rri/z

of the measured ion species) or may instead be varied in a more complex time (m/z)-dependent

manner. SR 2FHephedmeithaihRsraHe Recumshoidl spprelis inieorierandp srraiddice with time,
whereby The REsaRpliieidEsisrepeaiedy irtmnped hetwse fpredatentlingdamnpliivdewalues over a
period cotges(potgdin%? g)/éehe scan period of a quadrupole filter mass analyzer. In this manner, the
transport Of transmited/detected ions to the mass analyzer is optimized, which has a favorable effect
on sensitivity. If the quadrupole mass filter or similar mass analyzer is being operated in "parked"
mode (transmission at a temporally fixed range of m/z's) rather than scanned mode, then the RE
voltage amplitude applied to the ion transport devicg electrodes may be maintained at a static value

that maximizes transmission to the mass analyzer of the ion species being monitored.



WO 2008/157019PCT/US2008/065581 [0037]For mass spectrometer instruments employing "pulsed"
mass analyzers such as quadrupole ion traps (or instruments that use an intermediate ion store
upstream of the mass analyzer), it may be useful to vary the amplitude of the RE voltage applied to the

electrodes of ihe.joR tapgport device over the injection period during Whicq,é%?gg%%@g%gpulated

within the mass analyzer or intermediate store. In an illustrative example, a o] amplitude may
be applied at the beginning of the injection period that maximizes transmission for ions having

elatively fguez'. Thel BEaliage. AmBlLe: e yavier aven b sclon perigd (ypically in a

stepped or continuous fashion, but a more complex modulation of t oltadge may also be utilized) so

that transPiiSSsaAcdrficRney s Meréaden Forsend Aexintg! PPogrebisioe ritighiéy mizkscirederelated

implementatip %ﬁ@éﬂﬁ@ﬂh@ﬂ&k@éﬁ@ﬁ%@&%&@%ﬁ&% Plyrality.oficompanent, subrperiods, which
may or may not be of equal duration, and RE voltages of differing amplitudes are applied to the ion
jﬂ%‘l‘g

transport ROR HIG TEA N BIhe! LIRS SRt ROR RS ORGP iR AdthovecrariBlgthe
intervals beileen lcansdautiverinjectionsubperngss By vanvirgdhenmaximynuion i apsmission
efficiency pver a ra of tn/z's,. resultant i opulafi ccumulated within the mass analyzer
may moré%%gtgf)}%%gr%%?ﬁa eis 1\t]#(?e‘%p%? %tfgﬁ iy %g%eﬁg’&aé)(?&%atﬁ%@gg&?é&%%ﬁt the undesirable
discrimingtiorimgaifsthaigidosfelvoniddaohél thtcated kshpaetivs 6 the amplittigsli4h@RE oltage applied
to the ion ice t iS;maintai t a fixed value. throughout the injection period.
Selectionsgg ?f?ﬁeg{g;%)%%\é %gﬁé%%ésq%%?%ﬁ(é i(r)ég g@%%o%onﬁrﬁeémqma/% %r%ey oq‘s%ﬁisn %jt%érgbf%l%y the mass
analyzer, '5picease ibenefiewliove destiodes B if rod uoivgd dnsdeteie: mbiss anatyzer dbatare outside

(above orbpiowfbe fende nt deteriable lssi AORFIEIC. L ASRIES A1 sxamPle s ariation of RE

amplitude with time during an injection period, for example corfesponding to the ccumulation period
of an ion HERISSSRhHIGEEEY et eRaiBlecHalHfaca0 A parioeta wivifiaehlsto itmee component

sub-periods, whereby the RF voltage is applied in three consecutive steps of increasing amplitude. In
one spec[fié3aiplementatiomttdatampliisidesiapRiesh dupngthotheeastepadiayhecals ulated as

respoctivey e R O oo had S R o eab S EArLE CecBHU SRt T stop,
(m/2)k", dad fiel)bigraydragpdictitelththedavedst dndehijhabt valnes dénailzstbsiibesions of interest, f is
a constanis]{hai-mayake; for exagmPlg g Wfual amplitude and opposite phases may be

applied in a sequentially alternating pattern to generate the radially confining field, and DC

voltages having amplitudes increasing or decreasing in the direction of fon travel may be

applied to generate a longitudinat DC field.

[0035] It should be recognized that the techniques for generating a tapered radial field
embodied by the FIG. 2 and FIG. 5 embodiments may be utilized separately or in
combination, i.e., an ion transport device may include one or both of longitudinally
increasing electrode spacing or longitudinally increasing oscillatory voltage amplitude to
create the tapered field. Furthermore, one or both of these techniques may be combined with
the physical taper technique (i.e., longitudinally decreasing aperture size) embodied by the
device disclosed in USPN 6,107,628 to Smith et al. Alternatively, and as depicted in the FIG.
6 embodiment and described above, the aperture size of the electrodes may be varied in a
stepped fashion such that the ion transport device is segmented into a plurality of segments,
each segment having a plurality of electrodes with identically sized apertures, wherein the
aperfure size in one segment is different from the aperture size in another segment (expressed
in another fashion, each electrode would have at least one adjacent neighbor with the same

aperture size).
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of 0.3 and K is an adjustable constant (e.g., having a value of between 0 and 100) . The \_/alues of
(m/z)k, (m/z)higi, and K may be supplied by the instrument operator via a graphical user !nterface or
may alternatively be selected by an instrument controller in accordance with stored criteria.

[0039]AlthoughFlzs/8:a1d the accompanying text depict and describe thepq.ﬁpgg 5@;},&%&@ RF
voltage in a progressively increasing fashion, it should be recognized that the voltage steps can be

applied in any order without departing from the invention. Furthermore, as used herein, the terms first,

second apyhsfird shouidpole cansivuachasieahiing&:Spasle eUIROERL seaetge,or applying the

RF voltages, but instead are used simply to denote and distinguis ilues of RF amplitudes.
[0040]1t iS5 Be ih HEFEI et is wanieaHehsvErssahelio savab surbestin devicmdtiontodt the

detailed descripsieniaerest the. foregsingidescsintion jsinendedig.ilsiaig,agg not limit the scope of

the invention. WE CLAM: 1. An ion transpart device, comprising: a plurality of longitudinally
spaced aPAHBIERED AL ARG AR TR CHERHEC SR HRICY RS ArehraRe pitcan/eheR Be the plurality
of electrodeshaing adapted hithandapRitiekieunk whighliaDRImayiaveleand  an oscillatory

P eSS S AR S SR A R A A
m’fz value may be transmitted more or less efficiently refative to ions having different m/z’s.
In some situations, it may be beneficial to temporally vary the amplitude of the applicd RF
voltage i order to improve the overall instrument sensitivity. Tt is contemplated that there
are at least two ways in which the RF voltage may be varied, depending on the type of mass
analyzer utilized to acquire the mass spectra. In mass spectrometer instruments wtilizing a
continuous beam analyzer, such as a quadrupole mass filter, in which ions are filtered such
that, at any given instant, only ions within a narrow range of m/z’s are transmitted to the
detector (or to other downstream components of the mass spectrometer), it may be useful to
vary the RF voltage applied to the ion transport device to maximize the transmission
efficiency of ions in the range of m/z’s being transmitted/detected by the mass analyzer at
that point in time. As the RF and/or DC voltages applied to the quadrupole mass filter (or
corresponding voltages applied to another type of continuous beam analyzer) are varied in
order to progressively change the m/z of the transmitted/detected ions (and thereby generate a
mass spectrum), the amplitude of the RF voltage applied to the electrodes of the ion transport
device is varied concurrently to maximize (at any given instant in time) transmission of ions
having m/z’s in the range being transmitted/detected by the mass analyzer. The RF voltage
amplitude may be varied linearly with time (corresponding to the m/z of the measured ion
species) or may instead be varied in a more complex time (m/z)-dependent manner.. FIG. 7
depicts the variation of the RF ainplitude applied to the ion transport device with time,
whereby the RF amplitude is repeatedly ramped between predetermined amplitude values
over a period corresponding to the scan period of a quadrupole filter mass analyzer. In this
manner, the transport of transmitted/detected ions to the mass analyzer is optimized, which
has a favorable effect on sensitivity. If the quadrupole mass filter or similar mass analyzer is
being operated in “parked” mode (transmission at a temporally fixed range of m/z’s) rather
than scanned mode, then the RF voltage amplitude applied to the ion transport device
electrodes may be maintained at a static value that maximizes transmission to the mass

analyzer of the ion species being monitored.
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wherein at least one of (i) the spacing between adjacent electrodes, and (ii) the amplitude qf the _
applied oscillatory voltages increases in the direction of ion travel. 2. The ion transport device of claim
1, wherein only the spacing between adjacent electrodes increases in the direction of ion travel. 3.

The ion transpgrtgevics @f claim 1, wherein only the amplitude of the applﬁd[%sbrzi‘g@g%gsg?lj@ges
increases in the direction of ion travel. 4. The ion transport device of claim 1, further comprising

means for generating a longitudinal DC field within the ion channel to assist in the transport of ions

between gipgntrance and anexjiatihe.ionchannels &%ﬁ;&é@gﬁ%{%ﬁ%&%@ﬁaggﬁf& Ryt wherein

the means for generating the longitudinal DC field inclu voltage source igured to apply a

set of DCPVOHAGERAS MEHes4 Porasnpiisdhsinaming stetasdisdeion sloThepgrrarandpett device of
claim 1, wheseimthe-apartuesohibaniiral plieles odesare alignedie.defing @ sibsiantially straight

ion channﬁ/l. 7. The i%n transport device of claim 1, wherein at least some of the apertures of ones of
o0

the pluraffty SRR SR LR & RIRTHIRF SRS ST Hither SYpette Hst fraesor Migfaisitstectrodes 8. The
ion transportievicel ofitlaimd mahereilyhedomehasnatdsSrehapedinntheigmniransport device of

claim 7, wa uléeej)ril ﬁﬁ@%ﬂi&ﬁ&é‘ &%&i%eagggﬁég'at the beginning of the injection period that maximizes
transmission for ions having relatively low m/z’s. The RF voltage amplitude is then varied
over the injection period (typically in a stepped or continuous fashion, but a more complex
modulation of the voltage may also be utilized) so that transmission efficiency is increased
for ions having progressively higher m/z’s. In a related implementation, the injection time
period is divided into a plurality of component sub-periods, which may or may not be of
equal duration, and RF voltages of differing amplitudes are applied to the ion transport device
during each of the sub-periods, with the RF voltage being removed during the intervals
between consecutive injection sub;-periods. By varying the maximum ion transmission
efficiency over a range of m/z’s, the resultant ion population accumulated within the mass
analyzer may more closely approximate the population of ions produced at the source,
without the undesirable discrimination against high or low m/z ions that would occur if the
amplitude of the RF voltage applied to the ion transport device electrodes is maintained at 2
fixed value throughout the injection period. Selection of the applied voltages may take into
account the m/z range of ions detectable by the mass analyzer, since no benefit will be
realized by introducing ions into the mass analyzer that are outside {(above or below) the

range of detectable m/z’s.

[06638] FIG. 8 depicts an example of the variation of RF amplitude with time during -
an injection period, for example cofresponding to the accumulation period of an {on trap mass
analyzer. In this example, the injection period is divided into three component sub-periods,
whereby the RF voltage is applied in three consecutive steps of increasing amplitude. In one
specific implementation, the amplitudes applied during the three steps may be calculated as

follows:

V=K== J(mlz),,

I/2 = K*’\/(m‘lz)!aw + f*((mfz)higk m(m/z)law)
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10. The ion transport device of claim 1, further comprising a jet disruptor interposed between two
adjacent electrodes. 11. The ion transport device of claim 2, wherein the spacing between adjacent
electrodes increases gradually in the direction of ion travel. 12. The ion transport device of claim 3,

wherein the ampltudesqfithe applied oscillatory voltages increases graduay}fwﬁugmgg%?n of ion
travel. 13. The ion transport device of claim 1, wherein the oscillatory voltage source is a

radio-frequency voltage source. 14. The ion transport device of claim 1, wherein the plurality of
electrodes includes a plurality of—mst-ele' ctrodes arranged in interleaved relation with a plurality of
second electrodes, theostitat Wé’ﬁ@ge applied to the first electrodes being opposite in phase to the
oscillatory voltage applied to the second electrodes. 15. The ion transport device of claim 1, wherein

the apertures of.the plurglity of elecirades ais ideptically Seed . iBi-Ehedon:iansnesdeyice of claim

1, wherein the plurality of electrodes includes a first set of electrodes positioned adjacent to a device

entrance A& 6deenT 4BE Grslet s Positished Aantenti s Gedick elat e Biaibes of the first
Electrode%M@M&Mﬁ%gﬁ{@%&ﬁ?@ §ia@1@é@§m§1ﬁe§ﬁ9@ﬁ§3%m” mgwg%@l?ﬂﬁg@fde jet

aving apertures second fixed size, the second fixed size being smaller. than the first fixed size.
o e O B 8 ST 15 00 G AV TB B 6 RO b D) bt LRSS ares el
within an eholosuLe @h@ﬁ@ﬁb&iﬂﬂﬁﬂmﬁ afpgisdhiotigngapsdetweenceleetrogeshit8l vsenass
SpeCtromzeI% e&’fg{%rgg) El%}'? gl-tcai%algxr}e?}? Hg%%ie%tEﬁ%sysa%qgs%%l%gégtnc%nﬁeﬂer in accordance with

stored criteria.

[00391 Although FIG. 8 and the accompanying text depict and describe the
application of the RF voltage in a progressively increasing fashion, it should be recognized
that the voltage steps can be applied in any order without departing from the invention.
Furthermore, as used herein, the terms first, second and third should not be construed as
requiring a specific temporal sequence for applying the RF voltages, but instead are used

simply to denote and distinguish different values of RE amplitudes.

[0040] 1t is to be understood that while the invention has been described in
conjunction with the detailed description thereof, the foregoing description is intended to

illustrate and not limit the scope of the invention.

-15 -



an ion transport device located intermediate in an ion path between the ion source and the mass
analyzer, the ion transport device including: a plurality of longitudinally spaced apart electrodes
defining an ion channel along which ions are transported, each of the plurality of electrodes being

adapted with\gp aperiue shrough which ions may travel; and  an oscilla @M’s%«?g(?ﬁf%%wce

configured to apply oscillatory voltages to at least a portion of the plurality of electrodes; wherein at
least one of (i) the spacing between adjacent electrodes and (ii) the amplitude of the applied oscillatory
voltages increases in the direction of ion travel. 19. The mass spectrometer of claim 18, wherein only
the spacingeivgen adjacent electrodes increases in the direction of ion travel. 20. The mass
spectrometer of claim 18, wherein only the amplitude of the applied oscillatory voltages increases in
the direct%on of ion travel. 21. The mass spectrometer of claim 18, further comprising means for
generating %ﬁaﬁtﬁﬁsn%?% Yisfa %Wﬁ%‘ﬁ%‘ion channel to assist in the transport of ions between an
entrance and an exit of the ion channel. 22. The mass spectrometer of claim 21, wherein the means

for generating the’lvriditnafiar oo diswdlardsean cerbieage dduree epifigthaeed Bppty a set of DC
voltages {gatieas! APREGRHRENE.BHEAIY o eleaiorias. 23 Thalpass srestiamelsehelaim 18,

wherein at least some of the apertures of ones of the plurality of electrodes are laterally offset with

respect EPERITECh iR AenT ek fBdes

an oscillatory voltage source configured to apply oscillatory voltages to at leasta

portion of the plurality of electrodes;

wherein at least one of (1) the spacing between adjacent electrodes, and (ii) the

amplitude of the applied oscillatory voltages increases in the direction of ion travel.

2. The ion transport device of claim 1, wherein only the spacing between adjacent electrodes

increases in the direction of jon travel.

3. The ion transport device of claim 1, wherein only the amplitude of the applied oscillatory

voltages increases in the direction of ion travel.

4. The ion transport device of claim 1, further comprising means for generating a
longitudinal DC field within the ion channel to assist in the transport of ions between an

entrance and an exit of the ion channel.

5. The ion transport device of claim 4, wherein the means for generating the longitudinal DC
field includes a DC voltage source configured to apply a set of DC voltages {o af least a

portion of the plurality of electrodes.

6. The ion transport device of claim 1, wherein the apertures of the plurality of clectrodes are

aligned to define a substantially straight ion channel

7. The ion transport device of claim 1, wherein at least some of the apertures of ones of the

phurality of electrodes are laterally offset with respect to apertures of adjacent electrodes

8. The ion transport device of claim 7, wherein the ion channel is S-shaped.
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24. The mass spectrometer of claim 18, wherein the ion transport device is located within a chamber,
and further comprising a pump in communication with the chamber for maintaining the pressure within
the chamber between 0.1 and 10 Ton. 25. The mass spectrometer of claim 18, further comprising at

least one eloggated.capillary for carrying ions from the ion source to the eq}m %
a

lon transport
device. 26. The mass spectrometer of claim 25, wherein the at least one e ong§ g#é?@?ary includes

multiple ion flow channels. 27. The mass spectrometer of claim 25, wherein the at least one capillary

defines abisiexiipaiona canlianydan s, i sapian Jaw afs heing.angled with respect to a

central longitudinal axis of the ion transfer device. 28. The mass spectrometer of claim 18, further
comprising a multipole ion guide positioned intermediate in the ion path between die ion transport
device an%th@%%@ﬁéﬁ’?ﬁ%@?‘fﬁ@ rGEsId PRyt avaETeg dcberratHgiamemed A& Rt is offset
with respesbtadgueenttrktengidudinal axis of the ion transport device. 29. The mass spectrometer of
claim 18, wherein the mass analyzer includes a quadrupole mass filter operable to transmit ions

having mass-ig:charge.J. Q?tsd\é‘(j@érb? aﬁlﬁ% Jange, an @/Ir} ein the oscillatory voltage source is
configured to adjust the %anitudg ofﬁie ap%%egr%oltage%até r%rgiﬁﬁ% r ahcsefrﬁ%}s%co%ot%rough the ion
transport delreEcoeiafisiniigodasetorhbigretraids within the selected range. 30. The mass
spectrometer of claim 29, wherein the quadrupole mass filter is operable to temporally scan the

selected rengeh¢ied thepseillatas voliage sonkee:is geniigpiatiia dynamitalyadiughtbe magnitude of
the applied voltaqes to maxiré)iZﬁ tr.angméssion of the ions heing transmitted by the quadrupole mass

filter at thg?%%ﬁﬁ intime” 81 A4S %%G&?Br% Y&t BF%kim 18, wherein the mass spectrometer

comprises an ion trap, located downstream in the ion path from the ion transport device, into which
ions are ihjecldd Hirfrpareihfetinsrrpeiiod landisie tbirotsdlatseilizdiseoshage sourasdids configured to
vary the grplituee @il applied voltages during the injection period. 32. The mass spectrometer of
claim 31, wherein the mass analyzer includes the ion trap.

14. The ion transport device of claim 1, wherein the plurality of electrodes includes a
plurality of first electrodes arranged in interleaved relation with a plurality of second
electrodes, the oscillatory voltage applied to the first electrodes being opposite in phase to the

oscillatory voltage applied to the second electrodes.

15. The ion transport device of claim 1, wherein the apertures of the plurality of electrodes

are identically sized.

16. The ion transport device of claim 1, wherein the plurality of electrodes includes a first set
of electrodes positioned adjacent to a device enirance and a second set of electrodes |
positioned adjacent {o a device exit, the electrodes of the first electrode set having apertures
of a first fixed size and the electrodes of the second electrode set having apertures of a second

fixed size, the second fixed size being smaller than the first fixed size.

17. The ion transport device of claim 1, wherein at least a portion of the plurality of
electrodes are held within an enclosure that inhibits outflow of gas through gaps between

electrodes.
18. A mass spectrometer, comprising:
an ion source;

a mass analyzer; and
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33. The mass spectrometer of claim 31, wherein the amplitude of the applied voltages is varied in
discrete steps. 34. The mass spectrometer of claim 33, wherein the discrete steps consist of first,
second and third steps. 35. The mass spectrometer of claim 34, wherein the amplitudes of the first,

second and thjgd,stens-are calculated as follows: = K *1611/ Zi low V2 = Kgdim,h 21028 ((in 1z)h,gh -
(en liimv) V3 = K *1 z)h,gh wherein VI, V2 and V3 are respectively the amplitudes of the applied

oscillatory voltages at the first, second and third steps, (m/z)m,,, and (m/z)high are respectively the

lowest and highgstalhes ofinkferfs ians abinieiest ih isa GoRsiPRiRTANddtds auserasiustable

constant. 36. A method for transporting and focusing ions within a low vacuum or atmospheric
pressure HBgIBA SRS s B & BHBIAN SORTEIBREIME: providing a plurality of longitudinally spaced
apart electrodes, each electrode being positioned adjacent to at least one other electrode having an
identical aperture size, th&relsstigdesstiatinisigyapicnl ehannélalong ddtiehjonsitiaveinasid

along which ions are transported, each of the plurality of elecirodes being adapted

with an aperture through which ions may travel; and

an oscillatory voltage source configured to apply oscillatory voltages to at

ieast a portion of the plarality of electrodes;

wherein at least one of (i) the spacing between adjacent electrodes and (ii) the

amplitude of the applied oscillatory voltages increases in the direction of ion travel.

15. The mass spectrometer of claim 18, wherein only the spacing between adjacent

electrodes increases in the direction of ion travel.

20. The mass spectrometer of claim 18, wherein only the amplitude of the applied oscillatory

voltages increases in the direction of ion travel.

21. The mass spectrometer of claim 18, further comprising means for generating a
longitudinal DC field within the ion channel to assist in the transport of ions between an

entrance and an exit of the ion channel.

22. The mass spectrometer of claim 21, wherein the means for generating the longitudinal
DC field includes a DC voltage source configured to apply a set of DC voltages to at least a
portion of the plurality of electrodes.

23. The mass spectrometer of claim 18, wherein at least some of the apertures of ones of the

plurality of electrodes are laterally offset with respect to apertures of adjacent electrodes

24. The mass spectrometer of claim 18, wherein the ion transport device is located within a
chamber, and further comprising a pump in communication with the chamber for maintaining

the pressure within the chamber between 0.1 and 10 Torr.

25. The mass spectrometer of claim 18, further comprising at least one clongated capillary

for carrying ions from the ion source to the entrance of the ion transport device.
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applying oscillatory voltages to the plurality of electrodes to generate an electric field that radially
confines ions within the ion channel; and increasing the radial electric field penetration in the direction
of on travel. 37. The method of claim 36, wherein the step of increasing the radial electric field

penetration iRglugdes ingreasing the longitudinal spacing between adjacent%%@gﬁﬂg%zg}e direction of
ion travel. 38. The method of claim 36, wherein the step of increasing the radial electric field

penetration includes increasing the amplitude of the applied oscillatory voltages in the direction of ion

travel. 398 haxBaihad alagiEPo AUINRRSOWRIIG: HEARLAERIANAIBNAIINAIRE feld fo

assist in the transport of ions along the ion channel. 40. The method 6f claim’ 36, rein at least two
electrode& 8iitHE BIGAHE GrBIé&rodes have apertures of different size. 41. The method of claim 36,
further comprising dynamically adjusting the amplitude of the applied oscillatory voltages. 42. The
method oflaifhe4tzwherainthwcaniplitide fs abiusiethianmaximizectiniiamissitr:ofthe dens being
transmitte a downstream quadripole massfilter at that point in time. 43. The methad of claim 41,
wherein tﬁ%’%}/ﬁ}llp i'f%’ gei%ya fl]ﬁéfagés ir%% iSE g@%ﬁét%%‘g %ﬁ%ﬁ%ﬁ%ﬁ%@g gfﬁlﬁjléeé |ﬁ%t %nascﬁﬁ%% downstream
ion trap. longitudinal axis of the ion transfer device.

28. The mass spectrometer of claim 18, further comprising a multipole ion guide positioned
intermediate in the ion path between the ion transport device and the mass analyzer, the
multipole ion guide defining a central longiindinal axis that is offset with respect to a central

longitudinal axis of the ion transport device.

29. The mass spectrometer of claim 18, wherein the mass analyzer includes a quadrupole
mass filter operable {0 transmit ions haviﬁg mass-to-charge ratios within a selected range, and
wherein the oscillatory voltage source is configured to adjust the magnitude of the applied
voltages to maximize transmission through the ion transport device of ions having mass-to-

charge ratios within the selected range.

30. The mass spectrometer of claim 29, wherein the quadrupole mass filter is operable to
temporally scan the selected range, and the oscillatory voltage source is configured to
dynamically adjust the magnitude of the applied voltages to maximize transmission of the

ions being transmitted by the quadrupole mass filter at that point in time,

31. The mass spectrometer of claim 18, wherein the mass spectrometer comprises an ion
trap, located downstream in the ion path from the ion transport device, into which ions are
injected during an injection period, and wherein the oscillatory voltage source is configured

to vary the amplitude of the applied voltages during the injection period.
32. The mass spectrometer of claim 31, wherein the mass analyzer includes the ion trap.

33. The mass spectrometer of claim 31, wherein the amplitude of the applied voltages is

varied in discrete steps.

34. The mass spectrometer of claim 33, wherein the discrete steps consist of first, second and

third steps.
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44. The mass spectrometer of claim 27, wherein the plurality of electrodes includes a set of tilted
electrodes, each electrode of the tilted electrodes defining a plane that is non-parallel with respect to a
plane defined by an adjacent electrode, such that the spacing between adjacent electrodes is smaller

on a side of thg,ion transport device opposite to the capillary is smaller rel \ﬁ;@ orresponding
spacing on the other side. 45. The mass spectrometer of claim 27, furthe?%omprliqﬁgggb C electrodes

positioned proximate to a side of the ion transport device opposite to the capillary.
35. The mass spectrometer of claim 34, wherein the amplitudes of the first, second and third

steps are calculated as follows:

N CTE

V, = K= [(m/ 2}, + [ 5((n) 2y~ (nl 2),,,)

Vo= K5 (17 2)

wherein ¥, ¥, and V3 are respectively the amplitudes of the applied oscillatory voitages at
the first, second and third steps, (m/Z}iow and (/2)nszn are respectively the lowest and highest

values of m/z for the 1ons of interest, f'is a constant<1, and K is a user-adjustable constant.

36. A method for transporting and focusing ions within a low vacuum or atmospheric

pressure region of a mass spectrometer, comprising:

providing a plurality of longitudinally spaced apart electrodes, each electrode being
positioned adjacent to at least one other electrode having an identical aperture size, the

electrodes defining an ion channel along which ions travel; and

applying oscillatory voliages to the plurality of electrodes to generate an electric field

that radially confines ions within the ion channel; and
increasing the radial electric field penetration in the direction of ion travel.

37. The method of claim 36, wherein the step of increasing the radial electric field
penetration includes increasing the longitudinal spacing between adjacent electrodes in the

direction of ion travel.

38. The method of claim 36, wherein the step of mcreasing the radial electric field
penetration includes increasing the amphitude of the applied oscillatory voltages in the

direction of ion travel.

39, The method of claim 36, further comprising a step of generating a longitudinal DC field

to assist in the transport of ions along the ion channel.
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40. The method of claim 36, wherein at least two electrodes of the plurality of electrodes

have apertures of different size.

41. 'The method of claim 36, further comprising dynamically adjusting the amplitude of the
applied oscillatory voltages.

42. The method of claim 41, wherein the amplitude is adjusted to maximize transmission of

the ions being transmitted by a downstream quadrupole mass filter at that point in time.

43. The method of claim 41, wherein the amplitude is adjusted in discrete steps during a

period of injecting ions into a downstream ion trap.

44. The mass spectrometer of claim 27, wherein the plurality of electrodes includes a set of
tilted electrodes, each electrode of the tilted electrodes defining a plane that is non-parallel
with respect to a plane defined by an adjacent electrode, such that the spacing between
adjacent electrodes is smaller on a side of the ion transport device opposite to the capillary is

smaller relative to the corresponding spacing on the other side.

45. The mass spectrometer of claim 27, further comprising a DC electrodes positioned

proximate to a side of the ion transport device opposite to the capillary.
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