TWO-DIMENSIONAL RADIAL-EJECTION ION TRAP OPERABLE AS A QUADRUPOLE MASS
FILTER FIELD OF THE INVENTION [00011The present invention relates generally to mass
spectrometers, and more particularly to a two-dimensional radial-ejection ion trap mass analyzer.
BACKGROUKND B4 INVENTION [0002]Two-dimensional radial-ejefoHUsttP45&€ Fave been
described extensively in the literature (see, e.g., Schwartz et al., "A Two-Dimensional Quadrupole lon
Trap Mass Spectrometer”, J. Am. Soc. Mass Spectrometry, 13: 659-669 (2002)) and are widely used

for mass sp | ' et i ' I es such as
pharmaceut%ﬁﬁ%giﬁé% mmw&%%%&gs%wﬂdes and
proteins. Generally described, such traps consist of four elongated electrodes, each electrode having a
hyperbolic-shaped surface, arrang%ﬁ&w&gﬁ%ﬁggﬁi@l@ned with and opposed across the trap
centerline. At least one of the elect 0 Is adapted with an aperture (slot)
extending through the thickness of the electrode in order to permit ejected ions to travel through the
aperturd@80dh adjacdiny porserd disesaidonr rrbrissassneraibllyicondise spagthimetrssioandapénterior by
applying,opReais %ﬁ?&-&hﬁﬂ@@ﬁf@&%%&ﬁﬁbﬁrﬁ%lﬁ%@!%’é@%‘? the electrode pairs, and may

be axially confined by applying appropriate DC offsets to end sections or lenses located axially
‘'outward of the electrodes or central sections thereof. To perform an analytical scan, a dipole resonant
excitation voltage is applied acB/sER{ERERIH0 (85 THERIMENTIGH electrode pair (often referred to as
the X-electrodes because they are aligned with the X-axis of a Cartesian coordinate system, which is

orientedgyigl] that X epd.-fiRedhedadiphrirshtig rap antkbisihrdangiudinalaxis gxtending along

the trap centerline) while the amplitude of the RF trapping voltage is
the literature (see, e.g., Schwartz et al., “A Two-Dimensional Quadrupole Ion Trap Mass

Spectrometer”, J. Am. Soc. Mass Spectrometry, 13: 659-669 (2002)) and are widely used for
mass spectrometric analysis of a variety of substances, including small molecules such as
pharmaceutical agents and their metabolites, as well as large biomolecules such as peptides
and proteins. Generally described, such traps consist of four elongated electrodes, each
electrode having a hyperbolic-shaped surface, arranged in two electrode pairs aligned with
and opposed across the trap centerline. At least one of the electrodes of an electrode pair is
adapted with an aperture (slot) extending through the thickness of the electrode in order to
permit ejected ions to travel through the aperture to an adjacently located detector. lons are
radially confined within the ion trap interior by applying opposite phases of a radio-frequency
(RF) trapping voltage to the electrode pairs, and may be axially confined by applying
appropriate DC offsets to end sections or lenses located axially outward of the electrodes or
central sections thereof. To perform an analytical scan, a dipole resonant excitation voltage is
applied across the electrodes of the apertured electrode pair (often referred to as the X-
electrodes because they are aligned with the X-axis of a Cartesian coordinate system, which
is oriented such that X and Y are the radial axes of the trap and Z is the longitudinal axis
extending along the trap centerline) while the amplitude of the RF trapping voltage is
ramped. This causes the trapped ions to come into resonance with the applied excitation
voltage in order of their mass-to-charge ratios (m/z’s). The resonantly excited ions develop
unstable trajectories and are gjected from the trap through the aperture(s) of the X-electrodes
to the detectors, which generate signals representative of the number of ejected ions. The
detector signals are conveyed 1o a data and control system for processing and generation of a

mass spectrom.



ramped This causes the trapped ions to come into resonance with the applied excitation voltage in
order of their mass-to-charge ratios (rniz's). The resonantly excited ions develop unstable trajectories
and are ejected from the trap through the aperture(s) of the X-electrodes to the detectors, which

generate signals repregentative of the number pf &ipsiddpnsofie SefRetay sionals are conveyed to a
data and Ei)grﬁﬂvl systee% osrq 8?§§’§§§ing ;ér%? C eneratiglrgw of a m%ss sa[()ae,ctrurg{;@f‘ocgq? It has long been

recognizedatdtseprssaimseririe hp dairel SraduRolv tErape disidci st R¥in the desired
quadrupolar liapRibadiskd (meRmisulxr desiogesegaipeeraeth patbs v isghdeteXeelecticdes are
apertured) and other higher even-order field compgnents. -These fj ' ' have:been found to
have ope%‘%’lwtgigtﬁ%ﬁ%%?leﬁ%%f’sg W Se%at‘ﬁ_aeg%ﬁ (r)g.%qls&‘) ehr?]‘b _8 g@%‘%ﬁﬁrg%y%cal.sc;nning, including
but not linviteah theidm frep irsopiatiftiftg 2l et ssaanios FToMEEE SEEDPAEIIOMEWEY in which ion trap

designersgiaye Allempienin aompansateriakanesusescaused el wistardansaoepisimize the
associated adverse effects is by outwardléﬁzis%pé%(l:gg 111 ertured eﬁactrodese(&pe X-electrodes),
fare- |

such that PASCAREHRIEY R ROIRSTLLIY BB g%%%ﬁoﬁur%%stg? distance from the trap centerline
relative todfiecimedpértuse ditdesiddesuThiglyubadndicishtareniond ripsagntde@r can invert) the field

diStorti0nsef%&@&%)?%@ﬁ%?@?%é%lﬂe@9@3@8&'@%%p&igfﬁa\é@§t%sﬁgﬂﬂ§ @bpwagkgeemmonly referred
P

to as "streiching"” the tra Is that when RF voltages are applied i%the elecft‘r%dels in thetnormal manner
(Whereby ERg SFERBinTEEREHR AR rtaRE Y STHEGE A5 AP SPGB osite in polarity
to the elegiegdesebther ethenelertiode dalijcthieresultahbelbetrirfietdsim tiot Hattmded, Sausing the
centerline pf the ¢ eﬁé'&‘?sté’ exhy 't@oﬁlﬁwﬁ FREASENIALMBRR idng Aiehanngedyced into the
trap interior along the cen?grﬂne, or a givéen RF amplitude the acceptance of the ions can be

significantipiwice ersembed, AR RIS E AT RRrBEHAMEET EHPHERM 51 Tiss ff Tfhisbalanced field
can effectively-ascillate.vdtte differant fipguanaigsiindhamXopndil-dipwdnsipnsthwbietiredieninates the
possibility of conducti ase-locked resonance e iments. i ' E%?ﬁ%ﬂ% agdition, due to
the octopoqgf‘%ﬁe gl%roer%%to%]éarﬁ? ﬁéttl)esg Lé%iéln ?lreécqq(é)%\?gy é%ﬁ?é%s%%%gtg%ﬂgwi a thﬁr ing ion trajectory
amplitude efithénloppositedisativesfisrioR Frstenish thdse g sedhae iisfecedatafVarious
approaches, io, halapcingthe Ridigldeing radiaheiecionitume-imerptanal o myapavedbeen

proposed in the prior art, includin% %If}fb%‘nf% the hgégerg%i§surfa%euﬂ£gfiles of the. agertured electrodes

to reduce MHEIFIHSPLARAREIETE SR apertired electrodes (see US-A-2008-0067363).,

and applyinisREanaiidips ahdifferentaosplitadesito diteapeiereddptings-dpartited electrodes (see
US-A-2008:0067.364), Hangveh-toe dmplemsnigtionmbihiase,aprieachesmanmbe difficult in practice
and may significantly increase the cost and@,r,complexit of mar]ufa%ctltérin and otpt%%ating the mass
Spectrome?épqﬁg}?ﬂfﬁm.om dimenstons. In addition, due to the octopolar hield component,

oscillation frequency shifts associated with a changing ion trajectory amplitude are in

opposite directions for ion motion in the X and Y-dimensions.

[0004] Various approaches to balancing the RF field in a radial-¢jection two-
dimensional ion trap have been proposed in the prior art, including altering the hyperbolic
surface profiles of the apertured electrodes to reduce their radii of curvature relative to the
non-apertured electrodes (see US-A-2008-0067363)., and applying RF voltages of different
amplitudes to the apertured and non-apertured electrodes (see US-A-2008-0067364).

However, the implementation of



[0005]Accordingly, there remains a need in the mass spectrometry art for a two- dimensional radial
ejection ion trap which minimizes or eliminates the adverse perfolinance effects of field distortion
arising from the presence of the ejection apertures while maintaining a balanced RE electric field.
SUMI\/éLARY OF THE INVENTI 0 216 Accordin%%one aspecft of tt,Te resent itrﬁventi?n, t(ﬂere is
providt §°8 W8 dHERSIHar folt* rac|c‘)1 dsd Ear?gﬁ/ezer, cglr%‘p/rlsslﬁ?é:lf% %Io%%%%sé% rod Electid&s each
havingardppetyaltmsiurigee oidyypel bpbcatad) tisc v dacirgtaaenteilineuandan aperture extending
through the thickness of the electrode, the four rod electrodes being equally spaced from the
conejifd) 2 detance aicrelns > greaier handiehvas el adlun a0 an BE xoliage source
for applying an RE trapping Voltage to the rod electrodes to generate an RF trapping field that radially
confindisniermsaoathedmb Gorcobthéorirampyant smDOnoitage donroeitorthppigiregsd Qeofisernts the rod
electr r of-axial t [ r itio r t -geperate a
poten%a \?\/tgli)ﬁg{g%x%é y c8§?§%§s | ﬁé&\%v{l%?rﬁﬁw%%%%rﬁ%?ﬁ%ﬁ)% %g%}&i%%d%ﬁf%%gﬁ%{% oganother
aspecb@dftisedoRdseintinvéislidn, there is provided a mass spectrometer, comprising the above ion trap
mass analyzer. 1000661In accordance with an illustrative embodiment, a two-dimensional

radial-ejection SUMMARY OF THE INVENTION

{0006} According to one aspect of the present invention, there is provided a two-
dimensional ion trap mass analyzer, comprising: four elongated rod electrodes each having a
hyperbolic surface of hyperbolic radius ry facing a centerline and an aperture extending through
the thickness of the electrode; the four rod electrodes being equally spaced from the centerline by
a distance r, wherein r is greater than the hyperbolic radius ry; and an RF voltage source for
applying an RF trapping voltage to the rod electrodes to generate an RF trapping field that
radially confines ions to the interior of the ion trap; and a DC voltage source for applying DC
offsets to the rod electrodes or a set of axial trapping electrodes positioned outward of the rod
electrodes to generate a potential well that axially confines ions within the interior of the ion
trap.

[0006a] According to another aspect of the present invention, there is provided a mass
spectrometer, comprising the above ion trap mass analyzer.

[6006Db} In accordance with an illustrative embodiment, a two-dimensional radial-ejection
ion trap 1s constructed from four elongated electrodes arranged about the trap centerline. Each of
the electrodes has an inwardly directed hyperbolic surface defining a hyperbolic radius 7 and a
longitudinally extending aperture. The four electrodes are equally spaced from the centerline by
a distance r, wherein 7 is greater than ry, such that both electrode pairs are stretched by equal
amounts relative to the “normal” spacing. When a trapping RF voltage is applied to the

electrodes in the conventional manner, with one electrode pair receiving an oscillatory voltage



ion trap is constructed from four elongated electrodes arranged about the trap centerline. Each of the
electrodes has an inwardly directed hyperbolic surface defining a hyperbolic radius ro and a
longitudinally extending aperture. The four electrodes are equally spaced from the centerline by a

distange r,.wherein r is greater than ro, such that both electrode pairs are stretched by equal amounts
VT TS DL TRV RERCA T ABRUTHE G U MR e Bt bl B
conveptional iremnex] VREh Gkl eleciepdapdir rétéivingaancdscilRtongriditagd ythahissqual imamplitude

and opposite in polatity.to the voltage applied, tq.the other electrode pair, a balanced RE field is
comor R e R A S 5 Ao BT O LR B B dhocess
and altbwsdons REvimgpéiwdde min raddjdde, be ijestedoat thistrmetR bamplituted nabdiioREit allows

ion injectign tg be perfoolied at high RE amplitudes, (cqrresponding to.high values of the Mathieu
param%?é’?%ﬁ’ar?eeﬁ Ve 1o ﬁ)ﬁrjlé%%%oi%l ﬁavg%lr‘?\géﬁ%ﬁa ﬁ%ﬁ%a&?&%?ﬁ%ﬂ) R RAS BERAMYAGHE Pelating
to spacenckatigedapabitianetiditiation whichwhnteddeow tyzsiorétand tighpidendiegiseraydispersion

(facilitating higher resolution.isolation or ejectipn.of ions during ion injection). A further advaptage of an
ion tra%ho aég ?&8?0%‘6&(}:%%&5%%%% ilsofﬁa?ﬁ]é; fe’l%np%rjroeagg%ﬁ'tﬁé%%?%ﬁ%ﬂ%%%d% 4
significesul cittapistastiieic ceipganent;iinstéadnthpiinepalihighefonter féldaagepahenios trap

dodecapglar.or icosapolar, which h vV es.including that any.ion frequency shifting.is the same
S O R R I S T o
be performpethb&bitemthenéanisteaiimndagiansiAdgZenotier Addastmgeahatsidodéagpchnsiructed in
accordance with apn.embodiment of the invention is that its field is s 1etrical and more. closely
AT AE Aal BRI AR ARUETEH dUAHLDAE HEQUETRG FHRLE fhaor iy Tl hatively
referreddmlaXamulipdiesisimtsréhiv ayrhetcofofiguradhio, héselbotablyraparablcasiatiadial-Biection
ion trap mass analyzer o remgving the DC potential well and adding a resolving DC component to
the ap%?%%&a\r}cﬁﬁ(gsg? glsé %anl?g:j%u%olﬂgnﬁ%%% filter analyzer. Thus, in another illustrative embodiment,

a mass spectrometer is provided having an ion source for generating ions from a sample, a set of ion
optics kliding théiotkcfradvanegorn Eeurcs, Bamaitiptlectisviteconistising fbumapshodedasiongated
electrodesnaving; 59/9@{@&'&&%@&6@%5%%&99 %g%]gréhe centerline such that each electrode is
spaced at a stretched distance r fromthe centerline, and a controller, coupled to the multipole device,
for applying RE and DC voltages to the electrodes to selectively operate the multipole device as a
guadrupole mass filter or a two-dimensional radial-ejection ion trap mass analyzer. One specific
implementation of this embodiment includes a quadrupole mass filter and a collision cell located
upstream in the ion path from the multipole device, so that the mass spectrometer is operable (by
adjustment of the RF and DC voltages applied to the multipole device) as a triple quadrupole mass
spectrometer or as a hybrid Q-trap mass spectrometer. BRIEF DESCRIPTION OF THE
DRAWINGS
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[0008]In the accompanying drawings: [0009]FIG. 1 is a symbolic diagram of a mass spectrometer
utilizing a two- dimensional radial-ejection ion trap constructed in accordance with an embodiment of
the invention; OOlE)ﬂbFIG. 2 is a perspective view of the two-dimensional radial-ejection ion trap
employed in‘ﬂ#ézm %@ﬁ’ectrometer of FIG. 1; [0011]FIG. 3 is a lateral crggét@éé?ﬂ?ﬁléﬁﬂéw of the
two-dimensional radial-ejection ion trap taken through the central portion of FIG. 2; [0012]FIG. 4 is a

mbolic view of a another mass. spectrometer, which includes a i
sy closely approxrgmates that of a gonvenrt?onai round-rod quadrupole mass filter. Thus, the ion

trap (alternatively referred to as a multipole structure) may be configured to be selectably
operable as a radial-ejection ion trap mass analyzer or (by removing the DC potential well
and adding a resolving DC component to the applied RF voltage) as a quadrupele mass filter
analyzer. Thus, in another illustrative embodiment, a mass spectrometer is provided having
an ton source for generating ions from a sample, a set of ion optics for guiding the ions from
the ion source, a multipole device comprising four apertured elongated electrodes having
hyperbolic surfaces arranged around the centerline such that each electrode is spaced at a
stretched distance  from the centerline, and a controller, coupled to the multipole device, for
applying RF and DC voltages to the electrodes to selectively operate the multipole device as
a quadrupole mass filter or a two-dimensional radial-¢jection ion trap mass analyzer. One
specific implementation of this embodiment includes a quadrupole mass filter and a collision
cell located upstream in the ion path from the multipole device, so that the mass spectrometer
is operable (by adjustment of the RF and DC voltages applied tb the multipole device) as a

triple quadrupole mass spectrometer or as a hybrid Q-trap mass spectrometer.

BRIEF DESCRIPTION OF THE DRAWINGS
[0068] In the accompanying drawings:

[6009] FIG. 1 is a symbolic diagram of a mass spectrometer utilizing a two-

dimensional radial-ejection ion trap constructed in accordance with an embodiment of the

invention;

[0010] FIG. 2 1s a perspective view of the two-dimensional radial-ejection ion trap
employed in the mass spectrometer of FIG. 1;

[0011] FIG. 3 is a lateral cross-sectional view of the two-dimensional radial-ejection
ion trap taken through the central portion of FIG. 2;

(06012} FIG. 4 is a symbolic view of a another mass spectrometer, which includes a
multipole structure that is selectively operable as a two-dimensional radial-ejection ion trap

or a quadrupole mass filter; and



multipole structure that is selectively operable as a two-dimensional radial-ejection ion trap or a
guadrupole mass filter; and WO 2010/028081PCT/US2009/055777 [0013]FIG. 5 is a symbolic view of

a variation on the mass spectrometer depicted in FIG 4, wherein a quadrupole mass filter and a
collision cellRAE2PI4EE Ipstream in the ion path from the multipole devicBCSHRYTAHE mass
spectrometer is selectively operable in triple quadrupole or Q-trap analysis modes. DETAILED

DESCR N OF DIMENTS .(0Q14]FIG. 1 depicts the components of a, mass spectrometer
100 in vjﬁ}icl;ih a two- %§5?0%5W§ %lé%-‘éi%\?:’]t%lr? 1on. Fh%l H?aﬂ}f BRSNPEFIemrse eRitishdhted, in
accordaﬁl?e%&fh@ﬁileﬁm@dmmh ofatisdipieesedinienlEsivorelt avillgbesethaemistandiitag tertain features
and configuiabaabiiass ceqtio RO RGBT SSENIGT Dy v gl lusale ramples, and

should not be construed as limiting the ion trap mass analyzer to imp ementation In a specific
environi§@if JERITBRKBF & tiain alnsis meaResthe form of an electrospray ion source 105, generates
ions from an analyte material, for example the eluate from a liquid chromatograph (not depicted). The

ions are transported from Bﬁﬁ?ﬂfﬁﬁ %ﬁ@éﬁ%ﬁr@gg@% spray source will typically be

held at or near atmospheric pressure, mbers 120, 125 and 130 of
successively lower pressure, to a vacuum chamber 135 in which ion trap 140 resides. Efficient

transpofoof4pns fromHmn saisserd G5 sargiadean sA9isiasiitateshbia pyrmbaref iameptic components,
includin% %uadrugple RF ion guides 145 and 150, octopgle RF ion guide 155, skimmer 160, and
ic rafé%‘%ﬁ&

electrostaticiaRg OPSHAP MMAS BRANZREPBMOS BRRGESR RS BAsFeEdaReiEEY 110 and first

a enses
intermedietmbtdindag o 86 preseghirventontr dnsfidibeldrébsdabis heateddmeyaparate residual

solvent r lvent-analyte. cl rs. Intermedjate chambers 120, 125 and 130 and vacuum
chambeérj%%1 ué?%%é%\%gg{é%gs ?/Ca()\s{ﬁ?ggﬁe%tg?rrgﬁéeesfcn%ﬁj{@f pa %@B&' Sr%%ﬁ*ﬁlfa?ﬁafﬁgﬁﬁ%ag%res therein at
the desiteenidngébe rerrimesanhiniititgtthmedise mhsrady A2 Godomirmentetes ivithpegdrt of a
mecharie it nahdelcid, ARHMEIMEEIAR RgsSh CARRIS, 43R and.d3g.and vacuum
chamber 135 communicate with corresponding ports of a multistage, M tlporltlrturborﬁolecular pump

(also notHsERians Ao il sagstabdieeiamaletbe eloat from g diquidoliwprsortechwith axial
trapping eleaiaeies) 188id:188 twhishBaavoake-bsufermnabsepyentionahpiatg.lenses) positioned

axially oytward from the ion trap electrodes to assist in the generation of a potential well for axial

confineMEHTSPIBR SO WG Wi dbieay dedusid 8 eingaaie: PP TS HIERBRWENSFAE of jon trap 140.
lon trapii#erisdtaieldinndbrorogjded it 30 IFastaneg vy twateriaisd 99 {vyshumay comprise only a

single da{gx%%%rx) 1%153 gn which ion trap 140 resides. Efficient transport of ions from ion source 105 to
ion trap 140 is facilitated by a number of ion optic components, including quadrupole RF ion
guides 145 and 150, octopole RF ion guide 155, skimmer 160, and electrostatic lenses 165
and 170. Ions may be transported between ion source chamber 110 and first intermediate
chamber 120 through an ion transfer tube 175 that is heated to evaporate residual solvent and
break up solvent-analyte clusters. Intermediate chambers 120, 125 and 130 and vacuum
chamber 135 are evacuated by a suitable arrangement of pumps to maintain the pressures
therein at the desired values. In one example, intermediate chamber 120 communicates with
a port of a mechanical pump (not depicted), and intermediate pressure chambers 125 and 130
and vacuum chamber 135 communicate with corresponding ports of a multistage, multiport
turbomolecular pump (also not depicted). As will be discussed below in further detail, ion
trap 140 is provided with axial trapping electrodes 180 and 185 (which may take the form of
conventional plate lenses) positioned axially outward from the ion trap electrodes to assist in
the generation of a potential well for axial confinement of ions, and also to effect controlled
gating of ions into the interior volume of ion trap 140. Ion trap 140 is additionally provided

with at least one set of detectors 190 (which may comprise only a single detector) that
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generate(s) a signal representative of the abundance of ions ejected from the ion trap. A
damping/collision gas inlet (not depicted), coupled to a source of an inert gas such as helium or argon,
will typically be provided to controllably add a damping/collision gas to the interior of ion trap 140 in

order to facilt&&i #4Pbing, fragmentation and cooling [00151The opeRftitHBPHEN AT Tous

components of mass spectrometer 100 is directed by a control and data system (not depicted in FIG.

1), which will typically cansist of a comhination of general-purpose and specialized processors,
applicati%er%esr%%g%ﬁ%% c%i{Fﬁrﬁsﬁa%%%¥ﬁ/§’?r%‘ea??°d’ﬁ‘#§%?é‘ fiRstsh &onh %bqﬁltﬁ%l% data system also
providesiaatangtuliisitio garilgdsvadguisitprdatedrosassing cmwipes: RGLEL Y hilBumass
spectrorgpggg&%ﬁ%gg@ﬁ%grﬁrq‘%% ?g%i&%ﬁ%lora g0 eéeagrgr?i%%)ﬁfannso%r%et it should be noted
that the i%';o fap 1%%& ayq;_ Shployed 1N ConReetonwith AhyPser ot oeie &y s B uous ion
sources {bicedrbifatismsderdaciopilintdieirtrprihgutdgnicativivae andtivlassisted laser
desorption/ionization (MALDI) source, an atmospheric pressure chemical ionization (APCI) source, an
atmosplieditspressurdigh@jeragioizafion (ARRK aakpeReRs FaciopiRRERIRR (BDisaumeaor a chemical
ionizatian (aCJQ)A% saggcriﬁ Fusrtthermct)r(% alth ug&&l?. 1&6} icts.an arrangement of ion transfer tube
175, tub 15520 05 e B S SR R IaRIFR B 0G0 Db &WM&%&%‘M&%& Rdrfs from source
chambe¢a@iEnaitveci georrai-pagiossantl sresmbpeprotesiers 14hlirkaonajpeei sohaditpg igimay employ
for this QUERASE &&%%éiﬂg' ?t%ﬂ-%der% t&% t%ﬁ’gn gea.'se%ibeS ein éS. Pat%nt Aé)@lication Serial No.
12/125,013 to Senko et al. ("lon Transport Device and oIS D poePgt)i‘gneﬁq of"), the contents of

which aféqnissipoatbepHerednibyicnidrentecessns 2aMiGs2 is a perspective view of ion trap 140. lon
trap 140 includes four elongated electrodes 205a,b,c,d arranged in mutually parallel relation about a

centerlife@sp. Each Wadveds2Psadehaehasmidumpeatadvaahaligishangd:s4rface 210a,b,c,d

facing th? !:Qrterior volume of ign trap 3%40. In a preferred implementation, each electrode is segmented
into a front Sac SadiB T b Lo ReRtied LatdB1onaam!dma beaprlRERdisection 230a.b,c.d,
which aremieginnatihinsy latedidrofpekel etbertimallovesnircegorestishemaintaoed at a different

sectiona e S A R e R T A S 2250, b to
create aApBRephiiopetsshee chemiisebinmiznsiom6SROEB jonstoahetvonpharivgrtissuaf phetdaterior of ion trap
140. EaghSlarHQAS @9 38uRE; driSlectron ionization (EI) source, or a chemical ionization (CT) ion

source. Furthermore, although FIG. 1 depicts an arrangement of ion transfer tube 175, tube

lens 195 and electrostatic skimmer 160 for transporting and focusing ions from source

chamber 105 to the vacuum regions of mass spectrometer 100, alternative embodiments may

employ for this purpose a stacked ring ion guide of the type described in U.S. Patent

Application Serial No. 12/125,013 to Senko et al. (“lon Transport Device and Modes of

Operation Thereof”), the contents of which are incorporated herein by reference.

[0017} FIG. 2 1s a perspective view of ion trap 140. Ion trap 140 includes four
elongated electrodes 205a,b,¢,d arranged in mutually paralle] relation about a centerline 210.
Each electrode 205a,b.c,d has a truncated hyperbolic-shaped surface 210a,b,c,d facing the
interior volume of ion trap 140. In a preferred implementation; each electrode is segmented
into a front end section 220a,b,c,d, a central section 225a,b,¢,d, and a back end section
230a,b,c,d, which are electrically insulated from each other to allow each segment to be
maintained at a different DC potential. For example, the DC potentials applied to front end
sections 220a,b,c,d and to back end sections 230a,b,c,d may be raised relative to the DC
potential applied to central section 225a,b,¢.d to create a potential well that axially confines

positive ions to the central portion of the interior of ion trap 140. Each electrode 205a,b,c.d is
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adapted with an elongated aperture (slot) 235a,b,c,d that extends through the full thickness of the
electrode to allow ions to be ejected therethrough in a direction that is generally orthogonal to the
central longitudinal axis of ion trap 140. Slots 235a,b,c,d are typically shaped such that they have a

minimum wjdth at electr de(gl irface 10 r i ' ' ardly in the
direction c?ff %’rgé gj‘éftl:thoaﬁl .%Sﬁrﬁléaﬁorn%%? ?ﬁ%@%%%%%ﬁgﬁ% g%é% ggﬁé&gﬁn%i&%ﬁﬂ%ﬁﬁgd distortion

and ion lo8wedldetigideiossbariors inrriscteddhars ity g iratingie fgt i95enertio-Dimensional
E?uadrum&?tﬁ@@oﬂé% Qperated RAMass Spastiomelen Jo thaistestrediraliiskagyincorporated
erein by reference, 100181Electrodes 205,a,b,c.d (or a portion thereof) are coupled n RF trapping
voltage soﬂ?@@dﬁ’ﬁ?é]’%ié%%a% ﬁéléléu%uﬁlr}‘c“emg%g élre}(éirﬁ% \S/udﬁ%(:ge e?ig%?é%dgé fez%‘ cgff\{/sollﬁ?ch
communictitewithshauiapenatetamdéy ththedhasioofdopmreiteias 30w TEINS HaRlYf the control and

data system, RE Iraphind ¥QliRe %, sakiae s cantigrand t.APRlY B&xaladesseiadissiableamplitude in

O
a prescribed phase relationship to pairs of electrodes 205a,b,¢,d to gengrate a trapping field that
radially co‘ﬁﬁifé@ forts I\)ﬁfﬂ’?ﬁﬁﬁémgﬁé PoFI8R féﬁ%@.@%ﬂ%%ﬁ%%%{% XY %eéa§ %

applies an
oscillatorymxsitsiienaotiagd, afadjudiablecdmplitutdenang fregd dacsirdey asirmbdeast one pair of
opposed electrodes to create a dipolar excitation field that resonantly excites ions for the purposes of

isolation ofpaglgcted sperigs:&ellisioninduced gissogiatinnpad massdsequertiahapialytical scanning.

During a mags-sequentjal. analytical scan, the excjtation RE trappin ta litudes may be
tempora”y\/’?/g?%edsgﬁﬂggggb gx01¥at1o V(g:ia e':% and%@ VOE& e.E(purc% ﬁgé) agle 0?%0

€ SO
dance with' calibrated relationships experimentally determined by known

techniquespombinitestethniglepdascribd the USHHORTTOMNBIE665 DENSETESPUFCE Beoperable to

apply DC potentials [a€/gstaderPOanhe W isactinrs dhsraciia fonsnampleiggaesdte a potential
well that axially confines ions within ion trap 140. In aqésllternative C nfti%Lér%%gé%%i%Itcoonfinement IS
|

achieved B{IEHRNAPRRBSE MaBresCoRehR A SLatpsTER RS ShacsHRME

ons or’eléctrodes positioned
axially outymsketof eleqipoceSeRDbas badjdltp mefiasatenaw diialipsmicdopoientiameld. This alternative

conf igurat?é}lﬁgfﬁxhd\?ﬁé@@ Gapability of simuitanenss:edalicanfinemeetehipns.8fopposite polarities,

which is u “for certain ion trap functions, such as electron transfer dissociation (I%TD) in which
positive arfENEYERadEGRISRRIRHRIT ALGAT RS 83K QRO RIS thYRERP IO BREE RSB BT

excitation field that resonantly excites ions for the purposes of isolation of selected species,
collision induced dissociation, and mass-sequential analytical scanning. During a mass-
sequential analytical scan, the excitation and RF trapping voltage amplitudes may be
temporally varied in accordance with calibrated relationships experimentally determined by
known techniques, or by the technique described in US-A-2010-059666. DC voltage source
is operable to apply DC potentials to electrodes 205a,b,c.d or sections thereof to, for example,
generate a potential well that axially confines ions within ion trap 140. In an alternative
configuration, axial confinement is achieved by applying an oscillatory voltage across the
electrode end sections or electrodes positioned axially outward of electrodes 205a,b.c.d to
generate an axial pseudo-potential well. This alternative configuration provides the
capability of simultaneous axial confinement of ions of opposite polarities, which is useful
for certain ion trap functions, such as electron transfer dissociation (ETD) in which positive

analyte ions are reacted with negative reagent ions to yield product 1ons.



WO 2010/028081PCT/US2009/055777 100191FIG. 3 depicts a lateral cross section of ion trap 140
taken through a medial location within central sections 225a,b,c,d of electrodes 205a,b,c,d. Electrodes
205a,b,c,d are arranged into first and second pairs of electrodes, with the electrodes of each pair
being locate® B30i8i4t8H%t from and opposed across centerline 305. Beca&§&ME4E¢ERt second pairs
of electrodes are aligned with, respectively, the X- and Y-axes of a Cartesian coordinate system
having it{igori in located at centerline 305, the first and second e‘Ipairs of electrodes are respectively

referred 40 Herein asthe X SRiCHHateTH maserecHan of iondrendidl taksadhrousivereadiabo). As noted

above, locatfapwid@risaenveatianallr piovidee sithaidaami RNscset Bledeirrtorsshd, pesitioned
adjacent to X-electrodes 310, which.receiye ions ejected through the apertures of X-electrodes 310
gl 1010 RISt 2ud scion Q%Sp?gg\%ﬁ%ﬁ%& Wﬁg’ﬁﬁ}ﬁ%ﬁdﬁ@e‘a‘gﬁ%ﬁ??*ﬁe apex of each

and res%%ns%eff/lﬁenera e a'sig
electrodec2@Bamiididtist draethd b ppdisthaoess (@fien reféredRecassthie ditiu sl shedascribed circle)
from ceqterline 30n, Because r s salgcted to be greater thanthe hyperholic radius ro. of the electrode
surface}gg(%ﬁgkﬁeyper%%?c ra(%?dgs !i'o%%lc)ﬁr’rlté%gg%giﬁig’to ?k% %Baggnag"%sf ﬁ%‘g%nﬁ%sa?rg%r Ir(Ez'ai‘i?evice

centerlifigrabadnd e rathivdotaith atalsstankire0diots Pe8au sebembbaiti cditastofdeyperbolic surfaces
2103’b&ﬂ)ﬁ:@t%f}eﬁ%@%%%ef@&k@%f@&r&@éiﬁﬁﬁggéé%%&diw&%&%gq%s 320 are considered

to be stretched. As is known in the art, the relationship between the shape of electrode surfaces

210a, b, SEEREFD 1€ Yivan 11t @bsBaissrirar A 4dis emyspiicaalyanseides ik a8 iastent for the

Y-electiadles @2RtBirBiohiRgiNoalaciindes: 31 R andntRlesiodan 32Q Ly e arpunts produces an
RF fieldﬂ%@%&@plicaﬁon o}[ e RF voltages) that possesses X-Y (i.e., four-fold rotational) symmetry

and has PRSERERT A A 8ish B and ORI EFPriRe sigmplrrRecrentte Afial
substarttialiyrédrofsj¢hiedriénd epenaercsf eidhelirddictinbuadesscard anadilgsmirjection of ions

ld e e e B O M SR SoRRGE SR (and
correspisirsited|io thig areathrdbaoftiodiiathidie peliasreteiiby elvbichipossessashadiyaptagas of higher
e Al PR B OB ALY NP ORRS I, M e UBRER IR AR Iopersion

produce, in the absence of slots 235a,b,¢,d and truncation of hyperbolic surfaces 210ab,c,d, a

pure quadrupolar field), both the X-electrodes 310 and Y-electrodes 320 are considered to be

stretched. As is known inlthe art, the relationship between the shape of electrode surfaces

210a,b,c,d and g is given by the equation:

Pyt
for the X-electrode pair 310, and

oy

for the Y-electrodes 320. Stretching X-electrodes 310 and Y-electrodes 320 by equal
amounts produces an RT field (upon application of the RF voltages) that possesses X-Y (i.e.,
four-fold rotational) symmetry and has a zero RF potential at centerline 305. The elimination
of the centerline RF potential substantially reduces the m/z dependence of the ion injection
process and enables injection of ions having a wide range of m/2’s at the same RF trapping
voltage amplitude. In addition, the balanced RF field allows ion injection to be conducted at
relatively high trapping RF voltage amplitudes (and correspondingly high values of the
Mathieu parameter g}, which possesses advantages of higher space charge capacity,

elimination of unwanted low m/z ions, and higher ion frequency dispersion (which facilitates
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higher-resolution mass selection during ion injection ). In a typical construction, each electrode
205a,b,c,d is spaced from the centerline by a distance r equal to at least 1.01* 1-0, and preferably in
the range of 1.07sr0 to 1.2*ro. (0020]The RF field produced within ion trap 140 has a higher-order field
component (Rit?hLREK referred to as a field distortion) that is primarily F6TEE368I6Ith a smaller
icosapolar (20-pole) component. As is known in the art, a two-dimensional electric potential (1)(x,y,()
may be expanded in.multipoles cpAr(x,y) as follows; (13(x, y, = V(t)E ANyoN (x, y) N where V(t) is
the volta?gﬁlé}l app .e"&%‘%&&gﬁﬁ %eieg 0BRGP drsGHED én@&%ﬁi@%ﬁﬁ@ﬁg%@frb amplitude of the
multipolelpetsayy. WombentionphraditibejdotiomivwindiRensanaldordtars aswellan e axial-ejection

round-rog, Qégémﬁ?%?{?. Iljé)nn Et:r(%@;;%\%tjg@ples described by Soudakov et al. in U.S. Patent No.

6,897,438 ("Geometry of Genérating a iménsional Substantially Quadrupolar Field") produce RF

fields that exhibit a relativgi%/ hﬁifh octopole amplitude A4; Soudalcov et al. prescribe the deliberate
introductiitBF an octdpeRHiB-IGRREIAS Rtthit nAdem M addchesirmtier fzeid eonigbut¥ of the

quadrupgicfieithampbiudeiARadn SeRiasisHREY I RS B ARlgaRaRIGA RN HARL40 theoretically

has no octogol fiaq component, amplityde A4, but a relatively large dodecapole amplitude A6 and
smaller iIESSHATE (KIBUR SRTBRIFRL A5 &RP hi dhscb Afoe-fisnsnsinpatsirstrisrpiensialpole field) wil
depend @ih e degrbe axbatikit hingubfigdestinde,pai soBd@and 320. Typically, the electrodes will be
positioned to produce a dodecapole field amplitude of at least 0.2%, and preferably between 0.5 and
0.9% of the quadrupole field amplitude, and an octopole field amplitude of less than 0 001% of the

guadrupole field amplitude (which nﬁb@carjsbﬁmﬁgmm@jn the electrode symmetry). In some
cases, the stretch may be such that the dodecapdie field is minimized (ideally to zero) while the
icosapole (20-pole) field remains. 100211While the ion trap electrodes are preferably formed with

hyperbolic surfabes; Bthes itnptelmentaijdied heaycetilize: Rieesdeded Baving inaasgly wurved surfaces of

different oaRGsnIos iR 50 WP hiaHuBIRSY 085,97 BSRaraly Sy ingrical geometry.
dimensional ion traps, as well as the axial-gjection round-rod two-dimensional jon traps and
multipoles described by Soudakov et al. in U.S. Patent No. 6,897,438 (“Geometry of
Generating a Two-Dimensional Substantially Quadrupolar Field”) produce RF fields that
exhibit a relatively high octopole amplitude 4,; Soudakov et aI prescribe the deliberate
introduction of an octopole field component that has an amplitude A, in the range of 1-4% of
the quadrupole field amplitude 4;. In contradistinction, the RF field generated by ion trap
140 theoretically has no octopole field component, amplitude 44, but a relatively large
dodecapole amplitude 44 and smaller icosapole 4;; amplitude respectivély. The dodecapole
field amplitude (and icosapole field) will depend on the degree of strétching of electrode pairs
310 and 320. Typically, the electrodes will be positioned to produce a dodecapole field
amplitude of at least 0.2%, and preferably between 0.5 and 0.9% of the quadrupole field
amplitude, and an octopole field amplitude of less than 0.001% of the quadrupole field
amplitude (which may arise from imprecision in the electrode symmetry). In some cases, the
stretch may be such that the dodecapole field is minimized (ideally to zero)} while the

icosapole (20-pole) field remains.

[0821] While the ion trap electrodes are preferably formed with hyperbolic surfaces,
other implementations may utilize electrodes having inwardly curved surfaces of different

shapes, including “round rod” electrodes of generally cylindrical geometry.



WO 2010/028081PCT/US2009/055777 [0022]In another embodiment of ion trap 140, only the
electrodes of one opposed pair (e.g., X-electrodes 310) are adapted with apertures opening to the
exterior of the ion trap. Each electrode of the other opposed pair (e.g., Y-electrodes 320) is instead
adapted with"¥r&¥84e89Findentation that extends radially outward from tRCE{FEMBYNE&THface but
does not traverse the full thickness of the electrode. The recesses will typically have a length

approxiﬁﬁ%%]/ equal to the length of the apertures. The cross-sectional geometry of the recesses is
selecte that thi* ARtReedimsar frios sme ddthomrtherldeiredbs edenslypisedical manners,

ie., thepseicQSSQSXPEMtt@qeﬁejmbadﬁ%@@gggmtﬂ;ﬁ@&e@wcg&mgm% [s embodiment
may beﬁ%\clgr?bl for aﬁtglllcagons where |(;)n‘§i are_to be ejected in only one dimension (e.g., the
X-dimenslon?."‘\['(\5%028.%?l Bat ?{coé’é’f)gﬁrﬁﬂé ERERERdes SR LI adapiedvithe, as well as the
pregencecoﬁsacprelt'_ dﬂ:&‘&ﬂiorbﬁw_fe{tmfdsdaﬁ_iiaﬁiysﬁiﬁ_ | i fod? lﬂwe@@&soﬂmsuﬁgdéfaﬁgag%chﬁiq%es and
modes | 3 icult or impossihle to implement in ¢conventional ion traps that have
asym mgf?ﬁ:%gréa?)ﬁpél) r%} 2%}88'5‘? \?v%h‘f’g&k‘&gﬁ‘?\?‘é@‘?%i;ﬁ%é%é’%% 8 ﬁa%%% SHEnt. q:%fl%tgample, ions may be
resonarfifpexinaiindaoeh thhxleligte nbtba apsduredibasioss-fertihrappeposebpiiaducing ion

ragmenialiaaas aitcions by aepog.ascilaianususilaloneliages sLigsnlsal iegyency across

X-electrodes 310 and Y-electrodes 320 (in a conventional ion trap, t excitation Vo g\ge is applied

across HEHIGH BRLFEYE ) IRteRemRdusR sk ifarlsreavivalsas tarbosopiiedured nothstant phase

relationshipretadisiabloient e BTer RN RIE ARSI REdRATTSEI e ALy gipgied through
the apertL{reS of Y-electrodes in zzggé'gion to the apertures of X-electrodes, and the’ions ejected through
! -

the Y-efSttSAESMETHB ok RSB RFSIMMBNd set of detectors (not depicted) located adjacent

thereto. As is described in the aforementioned U.S. Patent No. 6,797,950 to Schwartz et al.,
simultatf®33 analytidhe etansehasyberpedRinbel dediffished witlss fanges by0apphiligsesonant

exciation piaies STAUIRIROH TSRS ARSI Jrisgades gl Yceiatipdes: for example, an

excitation voltage of relatively low frequency may be applied across fodes ‘?20, resulting in the
mass-sEGIRITHES admgrespbopriatienhal ssrdifaenbionmepiossibiario émyflénisyt figh m/z values (e.g.,

2000-20di0ishieian ey aiomvo laga-RidRlteioh RERuensy maxRepRRIFG.AGIGSS X-electiodes
310to %ﬁ t mass-seq%ential ejection through the X-electrodes of ions in a range of fairly low m/z
e

values (&§ S988%600)" XB8mny tons waridrreronmatieersilgtén bathitkeXplimessansed by the
misassiYrdieatsedmnier dayespetatpibhiods DatRigsietabing premehVeyupnlthe Mathieu parameter
q (Whicg JBEN% gcceurdi{%oenx‘gﬂgles i{])‘f'%ws uréij%r%o fra mentagiﬂn as they approach the resonance point,
if the excitationVoltage amphtide (s Inausquars 8 & atfidrees st 1E8aAante point, or by
reformatiesirofes il ténervoirsniichabiensirapahdexeliminatettar shssaatialiose dunggeby applying an
excitati agr - reduced frequency relative to the excitation voltage
appliedggf;é&%%?ﬁéﬁ;-gggé%g’sﬁ}vgv%gc%gagﬁﬁgg%a ea%? ?H%ﬁ?sd rina?ncr?enrs}liagég}ﬁ?& have "jumped" over
the reséfatiReshisipf adissiaklectrinnn lajareeiber ixtneni- dinronsiobe dumsotepotidhe getedtors located

adjacenhisughalraiperar 34O whichwauld eaulintie GRIrAUer el AR ATlifachReak). but are instead

ejected.in the Y-dimension through Y-electrodes 320.
1ons ejected through the Y-electrodes may be detected by an second set of detectors {not
depicted) located adjacent thereto. As is described in the aforementioned U.S. Patent No.
6,797,950 to Schwartz et al., simultaneous analytical scans may be performed at different
mass ranges by applying resonant excitation voltages of different frequencies across the X-
electrodes and Y-electrodes; for example, an excitation voltage of relatively low frequency
may be applied across Y-electrodes 320, resulting in the mass-sequential ejection through the
Y-electrodes of ions in a range of fairly high m/z values (e.g., 2000-20,000) while an
excitation voltage of fairly high frequency may be applied across X-electrodes 310 to effect
mass-sequential ejection through the X-electrodes of ions in a fange of fairly low m/z values
(e.g., 200-2000). According to a variant of this technique, “artifact” peaks caused by the

misassignment of m/z values to jons that are not ejected at the proper value of the Mathieu
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[0024]As depicted in FIG.1, ion trap 140 may constitute the sole mass analyzer of mass spectrometer
100. In other embodiments, ion trap 140 may be combined with one or more separate mass analyzers
in a hybrid mass spectrometer architecture to enable serial or parallel analysis of sample ions. For
example, ion trap 14 be combined with an.Orbitr alyzer utilizing. theJnstrument architecture
embodiedp?ﬁatﬁg%%@g%%a r?]%%’s%reectro e‘téria\/_a‘iiljg&tl)j?égfromgThermo Fishgir;I ésilcjagr]ltiﬁc (San Jose,
CA). In a Hybréebnaacs ripeicifchscrs @ erisese pmliedsipisrdsar e dp A0 MdgrsétéhiPloyed for both
analytical sgaRming-aaf ey anipsation ospIeesssiga nspepwatioasiagatsaation of ions within
a prescribed range of mils gnd/or one or more stages of fragmeptation) priar o cepyeyance of the
resultant i) §%%§&%Wrﬁgfr€e%;%rﬁ %rﬁézgénéﬁgl?/ﬁcé%aﬁgélvgztﬁ e|t£|iono%)Sfﬁlzallerrt){l’g@slA[s%rpg)eg’:trum. According to yet

another erfnbpaimentisior taihdaGinagetazaanelirdaiaesribecaristhedwidkirhelsial ion trap

maintaineqy%% differant REESSIR 1R-farTea HptrapyBIams reayrer pandesaibed wnth). S. Patent
Application Pub. No. 2008-0142705A1 for " i%?%rt]tiatl-Pliessture uaelnltc%g g_r%gc%%%g ﬁ%alyzer and
Methods @ﬁ%&@%&?&&%ﬁ%&?‘%‘?ﬁm&g i the a’a?fjtraaﬂ)a(r:nass analyzer, an ion optic is
provided tosisbsfenidnsstieiwéentherdntrdps sudhctiiatiopbrativriosied sicstpdoretiavorably performed
at reIative%g&gi&{%%ldrg%sg_%igcg%sc%ing and fragmentation) are conducted within the
high-pressure 1on trap, and operations more favorably performed at relatively low pressures (e.g., m/z
Isolation R alytical segnnind) arerconaucted WHn tf‘c%'%%i%%ﬁégé% gnsLan, JApZp1Another
advantage of thie symme fEreoRstruction’of lon Ii’rap 148 isthat it may be operated as a quadrupole
mass filtem{GMB} oot tn/Efiterimybidireontiion (rato k46 i ksorriabised 1otk BBAAS. In contrast, a

conventiongl tadial-sietien e an i whislh anly tye ebthefousslestiedesnatteapailuied, is generally
not suitable for use as a (%MF ue to its X-Y asg/mmettrly. q,zg(?ratio e%t)li:ggl tggp %ﬂ%liln QMF mode
requires tHIFHALIBN B SARERIFGBE EShTEBREN: IHERE VoGS AppIEd tc

0 electrodes 205a,b,c,d,
such that areielpcinotedpaiil{sing [H¢-wlectnoae it Gt0krevbiviéeangbednlidl b#{ar wass ail) and the

other elecliodle Altde tuibRIBGORRRAIAA Keraiure @ RRIEAIE of -(h¥wam alllswhere U is the

filtering DC component, and V is the amplitude of the RF voltage. As is l‘ff?fo?\% in t e.ar{, the m/z range
a

of the tranSRRRESEIFSHO SIS ESASTH BRI IOT S8R0 B RF SRIq8rs ALeGesife

Sired range of m/z
values may:hebelestedfairpnbniiasioprbyesnpropiiatebpaldjisting thesvhlimsodidgsamiie When

operated in QM E’igggggﬂgiggftﬁ?&’g‘é}Qdmnp%rlIRI%%%QAg@’O%@Q@“M ingitheoalnes aid and V such

that only a'single ion spéecies Is transmitted, or may instead be "scanned™ by progressively changing U
and/or V soEhenetirnhigRsdp thaof ARSPATREN IO A 6 L PHHE TR HR PR IRSFEVE the resolution of

ion trap 14R:udiemerevatanbinRidbapse: alectrades) 20beapb axdnpalbdengthenddrelative to a
standard wo-dimensional ion rap maes anaivzer hengihening.haclesliodes wauldalse provide

m
f 1mensiondal 10mn rap 1 aln% C .
increased fon s%orage capa%lﬁl/ andnhence |mprové)(§ SGI’]SI'[IVI'[?;I wnen (r)g[eratlon In 10N trap mode is

desired. fod26iibka 1 dSpRast Anndisyisadtioniete oMU tRZ I Ad o g rEfbrEdstye
Dual Ion Trap Mass Analyzer and Methods of Use Thereof” by Jae C. Schwartz et al. In the

dual-trap mass analyzer, an ion optic is provided to transfer ions between the ion traps such
that operations that are more favorably performed at relatively high pressures (e.g., ion
cooling and fragmentation) are conducted within the high-pressure ion trap, and operations
more favorably performed at relatively low pressures (e.g., m/z isolation and analytical

scanning) are conducted within the low-pressure ion trap.

{06025] Another advantage of the symmetric construction of ion trap 140 is that 1t may

be operated as a quadrupole mass filter (QMF) to provide m/z-filtering of a continuous or
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hereinafter as a multipole device) 140 that is selectively operable in QMF mode. The architecture of
mass spectrometer 400 is closely similar to that of mass spectrometer 100 of FIG. 1, with the addition
of another detector 410 disposed axially outward of multipole device 140. When it is desirable to
operate multipBRYBEGEL 40 in QMF mode, a filtering DC component is Z4d&F I MERE voltage
applied to the multipole device 140 electrodes by RF/DC voltage source 415, in the manner known in

the art lescrd e, lons enter an inlet end of multipple device 140 as a continuous or
quasi-co tlr?1 L?(?lﬁg%%iﬁg?%%a%t o SO %8 Fange o nlar‘l%aéégue STUSRA DAY UEh AR d by
choosin§apprdpfene sletredestats aprtuiedn & menierainibie tuifeblo fieuwrithin Gldintasiar ief multipole

device s moplegle FBMiSe 0 PARSLARSINSIRCH A are Iherepfler delvered to

detector 410, which generates a signal répresentative of t undance of transmitted 16hs. lons

having iRz SARRSESEite Khivelbeecanlisdigelgavedopinisihisid. wasbdtatiosswitiimodeltipole device

140 anchhienee. dn-Blet sty et SEiPRISsdk%: BottinthPREIAHON ig:QMRlBRERS Qifsis.applied to
electrodes 05a,§,c d and axial traé)ping electrodes 180 and 185 by DC voltage source 155 are set to

enable B (5B JoFSTRAS BalbAA% HEvASd RRis TRl Rbol & dovRsc T ovhsTadids tbe SierifEn27]When
operatiddGreéamptramtmndd/is desiraplzudoefille DRk £0MRORRALIST &MY ed, @Bghsuitable DC offsets
are applljaend o th e(%rnd sel%ti ns of. e%teg[:trodesa %O ,b,c,d angd/or t& ﬁxial trapping_electrodes 180 and
185 to establish & potential well that BRADISS A eir‘i'ﬁﬁg?ﬁé) VAN AR B Ane of multipole
device Heoirertrarigneiimey thiorsheayisjsdtet: 0 @renmmimionstagesropiatdyiadinrdfrmgmentation, if

desired, and.theriong o tWeHr%liﬁE% rlglagécﬁ mass ‘%/QC:; ﬂq‘?xe égé?%g%%lé %l%cting the ions to

detectors 190, in accordance with known niques. rding ec}'implementation, the

frequentSAEPTARY didnatibn sy Binsreld wotethettatibraviglgeosoypreic? E0rdusinigtah @nalytical scan

s equaldayaieia ber et b bige sl REJAPPORY ARG A nase of the
ations

excitation voltage is locked to the R tra(gging voltage such that the phase re ip iIs maintained at

a constAAPFRLEARNS Y3740 diiRi g e 4n Inpiode drinewltivieot rowtiare by ienthat the value of
the MathietapdranQaiE g odeydrnctians a5, 8jediamy il lapandandhevato Alihgfreqguencies of the
excitatiop and. RF. trapping voltages. So as to provide extended mass operation, i.e., the ability to
detect i(‘){;lns}e(rnl\sfeoﬁ1 g fgég?p%ﬁé%ﬁﬁﬁrs,fﬁm%i&? Slﬂfgﬁgq‘féfﬁﬁ’éﬁi\é;%?"b@set to a relatively
small integersirdativsipmgy: dapfacifythelthappingpokiad scirdtivign ovhel cpianidn Mravdamcceptable
trappin%f&@jgﬁgﬁg nd to enable collision induced fragmentation during operation in the ion trap

mode, a damping/collision gas may be added to the interior of multipole device 140 during its
operation in ion trap mode. When multipole device 140 is switched to QMF mode, the

dampindl#&filsion gak!fat deipth prdsanesFenet HA0 wEliFine i ios|trapefemaihtained at a low

pressurkegsingliugive dongnRG HIRNNE Peifarmans.da0d S p L Lartisutapsdavaigble implementation,
multipole evifﬁ 14 rréggl be automatically swiigp?e.d between ion trap and QMF modes in a

data-dePSRGEHFEREs SHSSTOBF I UL SLASHEN SrHids S af masscperaewairell ehecified criteria
triggershi{ade withitdiinddition eXampher detdtipe k ddwpesddexany initially beemapied in QVF mode to

et o e D e A T N A B tomatioaly
switcheB¢o-operatonisnddedttathnBle dtapompioep éofthemMBiS device 140 electrodes by

RF/DC voltage source 415, in the manner known in the art and described above. Ions enier

an inlet end of multipole device 140 as a continuous or quasi-continuous beam. lons in the

selected range of m/z values (selection being achieved by choosing appropriate values of U/

and V) maintain stable trajectories within the interior of multipole device 140 and leave

multipole device 140 via an outlet end thereof, and are thereafter delivered to detector 41 G,

which generates a signal representative of the abundance of transmitted ions. lons having

m/z values outside of the selected range develop unstable trajectories within multipole device

140 and hence do not arrive at detector 410. During operation in QMF mode, DC offsets
applied to electrodes 205a,b,c,d and axial trapping electrodes 180 and 185 by DC voltage
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or MS" analysis for confirmation of the identification of the ion species of interest or to provide
structural elucidation. [00291FIG. 5 depicts another mass spectrometer 500, in which multipole device
140 is placed downstream of a quadrupole mass filter (QMF) 510 and a collision cell 520. QMF 510
may take th&forh 614 tdnventional multipole structure operable to selech& NI 16ns within an
nilz range determined by the applied RF and DC voltages. Collision cell 520 may also be constructed

as a conventianal multipole structure to which. an RF voltage is applied to provide radial confinement.
e s 5o t%% %iﬁ’ﬁl‘é@ﬁﬂ?@g @’/ﬁﬁeéf’%tﬁﬂéﬂl"‘é ARy ls detfesdit it energies of

The interior 6f COIFSIOR
ions entdriergocdlligion cell 520 may be regulated by adjusting DC offset voltages applied to QMF 510,
collision cell 520 and lens 530. As described above, multipole device 140 is selectably operable in an

on trapmade of 2 OWiigsedaed MR R SMISORADERETIDSRIANEHRY.Selsing o removing the

RF, filtering DC, and DC offset voltages applied to electrodes 205a,b,c; trapping electrodes
180 and &% Anth ey UbiA P or sEssEArReBlird dn b smdiser tews wf slerseden0adivd volume.

100301 \ben inaiipelepgnideacddis ope tle s RMEYRANS LIRS SREATRINSISS 00 functions as a
conventional trig}engégad%%e mass spectrometer, wherein jons are selectively transmitted by QMF
0

510, fragmente i SISO YRIYNE PLEHIERR!E A5k 13As The e ekt BRsmitted by
mul';ip}olmbjevie;iaméﬁetordawem@é@f aammﬁmm@ama_mﬁeﬁ ﬂé‘dﬁg@tﬁﬂdggqa@@&niques em p_onIed
in triple spectrometry, such as precursor ion scanning, product ion scanning, single-
or multiggﬁggﬁ%ﬁ r@%ﬁﬁg#ﬁaésgﬁ wéélﬁtgglr 0S8 rr;[li NHEFRG ﬁé’&ﬁﬁﬂ%‘éfﬂ{éﬁﬁ’é‘hxed or temporally
scanneéchvadrnse) vt keorattdghminues RcendiRGomitage et Qi pi&dtnandmmiipole device 140.

00311Sigitog AR Ee AL G B P AR ISR 990 B dare dependnt

- an
manner, as discussed above in connection with the FIG. 4 e ent) causes mass spectrometer

500 to feRYdFrLsan asomabipwap-hattripenthicd af s dipaatarcof thaRhtaping wltaeerap”). lons are
selectively e HraLaR MO RIR and wedesar-solligignindvsrd. disRacialion. in collision cell

: resultant product ions are delivered to multipole device or trapping, manipulation an
520TheB IE duct i del d ltipole d 40 f ipulati d

mass aRafyEE THERRRATSRaRtAned hforentinatrslestishebeieian frrramipdiesaskilied140 may be
subjectéudtte anevill muakmaddiiotal ihges ollagmentatiandeqfdesiad pyde-cepfisgation of the
identiﬁc%ﬂ?ﬁeggna& on the ratio of the frequencies of the excitation and RF trapping voltages. So as
to provide extended mass operation, i.e., the ability to detect ions over a larger range of
m/z’s, the excitation voltage frequency may be set to a relatively small integer fraction, e.g.
1/7, of the trapping voltage frequency. In order to provide acceptable trapping efficiencies
and to enable collision induced fragmentation during operation in the ion trap mode, a
damping/collision gas may be added to the interior of multipole device 140 during its
operation in ion trap mode. When multipole device 140 is switched to QMF mode, the
damping/collision gas may be pumped away such that the interior volume is maintained at a

low pressure conducive to good filtering performance.

[0028] In one particularly favorable implementation, mﬁitipole device 140 may be
automatically switched between ion trap and QMF modes in a data-dependent manner,
whereby the acquisition of mass spectral data that satisfies specified criteria triggers mode
switching. For example, multipole device 140 may initially be operated in QMF mode to
provide single ion monitoring (SIM) of an ion species of interest. When detector 410
generates a signal indicative of the presence of the ion species of interest, multipole device

140 may be automatically switched to operation in ion trap mode in order to perform MS/MS
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ion species of interest. As described above, acquisition of a mass spectrum may be performed by
resonantly ejecting the ions to detectors 190 in accordance with known techniques. 100321lt is to be
understood that while the invention has been described in conjunction with the detailed description
thereof, the tSRYSMYWELcription is intended to illustrate and not limit the® $CBBE2MAS TR ention, which
is defined by the scope of the appended claims. Other aspects, advantages, and modifications are
within the e gf the.following claims. What is, claimed is: . 1. A two-dimensional ion trap mass
analyzeﬁrmaﬁéﬂsgig FSE?"eV%ﬁ%%?[’é’a (r%g]gl LI th%%ﬁﬁ@‘?ﬂ%@f%ﬁ&“ﬁﬁf&ﬁe of hyperbolic
radius 1poofddingractentehicidatiod.an aperture extending through the thickness of the electrode;

[6029] FIG. 5 depicts another mass spectrometer 500, in which multipole device 140
is placed downstream of a quadrupole mass filter (QMF) 510 and a collision cell 520. QMF
510 may take the form of a conventional multipole structure operable to selectively transmit
ions within an m/z range determined by the applied RF and DC voltages. Collision cell 520
may also be constructed as a conventional multipole structure to which an RF voltage is
applied to provide radial confinement. The interior of collision cell 520 is pressurized with a
suitable collision gas, and the kinetic energies of ions entering collision cell $20 may be
regulated by adjusting DC offset voltages applied to QMF 510, collision cell 520 and lens
530. As described above, multipole device 140 is selectably operable in an ion trap mode or
a QMF mode and may be switched between the modes by adjusting or removing the RF,
filtering DC, and DC offset voltages applied to electrodes 205a,b,¢,d and axial trapping
electrodes 180 and 185, and by adding or removing collision/damping gas to or from the

interior volume.

16030} When multipole device 140 is operated in QMF mode, mass spectrometer 500
functions as a conventional triple quadrupole mass spectrometer, wherein ions are selectively
transmitted by QMF 510, fragmented in collision cell 520, and the resultant product ions are
selectively transmitted by multipole device 140 to detector 540. Samples may be analyzed
using standard techniques employed in triple quadrupole mass spectrometry, such as
precursor ion scanning, product ion scanning, single- or multiple reaction monitoring, and
neutral loss monitoring, by applying (either in a fixed or temporally scanned manner)

appropriately tuned RF and DC voltages to QMF 510 and multipole device 140.

{8031] Switching multipole device 140 to ion trap mode (which may be done in a
data-dependent manner, as discussed above in connection with the FIG. 4 embodiment)
causes mass spectrometer 500 to function as a QMF-ion trap instrument (commonly referred
to in the art as a “Q-trap™). Ions are selectively transmitied through QMF 510 and undergo
collision induced dissociation in collision cell 520. The resultant product ions are delivered
to multipole device 140 for trapping, manipulation and mass analysis. In one illustrative
example, the product ions delivered to multipole device 140 may be subjected to one or more

additional stages of fragmentation in order to provide confirmation of the identification of an

- 14 -



the four rod electrodes being equally spaced from the centerline by a distance r, wherein r is greater
than the hyperbolic radius ro; and an RF voltage source for applying an RF trapping voltage to the
rod electrodes to generate an RF trapping field that radially confines ions to the interior of the ion trap;
and aD® Q&ﬁ%%%rce for applying DC offsets to the rod electroded oS8P 3X7al trapping
electrodes positioned outward of the rod electrodes to generate a potential well that axially confines
ions Witli1in the interjor of tt‘t\e 'ondtrsF 2. The ion trap. mass.analyzer of claim 1, wherein the ratio oft to
ro is at [6ast L0t 3. TRe o trap i [%esdghgﬁz8?%?%?5%%?\%?@9?%@'%’6%?‘? to ro is between 1.07
and 1.2@erBrifié hyndsammtiysgeatinyyteriofclaidatdct@rot B} inheceiddhe Ritiappiag field has a
dodecapglgr.component having an amplitude of at least 0.2 percent of the amplitude of the
guadrupolar component of the RF trapping field. 5. The ion trap mass analyzer of any of the preceding
claims, wherein:
[6032] It 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, which is defined by the scope of the

appended claims. Other aspects, advantages, and modifications are within the scope of the

following claims.
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the RF voltage source is selectably operable to apply a filtering DC component to the rod electrodes;
and the DC voltage source is selectably operable to apply or remove DC offsets to or from at least

some of the‘;&g %k%%tggn%cfs or the axial trapping electrodes to permit seleﬁ@fhi@%m@;}gitudinally

traverse the ion%rap mass analyzer; whereby the ion tap mass analyzer is selectably operable as a
mass filter. 6. The ion trap mass analyzer of claim 1, further comprising a set of detectors, each
detector being positioned proximal to a corresponding aperture. 7. The ion trap mass analyzer of
claim 5, whereinthe:padselectrodes extend between an inlet end and an outlet end, and further
comprising a detector positioned proximal to the outlet end. 8. The ion trap mass analyzer of any of

the _precEde A%&J&i‘éﬁﬁﬁ 0%0&8%@&gﬁ&éﬂl@%@ﬁg&@[aﬂon voltage source for applying a first
excitation voltage across a first
four elongated rod electrodes each having a hyperbolic surface of hyperbolic radius rp
facing a centerline and an aperture extending through the thickness of the electrode;
the four rod electrodes beiﬁg equally spaced from the centerline by a distance r,
wherein r is greater than the hyperbolic radius rg; and
an RF voltage source for applying an RF trapping voltage to the rod electrodes to
generate an RF trapping field that radially confines ions to the interior of the ion trap; and
a DC voltage source for applying DC offsets to the rod electrodes or a set of axial
trapping electrodes positioned outward of the rod electrodes to generate a potential well that

axially confines ions within the interior of the ion trap.
2. The ion trap mass analyzer of claim 1, wherein the ratio of 7 to rp is at least 1.01

3. The ion trap mass analyzer of claim 1, wherein the ratio of 7 to rg is between 1.07 and
1.20.

4. The ion trap mass analyzer of claim 1, 2 or 3, wherein the RF trapping field has a
dodecapolar component having an amplitude of at least 0.2 percent of the amplitude of the
quadrupolar component of the RF trapping field.

5. The ion trap mass analyzer of any of the preceding claims, wherein:

the RF voltage source is selectably operable to apply a filtering DC component fo the
rod electrodes; and

the DC voltage source is selectably operable to apply or remove DC offsets to or from
at Jeast some of the rod electrodes or the axial trapping electrodes to permit selected ions to
longitudinally traverse the ion trap mass analyzer;

whereby the ion trap mass analyzer is selectably operable as a mass filter.

6. The ion trap mass analyzer of claim 1, further comprising a set of detectors, each detector

being positioned proximal to a corresponding aperture.
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opp_osm_ed pair of rod electr_odes. 9 The ion trap mass analyzer of claim 8, wherein the oscillatory
excitation voltage source is configured to apply a second excitation voltage across a second opposed

pair of rod electrodes, the first excitation voltage differing from the sec itat] i
_ : ) ] n C
one of freuBrecipmpanghaseryZand s&H% ap %rggié%ca%gee;% TR B, gé%%%%g ﬁ%gxiikggérgeag

voltage h T clalim gl\lN erein
ge hasa fieglancy SAUakickRothoirent edeyobthesRitabpingvaitages 2414 mass

spectrometer isi [ i [
p eng' , comprising the ion trap mass analyzer of any one of the preceding claims.

8. The ion trap mass analyzer of any of the preceding claims, further comprising an
oscillatory excitation voltage source for applying a first excitation voltage across a first

opposed pair of rod electrodes.

9. The ion trap mass analyzer of claim 8, wherein the oscillatory excitation voltage source is
configured to apply a second excitation voltage across a second opposed pair of rod
electrodes, the first excitation voltage differing from the second excitation voltage in at least

one of frequency and phase.

10. The ion trap mass analyzer of claim 8, wherein the first excitation voltage has a

frequency equal to 1/3 of the frequency of the RF trapping voltage.

11. A mass spectrometer, comprising the ion trap mass analyzer of any one of the preceding

claims.
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