TWO DI MENSI ONAL RADI AL- EJECTI ON | ON TRAP OPERABLE AS A QUADRUPOLE MASS

FI LTER FI ELD OF THE | NVENTI ON [ 0001] The present invention rel ates

gener al | ywoaomaesosspectroneters, and nore particul arly troTastewosinensi onal
radi al -ejection ion trap mass anal yzer. BACKGROUND OF THE | NVENTI ON [ 0002]
Two- di nensi onal radial-ejection ion traps have been descri bed extensively
in the literature (see, e.g., Schwartz et al., "A Two-D nensional

Quadr upol %iég;.?ﬁgggqmm f)i&ﬂﬁéﬁéTldN IMTMMWA§mt ry, 13:

659- 669 ( are %Ag‘sﬁlﬁﬁgtromtri c analysis of a
vari ety of substances, including snall nolecules such as pharnmaceuti cal

agents and their netabolites, as well as |arge bionol ecul es such as
peptides and proteins. GendidBELDyORd$H: INVGANTEONh t raps consi st of four

el ongat ed el ectrodes, each el ectrode having a hyperbolic-shaped surface,
arran kn two.el ectrode pairs aligned w,th and opposed across.the tra
cent ottty ar" T pell GoPieh Rl By o8 Hhe S BRRFmasa R o o e
Wi th PartRERFYS 8 tws!ddhinspoda il @jdcho® @hrdphBadshinglypass of the el ectrode in
order to permt ejected ions to travel through the aperture to an

adj acently |l ocated detector. lons are radially confined within the ion trap

interior by applying oppafiKGRONAGOPTHR INENFIONqUency (RF) trapping
voltage to the electrode pairs, and may be axially confined by applying
appropriate DC offsets to end sections or |enses |ocated axially outward of
the ell@@¥2odes dwadimangionaldedipbeisctiandpngrps hayeheen deseribed exiensidelci® scan,

a di pgl e. Ci ' | & 11S; ' odes of
the aouiERIAPTRE CEo SRR RS o Do B QAR AT LT RERE D2 cauise
t hey @pectedmgaedl. WirhISdch®a¥s Spdctrofietra, (652568 1120020y aidat evidats tissdifomhi ch i s
oriented such that X and Y are the radial axes, of the trap, and Z is the

| ongi tRAss pRActraselicapalysisiol g vanety ol suestances, mclyling Fmﬂimwleé st eAsanpl i t ude
of th ' | i r ' to come
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mass- tand preige Gendralty destribesl) suchiteaps esmmistof Four elomgated eleotredadesachop unst abl e
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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. Ions 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 ejected 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 to a data and control system for processing and generation of a

mass spectrum.



to the detectors, which generate signals representative of the nunber of
ej ected ions. The detector signals are conveyed to a data and control
system f owoppmoes®sing and generation of a mass spect r umPC@AB3§ooloss7has | ong
been recogni zed that the presence of the aperture(s) in the Xel ectrodes
causes distortion in the desired quadrupol ar trapping field, in particular

addi n gativ yg@%{] - red) and ot her
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el ectrodes. A drawback to this approach (comonly referred to as
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not bal anced, causi.ng the centerline of the device to exhibit a significant
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di r ecefitbrdeviiesrtojeghibitet significant Rifeporentinld Wheii ivas sregthen inftiodoetd ivtarthous
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hy perdi@iifi€antly m/z-dependent, which is an undesired behavior. Furthermore, ions in a

misbalanced field can effectively oscillate with different frequencies in the X- and Y-

dimensions, which eliminates the possibility of conducting phase-locked resonance

experiments in both dimensions. In addition, due to the octopolar field component, the

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-ejection 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 U.S. Patent App. No. 11/437,038 by Senko, entitled “System
and Method for Implementing Balanced RF Fields in an Ion Trap Device™), and applying RF
voltages of different amplitudes to the apertured and non-apertured electrodes (see U.S.
Patent App. No. 11/437,087 by Schwartz, also entitled “System and Method for

Implementing Balanced RF Fields in an Ion Trap Device”). However, the implementation of



surface profiles of the apertured electrodes to reduce their radii of
curvature relative to the non-apertured el ectrodes (see U S. Patent App.
No. 11/ 43wpQ8B/d2gosbenko, entitled "System and Met hod f oPCirmgsk@emsizizng
Bal anced RF Fields in an lon Trap Device"), and applying RF voltages of
different anplitudes to the apertured and non-apertured el ectrodes (see
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and may significantly increase the cost and/or conplexity of manufacturing
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effects of field di'stortion arising fromthe presence o e ejection
aper t gtfesss ofifi¢ld dtsmrhmaammg framothe presenteRE thel gedtion@péiteiesl whBeMVARY OF THE

INVENTIC]\I th an illustrative enbodi nent, a

t wo- di'f IF’%a?IGJa} ‘gﬁ&jeiecc?l? el&llon trap i s constructed from four el ongated
el ectrodes arranged about the trap centerline. Each of the el ectrodes has
an inwardly directed hyp i‘& | Rall a hyperbolic radius and a
| ongi t udi nal I y ext endi ng(as M‘{Rg%ﬁrﬁgﬁﬁg&é@@rodes are equal ly spaced
fromthe centerline by a distance r, whereinr is greater than r, such that

both ggpe} r ode pRAdcsrdahee &ith & GRetalive eﬁbtﬁilmaﬁmyﬂk&dhﬁérﬁidnmahﬁlt he
"normal " spacing. Wen a trapping RF voltage is applied to the el ectrodes

i n t heieelinnientiap imsongneted from fonr dprgastdedeqtrodes paanged ebeitvhaigapan
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gener ymmbolitiradiuba ﬁid@ﬁldnélueluﬁhll%'legwnﬁir@&@‘éﬂtwer THY €8l eldifrobsZarél eqamgence of
the ion mkectlon process and allows ions having a wide nz range to be
T

i nj ectRagediromae seer IRFb}i#]S’FﬁWléa whereindds gregter than ra|suelnthat bethi nj ection to
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Mat hi eu par ter to 1n ec lon into a con unbal anced

fiel dtrapmng:RFhmkagajmapplmﬁs thead:lecttrdalgs inothe paventitval genaep adthtone el i m nati on
of un\/\[a | ow m.z ions, .and hlqher ion freq uenC}/ di spersion (facilitating
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polarity to the voltage applied to the other electrode pair, a balanced RF field is generated.
This balanced field significantly reduces the m/z dependence of the ion injection process and
allows ions having a wide m/z range to be injected at the same RF amplitude. In addition, it
allows ion injection to be performed at high RF amplitudes (coi'responding to high values of
the Mathieu parameter q) relative to injection into a conventional unbalanced field, which has
advantages relating to space charge capacity, elimination of unwanted low m/z ions, and
higher ion frequency dispersion (facilitating higher resolution isolation or ejection of ions
during ion injection). A further advantage of an ion trap of the foregoing construction is that
the RF field produced thereby does not possess a significant octopolar field component;
instead, the principal higher order field component is dodecapolar or icosapolar, which has
advantages including that any ion frequency shifting is the same in both radial (X and Y)
dimensions. This permits, for example, phase-locked resonance excitation to be performed

between the X and Y dimensions.

[0007] Another potentially advantageous aspect of an ion trap constructed in

accordance with an embodiment of the invention is that its field is symmetrical and more
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during ion injection). A further advantage of an ion trap of the foregoing
construction is that the RF field produced thereby does not possess a

signi fi camD20owmpsiar field conponent; instead, the pri rcirpskooiogiter or der
field conponent is dodecapol ar or icosapol ar, which has advant ages
including that any ion frequency shifting is the sane in both radial (X and

Y) di ' ' ' [ - sghance excitation
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nul t i poPabelissustacesorraniged aryundthe ceplerlingrsuch thabeaghtelagtrole tstspackdsit havi ng

hyper i e I round th nterli uch .t.hat .each el ectrode
2o e b A R AR RHE IR = bPrfiRsSbels B ekl SBRES. 9% of 1 cr
coupl egplyingtRieandIDCiodthgestte theCdectfodes ieleriivdy BperaRdhOmutioledisedl t he
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filteR WYrRIYPRIGHNASH HERSPoHavo-dimensipoaljradipl-gectioprion frapmessanalirar.yOee . One

speci {4, &4 | T j i dr upol &.mass
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mul t i pell dedied upsireasnintthaiont gath framshs paltipolyddvive, sethapie aldse sdeitomdfetist ment
of the RF and DC voltage apﬂ(_)i e(g to the nmultipole device) as a triple
quadr dheERtRdY admstpe rﬁ’gf}l@r AnchRCay %@P@C{) tope pdlipalopderticed gter . BRI EF
DESCR he i awi ngs: [0009]

FI G :ItLIEi;ﬂg %ﬁ%p%%‘ﬁa%}%%@%@%@aﬂ% glrds ggﬁ ?r%%?ﬂ%{r%{: |£zi ng a

t wodi mensi onal radial-ejection ion trap constructed in accordance with an

enbodi ment of the i NVBRIRPBESCRIPTION OF THE DRAWINGS
[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;

[0010] FIG. 2 is 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;

[0012) 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



[0010] FIG 2 is a perspective view of the two-dinensional radial-ejection
lon trap enployed in the mass spectroneter of FIG 1; [0011]] FIG 3 is a

| at er al cwosetesdsional view of the two-di nensional radipalrAsp@otsIn i on
trap taken through the central portion of FIG 2; [0012] FIG 4 is a

symbol i ¢ view of a another nass spectrometer, which includes a multipole
structeed]t hat FSGSSlaliymtRiié vRebehlfiation dn tNOMIL RS RRGE: de?ﬂ:'t@q in€) ection
ion trap or a quadrupole mass filter; and[0013] FIG 5 is a synmbolic view
of a \F&‘Bi%Wh%lmqummagﬂpfé]&qrraodr@tceﬂlsmmeﬂta&jplawdﬁlp@rdam\im&neécbm a

uadr I s filter |l Lsion cell are place stream.in the ion
patn RO o Bl dipblacPioE, e et 3110 Spocrmliefen B MG TP SReEl e
sel ectiiple qyadipgslabt @-trdp dnalysisanédesdr upol e or Q- trap anal ysi s nodes.
DETAI LED DESCRI PTI ON OF EMBODI MENTS [0014] FIG 1 depicts the conponents of
a nmass spectroneter 100 in which a twodi nensional radial-ejection ion trap

nmass anal yzer may b®EBETAMSIEDESCERIPTICN OF BRIBODIWERT8N enbodi ment of the
present invention. It will be understood that certain features and

configurations of mass spectroneter 100 are presented by way of

i 11 usfocayj ve exang, @%epi@fsqh@mﬁfa&eﬂetofla%éag_eﬁécwdﬁf_étéi\%b ifvhidAd, dyfde 1on trap

mass anal yzer to inplenmentation in a specific environnent. An ion source,
whi ch diragnsioarkradiabejkotion ioh teap nedse analyzsp may bicamplmentel, ir0dcoglaner witkes i ons

from AVl rial .. .for .exappl.e.the.eluate from.a.liquid

chromd S‘S’pg‘%ﬁ‘eﬁ%‘r’gﬁ% gfﬁsg?téﬁ‘fe.m?ﬂ'eﬂip"gﬁ§ ea't'lngertﬂipgh ?&5 Fern f%‘ﬁhﬁ? P source
chanbesnfigh@ation of habipeatforBber 1 00058 hRkeROUbE Galol kldskRti fedd-athph®, il d at or
near atnospheric pressure, through several 1nternedi ate chanbers 120, 125

and 18eould nafiheconstrugd)ay limitipg therier yap mass analyzufodmplastentdiion in 35peaifimhi ch

[ t ' fl el | gns._from.ion sou 105 to
on 1 ERAoffibol. 2Rh 8P youfce bhlcThay GROHEOR, 8 of ARMLATIRE SRR 105, for uci ng
quadr gparstedions fromoan ababytd diatedial] fdreamplt the ehieteRforh aniqald deorh&dgrapki mer

160, and el.ectrostatic | enses 165 and 170. lons may be transported between
i on sg"tﬂ‘ééplﬁtﬁg 1nparg fgnsnorted fiom ionsawice charabr i 8y whieh feranough an i on

S verk s it Ayl IR bt R RE B Rk B Vacuuim

intermediate chambers 120, 125 and 130 of successively lower pressure, to a vacuum

chamber 135 in 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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chanber 135 are evacuated by a suitable arrangenent of punps to maintain
the pressures therein at the desired values. In one exanple, internediate
chanber 120 20wowreesicates with a port of a mechani cal pumrpT(Usetsnsisrtt ed),
and intermedi ate pressure chanbers 125 and 130 and vacuum chanber 135
comuni cate with corresponding ports of a nmultistage, nultiport

t ur borggl, t ' ] | 2 below in

U t e a (T SRR i o R s A et Rt T R R 8 Yoo 180
and 18Bmping/ehlisierygasanlet (ot démetad)o toupledtoratsourcalof ph et gassaets)s lptisit | oned
axially outward fro he ion trap el rades,to.assi.st. in the generation of
> bot ahefehy Qfopiealy b P up BRrufmufabl R Rutbi et frion Bes e Bisrior

cont r @i igCtrgatd0ng otder it® Rizilitite fort ﬂﬁ;ﬂiﬂ%%a'g&'énﬁéﬁbﬁﬁi?d &olingn trap 140. lon
trap 140 is additionally provided with at | east one set of detectors 190

(whi ch masi conprise only a _single detector) thatgenerat e(s%ﬂoa. si gnal
repr ed®Sdt i ve dheoreratipnpbitsvarions qommonents of mass speatrereter K is dirpotedy

danpi pg/ LS ' ' . .10 a source of an inert
gas. soi Qo Sl sl Bhe e d FHEL TrbeniGENE) il BB RE 01 1 261y "aa
a danpbmbinatibh bEgemeralipiirgose hitbspediatizédosroedssdre,mppliedtiohdPetific @irédfrytnd
facilitate ion tra i,ng, fragnentati on and cooling. [0015] The operation of
t he vaPitBys ag ﬁﬁ@ﬁpégﬁ wictipns s Thgeantiobagd ¢ata sxstem dlsgipravadesda®y a contr ol

and. dabduisiian il hdiPhediffliGl Bfa bibcklg stivicathi ch wi 1] typi cally consist of a
conbi nat1 on of deneral - pur pose and s&em al1zed processors,
application-specific circuitry, and software and firmvare instructions. The

cont r 0018hd dat aWhile mass sfestiompetoy 1 Akis depictedas huingicbnfigurad torpast - acqui si ti on
data pragcessing services. 016 i mass spectropeter 100.is depicted as
bei ng e%(gﬁ?sipéad’rlgﬂ S?lgfe’dﬁa’éﬁu@er%‘bﬁ%l t?’Sr'\o‘%%‘_lPr E@ mpx %F\‘BH]"&C‘E@ not ed t hat
the i @bnriechsn WA afRYuRBCCSTPuRKE dr bontBRBALIhisORcYS (of caMBinAtiBRAherRbn pul Sed or
continuous ion sources (or conbinations thereof), including wthout

li mi t clehngwithewtilimitation stragirik assistedilasesrdesdrptign/onization (MAUM) Biurcss ear ce, an

at nos ' e heal loni on (APCl) source, an at pheric

or css AR SRR flira 80 PO WS i SRS prSRe R aBRE ) sour ce.
or a ddmzationl(APPI)isaadce, 0 dlédttoniiowizau(ED. soltte] dref dHeffical MdiA@ieaNChHli6n 1
depicts an arrangenent of ion transfer tube 175, tube |lens 195 and

el ect FO¥ESt Futhernaseealthomgh £36. | depietp an arrargement elden diangfer whe 173.dwhesour ce

Chant Rins k95 ah@ olblifostAR WIThER] A or BhndfBifhe WA TSR s 8 ok o7 nat I ve

enbodi nen
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. (“Ion Transport Device and Modes of

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

[0017] FIG. 2 is a perspective view of ion trap 140. Ion trap 140 includes four
elongated electrodes 205a,b,c,d arranged in mutually parallel 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,c,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,c,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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enploy 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

Tr anspor twDeviooesesmd Modes of Operation Thereof), the ceotramste@ossawhi ch are
i ncorporated herein by reference. [0017] FIG 2 is a perspective view of
ion trap 140. lon trap 140 includes four elongated el ectrodes 205a,b,c,d

[N | rline .1Each
ol cot Py Mohp PR (1] stk SR Ly Tl SRl W ilioasded o ¢ o
f aci ntheteleetrod¢ tordllow ioab tntee géctedthetettapudhdiL.a direcdop el fsrgeﬁelrallyrpgerrent ati onl,
h el ectraode | nted.into, a _front end section 220a,b,c¢c,d, a centra
Sect | BFihcEsnal g the eehial fangitusieal ogisf Ao Hle S0 B350 B At bipicaly
el ect giapad kdéh'tﬁhi%&?ﬁ e AR ARG iGiHR ElebRod duPMcE ?F&,Eﬁ,ﬂ%dﬁ& tﬁe?d
I e, the potential s

mai ntai ned at a different DC potential. For exanp
appl i digtortgorfsy amt opencuswardlyoinghedifertion of nagjettion. OyptiknizatidnE thd sbats

et BiruSa/Ig EReh R st [ dhuomn ot e BaigPhireldchneds
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el ectrode 205a,b,c,d isadapted with an el ongated aperture (slot) 235a,b,c,d

t hat Mesehppstrometstighthe idésciasite afyhiknisdeconporatied hetegrby wfierenee. al | ow i ons to
be ejected therethrough in a direction that is generally orthogonal to the

centr ngi t ugj | f .l t 140. Sl ots 235a, b are typically
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(to redtage sbired P40Jiegtication s0R)gedUrcRRES, MdDE~NItxgd sdutdee 58] £186£ WRich of i on
ejection. Qptim,zation of the slot geonetry and di nensions to m nim ze
fiel dCUNBPRYFRE St OpPgTRts Wadep they C@ngvlézf&eséeﬂ%;%écwbnhtfmpam of they U. S.
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to an RF trappin ol tage source 240, excitation voltage source 245, an

vol t afEEhu? gppég%)ﬁelgltﬁgdf“% EANLGHARS Mt '“?tﬁ“‘é‘iﬁflg?)gﬁﬁtléo-under t he
cont r kcifatioss O8ltdgelsbice 225 appis @R o5 QM14E ftatfin ‘fcgﬁﬁégeﬁcfjﬁgtatﬁgd data system

RF trappi ng vol tage source is configuréd to app o't ages of adjustable
anpl i anpléudsang frequeney ansobsah beast anelpairiof npirispd tlecipades so ofeatelaatipolades

205a, t t t i, ield that di al.l fi I i t hi
Che- shelpfont el R Barfly e BRRGaR tok fecprtries E o Bliod e ke Sppritne an
osci | ¢clligéy indi€ddt ditsoomtive)| dnd titasOheuehtit el Beal 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 the U.S. patent application by Philip M.
Remes et al. entitled “Methods Of Calibrating And Operating An Ion Trap Mass Analyzer To
Optimize Mass Spectral Peak Characteristics” and filed on even date herewith, the disclosure
of which is incorporated by reference. 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 cértain ion trap functions, such
as electron transfer dissociation (ETD) in which positive analyte ions are reacted with

negative reagent ions to yield product ions.
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referred to herein as the X-electrodes (n and Y-el ectrodes

( nunbpure auaﬂO})QlarA&eldbbeﬂh tthv@;ctmdns 3k(hg1d1§4@lecyodcﬂrﬁ/2é)ra:re omwideyedtodei ded
with at st on set 0 0,, POS ace X- el ectrodes
310, %fﬁt‘éﬁ y 884 I‘%F‘g’c‘ﬁ l@‘&ﬁeﬁ’iﬁ néib“e €L18‘Ftr‘>€‘teérl’gfé‘feﬁodes 310

and rgmgﬂ@au@dyolggﬁ@ﬁgyeh@e@ag&al representative of t he nunber of ejected
ions. The apex of each el ectrode 205a,b,c,d is located at a distance r

X -y =ry’
for the X-electrode pair 310, and
Pyt

for the Y-electrodes 320. Stretching X-electrodes 310 and Y-electrodes 320 by equal
amounts produces an RF 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/z’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 q), 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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(often referred to as the radius of the inscribed circle) fromcenterline
305. Because r is selected to be greater than the hyperbolic radius roof
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In a typical construction, each electrode 205a,b,c,d is spaced fromthe
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Generating a Two-Dimensional Substantially Quadrupolar Field”) produce RF fields that

exhibit a relatively high octopole amplitude 44, Soudakov et al. prescribe the deliberate
introduction of an octopole field component that has an amplitude 4,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 4, but a relatively large
dodecapole amplitude 45 and smaller icosapole 4,y amplitude respectively. The dodecapole
field amplitude (and icosapole field) will depend on the degree of stretching 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.

[0021] 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.
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t o becle¢tRilee820 (in a conventional ion trap, the excitation voltage is applied across a single
electrode pair.) Preferably, the excitation voltages are applied in a constant phase
relationship of adjustable value. In another example, ions may be mass-sequentially ejected
through the apertures of Y-electrodes in addition to the apertures of X-electrodes, and the
ions 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 ions that are not ejected at the proper value of the Mathieu
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only one dinension (e.g., the X-dinension). [0023] The bal anced, symmetric
RF field established within ion trap 140, as well as the presence of

apert ur eswpreotvagosel ect rode pairs 310 and 320, enabl e tReTOSR000/057aT i OUS
techni ques and nodes of operation that are difficult or inpossible to

i mpl ement in conventional ion traps that have asymmetric trapping fields
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si mul tEHeibeuidAesultin by ceneration phgn pdifass pealo ki arg ingead ejeeted imtie -r anges by
appl yiipg gigﬁg&gﬁg}l xgldRbkLipgvol tages of different frequencies across the
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fairly low mz values (e.g., 0-2000). According to a variant o
t echrpaglie] analysis efsamploivak.s Fonareapld jon trap MOsmay bgcombinedivitinan val ues to

s G008 o SR B8 bRy PORRSLntStpBl B 1L BB
appr ofgebiréhiéer a8 ERNPThétino Fibher BBichARE {SHhiTBR, CA) 398 hyBRd kasde is
| nadequate to etjde'Ct all ions at their resonance poi'nt, of by reformation of

anal yipectrespeier oldhis generaldesyription, isa tespi I0maayclr amployiskioahothainklyticaduced by
200! 0 U AR AP B A SEL AR B HR  cver
pl acesprescribed range of m/z’s and/or one or more stages of fragmentation) prior to conveyance

of the resultant ions to a downstream mass analyzer for acquisition of a mass spectrum.

According to yet another embodiment, ion trap 140 may be arranged adjacent to another two-

dimensional ion trap maintained at a different pressure to form a dual-trap mass analyzer, as

described in U.S. Patent Application Pub. No. 2008-0142705A1 for “Differential-Pressure

Dual Ion Trap Mass Analyzer and Methods of Use Thereof” by Jae C. Schwartz et al., the

contents of which are incorporated herein by reference. 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 scanhing) are conducted within the

low-pressure ion trap.

[0025] Another advantage of the symmetric construction of ion trap 140 is that it may
be operated as a quadrupole mass filter (QMF) to provide m/z-filtering of a continuous or
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Xx) n this manner, ions that have "junped" over the resonance point
associated with ejection in the X-dinension do not reach the detectors

| ocat ed awipaosvi2siso X- el ect rodes 310 (whi ch woul d resul PCirruskdve/ogizner at i on
of an artifact peak), but are instead ejected in the Ydi nension through
Y-el ectrodes 320. [0024] As depicted in FIGI, ion trap 140 may constitute
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relatively high pressures (e.g., fon cooling and fragnmentation) are
condu&ersiified wing vaties initigre. gnesdanteimpmve thepesohutbnafeomtrap 40 where f avor abl y

erfor A tively lo ur es . 9., Mz isolation and anal ytical
E cann Pﬁ%%egﬁ%bﬁlﬁﬁlﬁ’ éf’e %o\f,lv?ﬁn%(%?’a’ec’(fﬂwg' %F 2%&}}686? B%ativreéﬁ a Sf*’d?gﬁrg]t‘_”ﬂh ot her
advantigsidhall ibg tay mEes aﬂaxymnﬁéﬂgﬂ%ir%rth@tﬂeb@éuésrvﬂﬁl&éi@o bRoviat it may be
operated as a quadrupole mass filter ) to provide mz-filtering of a

cont i HigEasedion sisrgecantditypd denesintpsened sensidit whernt opezatiomrindont ramal  r adi al

ej ect hf?)ﬁe}i ResiEfP, 1n which only two of the four electrodes are apertured,
is generally not suitable for use as a QW due to its

[0026] FIG. 4 depicts a mass spectrometer 400 utilizing an ion trap (referred to
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 multipole device 140 in QMF mode, a filtering
DC component is added to the RF voltage applied to the multipole device 140 electrodes by
RF/DC voltage source 415, in the manner known in the art and described above. Ions enter
an inlet end of multipole device 140 as a continuous or quasi-continuous beam. Ions 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 410,
which generates a signal representative of the abundance of transmitted ions. Ions 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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X-Y asymmetry. Operation of ion trap 140 in QW node requires the inclusion
of a filtering DC conponent in the RF voltages applied to el ectrodes

205a, b, c,wp 8100h28d8hat one el ectrode pair (e.g., X-el ectroltaspannsadin)
receives a potential of +(U-V cos wt) and the other electrode pair (e.g.,
Y-el ectrode pair 320) receives a potential of-(f/-Fcos w), where U s the
filter) | | ol t . S
nown 8% £ S2TRBERAN, Btrasbie biVFe SR S utbudt Bl UG0S o 5,

t he vdbtteetsr 410.U and V, and ions having a desired range of m z val ues may be
selected for transm ssion by appropriately adjusting the values of Uand V.
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t rans @R, ard suitidle IS biads B8 appERIDSRE erfseBi M FLRIcMBAN RBABI Y Uand/ or
V such that the mlz of the transmtted ions varies In tinme. In order to

i npr owed/phie axigd tiapping rlegtrodasr 80 mag 184 ® esteblislop poenhtial well ihenablde,

| ectrodes 2p5a, b.c.d be | engt hened. rel at i t and
o Hanere L% i g Medd vl SERSRinaf st i4)” rhe leRdett Bebe wou o
al so pikgudtétttol dhelop afRél stafdl STliQIANM HdFRGhlektafos P8GR AHANRY s SENSI ti Vity
when operation in jon trap node is desired. [0026] FI 4 depicts a mass
spect theirareductomaybe mass anglygad by resonarply(gestiag thajionptodstestoraflP@rinas a

| ti € ' | ectivel le in . de. The
glrJ ch: ? géé) %aggé{{g ﬁ)rlr(géig’gs‘f%%%[qrug%e C%Pledi%%ieosn\é ﬁ%@?‘gl%léql?%?ﬁ%at of mass

spect fiequiney of the entitdtiot voltagenapplied be erelthtibh @bltae sdouRk260 ddahgah or 410
di sposed axially outward of multipole device 140. Wien it is desirable to

oper af@alytinal seaniseqral focenethalf gronexthirdipifibe frigqnency of theRIDraprinpoltage. i s added
toth a(ﬁq,} ' i | C: I by RF/ DC
vol t ag%ﬁg‘gé’?%’:% %@Rﬁtﬁﬁ%&&%ﬁﬁs&%n&%ﬂ e?%ﬁ?r égﬁgg t% éga sg‘glré E:h(r&? é%d above.

| ons ehdse relatiorishipeis neinttainéd atd ¢conpaheprdslécteel vidie diging thosdaniwdss skitled

guasi ; conti nuqus beam_lons in t | ected range of mz val ues (selection
bei ng’ @‘ﬁ?‘g\%‘ TERPERIFS Rt Hp ‘é?&‘ﬂfr??gﬁ? &faéhl%l’%fé@e@f 98t whighyensate giested st abl e
traj oGkORI i e : o Y . _ o

it o ang O e A 0 Gl R br e AR Fp PR Gapdi0 Rty Y B

del i v prdvide extendest masspratinh, ich theaslintteslewcsiognaveradagesangavf ve of t he

abu nd%pzc, (s?, tﬁg e>t<crit%{}§rr1n vct)lttaeg% fllﬂecc)l{llesricyln?z{]ysbehs?ile}/{ongrelatively 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, multipole 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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m z val ues outside of the selected range devel op unstable trajectories
within nmultipole device 140 and hence do not arrive at detector 410. During
oper at i orwpreoQEsesnde, DC of fsets applied to el ectrodespPe@as2monst7and
axi al trapping electrodes 180 and 185 by DC vol t agesource 155 are set to
enabl e the transport of the selected ions through nmultipole device 140 to

det eclop Mt tRalybiQ Perdon iR PSR | Htiﬁ((%ltiioﬁ B teABn %@?efsio? ifleRbiahbe, the
an | e 0

filtering DC Conponent Is renoved, suita fsets are applied to
t he emtowéritivohwalafluadationr odes 205a, b, ¢, d and/or to axial trapping
el ectrodes 180 and 185 to establish a potential well that enables trapping

of io bt hin Lnteriaor volunme of nulti e. device 140. The ions may
t hen E‘ZOZ?JJ bj ect t%ﬁ%gs WOtﬁ%rrI@asgtsgﬁc&onbe%er@hi lélt‘?%b‘ﬁﬁ B’r'r‘im?orl%g%?ﬁ g4tr6| on, if
desi r ggplagsddionigtré N of @ quiditpdle Ra8SHREIQNED) 91® dMdSScollid/&didsdoy g¥ponant |y
ejecting the ions to detectors 190, in accordance with known techni ques.

Accor @il Bgnay daksrbe forer efra canverginmahmpltipoleotituctupeopara]e énsejectivelyieansmiti t at i on

volt ag(g}s%?aﬁﬁ ﬁﬁl %’ rafer?ég idgéhl‘nﬂ][@% Ilé? ttiﬁegzg)?)%i%(g R?Qaﬁd ﬁ?v&%&e@?ﬁgﬂ 'ﬁacleﬁ %bﬁ al scan

is eq 0 one- or one- requency trappi ng

vol t ageay alsachet doastpliaatasaf cdnventéonal maltipolte smbttu&gtbh wisich ag R@'dvdl@g% ke RF

t rappi ng.vol tage such th the phase relatiognship js naintained at a
const &nghe&r%?é‘?vé‘?ﬁ @elabawﬁ‘tglewm- nbhe IRterigr ahcollision el 334 is pressyrizedavitya wi | |
r eCOgRy;; : ot Y} i L [ . at | Qs are

ej ect gﬁ% %ﬁsé%‘gﬁﬁ g}rlldj?iﬁg(flr}%{a i%gé%;égtoﬁgb l?r%é%@ glalé@logfceltqﬁgﬁg icﬂt%at I on and
RF t r aggpilated boddjasiag. DGoffast voltagesapplial ©xQMEddd, calisionpeli 520 aml lens e. , t he

abi lity,.t etect .ions over arger, range qf mz's, .the, excitation voltage
Fr equenty Radsocnibed abovEo ifinofed i Oty BRERDIE it 1By ranangle o 7 o
the t LAPAFIEodeni3s B SAKBBE BetweBn BedREdes ‘B()j'B]@ﬁl‘éﬁx‘i’gaoﬁ‘éﬁf_%M@QhéRPf appi ng

efficiencies and to“enable collision induce ragnent ati on during operation
i n t héilienng DCapndrbeoffsst veltages appdis ito slectnodya 205amly,cldeanddetiadl trappingie i nt eri or

of nmultipole Vi 40 .duri its operati.on in ion trap node. \Wen

mul ti Sgeicﬁo g\}gggmﬁgiiagdg%aggﬁggr{%n%wg ﬁ@ﬁ@?“@ﬁ@pﬁﬁrﬁ% E‘b?’c%‘i’rpitg‘? on gas nay
be purgedsboraxymeuch that the interior volune is nmaintained at a | ow
pressure conducive to good filtering performance. [0028] In one
particularly favorable inplenentation, nultipole device 140 nay be

aut ond®03%%h i y sWhenenltipeledsziceild is engpatedhia HodRe 1dshspecHemater efbndent

MaNN€lynctions 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.

[0031] 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 transmitted 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
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whereby the acquisition of mass spectral data that satisfies specified
criteria triggers node switching. For exanple, nultipole device 140 nmay
initiall ywbeonpesated i n QW node to provide single ionpoonistawiossy7{ SI M of
an ion species of interest. Wien detector 410 generates a signal indicative
of the presence of the ion species of interest, multipole device 140 may be
auto e n to perform
OTHb RN oGRS LEREA AR O Pty ARG €0 per [0
speC| (psrfaﬁnadr’ayalewianﬁy ejectiny theiiaks te tetactbrsr 190 ivlacairdatce ovith ioda&9] FIG 5
depi ct s, anot her mass spectroneter 500, in which nmultipole device 140 is
pl acelfUBIWHES r eam of a quadrupol e mass filter (QW) 510 and a collision
cell 520. QW 510 may take the formof a conventional nultipole structure
oper alppgs2] 0 sel eGk ky/Be dnderAGSdMhht WRIStheidvehilofRasBeen deg®ed @t er m ned by the
appl i ed and DC voltages. Collision cell 520 may al so be constructed as a
convesenjnetionrith thesletilsd desstintien therephithhfosegolie deskriptinn isdntapdsdited t o
provi i C Lsion cell 5
(i'l?uslfrg% aﬂh tnﬁplnrfxﬁtQE{T?c%ﬁ)ee oié_ tﬂ?llfl&&ﬁox‘l %hlgﬁ is (P h ﬁé l)&ﬁl SEope & fztg? gi es of ions

pressurize I sion In
ent er iapgended tlalihD rOhet dspbetf), adeynthges) zﬁ@luhédlﬁdatfth af withinnBe $6pobtf Gt

vol tages appljed to QW 510, collision cell 520 and | ens 530 As descri bed
above IoWAYINg BBIBS. devi ce 140 is sel ectably operable in an ion trap node or a
QW node and may be switched between the nodes by adjusting or renoving the
RF, filtering DC, and DC offset voltages applied to el ectrodes 205a, b, c,d
and axial trapping el ectrodes 180 and 185, and by addi ng or renoving

col lision/danping gas to or fromthe interior volunme. [0030] Wien multipole
device 140 is operated in QW node, nass spectroneter 500 functions as a
conventional triple quadrupole mass spectroneter, wherein ions are
selectively transmtted by QW 510, fragnented in collision cell 520, and
the resultant product ions are selectively transmtted by multipol e device
140 to detector 540. Sanples may be anal yzed using standard techni ques
enployed in triple quadrupol e mass spectronmetry, such as precursor ion
scanni ng, product ion scanning, single- or multiple reaction nonitoring,
and neutral |oss nonitoring, by applying (either in a fixed or tenporally
scanned manner) appropriately tuned RF and DC voltages to QW 510 and
mul ti pol e devi ce 140.
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[0031] Switching multipole device 140 to ion trap node (which may be done
i n a data-dependent manner, as discussed above in connection with the FIG
4 enbodi neot2plooasmes nass spectronmeter 500 to function @&ESTAISOMBABIINT t 1 ap
instrunment (comonly referred to in the art as a "Qtrap"). lons are
selectively transmtted through QW 510 and undergo col lision induced

di ssociation in collision cell 520. The resultant product ions are

del i vawgsgs & Qlambkd iigo! € device 140 for trapping, nmanipul ati on and nass
analysis. In one illustrative exanple, the product ions delivered to

nmul tipol e device 140 nmay be subjected to one or nore additional stages of
f r agmdnt/iVeaimensionalden trap masy prpdy 266 POMPESINGoN of the identification of
ani on speci C . siddon,of. a mass
spectrum m@‘ﬁﬁg‘;“ﬁé‘r gé(‘rfré ¢ é&rs gg%n%drﬁfgsa %q%}c{lﬁhﬁgﬁﬁﬁéee dlft)hryg’ertbélﬁg‘%délgtr brs 190

i n acdaringa centeihé aldhavnapertedextendinsg thidRB e thicknssstod theeledietdest ood t hat
whil e the invention has been described in conjunction with the detailed

descri pti ofthg 19uF Eskeleqtiodes briag equally gpaced itom b crrietline by pedistarsein | ust rat e
and ”W%déﬁﬂﬁs%@ﬁmﬁﬁ%@ﬁﬁgprm%ﬁ&ﬂ%ﬁﬂgﬁQﬂm whi ch is defined by the scope of

t he appended clains. O aspects, fvant ages, and nodifications are
wi t hi n t he as Rdpelage sdacd foir lapplying anl RE trappigavoliage ¢d thenad elestrodes téh

t wo- di i i A | , ising. f el ted d
el oot Gt AR tepinad T Enir 5B REeTouhe HyHiansd thetopapLand o T aci ng
a centerli RHERLIAR BRRE ok @Pﬁ}ﬁlggéﬂ@ dtselshh %&Pdterh%t&g@s NGB0 1Hxid Ne

el ectrode; the four rod el ectrodes being equally spaced fromthe centerline
by a diappiagelecirodestpesidioned outwargk afgherodtdientrotiésetolggperateal patentimtiivell thad; and an

RF vol > fOr. | v F. [ I h d el d
o gersiar soiefons MautR BB R0t @Ot GRF Ll Ty Cont tnes i ons 1o the

interior of the ion trap; and a DC vol tage source for applying DC offsets
to the rod el ectrodes or a set of axial trapping el ectrodes positioned
out ward 1he ieman wassanabizerefedaimol, geiseain ths ratigef cietrods atdedst 1.0hat axi al |y
confines ions within the interior of the ion trap. 2. The ion trap nass
anal yzer of claim1, wherein the ratio of r toro is at least 1.01 3. The
i on t Bafhevastranmbyszamalyabr af ddim [, whabeit eienratidef # ®tr, & ®ftweed D07 and S bet ween

1.07 e}r&%

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 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 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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1.20. 4. The ion trap mass anal yzer of claim1, 2 or 3, wherein the RF
trapping field has a dodecapol ar conponent having an anplitude of at |east
0. 2 per cewD 20fo/2BB1anpl i t ude of the quadrupol ar conponemrCTafS2a000573F7
trapping field. 5. The ion trap nass anal yzer of any of the preceding
clainms, wherein: the RF voltage source is selectably operable to apply a
filtering DC conponent to the rod el ectrodes; and the DC vol tage source is

sel eC?.aﬁ)hé' iR qg%s g}sxﬁxo/?é}t?)kﬁa%jr R thg r(())c{ él?@%&?if:% gyétgﬁ% %ét%leﬁ" ln%%St SOIe

of the rod el ect e axial trapping e permt sel ected

i ons ¢ml dndragicutieli eval hnyd furtheecoeprisirg a detedtorgsitiomsd proxiinialed thedngleeby t he ion
trap gﬁis anal yzer is selectably operable as a nass filter. 6. The ion trap
mass | yzer of claim1l, further conprising a set of detectors, each

det ect or being positioned proximal to a corresponding aperture.?7. The ion
trap mass anal yzer of claim5, wherein the rod el ectrodes extend between an
i nl et 8.ehbe mndrapmmasa ahalyzerod anpafithe prachding cmps,i feithey canpeisimgtaor posi t i oned

o the outle S_an zer of of the

i mal d. 8..The.i. I
or ecconeits ey sraieton Bl oustfor SRR TS ex TaRE ) AT Aol t age

sour Cepposéd paPdfrodledtrbiidsst excitation voltage across a first opposed pair
of rod electrodes. 9. The ion trap mass anal yzer of claim8, wherein the

oscillatory excitation voltage source is configured to apply a second

exci t @t i-pn. e [ nd, opposed i.r of rod electrodes,. the

1 r ot e B oGS ARAGET of BB RN PR BE e ReBibn el YRk S8R g n o
| east configued td ey aneyondngtcitdiihevoltde acths al setord diposd@iSsaistabyzer of claim
8, wherein the first excitation voltage has a frequency equal to 1/3 of the

f r equilpitpdss, thedrskexditation voltpee differie from thesependsexspation walsge in atdeasbr i si ng:

an io r ating ions froma sanple to be anal yzed; at |east
one ig&}]esdgﬁeﬁgeécgranggﬁﬂg{ehg the ions produced by the ion source; and

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:

an ion source for generating ions from a sample to be analyzed;

at least one ion optic for guiding the ions produced by the ion source; and

a two-dimensional ion trap mass analyzer positioned to receive ions from the at least
one ion optic, the ion trap mass analyzer comprising:

a first ion trap structure including four elongated rod electrodes each having a
hyperbolic surface of hyperbolic radius 7y 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 7 is greater than the hyperbolic radius g;

an RF voltage source for applying an RF trapping voltage to the rod electrodes

to generate an RF trapping field that radially confined 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.
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a two-dinensional ion trap nmass anal yzer positioned to receive ions from
the at |l east one ion optic, the ion trap nass anal yzer conprising: a first
ion trap woroovazges1i ncl udi ng four el ongated rod el ectroses/usawb/obsvi ng a
hyper bol i ¢ surface of hyperbolic radius ro facing a centerline and an
aperture extending through the thickness of the electrode; the four rod

el ectrodes being equally spaced fromthe centerline by a distance r,
wherein r is greater than the hyperbolic radius r o, an RF voltage source
for appl%jng an RF trapping voltage to the rod electrodes to generate an RF
t r appilAg The alags speatromeldr af ¢lgint bhiwheseln therrstio of t trerviinatdeastd .0df the ion trap;
and a DC vol tage source for applying DC offsets to the rod el ectrodes or a
set of axial trapping el ectrodes positioned outward of the rod el ectrodes

t 0 gensr Biemassipt@itelér ofRldimt Natvhaveirddhk YatfkOs¥H t0 @5 isl beRSee T.07 shd NL0.i nteri or
of the ion trap.12. The mass spectroneter of claim 11, wherein the ratio of

rrtorois at least 1.01 . 13. The nass spectroneter of claim1ll, wherein

t he rayi i d . . . ectronet er of
any of *oby ks Ryl BERFM AR 1) A% whereh nd oy BRI BRES | o
conpowdedécapalui cuanponentiplvidgumeangdlitede dfexd dastD. 2 ppreemtettheodmplitadasihe t ude of

t he quagé_gpcil ar conponent of the RE trapping field. 15. The mass

spect A¥fEtMargonponerjrof the Rk trapping fielgher ei n: t he RF vol tage source is

sel ectably operable to apply a filtering DC conponent to the rod

el ectrodes; and the DC voltage source is selectably operable to apply or

r enov é5DThefifasespectrameter 6f any aftcldimaldt 14 ovheredd: t he rod el ectrodes or the

axi al trapnpi electrodes.to . permt selected ions to ngi t udi nal |y

traverse t ﬁ@ﬂ?}a Nolqeg SOHReE ds %@F@&?Eer%%wlx ‘hgﬁf’ré‘?g mpogentiathey sor s

sel ect@plyctRyaes.alie as a mass filter. 16. The mass spectroneter of claim

11, further conprising a set of detectors, each detector being positioned

proxi mal t ¢heeDCovitegpoudiery selgualily pperalil? to apEy masmepddC olfses arordfom| ai m

15, WQF eSst Igortntz1 of {h%C%o Ie eg’grcrxg)ecsi o theex.a;[x‘learil ?raB&%E’%ﬁa@trgé‘es'tQ Ipgrtmit selected ions to
longitudinally traverse the ion trap mass analyzer;

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

16. The mass spectrometer of claim 11, further comprising a set of detectors, each detector

being positioned proximal to a corresponding aperture.

17. The mass spectrometer of claim 15, wherein the rod electrodes extend between an inlet
end and an outlet end, and further comprising a detector positioned proximal to the outlet

end.

18. The mass spectrometer of claim 11, further comprising an oscillatory excitation voltage

source for applying a first excitation voltage across a first opposed pair of rod electrodes.

19. The mass spectrometer of claim 18, 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.
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end and an outlet end, and further conprising a detector positioned
proximal to the outlet end. 18. The mass spectroneter of claim1ll, further
conpri si nyoaniooesish| at ory excitation voltage source for papalsgémagsz7first
excitation voltage across a first opposed pair of rod el ectrodes. 19. The
mass spectroneter of claim 18, wherein the oscillatory excitation voltage
source is configured to apply a second excitation voltage across a second
opposed, Ak ma spebFoRbRELS QSRS 18, WiRrdih IRt fireM&chatdrorbitigt hagerdidehey i ng from
t he second excitation voltage in at |east one of frequéency and phase. 20.
The maqual dpbétof thesfirequendy ef the RFteppigerodiage.t he first excitation vol tage has
a frequency equal to 1/3 of the frequency of the RF trapping voltage. 21.
The mass spectroneter of claim 15, further conprising: a quadrupol e nmass
filtenl) Thahres g/.gﬁs&dslﬁeceibm&ihelii,qmmbbmbﬁgﬁgi he ion trap mass anal yzer;
and a collision/reaction cell located internediate in the ion path between
t he quadr updredrapele nfass filler lgeated wpstiewn in thegonnath feoma fhesen trapmaseby t he nmass
spect hg%@ranids sel ectably operable in triple quadrupole or g-trap nodes.
22. The Ss spectroneter of any of clainms 11-21, wherein the ion trap nass
anal yzer i acbllida/reaction@sld ldcatedtintaginstiatel it the ¢orppesth betoveea tledjiadempblet he fir st
ion trap ltructure, and an ion lens for transferring ions between the first
and sg@éﬁgt?r@l‘?dtthealﬁnéliapﬁ’&sﬁﬁ%%l}’zqhe interior volunes of the first and

second 1 onwiRBy tid MalUbESdiRdds YaLAAA BFdatk iflid L Gliuieseytes duri ng

operation of the mass spectroneter. mul tip tru or
conneotadef to an RP vol tage source, conprising: four el ongated rod

el ectrodes arranged about a centerline of the nmultipole, each of the

el ongated el ectrodes having a curved surface facing an interior of the trap

and ash Orietosks BpdckrynRid: @R S Sr ARRIstIULE, Whefeht R 3on RS nRkEalaly2des bei ng
spaced fromthe centerline by a distance r such that, when opposite phases

of anirRiudeshsenpod deretramsiuctue positpnedsdihcentiths it ianteapsitmcturoatelan iphe
resul {89 %or transferring ions between the first and second ion trap structures, the interior volumes
of the first and second ion trap structures being maintained at different pressures during

operation of the mass spectrometer.

23. A multipole structure for connection to an RF voltage source, comprising:

four elongated rod electrodes arranged about a centerline of the multipole, each of the
elongated electrodes having a curved surface facing an interior-of the trap and a
longitudinally extending aperture or recess;

the electrodes being spaced from the centerline by a distance r such that, when
opposite phases of an RF voltage are applied to opposed pairs of the electrodes, the resultant

RF field has an octopolar component of not more than 0.001%.

24. The multipole structure of claim 23, wherein the RF field has a dodecapolar component
of at least 0.2%

25. The multipole structure of claim 24, wherein the resultant RF field has a dodecapolar

component in the range of 0.5% to 0.9%.
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RF field has an octopol ar conponent of not nore than 0.001% 24. The

mul tipole structure of claim23, wherein the RF field has a dodecapol ar
conponentwofori02Bmast 0.2% 25. The mul ti pol e structure etCTalsarnio2sy77 wher ei n
the resultant RF field has a dodecapol ar conponent in the range of 0.5%to
0.9% 26. A two-dinensional ion trap nmass anal yzer, conprising: four

el ongated rod el ectrodes each having a hyperbolic surface of a hyperbolic
radi uger A ewd- ﬂﬂl@lsﬁ)ﬁﬁlﬁlﬁﬁkﬂaﬁ%as!i mufz@isl c%hﬁ)%if ?des being arranged into first
and second opposed el ectrode pairs; rodes of the first el ectrode
pai r bei ng fewrabengtedirod el&p@@dﬁ&ﬁé@h b@’rlmﬁ @h}’pﬁgbqlmueﬁae@:@ﬁ almypsfbalisadius

t hereth e s.,o0f the se ond r ode alr ei ng adapt ed
with r ?:ags esceﬁ %g]tlﬁ%%enxlgﬁ el rg(?& t{ehnrgoadrg?ﬁg? g ﬂTS}‘ a?‘iﬁeé’%‘é f the

el ect retedasde pdiss; f our rod eI ectrodes being equally spaced from t he
centerline by a distance r, wherein r is greater_ than the hyperbolic radius

r o, and aﬁhwevmd@&g%thﬁmt@mrede Bppbsing adaptedrwith ppgspiresgpermittingthet o t he

d el fi nes ions
ot heTbRORRnk RS eh g el BREb e b ol bad Bt Bl afiBld 10° o
of f setvath ecdshes thatdloadot extend dﬁomg’h the $idi thidknesseabf the alepirodesgl ect r odes

posi ti oned oufwar f the rad el ectrode enerate a potential well that
axi al |y corfft§ 198E1q %ﬂwgmr’%ng feafl p{tsgngeglf %FﬁéntFHWethyaﬁ)dIStance"

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.
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