DIFFERENTIAL-PRESSURE DUAL ION T P MASS ANALYZER AND
METHODS OF USE THEREOF FIELD OF THE INVENTIONR[EOMl}j'ﬁrz(;‘lj((-:;,m87286
WOerOeﬁééﬁﬁ fAYention relates generally to mass spectrometers, a ly

specifically to a differential-pressure, two-dimensional dual ion trap mass

two-dimensional ion trap consists of a set of four elongated electrodes to

which a radio-frequenXRE)trappingNaitageisEpplied in a prescribed
phase relationship to radially confine ions to the trap interior. Axial

confinement of the ions.ma effecte application of a suitable direct
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trapped ions may be acquired by mass-sequentially ejecting the
& mass %ﬁ%ﬁ%nm ?ﬁg}ﬁgﬁﬁnlhterior to an associated detector, either in a radial
direction orthogonal to the central longitudinal axis of the ion trap, as

described in U S.jPatanNou 0425 10 Rierelatogr in an axial

direction parallel to the central longitudinal axis, as described in U.S.
Patent No. 6,177,668 to Hager, The enlarged ion volume, greater trapping
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(RF) traga%?ggggi%gge%gggiﬁ?eg fma a prescribed phase relationship to radially confine ions to
the trap interior. Axial confinement of the ions may be effected by application of a suitable
direct current (DC) offset to end sections of the rod electrodes and/or electrodes located
longitudinally outward of the rod electrodes. The mass spectrum of the trapped ions may be
acquired by mass-sequentially ejecting the ions from the trap interior to an associated
detector, either in a radial direction orthogonal to the central longitudinal axis of the ion trap,
as described in U.S. Patent No. 5,420,425 to Bier et al., or in an axial direction parallel to the
central longitudinal axis, as described in U.S. Patent No. 6,177,668 to Hager. The enlarged
ion volume, greater trapping capacity, and higher trapping efficiency of the two-dimensional
ion trap offers significant performance advantages (relative to the conventional three-

dimensional ion trap), including enhanced sensitivity and the ability to perform an increased

number of multiple stages of ion selection and fragmentation.

10063] Successful operation of an ion trap mass analyzer requires the addition of 2
buffer gas (typically helium) to the trap interior. The buffer gas (also variously referred to in
the art as damping or collision gas) serves two primary purposes. First, the buffer gas
reduces the ions' kinetic energy via collisions. This reduction of kinetic energy is essential,
not only for trapping ions injected into the trap, but also for kinetically cooling (damping) and

spatially (both axially and radially) concentrating the ion cloud before mass analysis,
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buffer gas (typically helium) to the trap interior. The buffer gas (also

variously referred to in the art as damping or collision gas) serves two
WOARA poses. First, the buffer gas reduces the ions' kinetit ER&Agy (187286

collisions. This reduction of kinetic energy is essential, not only for
trapping jons injected._into the trap, but also for kinetically cooling

resulting4n wasi YRasE Sestraiy o0t Ak saneriatialy peorbe Rt AtgTPR B buffer
gas enablRUdThe e MARSANAMSIS RSHE RGN Ui MRS SReCIA Je selN o

and sensitivity. Second, the presence of the buffer gas enables efficient
tandem Fass SERELRREY IS NESCNRgdn avdivaied dissociation (CAD) for tandem
mass spectrometry (MS/MS or MS) analysis. [0004]lt is known, however,

[06604] that callisiam®wf:i0Rsveily, bbfferogias drirddhe Jam ibekiananthing the ion
- solati maaos-sequentiaélﬁéﬁction processes may %e detrimental to mass spectral
solaton itomAen cel B by FEURR G TESoRATEN Bhd By EoREIaIRE RS RICal
performanasstehiftsythaldihip Maskaee Uy It MeMAeSIHRRISAAVR:s shifis that
lirmit attempted to_reduce these detrimental effects by selecting a buffer gas
it A SCEHFACHy pRERIRPHRREEIFTES ARIPISHA PRovidRes it ggimental effects
by selectiappibgftealinganddragmeniatiorsation vhienaimizinghe ddyemsguate

. _influence on resolution and mass afcuracy.,WhiIe this "compromise
trappingGooliq A 1 CEIch AU BCURS & T S EI Al SE CR AP et LRRR on

resoluticaeifor mance;dhers hagheanitecentinierestdrmadesni-opeiaiondidted in
er resolution may be achieved

favor lower pressures. It is_ known that high
geﬂ@fﬂw%%%ﬁtgﬁﬁy@}wﬁ%aﬁsﬁfé%ﬁ&mﬁ’r@m&%m@ ek &
operatiosahaeYikat lower fresrdhe stabilitydinitya uecak 908 utlis BainH8 achieved by
resonan @solution ma%/ also be traded for more rapid scan rates, i.e., mass spectra

GARG P lSIti Bh EHR AfeE (o B BRIRE iy IS P TR YR dewer than

the stabilitayibetactuires. posre Tapidivithe reyincreasinaIsamPIeHAPRIRAME rapid
and/or increasing t%%numbers of MS" cycles that can be completed.

SO TR e RGP ETE G BErB LB VAR R SHER oitieinadvartagiedard

techniquisichushirg: expaneeehtrassyiangerseampingrendihe-possiifty of emplaying
. i h(j er orqﬂer r%ﬁggces to 'gcreas ejection rates and/or provide higher
inereasiie I RBRPAFGE Mtto (Ki72) FERLTGHGT TTRRIGHEY huf e Bhigsrien at

reduced chricdlly sitpsndentanassshiftsoyvhichoasaydncsease:sianficantin wWithnd the
.b.}.low red géﬁl'elgon value%én certain ion traps and under certain conditions,
possibiliy 4 SRIB S e BABROHhSEIEA6 TS (RE e HECRARHES GRAAE Provide
higher nejectioohCheraitally. g pendandinnss shifh can: Be:lpasgped by redusing
devend the buff r.ﬁogls ressure, but doing so _has a substantial adverse effect on.
pendeq gy T A Il 80 BIGEHHSC SV 3P BNt AEFFRer FoFeiom YRS in

certain i@ARpDestianiden c[ROASIIiRate AN B:980a kR0 Kavyatacrs @l tiwhile of
not specifically.addressing reduced-¢ resonant ejection, describes an =
reduced R RO e AR AP e o LB
the buffeaaitithesdisadvadtigescaisingitemihe piesenceretadauiiernunsy 1 g and
11 Kawdato L. gﬁggatus, the buffer gas,is_controllaply added (via a pulsed
cool 1ong; AR S e T RERIEHAPTS YB3 5 SESEREYS™ value optimized for

ion capture. After ions have been injected into the trap, the flow of the
[6805] inert dassiPrtenicdd. Graedrifitated awdithe idn wapdmeripepi®ediyaddressing

reduced FHOSGAPUBCIRNCHRE19, 3 /A UE QRIIZ 6l for e Massr seguential scany o
trap that is designed to avoid the disadvantages arising from the presence of a buffer gas. In
the Kawato et al. apparatus, the buffer gas is controliably added (via a pulsed valve) to the
ion trap interior to raise the pressure to a value optimized for ion capture. After ions have
been injected into the trap, the flow of the inert gas is reduced or terminated and the ion trap
interior pressure is consequently lowered to a value optimized for the mass-sequential scan.
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By switching between the two pressures, the Kawato et al. apparatus
W %@;prtedly achieves both excellent capture efficiency and scan
rBSGIAtER: However, the time needed to repeatedly change drfcf di5pifi748 7286
the ion trap pressure may significantly lengthen the overall mass analysis
By swit%ge time and reduce sample throughput, particularly where high-capacity

B RFEE L 1) ST T6 AR AR BriGPBRARfrERe Al askisves
both exddlahiaRpiasEHpestpmEtes Al chitectise Inwhichpiesswesdadhe draps
re separatta]y ogﬂ'miz&g for different functions, Zerega et al. (A Dual

fe?ea‘ﬁe%ﬁ@}iﬁ?oﬁe SHTHLS MELSS Pt RGATETE Mk s gnificad s Jensorndhy overall
mass andI90#] &lc(d 999) £ 68k deserbes adushin AR IMASHSREEHOMEI & apacity ion

consisting of a first three-dimensional quadrupole ion trap (referred to as
traps &‘fetﬁalp&%% ration cell") operated at a pressure of approximately 104 Ton-,

which is coupled to a second three-dimensional quadrupole ion trap

[0006] (referréd tensisotireptinass: analysis cilic)operadad ata pressyie-ababeut
oft. In this mass spectrometer, ions are internally generated within
o % LR T S

. 0-7T
it 1 i PAT R et B CAOR AN TIEA R oA metons.
Zerega a@u@é&t@zﬂo@mﬁm@@ﬁiﬁdhﬁﬁﬂﬂﬂ@ﬁ%&iﬂaﬁﬁ%ﬁ@ﬂﬁrﬂﬁefﬁﬁ@ @@dﬁfﬂﬁnefw
f reparation cell (by turning off the confinement voltage an
19071901 B LS YRR By ER OGRS At ree-
dimensione gitteerid tapsanddiavel to hehmisspaatysiscerll) whesethayhaiRssure
admitted into the cell's. interior X(%Jume throﬁtg an inlet aperture. The

of pprofERCTS DarbdTaNBLBARS BIE fap LR S AL Al e R o fon
trap (refeletdrmviactbyrascomplexiteciiniqe hases anpreeasy Eentaftha seculaihis

f ies of the t ions via traject lysis, in which i
5 5o T DY & AL B B DA B LR E BB B
mass sp

con
collisionarwékitiagre per a)dmatdetdater tfer gtnembenpfaniomsignaliond. The ions are

. _representative of the ions. time-of-fli htg% tween the trap interior and the |
e e B R TRa I A S HR B0 B A eeR F R sope
suitable Bdhfinkngentdithe cad sevoril-mabsaanalilsis @yatesnoustosehpesiareags 4ad
btain a complete mass spectrum. The complexity of ng.mass analysis
wevel o B e RSB e A TR o SRl HEne
through exédeteseveral Massanalysiseyelesiio getierdiesaaiass SPEainiaks analysis
cell are (cf*leit?éfavoreﬁ mr&rl]ggcialléjs§ ogl']tlhis a$§a%§tus. SUMMARY [Q006a]l afjgirst )
ASpect of the fnvention, tiere e proviasl B e trapidge sectlar frequencies
of the trapped ions via trajectory analysis, in which ions are confined within the trap for a
prescribed period and then ejected (through an exit aperture) to a detector for generation of an
ion signal representative of the ions' time-of-flight between the trap interior and the detector.
This technique requires analysis of the ion signal as a function of confinement time, so
several mass analysis cycles must be performed to obtain a complete mass spectram. The
complexity of the mass analysis technique disclosed in the Zerega et al. paper, as well as the

need to execute several mass analysis cycles to generate a mass spectrum, disfavor

commercial use of this apparatus.



analyzer for a mass spectrometer, comprising: a first two-dimensional
quadrupole ion trap having an interior region maintained during operation
of the mass spectrometer at a first pressure, the first ion trap being
configured to receive, confine, and ¢ool ions; a second two-dimensional
qguadrupole ion trap positioned aagéégﬁf@Wthe first ion trap and having
an interior region maintained during operation of the mass spectrometer at
[@8eebnd préssuréirsulaspantiallythelowdhieofirsthsressurep thiedecahdliomp mass
HADBERY SaniuARIReRY S AR AaNINS (A0S IANSIRHRAAM, NG TERe ion
two-dimensional ion trap and to mass sequentially eject the ions to a
UgptertBreeprydlics B Hiase spEcntihituaing apfeastibab fonoticdenamtter at a
ﬁsﬂg%e)@a%qr@,_eme%@smif'@a;@%@gq%@k R-HaBS-CUMIgUERHR CORF At ions; a
transfer of ions therebetween. [0006b1In a second aspect of the invention,
SRt Y YFHBRTCA A e R e i &8 PesiprRsiigl 468K YotircBrbion trap and
hgenerating:ens framananabie:sURSARGS JRIk APUISHRr HansRREiNG R, at a
ions to a dual trap mass analyzer, the dual trap mass analyzer including: a |
S?ﬁ%?fiww-%fﬁw‘éné@?&l&@é@frdﬁ&é\’io‘#ﬁri&hamﬁﬁlgﬁ»iﬁ%@rig(f%@@%wn trap being
condigiained atafirshpresgine idusingeperation ef themass speetiometeion trap
the first ion trap Pewg cor%f%gur.ed to rec ivef thnfineaand coolions;a dat
Lo CONY TW-dimensio AT qUATrIpoI8 bR taR hosRICHEG atfAeEnHE thHE": and at
Idfirstoion i tnapraded: leaving dispintetior vegiorhendist aine sk duringo pepation fofured to
AR SRERIOMSIE Al asgcend pressure substantially below the firs
pressure, the second ion trap being configured to receive and confine ions
transferred from the first two-dimensional ion trap and to mass
0ehEntially Bjacemad s af dbtabisrtiyproiics Aimddskparrsapesiemeter,
c@hl8ash QN o apticceleimeshdiaposas batween thafistand seeonthiptics for
traps configured to control the transfer of ions therebetween. [0006c]In a
t*‘ﬁ#ﬁ@%ﬁ? {RBREIS SHEV R AR08 W pR s E i LB BTG Y 4 18Rluding: &
fisoures dongenerdtinginsdomnanapralylie: substance; rfanpiesmiemned at a first
transg(értin the iops to ft ual trig mass analylzerf,the dual tr pmass. ..
Panalyzerinaidng st ik ah 8%%?8?5?%%5&%5&é“fbﬂ%?a% Hisviing' iired t©
rdedrocoefien andintaineck dukagoperatitim efisther masgispektiometer@tsaioned
JIRLRIGSHI G N ration apheing.configured (0, ieceiv, ooalng, 83 aiion or
ool ions; a second two-dimensional quadrupofte ion trap positione
thedjagsentiter tirenfitst ignarsgeard having anbisiteiolregidevmigintaisiedressure, the
sAHR9APRLAUONOf Elaﬁf;Eﬂx%ﬁ SRESHIMEIRE T ARG RISRINE from the first
substantially below the first pressure, the second ion trap being configured
o -FRBERAECAAL BB Aifeish teatsfariaentioily miectitse dhosdinferdiisial iomroduce
a ARsape-i Massisaquantialy siechthe dans: and AlkIeast g 190 ORESd second
. element disposed between the first and second ion traps configured to

[ORFRSI Y A ErET SMBRS theeFaBHRR BB A MFEERERGIE mass analyzer

positioned to receive ions ejected from the second two-dimensional
[Wpdécirupole ior thapl ophragrhentignsdérive dfromnpiiverejeateddangriamd: an ion

sSRRII G AGAUIE ADAST PSR T L NS SIRG 3L 05,0 RIQYUEL IORS: fong
to a dual trap mass analyzer, the dual trap mass analyzer including: a first two-

dimensional quadrupole ion trap having an interior region maintained during operation of



100071Roughly described, a dual-trap mass analyzer according to an

embodiment of the present invention includes adjacently disposed first

and second two-dimensional quadrupole ion traps operating at different
tRIessiresectivefirst ion trap hasandNieEoR-MOlUMB P AIRAINGA &b ded (o receive,

relatively high pressure, for example in the range of 5.0x 104 to 1.0x | O
HerH IR K BrBnft e AetitERsPApp g RIRetc/ep ArRIRSHiRRY  adjacent
tarie fiagivantapand/iaaGAD precessegihiesapiachtantd:aptionatition of the mass

fragmented) ions are transferred throu least one.ion optic elementto
STHETREG: ot AR g ORI b Ped el o B o oo
tigweérlgffergas: préssure (foreexampley findhenangenafelOdx Mo TiXfirst two-
104 T.or of helium)_ rejative to the first.ion trap pressure. The lower, . .
o D R A, R I R oA o
elpmsst spavtsedantiornskeofilyighersscandrate sravhile ni@ntedrimgontrol the transfer
0FWP%&Q@@@%?%&%%@@QQ%%%k?z%leg@sm%nqgﬁ {’glg)'?zc%ﬁk%]lfg)igs jected from
reduced-q resonant ejection without incurring unacceptable levels o
theneerrerlly eepEnerserbssahitbals dodition, e Towereprassardarégionfiom the
eRisORIWSANe ALY Of Righsr resalutign.iaa islatan JO0BINLE o product
particular implementation of the dual-trap mass analyzer, the first and
'"®econd ion traps reside in a common vacuum chamber, with the pressure
differential between the traps being maintained by a pumping restriction,
[60Bh may takeghiy irnrdkthe dpdrtune rofa nteyrap@latéitgns an embodiment
arating the two traps. A buffer gas, such as. helium, may.be added to
o L e A R T R SR e
qepakypelssonerdotipthe fistadidfescopd iondsapsh méssthiaverapdomsveniiomalr
vg‘ﬁ%'@ﬂﬁ%m Q&f QP HQJ@G \%Clr?'?jm#ﬁ?gi@%r@ %ocf%ngl%l 1€ %Ill_?ﬁ]esr% & ro% 0x10™ to
electrode pair of the second ior trap may be aé_apped with slots to permit
1 el Bjetasrrbhidhisntteretpinsug hitts geteetdrsfoinackineliivspaial saking, and
fiapReHuELA sindlessharsd-tad ‘Pﬁygg&%‘@{n@@tigﬂgfﬁ? Hﬂg[ﬂé}&&% jons are

employed to apply the RE voltages to electrodes of both ion traps. Axial
URRHAHEMEUSihiwitANS (R N wrelp@eridarhrdrerariohdpsephiendrap,
wiRBSIMay e achieved-brarnlicalion efithe appsendiate R &oltagesihe range
,q)e Loaiglectroge sections and/or to the inter-trap lens and lenses
Ohollitiohet? asiaily odGFaPANEHAEHBHY BIfTET IHETAPY TR Brapsuit this fower
pleackeindiof ibe se¢tanddpridrapatdd/Be20081di1i8R 3T R GRIIDRANN AHEL e ctra
10009 Thf_s dLhaI-tra£ mass %nﬁl){%e.r of the fore oing description may be
ar%) p%rr g g "}iug cr scan rates while‘maintaining comparable nv/z resolutions, and may
also enable the utilization of reduced-q resonant ejection without incurring unacceptabie

tevels of chemically dependant mass shift. In addition, the lower pressure region also
allows the possibility of higher resolution ion isolation.

[8008] In a particular implementation of the dual-trap mass analyzer, the first and
second ion fraps reside in a common vacuum chamber, with the pressure differential
between the traps being maintained by a pumping restriction, which may take the form of

the aperture of a inter-trap plate lens separating the two traps. A buffer gas, such as

g



number of different modes. In one mode, ions are trapped and cooled in
the first ion trap, and then transferred to the second ion trap for mass
analysis (the term "mass analysis" is used herein to denote measurement

nefithe masviosgharas mtiasefithe irapparians) utp anethet Mede.dMsvide the
are trapped and cooled in the first trap, and precursor ions are selected
B tR torfraEtitati b By i dbtihg SR R MBtRED BANHY Oltga¥eational
sec1dass-tehasge fangerefiniesestiln @aeaIdapeenwith Ahe CAR rode pair of the
technique, the precursor ions are %hen kinetic,allg( excited and,unS%Ergo )
SR B ES ARG Bife? add BIBES PRSAGE: lorg rirethrough t
dprathet fonaayednen ansteradstedhiersecondigmetrapfar mass fanplysis. (RF)
Yet another mode of operation makes use of the potential for Co
et SR e B et e T 38 oS gy fon traps.
Aragd pedfarc coiolé doirs thigHinsthiomtraprand dhemifansféotedbirttectinghe traps may

_ ' i 1en jsel int ian trap by.,.
bg%%cq%%ég%g %E%%Z%ﬂ%fg%ﬂ%?ﬁ%ﬁhﬁg ﬁ@ %E)qga%%sé ?8 ﬁ%cpor}}dSﬁ[‘u 5%51%%&01’18

S arge rang interest. Due to

aeNepiedsundanitiain e sabbndciopotisipnisolatidly muy e leffdctediant end of the

ffEREr RS AHIoR Angt OraalrRRTIIEAEY (&SR oss of precursor ions) than
is attainable at higher pressures, so that precursor ion species may be
selected with greater specificity. The precursor ions are then transferred
back into the first ion trap and are thereafter fragmented by the
aforementioned CAD technique. The resulting product ions are then
transferred into the second ion trap for mass analysis. In a variant of this
mode of operation, the precursor ions are accelerated to high velocities
during transfer from the second ion trap to the first ion trap (by application
of appropriate DC voltages to the rod electrodes and/or inter-tap lens) to
produce a fragmentation pattern that approximates that occurring in the
collision cell of conventional triple-stage quadrupole mass filter
instruments. Other known dissociation or reaction techniques, including
without limitation photodissociation, electron transfer dissociation (ETD),
electron capture dissociation (ECD), and proton transfer reactions (PTR)
may be used in place of or in addition to the CAD technique to yield
product ions. The product ions may then be transferred back into the
second ion trap for mass analysis. [0010]The foregoing and other
embodiments of the present invention avoid or reduce the limitations of
prior art ion trap mass analyzers by providing a mass analyzer with
regions of relatively high and low pressures, and by performing those
functions favoring higher pressures (cooling and fragmentation) in the
high-pressure region and others favoring low pressures (isolation and
mass-sequential scans) in the low-pressure region. BRIEF
DESCRIPTION OF THE DRAWINGS 10011]Iin the accompanying
drawings: [0012)FIG. lisa symbolic diagram of a mass spectrometer that
includes a differential-pressure dual ion trap mass analyzer, in accordance
with an embodinient of the invention;
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[0013)FIG. 2 is a symbolic diagram depicting components of the

differential- pressure dual ion trap mass analyzer. [0014]FIG. 3 is a
WGf c())\(/}iisc/: 1asr‘?’ts(]iiepicting the steps of a first method for operating e /US2007/087286
differential-pressure dual ion trap mass analyzer of FIG. 2; [0015]FIG. 4 is
a flowchart.depicting the steps of a second method far gperating the .
(00091 itered |§I{-i|c]f%7s%§a ré% c?tsféilﬁiﬁn?’tzrearpo?n%&%ﬁ%ﬂ)?gr‘%ﬁ(f'—rf&t.l | e RPERLd n 2
number afeliSolatedranddfrdgroentadde thesiust iopirapaancbiled GHHS fHsisien trap, and

S O T
herein tcaderistlatedsinr thessechihd innstrap-cinddeagmeniethindtheptiostoier). trepanother
maode, io%sl,z gréltlfa%)%e Eagg (I?{)I(Iﬁ;}l’ %Ntig)eFﬁIEsM?a%P aln Epl;g(-;%rsor ions are selected (isolated)
for fragmentation by ejecting from the first trap all ions outside of a mass-to-charge range of
interest. In accordance with the CAD technique, the precursor ions are then kinetically
excited and undergo energetic collisions with the buffer gas to produce product ions. The
product ions are then transferred to the second ion trap for mass analysis. Yet another mode
of operation makes use of the potential for high-resolution isolation in the second ion trap. In
this mode, ions are trapped and cooled in the first ion trap and then transferred into the
second ion frap. Precursor ions are then isolated in the second ion trap by ejecting all ions
outside of a mass-to-charge range of interest. Due to the low pressure within the second ion
trap, isolation may be effected at higher resolution and greater efficiency (less loss of
precursor ions) than is attainable at higher pressures, so that precursor ion species may be
selected with greater specificity. The precursor ions are then transferred back into the first
ion trap and are thereafter fragmented by the aforementioned CAD technique. The resulting
product ions are then transferred into the second ion trap for mass analysis. In a variant of
this mode of operation, the precursor ions are accelerated to high velocities during transfer
from the second ion trap to the first ion trap (by application of appropriate DC voltages to the
rod electrodes and/or inter-trap lens) to produce a fragmentation pattern that approximates
that occurring in the collision cell of conventional triple-stage quadrupole mass filter
nstruments. Other known dissociation or reaction techniques, including without limitation
photodissociation, electron transfer dissociation (ETD), electron capture dissociation (ECD),
and proton transfer reactions (PTR) may be used in place of or in addition to the CAD
technique to yield product icns. The product ions may then be transferred back into the

second ion trap for mass analysis.

[0010] The foregoing and other embodiments of the present invention avoid or reduce
the limitations of prior art ion trap mass analyzers by providing a mass analyzer with regions
of relatively high and low pressures, and by performing those functions favoring higher
pressures (cooling and fragmentation) in the high-pressure region and others favoring low

pressures (isolation and mass-sequential scans) in the low-pressure region.
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[0017]FIG. 1 depicts the components of a mass spectrometer 100 in
W ngg(i)chi a ggfferential-pressure dual ion trap mass analyzer may be
mp?émentled, in accordance with an embodiment of the pres hie (&R 7280

It will be understood that certain features and configurations of mass

spectrometer i ] mples, and
should not be g@@ﬁ%ﬁﬁ%ﬁé@@%@ re dual ion trap
mass analyzer to implementation in a specific environment. An ion source,
[0011} which Aieiedics e dorinpieawitgstrospray ion source 105, generates
ions from an analyte material, for example the eluate from a liquid
[0012] chromategraph {nokgepictedd,Ihe fansAesyansporedFomignsoyrce
. chamber 110, which for an electrospray source will typically be held at or
differentjalpratage i coBrEaBURS IRAIGTF sdveraaTianpsctit et harpBraenpof the
inventiok25 and 130 of successively lower pressure, to a vacuum chamber 135 in
which differential-pressure dual ion trap mass analyzer 140 resides.
0613 Efficient transport of 'oqbs from ion source 105 to mass analyzer 140 is
[0013] ¢ cilitateby B AGHBEP S fBREEHRC R E R SHERTIMg R didfersBiaR

pressurd@guides v anddh0zectopole RF ion guide 155, skimmer 160, and
electrostatic lenses 165 and 170. lons may be transported between ion

sourc ber 110 and first.intermediate chamber 120 through an ion
(U8 Bweneci ettt Ly Sl e vl MR
differentipl gobsenteahalyterciugienssdmterinediafd’shambers 120, 125 and 130 and

vacuum chamber 135 are evacuated by a suitable arrangement of pumps

=1 t0 mairtad ' i I I xampl
0SB e S et AT BB o
differerpinmpessitidvaintauicte vhanabelsze 26 130 dmdacuuschantier 280

ﬁagmen?@ﬂmi@ﬁg? with corresponding ports 185, 190 and 195 of a multistage,
multiport turbomolecular pump. [0018]The operation of the various

components of mass spectrometer 100 is directed by a control and data

[0016] systenF(aobdeRicier}nahigih ity picallyRansishatiacompRiRAtgR Ofing the
eneral-purpose. and specialized processors, application-specific circuitry,

differenfplgpLEiitis S h P RirbAreThaterenel 1t Contharehdientarsysplaed sbthe

second ipm@e&d@gg%ﬂ&ﬂmrm%isition data processing services.
[0019]While mass spectrometer 100 is depicted as being configured for an

electrospray ol ﬁﬁ:%o) {é%d %}5‘& ion trap mass
analyzer 14@%%3?#@@%@ ﬁw) t'r% [ ber of pulsed
or continuous ion sources (or combinations thereof), including without

[0017] ”mitaﬂ@l@.,ma&fﬁc%éﬁlété&lﬁéﬁé&&%?@ﬁ%?éi% ZHOR(NALR) SAULEE, an
atmospheric pressure chemical ionization (APC1) source, an atmospheric

differeﬁ%%wﬁw@féimmwamjssm_m@yéﬁ srrorisdizationEBoce with an
embodirRP 68 4Rf A Lhemicalianizaian:(Gl) ignseusse 190 g&%&fﬁ;fe%tﬁrgs and

schematic depiction of the major components of a dual ion trap
configurations of mass spectrometer 100 are presented by way of illustrative examples, and

should not be construed as limiting the differential-pressure dual ion trap mass analyzer to
implementation in a specific environment. An ion source, which may take the 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 ion source
chamber 110, which for an electrospray source will typically be held at or near atmospheric
pressure, through several intermediate chambers 120, 125 and 130 of successively lower
pressure, to a vacuum chamber 135 in which differential-pressure dual ion trap mass analyzer
140 resides. Efficient transport of ions from ion source 105 to mass analyzer 140 is
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mass analyzer 140, according to an embodiment of the present invention.
_ lopn trap mass analyzer 140 includes first and second quadrupgle
Wogg‘gés”gg 1and 210 positioned adjacent to one another. For re%%%%%?ﬁ%ogn%
will become evident in view of the discussion set forth below, first

o | 0p will be referred to as the high-pressure tra
facilit
o B a1 O BT o s 145 and
150, octipwipitEdomestrals (5P T¥kimimerctéd, that ¢hetermatiadiasent's AsndsE. Tons

' ibe the relative.positioning of HPT 205 and.LPT,21Q, is
e S Wt SO ken Lo b et Realoe ras 120
through proximityndiet tbes! Hothekoudettdeptarpmett ef dnel av mareaightepiic up
n ween the two traps-,in f t refecred embodimen
solvent- R oo o B L R BAR oA 3
are evacrgtbéleetrodastite twestinmessiofaliguadrupaleton thapsdsasedprein at the
. iscussed extensively in the literature (see,.e.g., the aforementioned U.
desired B B, R RS 13 o RS e T30 of
a mechaQuddrupgpleichiTrapddass Spedteonidteshdni0Sad WassrSpeattem! 30
:659(2002)), and hence iled description of these aspects is not
comm R o T e A s S
turbomotpeatirupeterion trap may be constructed from four rod electrodes disposed
about the trap interior. The rod electrodes are arranged into two pairs,
90181 €ach paiL Reing, PPPOSE g lopgitudinal axi the trap,.In
[ ) order to cllce)}gg}lgt approxigng%%ﬁgu&?gl §§§%£p§ﬂ%%§%%?§ﬁ’fﬁ%h@é idirected
by a confiohageslaresuppiiethadenicnls tonsew ity alncatsishyberdotivination of
1-siface faging.the. interigr..dn imple tions..round.(circular
S oy s bl e
firmwarejagtreriesin dlteeaptreldurbdatantsiotuaing pumidlexistanciotsticheudpost-

acquisitiSHhASMGES gepeLally nrovide more limited performance. In a preferred

implementation, each rod electrode is divided into three electrically

isolated sections, consistine%éf(r)f front and back end sections flanking a

[0015] central ¥8HfidRaBSERORAR T hedbrarieird s dainsrs thiguppifeatan of
electrositieianidAecHaientials i@ aaes ehihe,Seetons: YsRINAtIRNS MaY4Benay be

rimarily contained within a volume extending over a portion of the length

emﬂ@e@%‘é)ﬂ%%ﬁ%&%ﬁ@é&%ﬁ@é RS iy BRLEBINCE AP O GARiR &

combinaGent elerelmmerihedrantipteneruiah is savghivileagitudinally
co-extensive with the central sections of the rod electrodes) by raising the

desorptiggaogiiaiei (M HE AR SERRIRSHEIRERSHE e Bt P aigationsAPCL
source, A022IERAE NukReseabelaihi-ony asitgleslecirade pairds depiatadh inen
FIG. 2 for HPT 205 and LPT 210. HPT 205 includes rod electrodes 215
source, of 2 HPeRACR dIFEPHER{ ERd SR 888220, central section 225, and back end
section 230. Similarly, LPT 210 includes rod electrodes 235 each divided
[6620] into frohfendssestiamad0 depitiahsatiien4sy antpbackend SeeiicaRhlp

entral sections.245 of rod electrodes.235 may be adapted with slots, in a
mass ang B B O e D LA TR o1 Gy i b Eatess
analyzer toifietettdes A58 dufinganiapaliticalscans LS knownthatihenpleshncaofo

he slots in the rod electrodes introduces certain. higher order field
one s R Ao R WA Ao A AT e B

first quadnspaimienttpgr tifhaiitee These eftesisivaydheaapided-as (RRMIzed Bytond

tretching (increasing the inter-electrqde spacing of) o the electrode
L Lk oA aEhis B AL IGH Db o byoied ths e
term “adjanbafansing:thkeRinvoltagestapplied] o e etectiode s THpicadly 2aply 2w @ 10,

. of the, rod electr. Ul b with slots (i.e., bqth electrodes of an
s intend g O R TR e BT AT PR RS EP P ST0 Hgees

utilize a design in which slots are formed in all four rod electrodes. The
central sections 225 of electrodes 215 do not need to be adapted with
slots, since HPT 205 is not used for analytical scans, and so FIPT 205 is
capable of generating a substantially pure quadrupolar trapping field;
however, it may be desirable to utilize electrode geometries and spacings
in HPT 205 that result in a departure from a substantially pure quadrupolar

field in order, for example, to introduce higher order fields that improve or
Nnracarve racnnant activzatinn efficienecy to imnrove ienlation racenliition vvia



[0023]While the preferred embodiment of LPT 210 is configured for
ical. scanning by radial (also referred to as orthogonal) ejection
ng%%%e%el%n%%%diments of the dual ion trap mass analyzer may cb ﬁ’m {pp7ass
210 for analytical scanning by axial scanning, in the manner taught by

r.inU.S. Patept No. 6,177,668. In sych a configuratign, the )

mot e oS SR Ao LR ARor i TP At e iadieny i» fct
the prefoutdardtofiinetPEquras thetprefemegdnbadiment. [0024]Dual ion trap
mass analyzer 140 further includes a front lens 260, inter-trap lens 265,

513 and b lvely -pasiti in.fro PT 205, between
T T e AR )
quadrupsgeiamlecrs perbranvasivasstipotions sidiudingiaingiGus.intg HIRT 205,
aforemdhBBRIRTING. '?Qéﬁ%@??,ﬁiﬂ?ﬂiﬁ%%? A0 LR Qﬁ%@gtags s"ﬁ“ﬁ%{%ﬁ%ﬁg”&onﬁl

confine ions within the tfaps. Each lens may take the form of ‘a conductive
Quadrupplgddiabing MirsptrasteotosianicH. o BGSvolthbrsof montroilalles fa@iniie and

i i i i in: r i , rture.27
v oo b sl I SR B R Y,
describegighisterdifrgpiteny! q 060uRMd 01088 respbetivelyirtoten dle thempressure

jth interior, T ignifi levated relative to the .

oS SO UET 20810 b SR RIS RO s
each paigfringSpprIgEerT40 thrmenied R8siviiudialdns L8 wilh typicatyhavécaely

: ' [ t . 1) relative to the,other lens
wp o e N Bl AR S5 s grme

with a IpaRseelb3p b thistInrthes régiop datsigeivkmessiandyzénplon@thgons, round
(circuhté%%@@nls{ﬁa” rggg@g%@%gp@g%%&% f%rc}ﬂ?o% Igﬁlﬁe@ﬁgoﬁgrcu tur@gd in
er-trap lens Couei%l

epicted and described herein. More specifically, in
order tojpfelueferinstistimpicrpemlativr sah R, [drs)gh mohi defeitesridenalsy stemide
122 Shot mpultinole. [t | r. e or more gf the lenses may .
e be .cg):%]b_ined with ot_he? gﬁ{/}%céﬁ%%%t%%%go ’per%(i/ﬁl] 8%1%3%%%#%1 le‘é@géx o
three elasfiinahipingletstrient s conssAngaridrally zud blakenclosotie2Aleekigagesentral
tion. 206 2SRt FA0t i d haglelens 204010

seeHon an enc]os%re for I—%%?’aﬁ?(c)%%gf%%%%Rflgg?ﬁf%ﬁ%Sﬁgﬁt%é%aﬁgfoegoﬁggghs o
each of geversismerueh thetdesiratkphegstimssilyitintkipad 208hane LRTHR1O By ding

over a pheSHICHNG CAMmMYNIcALian, ?%‘?%Q&&?z‘é@’&ééﬂﬁ’éﬁ%ﬁ%9&%&%@%&%%“&5%@&
ng € various apertures.

.. and the exterior region to flows occur rough t
within aEpied v 200 shdyeiepdaoted (vithiadlontateld npergirestel eroitktensive with
the centBRSSAASOLEIRERA 0SB ASIeCOrs | R0 I8 gepicted

) . as an integral structure exter%ir% arou%%gg?#ﬁ%%%gggéfﬁ%ﬁk? %jf%a,ng
sections gehERipiplEmentatdsscsionsal trap mass analyzer 140 may utilize a
construction in which the enclosure is formed in two or more parts (e.g., a
[0022] first partemelosingddRT 289-Angha §%§0§“ d pRfREIQ8InG BT 2491 PR RS, 2 for
first part enclosing both HPT 205 and LPT 210 and g secongpart 1 °

HPT 203 gy oy HPT 2osyaderdes aodgnesfirdrsmiiasericiitatisdunteefont end
section 2201060 80 BHMRING CORANCIANGES: & Bulfergasidypicaty hehumiSes rod

added to the interior of HPT 205 via a conduit 292 that penetrates sidewall

eleotrodesge? Srepclh AEKiFE MR A RibREARTR AN RIR ERb Te 0B G Lot back wil
section Thepenchenl theduiter gasriowdate. g sizesal le0s BREIiEH 21Rs 28%

and 285, the pressure of vacuum chamber 135, the construction of

manner st Ehs ap(iRdRsETHG TR eFiire s TerRidiTpIre Y altistedetectors 255

during 223805/ RUAPING RRERH 439 AF the RHARIRGRAILIONVARUYD ShamRet
135. In typical implementations of dual trap mass analyzer 140, the

introduces; cedai Rhin FESF Dol ROFBRMENHGA HedvRRiaseld. rahisd 819, b%10-4
undesirafel@%3Q-enTasebhsliynrandathe pressurewitain kPl.210is Maintained .4

at a value in the range of 1.0x10-5 to 3.0x103 Ton of helium. More

by streteRiag AR s B SLeritartoTRtemE P P0sf the siereadmpans.ifithe
range of 1.0x10-3 to 3.0x10-3 Ton of helium, and LPT pressure may be in
the range of 1.0x10-4 to 1.0x10-3 Ton of helium In this manner, the
pressures are separately optimized for the functions of cooling and
fragmentation (in HPT trap 205) and for isolation and analytical scans (in
LPT trap 210). It should be noted that the foregoing pressure ranges are

nracanted hyy wav of avamnle onlvy and chortild not he conctriied ac



- WO 2008/118231PCT/US2007/087286 [0026]Oscillating voltages,

[ ing.the main RF (trapping) voltage and supplemental AC voltages
WO(?’é}i)#gé%%ﬁgnt ejection, isolation and CAD), are applied to the %%Tégfgﬁé)g%ﬁn%

HPT 205 and LPT 210 by RF/AC controller 295. To reduce instrument

.complexity and manufacturingi@cost HPT 205 and LPT 210 may be wired

modifyine the Sefaes £mrey REMECEsHRdH Ot HhalR[EAg AP & Malipess applied

to the elvoliages arganplicdin/baihdrans rdhere mdks RAVERIIRf SRR ots (ie.,
appljcatigns where it is_desirable to concurrently perform different
both el Wé?ﬁ

R FRP IS R0 P AR B sy tis B fieraktiom8f Ly dier 10

may utiR¥eACELHDY I@{ia@i@l ﬁ%l@.@gﬂmgﬂlf iﬁgﬁipﬂﬁlﬂ é‘ﬂpe}’eg%éd@@"?ﬁf&ﬁal sections
g t t .
295 of e%}ecﬁm an analytical scan of an earlier accumulated group of ions

i AGHE PES IebeRreRGslyiHE: dlifbreritrr7RE JBRaRe s rirtPr

analyticd0k @il a0 k2L vanishwopldipecessiaigriss fi-sepaate REAGadrupotar
. controllers for the two traps. DC voltages are respectively applied to the
trapp%%é@ﬁoa@%‘f%@Eﬁ%sbaﬁ&%w%oufylmlesﬁﬁéw@w dpbpasiges in

HPT 206isassadiabavediisknown tosabnhndiffersotedias yoliFass 1o she.end:

and central sections of the traps in order to concentrate ions within a
example; i HEOSRRSRIRI DVRIES B ATOH D e SR GHh B F e trE Ca g, s eutitra
efficien¥elumesorrespRapdingriodhe sentsalsastionsad@0ialt SRR o rms for Tower

recognized that other implementations of the dual trap mass analyzer may

and highy iR 1AB PESHEh SHH AL IBFUSH IEPTRFEAIRE St bRy SRREBHIng Tound

rod elecB8RiGtest WyFboliclBhayeh aBcmpleMeniatian: AP RtHing: iR ieR. to
source would first Eass through the LPT into the HPT, where they would

maching)e {heepimal ¢iereatalsseablen HnddsusHaks dsrrenen et siang of

functiont@ttrnedstethedsihdacmass analysis (or isolation), in the manner
described below in comiection with FIGS 3-5. [0028]FIGS. 3-5 illustrate

variou thods of .operati pal ion s analyzer 140 for mass
100231 o R e T T S o P A ol
Scam]ingl’[@thexﬂia_lé(eésp_rﬁfeméddgassex&m@dﬁsl@ffj;wﬁm,rl’ﬂﬁﬁi am@éya'ﬁn@ftihﬁ t]%e dual
. resent invention may.be a eously employed, and shou notbe .
fon trap e o B 2 o B AT et Bh i acemong, in
the manfReferrihg byitibdbetdrsies 3ent NE 63170068 prdducet inderfisawrgen] @
detect 1ngndgr '[gﬁ\ns%ogted tﬂrou%th%Vfrio;%@n B%Btic Eglomg)c{)iﬁ] g&s are I PT

OBt T REBI L Bl RecL o HE SR o SHHAL bt PR BT LET as

in the pr2@¥sradayniiediesanmplished by adjusting the DC voltage applied to front

lens 260. After a sufficient number of ions have been accumulated within

HPT 2 ' | [ eriod be
T e e
lens 265vendgedpptied 16 frsntdanes GOk chehietteotprelii 2dfnypefvaddifiaR0s

and LPIi%%,i% HRLAOS: As-kaow ”ﬂﬂéﬁ‘&s structures are operable to perform various
functions, including gating ions into HPT 203, transferring ions between HPT 205 and LPT

210, and assisting to axially confine ions within the traps. Each lens may take the form of a
conductive plate having an aperture to which a DC voltage of controllable magnitude is
applied. As will be discussed in further detail below, aperture 275 of front lens 260 and
aperture 280 of mter-trap lens 265 have relatively small diameters (typicalty 0.060" and
0.080", respectively) to enable the pressure within the interior of HPT 205 to be significantly
elevated relative to the pressure within LPT 210 and in locations of vacuum chamber 135
outside of mass analyzer 140. Aperture 285 of back lens 270 will typically have a
considerably larger diameter (e.g., 0.500") relative to the other lens apertures to facilitate

_G.



art, trapping of the accumulated ions within HPT 205 is achieved by a
. ination of radial confinement using RF voltages applied _
WOQ%%??%@ZB (more specifically, by applying opposite phas.égs8 %%%%007/087286
oscillating voltage to the two rod pairs), and axial confinement using DC
.. .voltages applied to.en ctions 220 and 230, central section 225, front
meintaifiig D6 AP MBI SUs! P BIeE STEP DA Shacugass mass
analyze? 30(andiberpierbialdenstAtbere atecbpotaniiahfdriier i preyentsructures
. ovement of ions fro PT 205,10 | PT 210, The trapped ions, ar )
depicte R T 2 DRSO RIS D ERo b LGBl O s e
implemesllisionsawitlt thad uffenigascwbiah sl lsispieallyrbesbarthendidereof [l 15 further
milliseconds. [0029]lt is noted that the differential-pressure configuration
noted U} BRSSO BEEEY A6 DTSN RS GESOEr the
providepHedastrod yps-affiisiatylity teseapiare and trap fragile ions (e.g., ions of
n-alkanes generated via electron ionization) without causing unintended
fragmeptation. Jons arriving at the ance to an.on tr il typically,. .
0023 e AR O SRR TR HRab B e
trap lentliatSsuod bisibriatly 1@novidnd aring dosupaks HAGUGHSthed TR 08 tHEhis

amangezl}l%%?%}Ilra%?eanlge%%iél\évgn%gnq]gf tt?:?ﬁp é%gtﬁg rpartees(sj V‘chugﬂ{%‘ ﬂibfl%%g 983 é,PT 210
pressures. This results in"a’portion of the‘injected ions being "bounce
by restrotingfahmrinteiietiof aderventionabitnitapdtherebynreaticirg injdatierx terior

. efficiency and decreasing the number of ions.available for mass analysis. .
rsion A e Bomt bt 10n 1 B et wit
elongatédereasing thepbuffe pges:predsieeiddlitrag disnusses Hiiove/ perationuat 290

. ._higher buffer gas.pressure has.an adver ff alyti Eﬁ and
s denle e S SR AR TR SR R R B g o8
implemeatedleratindthcinjected imnsyserthéd meyerhergycisclast gemdalighteh the
However, accelerating the ions.to hi r kinetic eneraqi roduces
enclos e Atan GBI ToRE THG Sl AL sond
part encinsisg AlalyZdr, 040, fimttichreffechkhealy pattifitiis #6 ionl ¢apiirEland a second

nalvti tions in fIPT 205 and LPT.210. respectively, allow e
part enc R e b AR A bR T i e
pumpinggengyrenmesal Ahd fonseq ugntedphweueffidenidg dvithbat cemprofiiEiiy205
viaa cogggill‘y E%kﬁﬁanerrlee r%l[ugogdgvr\fgﬁ %%% [ egrg %gs!lll%évsl %ga%ha?ear%%%@ lilrlz%%oxpf%%ri]rq HPT
cooling step, the cooled ions are transferred into the interior velume o
205 andlFPT 210, wiBplg2odRranistendfdopssibiweete the twe trapkis ppefarmaed By 280

~gschanding the yolta Iieclit inter-trap lens 26 %’md 0 b@ 10, ..
s 28 2 o S S e Lt i
any aperemoverthedgoteeialdndrther dseowetn thertpwogapsahtScrédte pupatarntiadrt for

| withinLPT 210, lans then flow from interior of HPT.205 llg h
e G Ll SPLIETH Ue AL A Semmirer 1
pressurepeifbimHiE fansfensiepiindsnannkrethathdaesgrotsubstdhtially. hcrédger of
neliom, {15 11616 20610y 0 11enPn3 Andior cases e 19, UHEAO0. 808 9 610 1o

collisions leading to fragmentation.

3.0x107 Torr of helium. More preferably (as presently contemplated), HPT 205 pressure may
be in the range of 1.6x10™ to 3.0x107 Torr of helium, and LPT pressure may be in the range
of 1.0x10™ to 1.0x107 Torr of helium. In this manner, the pressures are separately optimized
for the functions of cooling and fragmentation (in HPT trap 205) and for isolation and
analytical scans (in LPT trap 210). It should be noted that the foregoing pressure ranges are
presented by way of example only, and should not be construed as limiting the scope of the

invention to operation at any specific pressure or range or pressures.
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Radial and axial confinement of ions within LPT 210 are respectively

W Oezf}‘}%c}le% %3{ RF voltages applied to rod electrodes 235 and by DC voltages
appﬁeé {6 end sections 240 and 250, central section 245, inté)rgt?élbg?é)ﬂ 087286
265 and back lens 270. [0031]After the ions have been transferred to and

are trapped,within LPT 210, an analytical scan is executed by
(0026] - o R BiaE IO DBt DL APBIB) 19 e
supplenteass Apectltapes{ep ﬁ@nb&lﬁ%&ﬁ&@%&@ﬂl&ﬁ@k@@ﬂ@ @i%@ﬂrﬁt? AfignalYo the
perf 'In.a two-dj i0 uadrupole ion trap. by applying an
clestrod g Sl AU O (e TeH St SENCA PSAERs
complefiajragelgnand-electiodes: 28%)ants éﬁmmw ghﬂ) aﬁﬁplﬁg derefithepnainRb a
ing) vojtage applied.to the rod electrodes. The ions come into
shared 1 B oL Erat e RAL G P RERaEF DFRRGRS © oot taps
There g dStotoecbargedatios abpRaekonanty-exciet iaabexpetaneeatly perform

. ressive increase in their trajectory amplitudes, which eventuall
difteren RO TR G GHC T TS 1Ot CA R B TR ARG Be b
accumubjectechtbedetBgionso2bio\ibieH i eSPONSIVelGENRRLE S SIGRAL an analytical

re% entative o number of ions ejected. This signal is conveyed to

th ) |
scan of BN SO lolad Moty S Soa O otttk ey ool vt

differenf0082|Theitalies of M Mathied pananeteris et whith Hpsararesnaiyarate
ejected wil d%pend on theér qu?ncy of the resonance excitation voltage.
&4 kG

w
RFAC sngrls<en B8 Hrtte B0 CECRERE ARG PEATR R MRferisstipdes of
HPT 205eamwh BPEI}Q?EB?UQ%?@@@@H%@@W%Y&Q%V%@%Eﬂsﬁ(’j&;@%@%@ i@blilgqiﬂown t0
higher resolution while extending m/z scan ranges and/or to enable faster
apply ng %af?é%}%%%%gfﬁ&ﬁ@o%ﬁwfeﬁ%@% s&e&?ﬂpséﬁ&%mméwo
concentivlienf gitigtoyblemasadngiabilitelimpioieich, drehvesibth Q5 @i&dt@ﬁ? Qg a
but reduced-q resonant_ejection will more preferably take place in the
central ‘?%?H&%%P&%S@&Eés%%?qt%ma%ﬂ EEHOR%y., U.S. Patent Nos. 6,297,500

and 6,831,275 to Franzen) that further enhancements in resolution or
[0027] increaseshinibtha spegaicanthe otited e by setettingod taldedftefanass
sQnant ejection at.which res ce ist, sgme of which are at. .
ez L i T s T R Ry on apictea
in FIG. frebuamiyaformplanpieiiang=0.64;thngdsanahe édfieguency il A fifsthass
ing.RF volt freque . Th al ion trap mass analyzer qf th
thr
A T TR T e et
optionallyy fesoatirg thefardyiical scanedithihdHe O vopressureabidranmehttofh), in
the mankE TALBEERY, AYOIING multple. aibuffer gas collisions during the
scanning process tha would lead to reduced resolution and possibly
higher levels of chemical mass shift. [0033]It should be recognized that
[0028] aithoulHFeiéréridassattacainasansteoéxeopnmting dual ion trap mass analyzer

140 for mass analysis of an analyte substance. It should be recognized that these methods are
presented as examples of how a mass analyzer of the present invention may be
advantageously employed, and should not be construed as limiting the invention to a
particular mode of operation. Referring initially to step 310 of FIG. 3, ions produced in ion
source 105 and transported through the various ion optic components are accumulated in the
interior volume of HPT 205. Gating of ions into HPT 205 may be accomplished by adjusting
the DC voltage applied to front lens 260. After a sufficient number of ions have been
accumulated within HPT 205 (noting that the duration of the accumulation period may be
determined by an appropriate automatic gain control technique), the DC voltage applied to
front lens 260 is changed to prevent entry of additional ions into HPT 205. As known in the
S11 -



analytical scan at relatively low values of g, step 330 may also be

Wopz%rfgrmed in a more conventional fashion at higher values of (%# H%w 0071087286
28 gé? Rithout departing from the scope of the invention. Fdrthe %
some embodiments of the invention may mass- sequentlally eject ions |n

an axi direction r ther than.jn dlre 034J 4is a
o, rap R T T A eI R e of radia
conﬁnemsmgmiuglRéhmﬁpgemhaﬁlwﬂrdm&tmmQl@l@mw@sm@fﬁmynhyaiﬁﬁmng
nﬁi cooled withi I—tIPT 2 ntial thes me man d cussed .
opposite Haases 0T A RS %n RFith's %‘fﬁ) (ChacR i IGHIREE, usng
DC voltd@e apliedso remh%baum@m}amit@a@haégeztaimwm ﬂ@ngergfzﬂt&iﬁ&t

ot oy MGG ToT NS e S L HLrT BB 265

create a l@y&t&n&lﬂba@mpﬁ@ﬂﬂﬁﬁ&ﬂ&@ﬁﬂﬂ&ddﬂ%&@@@ﬁﬂim ngpredefinedo. The

criteria. Precur be achieyed, in a manner known in .
trapped {RESR SIS TG Fo AR L8 & ) DB EH GO G GhaTs Vi
collisionzawirlg tadftadfteney nokithcelliespindingdethbsecidas frequatities@fdhe

precursor ions. This causes substantially all of the ions having

mass-tQ- eofl erest to be ki etlc
10629] excneg(B § %rrtegr%g%% rékjr?ﬁgnﬁ elt rcgn ei%ectltl)%nt t]ggug %m% mass
analyzehblo€snotibibutiot edv21Bicop byestﬂka mgzetemtrmﬁermwfa&x@s)a,bv@hﬁeahaptum

[SQLIO W|th|n HPT 205..[0 nste he.
wnd o e s B AL TSR A e
causing pmumﬂmﬁagwmnmtmmm@mmm oy aheéqprioaravti Aically
have aktﬁ(é\gnigyeréf re?a%y rt]c-:e}%(c%t evaorlrgggg‘t %%Yﬂl a férele ueql?l tmatcﬁ %’1

secular fr ncyo eprecursor lons IS app dto rodrelectrodes 21566
removekiheticg iy ereiettheaghedursmgibng drdiceasingpthedbtolunderghe trap is

col wi he buffer.gas, A arlant of the D techni
operate e o b B S S By b
"bounceN0o@, 94 thz48i¢o ScHeany endipind mplqg/,eiiarﬁbjfa@émﬁn@mgenmnalfﬁmency
I F trappi s Incre rior to
and dec A R PR S S TR S e
1mproveddms:@navmmnnam theineethstetthétbn Heshmart pielayrpehmd folowinged
nat ore elative mass

sbore, R R B
1solat10rpmtddﬁm@mnﬁel%@rﬁma‘pmaef dissoeiationtECD) andletetrgmhe mj ected

ions so (%re%ﬁé %EI%QT:(CEO g}SIpeI%@‘% tO f[ﬁ%gg'l"el'g 1|0n éqgltngO 20 T etic

uct IOFIS ole OI‘ a predeterrﬁlne perio of time In
6nergleszeé&tprﬁ@@e@emmewém@ymgwmhmﬁﬁegﬂe itrap c%mdﬁhﬁgz kifigual ion

trap maié%&? ,;rfr? 4t SIEPS AN @f@&:ﬁlso %R{% pe2isd St Elnn%rgxr]%nprgcé(égan

multiple stages o |on an fragment tion to pe
functmnana%é@%gané pPddult.iossprcntetestihoas teefusthel isgidietfan gdPTr@GEres

in HPT 9@9 HMﬁg{g g&gde&ﬁﬁg?o% 3%1%?%%?@%0@ q?égfle{\rlrd%sé@feﬁ%ﬁgﬂ ﬂe%ﬁcmncy

' pro uct lons formed In step en tran
without sopgremitsiiyethesdamel sranmesadeseribedmidve in connection with step
320 of FIG. 3. In step 450, LPT 210 executes an analytical scan of the

[0030] Produgiinps:iAs Mesciked Bhove Iy eapResuD WD ISR SRR 983G A ed
a mass spectrum of the product ions.
into the interior volume of LPT 210, step 320. Transfer of ions between the two traps is

performed by changing the DC voltage applied to inter-trap lens 265 (and possibly to one or

more sections of rod electrodes 215 and/or rod electrodes 235) to remove the potential barrier

between the two traps and create a potential well within LPT 210. Tons then flow from the

interior of HPT 205 through aperture 275 to the interior of LPT 210. It is generally desirable
-12-



[0037]FIG. 5 is a flowchart depicting steps of another method for

erforming MS/MS analysis using dual ion trap mass analyzer 14

w C%Or?fglja%ﬁglthe method of FIG. 4, isolation of the precursor iohs
performed in LPT 210 rather than in HPT 205. lons are first accumulated

and cooled%%r/lT HPT.205, step 510, in the same manner described above in

to perfogm the W RRTRdp S THBIE B FlorR aoiooibeaphal inerease disdriiedy energy

of the idasHBRT/A10ustep &R0 agdsrdeserbadiabeNeinc0anBEIoH MULSERRZD-
. . In step 530, precursor_ions are isolated in LPT 210. Precursor ion isolation
Radial gRq Seb i

55 RO ER by ‘apH Gaf 6FBT A et A ackd daahd
voltagesSigidldo o elgetiodes 235 awith fedreguency.petel ¢OHRSPARMRGI0) and

the secular frequencies of the mass-to-charge ratio range of interest. It is
250, cepfy; 'ﬁ@&?&%@ﬁ%&ﬁf%lﬁf‘%%ér@%% 1?2’@ 6f fsolation waveforms
wherein the width of the frequency notch can be relatively narrow while
[0031] still retaifiiegle isefHaveariver wfiofisdherebyl providinggraatar rPPﬂCﬂglﬁfﬁpﬁn
. ign._m/z. selectiyity, Hence higher isglation resolution may be achjevable in
enaly gL A5 G 1S e BTt Has Bl BoSUa 8o Elregrione iSoratied
acquire mstep f80tare thereafer Vensferqadnbatkjntood Rl 20frstepi4Qerformed “in
fov ”d.'l'ransfer ?f i0 frogn LP'{ 210 to HE’T 205 may. be effected by changing
& O A TR G & BB A 1S TS FRP TeRe F6BSAN PSLErpAS B AEBEHSte
voltage sectioribeoflvoddtedtedeles @4 baanter, led electrofles 23540 remeivie the

.. potential barri tween the two tra nd creat otential well within
st e A ROt 58 ARBGY B U o9 ARG deriche 24e
into resdoatine intelridreofssiR 20z atichdse fiajpadtier @Mh[éi@ﬁﬁ]flﬁ&&cﬂ%ﬁé@@aﬁos.

550, the precursor ions trapped within HPT 205 are fragmented by an
e e R G S ARG BSAGE Pt ge ey ammplivudes,
which edesorbgd-akeie ihe-idber dornseion Wit Step A3 otkiGhdidbishotegected to
t ragmentation is carried out in HPT. 205 rather than in LPT 210 .
detectony 2 O DA R HIe 17 EPY P10 RIAUGR Gl opaEraons
ejected. chllisisigrh sedodissaciaticherdetherse dbdidsociafanaethodsthaide netass
Specmxﬁely on collisions with buffer gas atoms or molecules _(such as .
photodissociation), fragmentation may be performed in LPT 210, obviating
the need to transfer the isolated precursor ions back into HPT 205.
[6632] The value of the Mathieu parameter g at which ions are resonantly ejected will

0.In
US2607/087286

depend on the frequency of the resonance excitation voltage. As discussed above in the
background section, there is current interest in resonantly ejecting ions at a relatively low
value of g in order to obtain higher resolution while extending m/z scan ranges and/or to
enable faster scan rates. lons may be resonantly ejected at any operationally useful value of g
below the mass instability limit (e.g., between 0.05 and 0.90), but reduced-g resonant ejection
will more preferably take place in the range of 0.6<5<0.83. It is known (see, e.g., U.S. Patent
Nos. 6,297,500 and 6,831,275 to Franzen) that further enhancements in resolution or
increases in scan speed can be obtained by selecting a value of g for resonant ejection at
which resonances exist, some of which are at frequencies which are integer fractions of the
trapping R¥ voltage frequency (for exarmnple, at g=0.64, the resonance frequency is ¥ of the
trapping RF voltage frequency). The dual ion trap mass analyzer of the present invention
enables the practical use of reduced-g resonant gjection by executing the analytical scan

within the low-pressure environment of LPT 210, thereby avoiding multiple ion-buffer gas

- 13 -



[0040]Steps 520 through 550 may be repeated one or more times to
erform multiple stages of isolation and fragmentation, e.g., a product ion

¢ o%al?i%lﬁgalmay be transferred to and isolated in LPT 210, and’ [{52007/687286
transferred back to HPT 205 and fragmented to enable MS3 analysis.

. . [0041]In a variant of the CAD, technique outlined abqve, fragmentation _
colhsw%M%%S&ﬁ?ﬁﬁgﬂ%mcﬁé&%&Wfﬂg}%&%&mﬁﬁw@m 3 Pgtpossibly

higher Ivedbcdy chertigalhediaasier step 540. This can be done for positive analyte
ions by raising DC potentials applied to front end section 240 of LPT 210,

inter-trgp lens 265, and ba d sectign 230 of HPT 205 relative to the .
00331 OB S0 LNy FErCGate  SHaAap dppaoe e
analytictd §rentden$266lid ensutedhaf iongpeinaimaxialy tonfinkdmithin ARTre

205). The accelerated ions callide at hig locity with buffer gas in HPT
comven R b aacn, dnbc D an it DG ARG IR e of
the inveofiartripleradnrpolereasstspiécirnmefehohsistitrinstument skarehially eject
.. fra mtlaratati n mod(gé ittH1ay b%advda eous to use a more massive
R T galgegulg 48 nlfrogaéinlr( ear%ﬁ%{o a?rcgb(?inmo amu) in HPT 205, as

this allows greater internal energy uptake per collision. It should be noted

[0034] that high‘préssarBe et mittdgeirang Begoni{typicdidd dboper 0=l teit) i@

. di i i jon.traps, se, su nditions compromise
oSS B OBOAT 0, KA LIS SR o
within 157 Eribotimérstensiaiie thwentiomatiow dsewshe aberbirfferfrasgeticotision:p

for. ith o IS} rformance in m/z scanning. .
0o e e Tor o 1 ISt Ml S B e s
within agredetelinetpetiotsatatedi tcERT 866 ehbegpamddatusgheriidothes todinterest

lj t iQns formed in step 550 are then .
may be B S AR A M e«
previou#ycﬁmn@@donasﬂtmté@@z&i@gm@d&inn@epe@m,Hrmm@ iexdisuliiipamay be
achieve AW IEALSGAMOLING RIRIHEL IR, AR dIEReHIREA AhouR D pomnEElgn ™

step 330, to generate a mass spectrum-of the product ions.

excitatioagnel 82810R € TryS200 710871286 f6p48Hivkile the MSMMSpthodss of the

precursoq‘?éﬁgib%QQQN&é%ﬁgﬂgﬁ?ﬂ?}p a\ﬁig% E!&%nél }?a%ln% mass-to-charge ratios outside

of the range of interest to be kinetically excited and removed from HPT 205 (either by
gjection through gaps between rod electrodes 215, or by striking electrode surfaces), while

the precursor ions are retained within HPT 205,

[6G35] In step 430, the precursor ions previously selected in step 420 are fragmented
to produce product ions. Fragmentation may be accomplished by the prior art CAD
technique, whereby an excitation voltage having a frequency matching the secular frequency
of the precursor ions is applied to rod electrodes 215 to kinetically excite the precursor jons
and causing them to undergo energetic collisions with the buffer gas. A variant of the CAD
technique, referred to as pulsed-g dissociation (PQD) and described in U.S. Patent No.
6,949,743 to Schwartz, may be employed in place of conventional CAD. In the PQD
technique, the RF trapping voltage is increased prior to or during the period of kinetic
excitation to provide for more energetic collisional activation, and then reduced after a short
delay period following termination of the excitation voltage in order to retain relatively low

mass product ions in the trap. Other suitable dissociation techniques, including

.14 -



perform fragmentation in HPT 205, there are certain dissociation

techniques, such as photodissociation, which are more efficient%/ )
Woir’ﬂ)ﬁfg}ﬁ%ﬂed in a low-pressure environment. For dissociationte ﬁrﬁi’ﬂ?&@gng(’
of this nature, it would be advantageous to perform the fragmentation step

.in LPT. 210 rather than HP.T 205. [00 foreqoing description of an .
photod e G o L e R R e or
(ETD) pagviidededith AgetaitdetediotsptDthThiopsdretimssesdueadisity for a

ejected to.the detector ing.the analytical scan for acquijsition,of a
predete DT IR AL FHad SRV RIS G Al 21 b S oy e o
centerliiend nayobe directegdd 20doAshenny aspanalyzes (whickmayiakedhRrm

._, form, for example, of an Orbitrap mass analyzer, a Fourier Transform/lon,
ol RS S FrAORAARE (PTG A3 OF S GRHGHE (TP AIEGUCH o of
interest anslyzef)rireniidhttdanmiass 8peclitifroftheejeated /BRSVGY Wheiysis.

fragments, if a collision or reaction cell is interposed between the LPT and
the do r lyzer) Is. ired Qy conventional means.
003 e N a8 RN S PO N
LPT 21\v02004/0838953HsyshMatoarom et discritay bbatilizedomsucbmawith step 320 of

j io fficient nNSport i fram the L PT tq the downstrea
F1G. 3 ot b E Sl B R e

above intfewietivtheHRTréilaleleortte seetiospocanardhepeofarbeam that
may be more easily applied to the downstream mass analyzer entrance.

[0637] [0045]itjs 1g he underainpd. @%M@Qﬁ%ﬁ@%ﬁ%@%@%&%?&ﬁﬁﬁ%ﬁ in

conjkuér%ction with the detailed description thereof, the foregoing description

MS/MSignaberieiasing ustenctandnios IRabi s8epdnorentriaantisrmerhighosFIC. 4,
isolatiolgh ﬁ?éjppé’c{ﬂg’oﬁgﬂﬁg’%g?ﬁ)ﬁﬂgf Rded FIRims AL %&Sﬁeﬁﬁf %@gg%qgeﬁe first

and modifications are within the scope of the following claims W

accumupeEhrrdgpiear AUSD 80T/ o8Pl \Whikeisasns megnst despridedebreys in
connectPRSH ARSI fUr & NASS SARCHRIRERLCADRISINGmsferred to HPT 210, step

520, as is described above in connection with step 320. In step 530, precursor ions are
isolated in LPT 210. Precursor ion isolation in LPT 210 may be accomplished by application
of a notched broadband signal to rod electrodes 235, with the frequency notch corresponding
to the secular frequencies of the mass-to-charge ratio range of interest. It is believed lower
buffer gas pressures allow use of isolation waveforms wherein the width of the frequency
notch can be relatively narrow while still retaining a useful number of ions, thereby providing
greater precursor ion m/z selectivity. Hence higher isolation resolution may be achievable in

LPT 210 due 1ts lower buffer gas pressure.

{0038} Precursor ions isolated in step 530 are thereafier transferred back into HPT
205, step 540. Transfer of ions from LPT 210 to HPT 205 may be effected by changing the
DC voltage applied to inter-trap lens 265 {and possibly to one or more sections of rod
electrodes 215 and/or rod electrodes 235) to remove the potential barrier between the two
traps and create a potential well within HPT 205. Ions then flow from the interior of LPT
210 through aperture 280 to the interior of HPT 205 and are trapped therein.

16039] Next, in step 550, the precursor ions trapped within HPT 205 are fragmented

by an appropriate dissociation technigue to produce product ions, as is described above in
L1585



a first two-dimensional quadrupole ion trap having an interior region
maintained during operation of the mass spectrometer at a first pressure

WORLHHEHSA trap being configured to receive, confine, and codi §dHEs2007/487286

second two-dimensional quadrupole ion trap positioned adjacently to the
first ion trap and having an interior r%%éj})n maintained during operation of

connecting FRASIEpESttainEler 4t dideasies sresSasmanbsiantiabisoauiia HRT 205
rather tHRECESWIST IR 3RCANEL IR KaRHINgcenfiguiad torreesive And FORIIRS 1078 cn:

transferred from the first two-dimensional ion trap and to mass

collisionggehtitty dfticrire tbrdsolptidiawrioprottied ahinds apeckuns enlisions
with buffbleastAneon sRik-slementidisnassdhetuesnhedist and.second ign |

traps configured to control the transfer of ions therebetween. 2. The dua
performgd innhdds HiaRR Batrsidirnecdiserens thiclin dsebriadapesusanims back into

HPT 2060nfigured to fragment ions into product ions, and wherein the product
ions are thereafter transferred to the second ion trap for mass analysis. 3.

The dual trap mass analyzer of claim 2, wherein precursor ions are )
10040] {0y P AL DUORBY R AERFHENCROAT TAOTFHERRIAP PAp PragRultiple

stages ofRRJyERMOHEIdREAemAgRincll coUEQIIaNSALT isplatad:inhe 8e6aREEAN, and
. tra {ransf rred back to the first ion_trap for frag@mentation. 5. The ;
solated 0 g 00 AN ST ERA AR W e RSB R afpeble MS
analysisaccelerated to high velocities during transfer from the second ion trap to

the first ion trap to cause the precursor ions to undergo energetic

ooty IS R BT GEE s oSBT Lo VL o 8 T
accomplisinfitjuredic idgmantelensiby dollisionaethigiedethesgciation. it s fyalep
540 TH B B e e B e e 36 WP enc
section 240 of LPT 210, inter-trap lens 2653, and back end section 230 of HPT 205 relative to
the remaining electrodes of HPT 205 (and by raising the DC potential applied to front lens
260 to ensure that jons remain axially confined within HPT 205). The accelerated ions
collide at high velocity with buffer gas in HPT 205, producing fragmentation analogous to
that occurring in a collision cell of a triple quadrupole mass spectrometer or similar
instrument. For this fragmentation mode, it may be advantageous to use a more massive
buffer gas such as nitrogen (28 amu) or argon (40 amu) in HPT 205, as this allows greater
internal energy uptake per collision. It should be noted that high pressures of nitrogen and
argon (typically above 2x107 torr) are disfavored in conventional ion traps, because such
conditions compromise the performance of the m/z analysis process. The dual trap
configuration of embodiments of the invention aliow use of heaver buffer/target/collision

gases for CAD without compromising performance in m/z scanning.

(6042} Again, product ions formed in HPT 205 may be cooled for a predetermined
period to reduce kinetic energy and focus them to the trap centerline. In step 560, the product
ions formed in step 550 are then transferred to LPT 210 in substantially the same manner
described above in connection with step 320 of FIG. 3. Instep 570, LPT 210 executes an
analytical scan of the product ions, as described above in connection with step 330, to

generate a mass spectrum of the product ions.

- 16 -



8. The dual trap apparatus of any of the preceding claims, wherein the

second pressure is between 1.0x1044 to 1.0x10-3 Torr of helium. he
WO e #‘?‘nass analyzer of any of the preceding claims, Wher%Wfﬂézﬂ%fogn%
and second ion traps reside in a common vacuum chamber. 10. The dual

trap mas analyzer of any of the igecedl é?ﬁlalms wherein the at least

10043] 56 ion'OptictRieHM G sorsratt ahfie psanereivaiigidiGS. 4 and 5

performaParinaiatiehap eI e PsesRnting.a RPN esHSH N RARRIRGING a5
pressure differential between the first and second ion traps. 11. The dual

Pho‘md“iﬁaﬁl%ﬂags‘abfé@% BPEnGBriHE s reeelmertes ine W%%Wﬁwawomm

For dmsmasoaqamﬁ@a@y@ﬂ@ﬁ%eﬁaﬁ@@ #hesgeordipadapinampdiatdl
12, The dual trap mass anaézer of an of the preceding claims, whereln

fragmengiion SieRAdkise dLFTARY Biaetdl be 5value of g between 0.6 and 0.83.

13. The dual trap mass analyzer of any of the preceding claims, wherein
[0044] ions arEhmassgeny daiiallyieecethantbyalteef of Behvegnh0manthe 9.

14. The dual SS anal rof any of receding, claims, further
smalyzef R 0 R RS GOSRISHEE A O HE R BRATAR e HbaeRs-

comprisin
sequentidihs dieingl m@m{mb&m@@ the se0onckiondhaPs 1ogAsMiassof a mass

spectmnzﬁzc”e rgj é é%aeco%rés ggntgnsgqmncsgruaﬁ%g 1{16 &l egtrg '?ogn'soﬁigri?? diargcted toa
downstream mass analyzer (which may take the form, for example, of an Orbitrap mass
analyzer, a Fourier Transform/Ion Cyclotron Resonance (FTICR) analyzer, or a time-of-flight
(TOF) mass analyzer), in which the mass spectrum of the ejected ions (or their fragments, if a
collision or reaction cell is interposed between the LPT and the downstream mass analyzer) is
acquired by conventional means. A planar ion guide/collision cell, of the type described in
PCT Publication No. W02004/083805 by Makarov et al., may be utilized in such a
configuration to efficiently transport fons from the LPT to the downstream mass analyzer and
to focus the ribbon-shaped ion beam emerging from the slot in the HPT central electrode

section to a narrow circular beam that may be more easily applied to the downstream mass

analyzer entrance.

[0045] [t 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 clairas. Other aspects, advantages, and modifications are within the scope of the

following claims.
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ion optics for transporting the ions to a dual trap mass analyzer, the dual
trap mass analyzer including: a first two-dimensional quadrupole ion
WQFQ@%@% an interior region maintained at a first pressure dgﬁlf S2007/087286
operation of the mass spectrometer, the first ion trap being configured to
. receive, confine, and cool ions; a second two-dimensional quadrupole ion
What IStFA?}IBSQi%ned adjacent to the first ion trap and having an interior region
maintained during operation of the mass spectrometer at a second

jal E first pressure, the.second ion trap being
3 AdL%cﬁ)erﬁl u{:rgeag%g%gé e‘%%e% ék;ae c%ér% |§gé%é§%?§%§f)eﬁ%sfﬁ%h the first two-
dimensional ion trap and to mass sequentially eject the ions to a detector

torottiRelanFRESanspaetpainden tra ledstorelivPriopticsermesiniained
during SHspRRsipetweendl E%ﬁirﬁ@@ﬁﬁ%%@bﬂ%@egﬁﬁa SR0EIUrEd, iR conirol the

& 2
transfer of ions there%etween.. 16. The mass spectrometer of (??alm :
configugHdpeipcaisesirsnbheraprisdotinasconfigured to fragment ions into product
ions, and wherein the product ions are thereafter transferred to the second

o (OFReSs ARGHYS guadAipbleifas HOBR R EIRIMABe first ion
herein precursor ions are isolated in the first ion trap prior to
trap aﬂ%ﬁ?&ﬁgﬁ%ﬁ?mf region maintained during operation of the mass spectrometer at a
second pressure substantially below the first pressure, the second ion trap being configured 1o
receive and confine jons transferred from the first two-dimensional ion trap and to mass

sequentially eject the ions to a detector to produce a mass spectrum; and

at least one ion optic element disposed between the first and second ion traps

configured to control the transfer of ions therebetween.

2. The dual trap mass analyzer of claim 1, wherein the first ion trap is further configured to
fragment ions into product ions, and wherein the product ions are thereafter transferred to the

second ion trap for mass analysis.

3. The dual trap mass analyzer of claim 2, wherein precursor ions are isolated in the first ion

trap prior to fragmentation.

4. The dual trap mass analyzer of claim 2, wherein precursor ions are isolated in the second

ion trap and transferred back to the first ion trap for fragmentation,

5. The dual trap mass analyzer of claim 4, wherein the precursor ions are accelerated to high
velocities during fransfer from the second ion trap to the first ion trap to cause the precursor

lons to undergo energetic collisions with buffer gas molecules or atoms in the first ion trap.

6. The dual trap mass analyzer of any of claims 2-4, wherein the first ion trap is configured

to fragment ions by collision activated dissociation.

7. The dual trap apparatus of any of the preceding claims, wherein the first pressure is
between 1.0x107 and 3.0x107 Torr of helivm.

- 18-



18. The mass spectrometer of claim 16, wherein precursor ions are

isolated in the second ion trap and transferred back to the first ion trap for
Wof?éf&%éﬁ%gﬁon. 19. The mass spectrometer of claim 18, whergir {He?107/087286

precursor ions are accelerated to high velocities during transfer from the

second ion trap to the first ign trap to.cause the precursor ions to undergo
8. The dha) Gan BBRGTRS éﬁ&fg&s%%e@ﬂ@gsow&fdﬁ% ietheehrst REFSHER 1S

betweer2DOXNe Massospectrmpetenefany of claims 16-19, wherein the first ion
trap is configured to fragment ions by collision activated dissociation. 21.

he mass spectrometer. of any of claim .15(—5\%0., wherein the first pressure
5 T B B ey R FEr SR AT 55 THE HaLL et Second
ion trapspattometesnfanyvat clainedkbk21, wherein the second pressure is
between 1.0x10-4 to 1.0x10-3 Torr of helium. 23. The mass spectrometer

10. o) ' - ' irst cond.ian traps.reside ina .
O T A PR R e e fon
optic elapepBinitveksiatiscatristasicaretioopiny elg rme apéntivd dsapetectrpstatiting a

pumping l%%%rlgﬂgwé’ﬁﬁggnm%{é%%etgw&gﬂi%%&% %‘%ﬁsﬁ%n siiggond 10n &raps.,

restriction enablin ressure differential between Irst and secon
ion traps. 25. The mass spectrometer of any of claims 15-24, wherein
11. Thegnal draprmrss-setieniiinngjetibe wrepding skusid Wi teipiima awdiass-

sequent@it§CQRed 88 the second ion trap in a radial direction.

12. The dual trap mass analyzer of any of the preceding claims, wherein ions are mass-

sequentially ejected at a vaiue of g between 0.6 and 0.83.

13. The dual trap mass analyzer of any of the preceding claims, wherein ions are mass-

sequentially ejected at a value of ¢ between 0.05 and 0.9.

14. The dual trap mass analyzer of any of the preceding claims, further comprising a front
lens positioned in front of the first ion trap, and a back lens being positioned in back of the

second ion trap.
15. A mass spectrometer, comprising:
an ion source for generating ions from an analyte substance;

ion optics for {ransporting the ions to a dual trap mass analyzer, the dual trap mass

analyzer including:

a first two-dimensional quadrupole ion trap having an interior region
maintained at a first pressure during operation of the mass spectrometer, the first ion

trap being configured to receive, confine, and coo!l ions;

a second two-dimensional quadrupole ion trap positioned adjacent to the first
ion trap and having an interior region maintained during operation of the mass
spectrometer at a second pressure substantially below the first pressure, the second

1on trap being configured to receive and confine ions transferred from the first two-
_19-



26. The mass spectrometer of any of claims 15-25, wherein ions are

mass-sequentially ejected at a value of g between 0.6 and 0.83. 27. The
WORNEIEES Y rometer of any of claims 15-26, further comprisind’a FORTI&HE87286

positioned in front of the first ion trap, and a back lens being positioned in

back of the second ion trap. 28. The mass spectrometer of any of claims
HSBSIGIE A TERAF HAAE Seqranimly st e dpasialaddreitaauaeduce a
6% aRk@ua ZhdA mass spectrometer, comprising: an ion source for
generating ions from an analyte substance; ion optics for transporting

the ions to a dual trap m_asi?anal éer, the dual trap mass analyzer

includify**% tREr RUGTHm EERS AL RATH PSIR'RSH Hio EhiRg ShroRekiRsy traps

tegitpureaintanechtitingoperatiao:efthedmassspectrometer at a first
pressure, the first ion trap being configured to receive, confine, and cool

ions;.a second two-dimensiopal guadrupole ign tr ositioned adjacent 1o
L6 e toLs K hacimy 51 SROP 5iaR meinTArie dobig Spratieh
fragmerdfithe massrspectiometardariesanche prebsuresuastdntiolifdetansthesd to the

irst pressure, the second ion trap being configured to receive and confine
second ioﬁgl% ﬁosli‘g}rag(sj %Pg‘rﬁﬁstlﬁé first two-dimensional ion trap and to mass

sequentially eject the ions; and _
17. The mass spectrometer of claim 16, wherein precursor ions are isolated in the first ion

trap prior to fragmentation.

18. The mass spectrometer of claim 16, wherein precursor ions are isolated in the second ion

trap and transferred back to the first ion trap for fragmentation.

19. The mass spectrometer of claim 18, wherein the precursor ions are accelerated to high
velocities during transfer from the second ion trap to the first ion trap to cause the precursor

ions to undergo energetic collisions with buffer gas molecules or atoms in the first ion trap.

20. The mass spectrometer of any of claims 16-19, wherein the first ion trap is configured to

fragment ions by collision activated dissociation.

21. The mass spectrometer of any of claims 15-20, wherein the first pressure is between
1.0x107 and 3.0x10™ Torr of helium,

22. The mass spectrometer of any of claims 15-21, wherein the second pressure is between

1.0x10™ t0 1.0%10° Torr of helium.

23. The mass spectrometer of any of claims 15-22, wherein the first and second ion traps

reside in a common vacuum chamber,

24. The mass spectrometer of any of claims 15-23, wherein the at least one ion optic element
includes an electrostatic plate lens having an aperture, the aperture presenting a pumping

restriction enabling the pressure differential between the first and second ion traps.

25. The mass spectrometer of any of claims 15-24, wherein ions are mass-sequentially

ejected from the second ion trap in a radial direction.
220 -



at least one ion optic element disposed between the first and second ion

traps configured to control the transfer of ions therebetween; and  a
Wﬂs@@éﬁﬂsﬁﬁgss analyzer positioned to receive ions ejected front $AEUS&tbF 7286

two-dimensional quadrupole ion trap, or fragment ions derived from the
ejected ions, and configured to acquire a mass spectrum of the ejected

26 The RSB FprodeiEeione! 30, oftfeadtal v ap niHad SRR S RS B LR HE S
ejected HQ SERRNT IPRRReIS Canfigused to fragment ions by photodissociation.

27. The mass spectrometer of any of claims 15-26, further comprising a front lens positioned

in front of the first ion trap, and a back lens being positioned in back of the second ion trap.

28. The mass spectrometer of any of claims 15-25, wherein ions are mass-sequentially

gjected at a value of ¢ between 0.05 and 0.9.
29. A mass spectrometer, comprising;
an ion source for generating ions from an analyte substance;

ion optics for transporting the ions to a dual trap mass analyzer, the dual trap mass

analyzer including:

a first two-dimensional quadrupole ion trap having an interior region
maintained during operation of the mass spectrometer at a first pressure, the

first 1on trap being configured to receive, confine, and cool ions;

a second two-dimensional quadrupole ion trap positioned adjacent to the first
ion trap and having an interior region maintained during operation of the mass
spectrometer at a second pressure substantially below the first pressure, the second
10n trap being configured to receive and confine ions transferred from the first two-

dimensional ion trap and to mass sequentially eiect the ions; and

at least one ion optic element disposed between the first and second ion traps

configured to control the transfer of ions therebetween; and

a second mass analyzer positioned to receive ions ejected from the second two-
dimensional quadrupole ion trap, or fragment ions derived from the ejected ions, and

configured to acquire a mass spectrum of the ejected ions or product jons.

30. The dual trap mass analyzer of claim 2, wherein the second ion trap is configured to

fragment ions by photodissociation.
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