CONFINING POSITIVE AND NEGATIVE IONS WITH FAST
OSCILLATING ELECTRIC POTENTIALS Cross-Reference to Related
Applications [0001] This application claims the benefit of co-pending U.S.
Patent Application Serial No. 10/764,435 filed January 23, 2004, entitled
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BACKGROUND [0002] FDME&%& t]TR;'ém% tes to mass
spectrometry. [0003] A mass spectrometer analyzes masses of sample
particles, such as gtoms and molecules, and,typically includes an ion
source, one or mommﬁfgman&m‘gﬁnmﬁetectors. In the
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separation can be temporal, e.g., in a time-of-flight analyzer, spatial e.g.,
in a magnetic sector analyzer, or in a frequency space, e.g., in ion
cyclotron resonance ("ICR") cBRCERRIBENEAN also be separated

[oo@qcordingpdhrisnpi entraicaiery stabilingiaaspipole ion trap or ion

uide. The separated ions are detected by one or more detectors that
m‘%rbvide dAt eSS CHREERMRE S b ehBesE PSP IND Sarpie arteres, oopmnd

molbiRe, MRS SRECH RRISHSE, 0 i 360104l 886 of ARBCH AL aRAYZRHMEIBEE or more

agnetic, fields or electric potentials, or a combinatipn of magnetic fields
deteg O e BB BRSSP RS 5 QoI5 FETRB T A RGRoen be

ionieedlsyitndvamidtipofecelanqrics intemttn o roeeatigdd, themidilpeletivapschiogbsasic
ree-di iopal. (“30" le] raps.or two-dimensional (‘2D
o S5 R AR U SRR, NG AU o

or mArtuIRs TR peTe Slelirparatedbsernb eschorlibal maasttonsbheghatiapolBhe _
sepRABAYUE B URAGHEICEIrROCRASSSIMNIRS Hhat 18c lﬁﬂﬁépa b ,%i¥a%&%gﬁ_é?{chsector
e

more rod electrodes, respectively. The rod electrodes are arranged _in the
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[0G04] In the mass spectrometer, ions are guided, trapped or analyzed using magnetic
fields or electric potentials, or a combination of magnetic fields and electric potentials. For
example, magnetic fields are used in ICR cells, and multipole electric potentials are used in
multipole traps such as three-dimensional (“3D”) quadrupole ion traps or two-dimensional
(“2D”) quadrupole traps.

[6005] For example, linear 21D multipole traps can include multipole electrode
assemblies, such as quadrupole, hexapole, octapole or greater electrode assemblies that
include four, six, eight or more rod electrodes, respectively. The rod electrodes are arranged
in the assembly about an axis to define a channel in which the ions are confined in radial
directions by a 2D multipole potential that is generated by applying radio frequency (“RF™)
voltages to the rod electrodes. The ions are traditionally confined axially, in the direction of

the channel’s axis, by DC biases applied to the rod electrodes or other electrodes such ag



1 plate lens electrodes in the trap. In a portion of the channel defined by
the rod electrodes, the DC biases can generate electrostatic potentials
that axially confine either positive ions or negative ions, but cannot
simultaneously confine both. Additional AC voltages can be applied to the
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used to trap the electrons or a large flux of electrons is introduced. [0009]

exPQgLLifopi e SEIRTR SRR ISP sed to generate product ions in 3D
[o0ag)adrupobeiultips: v e SnpisailaiiRR3Mhauasipetertiate takEary confine
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smaller than mass-to-charge ratios of typical precursor ions. Conventional multipole traps,
however, can simultaneously confine only particles whose mass-to-charge ratios do not differ
more than about a few hundred fimes. It has been suggested that ECD can be performed in a
multipole trap if additional magnetic fields are used to trap the electrons or a large flux of
electrons is introduced,

[0009] lon-ion interactions have been used to generate product ions in 3D quadrupole
traps, where an oscillating 3D quadrupole potential can simultaneously confine positive and
negative ions in a central volume, and no electrostatic potentials are required to provide axial

confinement.



confinement. 2 SUMMARY 100101 In a two-dimensional (2D) multipole

ion trap or ion guide that defines an internal volume, ions are confined by
oscillating electric potentials in bhoth radial and axial directions. [0010al In
a first aspect of the invention, the Q’IWded a method of trapping ions
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confines the jons in the ion channel; and applying periodic voltages
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. channel. In general, in,the above aspect, the invention provides .
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implementations can include one or more of the following features. o
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. hegative ions into the ion trap or 1on guide. The ion trap or ion guide C
dimengigfide a first end and a second end, and the positive and negative ions
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confinement in three dimensions. The first oscillating electric potential can confine the ions
radially. The second electricpotential can confine the ions axially. The first and second sets of
electrodes can comprise elements, and have at least one element in common. Introducing ions
can include introducing positive ions and negative ions into the ion trap or ion guide. The ion
trap or ion guide can include a first end and a second end, and the positive and negative ions
can be introduced at the first end and the second end, respectively. The ion trap or ion guide
can include two or more sections, and one or more DC biases can be applied to one or more
of the sections of the ion trap or ion guide to confine the positive or the negative ions into one
or more trapping regions. Applying periodic voltages to electrodes in the first set of
elecirodes can include applying periodic voltages with a first frequency, and applying
periodic voltages to electrodes in the second set of electrodes can include applying periodic
voltages with a second frequency that is different from the first frequency. The first and
second frequencies can have a ratio that is about an integer number or a ratio of integer

numbers. The first and second frequencies have a ratio of about two. The first and second



of the sections of the ion trap or ion guide to confine the positive or the
negative ions into one or more trapping regions. Applying periodic

.., voltages to electrodes in the first set of electrodgs can include applying
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potentials can have different sFatlaI distributions. The ion channel can

quadrypgle, P B RTHTeTY RRICRE FRERb SRR Ml QstrbasiBie R eriah can
define substantially zero electric field on at least a portion of the axis of
the ion channel, and the second oscillating electric potential can define
substantially non-zero electric field on the same portion of the axis of the
ion channel. The first oscillating potential can include an oscillating
guadrupole, hexapole or larger multipole potential. The second oscillating
potential can 3a include an oscillating local dipole potential. The first and
second oscillating electric potentials can define a pseudopotential for
each particular mass and charge of the introduced ions such that each of
the defined pseudopotentials specifies a corresponding potential barrier
along the ion channel. The first set of electrodes can include a plurality of
rod electrodes. The second set of electrodes can include a plurality of rod
electrodes and/or can include one or more plate ion lens electrodes. The
second set of electrodes can include a first plate ion lens electrode at a
first end of the ion channel and a second plate ion lens electrode at a
second end of the ion channel. [0012] In a second aspect of the
invention, there is provided a multipole ion trap apparatus, comprising: a
first set and a second set of electrodes arranged to define an ion channel
to trap ions, the first set of electrodes including a plurality of rod
electrodes; and a controller configured to apply periodic voltages to
electrodes in the first set of electrodes to establish a first oscillating
electric potential that radially confines ions in the ion channel, and to
apply periodic voltages to electrodes of the second set of electrodes to
establish a second oscillating electric potential that axially confines ions in
the ion channel. In general, in above aspect, the invention provides an
apparatus. The apparatus includes a first set and a second set of
electrodes and a controller. The first and second sets of

3a



electrodes are arranged to define an ion channel to trap or guide ions. The
controller is configured to apply periodic voltages to electrodes in the first
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ion chAEREIADHIATGRARE RIGLURXions. The controller can be configured to apply
periodic voltages to electrodes in the first set of electrodes with a first frequency, and to
clectrodes in the second set of electrodes with a second frequency that is different from the
first frequency. The first and second frequencies can have a ratio that is about an integer
number or a ratio of integer numbers. The first set of electrodes can include a plurality of rod
electrodes. The second set of electrodes can include a plurality of rod electrodes or one or
more plate ion Jens electrodes. The second set of electrodes can include a first plate ion lens
electrode at a first end of the ion channel and a second plate ion lens electrode at a second

end of the ion channel.



ions. Alternatively, negative reagent ions may abstract charged species,
typically one or more protons, from the precursor ion. The charge transfer

an reduce a multiple charge of the precursor jon, invert the charge
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large magnetic fields. A segmented linear trap can initially store precursor

ions and reagent ions in separate segments and induce fragmentation

later by allowing the precursor ions and the reagent ions to interact in the

same segment or segments. Before allowing their interaction, the

precursor ions or the reagent ions maybe manipulated in the separate

segments using conventional methods, such as selecting the precursor or

reagent ions by established methods of isolation. The ion-ion interactions

can be stopped at any time by re-segregating the positive and negative

ion populations. In a channel where an ion population includes positive

ions, negative ions or both, and the ions are radially confined by electric

fields defined by a primary RF potential, a secondary RF electric potential

can define electric fields that selectively confine ions of the population in

the axial direction of the channel based on the mass and charge of an

ion, but independent of the sign of the ion's charge. Thus, axial

confinement can be used as a valve or a gate that can be opened or

closed to allow or block the passage of ions in the axial direction. Axial

confinement can be provided by an electric potential that is generated by

secondary RF voltages applied to lens end plate electrodes. In an

assembly with two or more axial segments, the ions can be axially

confined by applying different combination of RF voltages to multipole

rods in different segments of the assembly. One or more of the segments

of the assembly, can be implemented by separate 2D multipole 5 traps.

Axial confinement may also be achieved by applying secondary RF

voltages to auxiliary electrodes located around, adjacent or in between

the multipole rod electrodes of the multipole ion trap. Because linear ion

traps are readily adapted to other mass spectrometers,
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after performing ion-ion reaction experiments in the linear ion traps, the
product ions can be easily transported for analysis to different mass
analyzers, such as TOF, FTICR or different RF ion trap mass
spectrometers. Thus ion-ion experiments can use a wide range of
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the precursor ions or the reagént ions may be manipulated in the separate segments using
conventional methods, such as selecting the precursor or reagezit ions by established meth_ods.
of isolation. The ion-ion interacti{_)ns can be étopped at any time by re-segregating the
positive and negative ion populations. In a channe! where an ion.population includes pbsitive
ions, negative ions or both, and the ions are radially confined by electric fields defined by a
primary R¥ potential, a secondary RF electric potential can define electric fields that
selectively confine ions of the population in the axial directién of the channel based on the
mass and charge of an ion, but independent of the sign of the ion’s charge. Thus, axial
confinement can be used as a valve or a gate that can be opened or closed to allow or block
the passage of ions in the axial direction. Axial confinement can be provided by an electric
potential that is generated by secondary RF voltages applied to lens end plate electrodes. In
an assembly with two or more axial segments, the fons can be axially confined by applying
different combination of RF voltages to multipole rods in different segments of the assembly.

One or more of the segments of the aséembly, can be implemented by separate 2D multipole



according to one aspect of the invention. The system 100 includes a
precursor ion supplier 110, a 2D multipole ion trap 120, a reagent ion
supplier 130 and a controller 140. The precursor ion supplier 110
generates ions that include precursor ions. The ions generated by the
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ions precursor ions generated by the precursor ion supplier

becoﬁ&@pﬁdﬂ@@té@g@ﬁﬂerdwnaﬁ%db@éf%rmﬁ%ﬁﬁér%ﬁélectron transfer to or
from the precursor ions. For positive precursor ions, the reagent ions can
include anions derived from rfluorodr ethyl clohexane (PDCH) or

SF6. For negaRtdpFRERG @Q%qg & positive ions,
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with oscg[illb%l ment, flelqeng;ﬁ?ma or laser desorption. For example in chemical
ogﬁ nega ve reagent ions are generated by associative or
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the chiemical
[0019] FIG. 41is a schematic flow diagram illustrating a method for inducing ion-ion
reactions.
[0020] FIGS. 5A-5F are schematic diagrams illustrating an exemplary

implementation of inducing ion-ion reactions in a multipole trap.

[o021] FIG. 6 is a schematic diagram illustrating an alternative embodiment of
apparatus to induce ion-ion interactions.

16022] FIG. 7 is 2 schematic diagram illustrating yet another alternative embodiment

of apparatus to induce ion-ion interactions.



7 plasma, low energy electrons may be captured by neutral particles to
form a negative ion. The negative ion may be stable or may fragment into
product ions that include negative ions. The negative reagent ions can be
extracted from the chemical plasma, for example, by electrostatic fields.

In alternative implementati % r rces 132 generate the
reagent ions using othe%gni%% Z)ssggggiﬁriﬁ?ﬁ positive or negative
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In alternative implementations, one or more of the sections 123, 125 and

reagqtAQueIRY IdpreREs By Ea rmo rraapni igss trother RplewBiEion
precHRBIGER Ridawerl: adipstariafislesiiprasi(hichd At ieldte can induce
protgxllet%nsfer or electron transfer to or from the precursor ions. For posmve precursor ions,
the reagent ions can include anions derived from perfluorodimethyleyclohexane (PDCH) or
SFs. For negative precursor ions, the reagent ions can be positive ions, such as Xenon ions.
The choice of the particular reagent ions can depend on the precursor ions and/or parameters
of the ion trap.

[0026] For positive precursor ions, the reagent ion sources 132 generate negative
reagent jons using chemical ionization, ESI, thermospray, particle bombardment, field,
plasma or laser desorption. For example in chemical ionization, negative reagent ions are

generated by associative or dissociative processes in a chemical plasma that includes neutral,

positively and negatively charged particles, such as ions or electrons. In the chemical



corresponding to one or more from the front section 123, center section
125 and back section 127) is operable to confine ions in at least a first
dimension in the ion channel, to trap or guide the introduced ions. In this
particular case, the first set of electrodes is utilized to 8 radially confine the

ions.in the ion channel. The fi ectrodes include a pluralit
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each of the rod assemblies in the sections 123, 125 and 127. For
trap i teropRR b Sersithe SRP RS 198%s of opposing rods, the primary set of
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[0029] The controller 140 can also apply RF voltages 141 and 148 to the
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eleck?gdcég? Zéagﬁ g?@éemultipole rod assemblies is operable to confine ions in at least one
dimension in a channel about an axis 124 of the ion frap 120. In this channel, ions can be
radially and axially confined in one or more of the sections 123, 125, 127 by oscillating
electric potentials generated by the voltages applied to the multipole rod electrodes and the
lenses 121 and 128 of the ion trap 120. In alternative implementations, one or more of the
sections 123, 125 and 127 can be implemented by separate 2D ion fraps. In the
implementation depicted in Figure 1, a first set of electrodes (which may include electrodes
corresponding to one or more from the front section 123, center section 125 and back section
127) is operable to confine ions in at least a first dimension in the ion channel, to trap or

guide the introduced ions. In this particular case, the first set of electrodes is utilized to



oscillating electric potentials that can simultaneously confine positive and
negative ions in the axial direction at the corresponding end of the
channel about the axis 124. Axially confining ions with oscillating electric
potentials is further discussed below with reference to FIGS. 2A- 2D.
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‘the end section 230 through an aperture 225 in the ion lens 220. The
secn%é:lg;he ion trap.

- [0029] The controller 140 can also apply RF voltages 141 and 148 to the front lens
121 and the back lens 128, respectively. The RF voltages 141 and 148 can have different
frequencies or phases from the frequencies or phases of the sets of RF voltages 143 and 147
applied to the rod assemblies in the front section 123 and the end section 128, respectively.
The RF voltages 141 and 148 applied to the front lens 121 and the back lens 128 generate
oscillating electric potentials that can simultaneously confine positive and negative ions in the
axial direction at the corresponding end of the channel about the axis 124, Axially confining
ions with oscillating electric potentials is further discussed below with reference to FIGS. 2A-
2D.

[0030] The controller 140 can apply different DC biases 151-158 to the lenses 121
and 128 and the rod assemblies in different sections of the ion frap 120. Depending on the



confining potential has a different spatial distribution than the multipole

potential generated by the assembly 232. The multipole potential defines
substantially zero electric fields at the axis 234, and the axially confining
potential defines substantially non-zero electric fields at at least a portion

. of the axis 234 near,the ion lens 220, [0034] The multipole rod assemb|
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about (plus or minus) ninety-degree phase difference relative to each of
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joozgsemblyFfG033]ik KacREnshioWsaranar dnaieBieiarosRbR ions 210 and negative
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lons from the ion Iens 220 along the axis 234. The trajectory 26
128iin Sreatesterpl (AEFEMmENts in the absence of a background gas. If
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234, the ions may move axially with a substantiall)é uniform sifeed and
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negative 215 ions. That is, the axially confining potential prevents the ions 210 and 215 from
escaping the end section 230 through an aperture 225 in the ion lens 220. The axially
confining potential has a different spatial distribution than the multipole potential generated
by the assembly 232. The multipole potential defines substantially zero electric fields at the
axis 234, and the axially confining potential defines substantially non-zero electric fields at at
least a portion of the axis 234 near the ion lens 220.

[0034] The multipole rod assembly 232 includes rod electrodes that receive RF
voltages with a first frequency and the ion lens 220 receives RF voltages with a second
frequency. In one implementation, the first frequency and the second frequency are related to
each other by a rational number. For example, the first frequency is substantially an integer

multiple or an integer fraction of the second frequency. Alternatively, the first frequency can

10



speed is represented in the trajectory 260 by a substantially uniform slope
of the first trajectory portion 262. [0037] In the second trajectory portion
264, the ions experience electric fields that are generated by the
oscillating electric potential due to the RF voltage applied to the ion lens
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trajectory portion 262.

[6037] In the second trajectory portion 264, the ions experience elecfric fields that are
generated by the oscillating electric potential due to the RF voliage applied to the ion lens
220. The oscillating potential defines electric fields that force the jons to oscillate according
to the frequency of the applied RF voltage. These oscillations of the ions are represented by
fluctuations in the second trajectory portion 264. The fluctuations can be described as fast
oscillations about a center corresponding to an average location of the ion during a few
oscillations. This center moves more slowly and smoothly than the ion itself, as
schematically illustrated by a center trajectory 268 in FIG. 2B,

[06038] The center trajectory 268 can be determined using an adiabatic approximation

-- a detailed description of the approximation (including limits of its applicability) can be
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points away from the lens 220 and the aperture 225 defined by the lens
220, because the sign of the pseudopotential is the same as the sign of
the ion's charge. The negative of the gradient determines the direction

and strength of an average force experienced by the ion. Subject to this
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the end section

eav 30 and pass through the aperture 225 of the lens
[0032P0. [0045] FIG. 2D schemaﬁé'amﬁIﬁﬁ?r@lﬁté@%ﬁeudopotentials for the
[oo46@mple 8howe, i FiGHAGr i) aaotdinale 3¥siatn £ 49, pseudopotential

values are represented on a vertical axis 272, and gn axial distance from
[004fike lens 220 along the axis 285 TppddEhtéd b & NokE8ntd axis 274.

[oaﬁre represeied Pasydanriantalsatedoknadlibe.same, aasitatingo
electric potential %enerated by the ion_lens 220. [0046] The oscillatin

Eencyiss R BRI leris e A BRI oSa s B 5deTndl BT
mag@ndia sREe peensepdantievtial R8ddtatitha iigegiatidi b Broaudect! Bs¥y

. pseudopotentials a efined by the cillating electr tential ..the.
N R T S L

of thfinstep8apatdisd iothd 284e pothedigrotétitialenhavkasimilbhshegbiy el the
grad{éiﬂ%je%}rﬁfnm@@eg{%ﬁlgﬁ& &Eﬂgﬁ? oF 59%\5% ezf%%e-relilﬁerienced by the ion.

pseudopotentials 282 and 284 have substantia I%/‘zero values at large
Subjepttatbisargsage force, the ion turms back before reaching the aperture 225, as

iltustrated by the center trajectory 268. Thus in the channel about the axis 234, the ion is
axially confined by the oscillating electric potential generated by the RF voltage applied to
the lens 220.

[0043] Because the pseudopotential Vp has the same sign as the charge number Z of
the ion, it can confine both the positive 210 and negative 215 ions. The pseudopotential Vp
depends on the mass m of the ion and the ion’s charge (Q = Z ). According to this
dependence, the same oscillating electric potential may confine some ions while allowing
other ions to pass.

[0044] FIG. 2C illustrates an example in which a smaller ion 212 and a larger ion 214
approach the ion lens 220 in the end section 230. The ions 212 and 214 have the same
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the lens 220, and increase as the corresponding ions approach the lens
220. Each of he increasing pseudopotentials 282 and 284 defines a
barrier as the maximum value of the corresponding pseudopotential along
the axis 234 of the ion trap. The first pseudopotential 282 defines a first

. barrier 283, which is higher than a,second barrier defined by the
oS e U AR SAAERS T e e AL E (A8 AR R he
smalR8istide Thehensagsud Ty difisrdredibéyoben ththsmridRi4dy 22D

mu}t%bgelléﬁ{aﬁ rg&@ééeé-@w%ﬁaé% Soohih itierentimRss BRUQNLRREY8? by the

ues, the pseudopotential barriers can be determined by finding the

| ng
RF vpdtegmsaricoatie FedFl Rliasciaisrr 24 Aepiie Ry dumeidodg iplens 220 to
gencSRIANEs AN Ak2 aeetiRe Rt iemBid lRveraVRIage BNEMaIRRI$h2% ger ion

d 294, tively. Th level defi
214 G TS A B0 BT R S P T P i, 1
[0045e exanfile, iesavarageatipdigsitavels@ddpatel i fhathe staipieshivesin
maller ion 212 ' :
716 20 B RAULR s%e%gjﬁ)Aagvsgﬁag}ga%ﬁ?@wL%sﬁ £2ERREIN G vertical

carresponding barrier cordi , the smaller ion 212 is axially
axis Zehfmddub paabdisteiiafiag dredaie ptelmg taFertedthngrasecpsthen 2
horiZ WG 6:1RS AV eBgeHRRLIY-IENRLEO tenub stk e Gy A Qe doGBhting

value of the pseudopotential 282, the smaller ion 212 turns away from the
elec%ﬁo?ﬂé‘?k@ﬁnﬁﬁ@?ﬁ%@%’ﬁ’?&e&? hovever, the average energy level 294 is
[004&ibove thagoseespmindicigdhes pererBa. dataesdifaty pleedapgeniahZ824ds thet

onfined axially 13 by the oscillati ectric, potenti nd can leave the
sl 3 S g Tre St S5 JOS] P S o e
pseu@ﬁg@tieiapprmmthmmOQdﬁi@@[@_ﬁ@iﬁg'cm@é@@@bcﬂ&@ﬁlﬁﬁl@hﬁ?@
amplk'f@a@ﬂ?ﬁ%&@&ﬂ@xof@&ﬁg&mﬁb?qshefﬁega&?éﬁm%ﬂ@eé&a@m be

used only if the electric field amplitude JE(n)l is substantially larger than its
pseumf&%whﬁﬂ@ag@@é%yhﬁ@%?é&ﬁelﬁ%wygtjm?éﬂﬁlél%mfﬁ (};‘éé om the lens

220. Chad petatispicamnlterie.al te fast assilatians: ZEhatindé thegleatstadieldion
" 1(:han es top much between extremes of a single %?cillatigrg of}_g io?hthe
‘the lenidf R BNCRRTGH 1S O RPEN IR R BRRISHGRERRAT Aot BE" 9888 to
incredeisgrisentip st i GO an[DIRD] dliased rikbisas drcibiprimardimabrsidtiless
conSHRATRLNBRAMEIRL SNAGC delnnd [NAD A0ulD TR IR LA SRl
In-an erectric field oscillating with a single frequency Q as [0050] (= 2 Z
282 gafimgs afinyrodons 2pTyphichys Wigherdhasaaiscappidamietiots idoliard wite
secoRfIRPARNORAIBMBILT TIR difference between the barriers 283 and 285 is due to the
mass-to-charge difference between the smaller ion 212 the larger ion 214. For other ions
with different mass and/or charge values, the pseudopotential barriers can be determined by
finding the maximum value of Eq. 1 for locations along the axis 234.
[0047] The smaller ion 212 and the larger ion 214 have average energy levels 252 and
294, respectively. The average energy levels can be defined by averaging the ions’ energy
during one period of the oscillating potential. In the example, the average energy levels 292
and 294 have similar values. For the smaller ion 212, the average energy level 292 is below
the corresponding barrier 283. Accordingly, the smaller ion 212 is axially confined by the
oscillating electric potential. After reaching the point where the average energy level 292 is
substantially equat to the local value of the pseudopotential 282, the smaller ion 212 turns
away from the lens 220. For the larger ion 214, however, the average energy level 294 is

above the corresponding barrier 285. Accordingly, the larger ion 214 is not confined axially
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less than about 0.3. The adiabacity parameter ( is inversely proportional to
the mass-to- charge ratio m/Z of the ion. That is, the larger the
mass-to-charge ratio of the ion, the more likely it is that the adiabatic
approximation is valid. [0052] Near the axial pseudo potential barriers in a

by 13438 ihe tf&?ﬁ zf&a 1@&@5 é%%d%@&&oﬁ BSRS %m@ aperture

non- nea &1 para SethE excitations can escape from the trap. Such
225.excitations may be avoided if the ions are trapped with appropriately

[004@}‘059“ Ffﬁe%&%@‘a&%ﬁéedg%ﬁl@ %&Uﬂﬁ%@ﬁ%@%&@&&ﬁg

er ormlng mass anal ySIS accord mggot e tech niques described aboye.
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r the ack le 0 axial nf|n [ '
oscil ﬁtéo%ﬁ fap’ é@ eﬁszérkna |ve eo?nletilﬂg%t’%%ﬁggﬁ% e per%grmegld%ﬁ%%e
usedSQQmenbsdhtrwp&idmglgsed below with reference to FIGS. 6 and 7. [0054]
[os@ge syst &%%féeﬂm%'&&gﬁﬁaﬁ%%aﬂgwm%% R3Oy

nfining e precursor ions and reagent ions in the multipole ion trap
deﬁn@hfanynaﬁa whiamasy THasd shiese bitanesgter Bl esilningsidiesnely).
fre l;@ggy@ie&ursor ions can be positive ions and the reagent ions can be
negative ions, or vice versa. The precursor and reagent ions 14 are
[005ftroduced in the same portidrich & MFEMm&Rdefined by the multipole ion

joos¥RP: for xampie. @s JiSeuaser G ananal: LIERaRE SIS ety BiralielBeL is

channel, positivé and negative ions are confined both radially and axially

less ﬁywm@ﬁr@ dlecadinpastign patempeshisBeiatreoifipper fienHd s hineassrivon
charfd IE&&H@&PMQ&P FREMTROMAM EAHE Rlad0ns AR NI BRRC R BR more

and charge may be transferred from the reagent ions to the precursor
likelyids thatahadibatis o rEgtirRiice harge reduction of a multiply

[oosgk;]argthed Néﬁﬁtﬂ@@ﬁm%éébﬁﬁ(ygﬁt@m'Bﬁtﬁdﬁ#ﬁ%@h@dﬁh}ﬁﬂ@@ﬁ#mrﬂm jons
The charge transfer. ma ave an ene at dissocjates th recursor

ey R TGP T R PURTIRCET 2 PETAT TS S A O SRS from
the tgeBieldesdtitien aherixealoidter #utio tomrmardriragyied witindppeypriately chosen

RFe? %chant abstraction, charge transfer, catalysis, or other such
emical reéactions takes place. A chemical reaction typically being a

[005311 ange, &G dridfstrteiomisthodisfidhe nssfostbsndscutslypisagcording to the
techRAINAES IR SIDRL SHRSIANGSH 960G FR3RIRRA0NBY B SR WHR RHIRE 2 2D

ions.
multipole ion frap in which positive and negative ions can be confined radially and axially by

separate oscillating electric potentials as discussed above with reference to FIGS. 1-2D. For
example, the system can include the system 100 (FIG. 1) in which an RF voltage can be
applied to the front lens 121 or the back lens 128 to axially confine both positive and negative
ions in the ion trap 120. Alternatively, the method 300 can be performed using segmented
traps discussed below with reference to FIGS. 6 and 7.

[0054] The system induces fragmentation of precursor ions into product ions by
confining the precursor ions and reagent ions in the multipole ion trap radially and axially
with separate oscillating electric potentials (step 310). "The precursor ions can be positive

ions and the reagent ions can be negative ions, or vice versa. The precursor and reagent ions
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The term "interact’ 'is not intended to embrace interactions in which no
transformation takes place, for example, situations in which ions merely
physically collide and/or scatter. [0056] Typically when CAD is used alone
in ion traps, only the precursor ions are activated to fragment them into

duct i d th t t gctivated to b
SRR e SRR R
exmagﬁgerﬂdisn&mé}nemhmm&twmwtfé@&gfﬁnﬂg Gfethbapnel M’\i@ agdto
negitf ?i Wiher JB%QH&%’T}S‘&B%&&%Q% RN &9:9%2&}1}5 aletnai¥entials,

Implementations, the lon-ion Irteractions bétween thée precursor and

{0058hgent ioReivarPBENTSCA tor wiRe PRUIPbeEd e rhamRel e RSSO reagent

ionEARRIGHH SRR URKr WHN SRS Rl IPRS thaRIBAdISRSHanChARa RV & IgR
in a mixture of precursor igns that have  the same mass. but (iliff rept
Wy styeeed
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ge ted, for example,
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. of both positive and negative ions, only positive or only negative ions can
cherfca] pearHOR-MPISALY BSRMG EHnsieer SAESFRERTIORBI MM ENBRCHAI BY
dec@ﬁp&lﬁﬁn@ﬁa@mmteﬂﬁa@b[@M] Jﬂﬁtm{gemﬁwwﬁam ons.
Thef{g m .n‘ilgtelgarc]: H? n\c/)\éthllxll?eirl‘égﬁl PA% g}}gc &%ggg&g%@?é%&ﬁ&?gg 'a-ll;(s)f(%%laal‘fn)c)é} takes
positive product ions and remove negative reagent ions, a negative
pladsigforoaarbplasplietots ihevbisttionsinsiwdimiseibysolitemtioysarder.
o§sjPosed 1o, e AEQALNeRG Rias.NAGRINE SRARAL IANSHRCHRNE B aHY are

unstable, while the positive product ions become axially more stable. To

actiygtedrihBagmeet figaetasritsid renmeddheszgaeitd pediehtaphacduot activated
to bROSiie Pleiakgamiaappliadsierhasrme serfitthavaraatilagthions may

reagent ians can be remoyed by resonance ejection or destabilized
ey S U oIS G PPy SO0 iy B SRRt other
pro@eeording to their mass-to-charge ratios (step 330). In one

oodFPlemeniatian, i Multnale R SR eelee TN RIBEIR IR LA OB cursor
sed on their mass-to-Charge ratios. The system detects the ejectec .
and peagkittionscan pryueed farothergypetie] shenfringiaesiatios. dBes gxinmic elgraction

wi pr%a}?gléf’im&?b%%%ﬁ%ﬂ AR RV P I MSAHALIBREr AR BIEEIRhat have

t ions can be guided to a mass anag‘zer, such as a time of flight
the smaypass Wbt nubinlorthagne fRie RTBe GhaarIseNsion raprovide a
suitad1 8 yZab &Y T HREELINASS ANAYY TRy fhatfrn delermied@nt ions can also be

usecﬂg ?gc-lh%_ecc 7 g (g }inouﬁn%fl;fhc?lﬁrg% %%(iggt%br-@ egerlrl]g:g e_c}?for example, from some
highly charged precursor species. The charge reduction of the product ions can simplify the
mass analysis and the interpretation of the resulting product ion mass spectrum. Instead of
both positive and negative ions, only positive or only negative ions can also be radially and
axially confined and manipulated in the ion trap by oscillating electric potentials.

[0058] The system removes the reagent ions from the ion trap while retaining the
product ions (step 320). To retain positive product ions and remove negative reagent ions, a
negative DC bias can be applied to the section including the ions. When they are exposed to
the negative DC bias, negative reagent ions become axially unstable, while the positive

product ions become axially more stable. To retain negative product ions and remove
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charge ratios of the product ions can be used to reconstruct the structure
of the precursor ions. [0060] In alternative implementations, the reagent

ions, the precursor ions or the product ions can be further manipulated in
the ion trap. For example before analyzing the product ions (step 330),

posifiie %ﬁbmo oglg%giga; d@as@ss%gﬁm% aaé@n&%ﬂ&%my,

us ra es a mét ucing fragmentation precursor ions
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resonance ejection. Thus, only the’ deswe precursor ions remain trapped
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prodd@ bissoto heuitipioiemausiiatedarfist Sadtian died @wbgtmahgczeﬂéy@mg the
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negative reagenit ions into a'second trapping region of the multipole ion

[006khp (stepﬂ@@)1 Hipdrgics srasthasAe Wg@ﬁ‘iénalﬁéwmg‘fmm ions

usinf 0N i58giorhimwbich 4be &ﬁ%ﬁ‘p@;ﬂfﬁﬁéﬂﬁﬁf doneare #ap 9@@1}6-@51&03111 100
cpo itive ions in the first trappin |0n are separated from the, ngt%/ﬁch
IS HHHAB B A RSN PR Ao GEt SeL e S B

mul@@ﬂéﬁﬁtﬁdi&?nﬂ@géﬂmtanﬂebﬁsﬂmb@aﬁam that are applied to the first
d secogd, Se%?&@% RPN %%{t %%r{‘a“" Xnégxg&lés (?quggrap (step

rapping regio RS can be separate a thir |on pr|ve region
41 0) mposingtanwoititatinglsieciels pote padiceiupreTdesehorn r@&ﬂ&mysmve ions

are SRRIGH AIRHIR gﬁn\fﬁgﬂﬂ@&ﬁ@@@ﬁﬂg% RECLAARRIGTIALS WRIGH. axi@llythe ion

confine and separate both the positive and the negative ions in the
trap Gt ErTleens ity Joves forrieigy ks ATbH bR LvetpidRipasftios of

the éﬁ@&@pﬁb&hamaﬁéluaﬂg%ﬁ&a@@&;%mear&;e&l@sarn@tmpp g desired
ions of the, multi éb’ll to induce fr ntatl n of the RPrecyrsor .
pre%r %r@%gﬁ%'fﬁl?ia Fat Hk%a “ﬂ'ne RE3rapping region ¥

mnsfmm:ajlaet soms o mtmmequadnmpmnngsmglmmeﬂwlyystem can remove the
[OG(BF biase%la sy&g%wmmes the positive precursor ions into a first trapping region of the
multipole ion trap (step 420). To do so, the system can apply a negative DC bias to multipole
rods in the first section and substantially zero or smaller negative DC biases to other sections,
[0064] The system injects negative reagent jons into a second trapping region of the
multipole ion trap (step 430). The second trapping region is different from the first trapping
region in which the positive precursor ions are trapped. The positive ions in the first trapping
region are separated from the negative ions in the second trapping region by electrostatic
potential barriers generated by negative and positive DC biases that are applied to the first
and second sections, respectively. Alternatively, the first and second trapping regions can be

separated by a third ion-deprived region by imposing an oscillating electric potential
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positive and negative ions to move in both of the first and second trapping

regions. Without DC biases, the positive and negative ions can be

trapped simultaneously in the ion trap by oscillating electric potentials that

axially confine ions in the ion channel of the ion trap, as discussed above
eend MBI SRR RGiRa bigho eIt a0d SEERRTIARRIBEIROIORRB Siatty

separatledsgil 5 thi trapping region in which an oscillating electric
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the example, a 2D multipole ion trap 500 defines an ion channel about an
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sectjons 504-506 includes a. corresponding set of multipole rods that
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damping for the ions. [0067] In FIG. 5A, positive sample ions 511 are
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1 n he generated by ESI or any other ionization technigue. [0068]
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components of the ion trap 500, as illustrated by a sch_ematic diagram
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In the ion trap 500, a 0.001 torr of Helium gas provides dissipation or damping for the ions.
[0067} In FIG. SA, positive sample ions 511 are injected into the ion trap 500, The
sample ions 511 include ions with different masses and single or multiple positive charges.
The sample ions 511 can be generated by ESI or any other ionization technique,

{0068} The sample ions are injected into the ion frap through an aperture in the front
lens 503, and are accumulated in a trapping region within the center section 505. During
injection, different DC biases are applied to different components of the ion trap 500, as
llustrated by a schematic diagram 510, The front lens 503, the front section 504 and the

center section 505 receive negative DC biases 513, 514 and 515, respectively. The negative
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such as about +3 Volts, to generate an electrostatic field that prevents the
sample ions 511 from escaping the center section through the back lens
507, which receives a substantially zero DC bias 517, e.g., having a value
less than about 30 mV. [0069] FIG. 5B illustrates the isolation of precursor
.__ions fram th le ions 511 trapped in the center section of ion
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value of about-13V. Thus, an electrostatic field'is generated that moves
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(0073} Dstantigily 2exo, PIas, pe he ESPGEUYEN R %@8@&%&%%9%@ ICHE IS er
at move the positive precursor ions towards the front section 504 an

sectipneifSnintidiicidbap dare baghishlabddr thadreotaaorGAsHumuaedsse
schelRRINELHIAR, 3BDagRUINRILLALABE SHad 1 ItOURE LRNMELLSREIN WO DC bias

while the positive precursor ions 531 are held within the front section 504
534 bgvg aplgreer negative value than the DC bias 535 of the center section 505 is applied

to the front section 504, causing the positive precursor ions 531 to move from the center
section 505 into the front section 504. For example, the DC bias 534 can have a value of
about ~13V., Thus, an electrostatic field is generated that moves the positive precursor ions
531 from the center section 505 to the front section 504. The front lens 503 has a
substantially zero DC bias 533 fo generate an elecirostatic field that prevents the positive
precursor ions from escaping from the front section 504 through the front lens 503. The back
section 506 and the back lens 507 have a negative bias 536 and a substantially zero bias 537,
respectively, to generate electrostatic fields that move the positive precursor ions towards the
front section 504 and prevent their escape through the back lens 507.

[0072] FIG. 5D illustrates the injection of negative reagent ions 541 into the center
section 505 while the positive precursor ions 531 are held within the front section 504 of the
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ion trap 500, illustrating two trapping regions. The reagent ions 541 can be
generated by chemical ionization or any other suitable ionization
technique. The negative reagent ions are injected into the ion trap
through an aperture in the back lens 507, and are accumulated in the

. center section.505. During injection, different DG hi are applied,
o G IR TP IR 1 260 b ol oAt i R by
cherdiicd fameS40 TrepaticiendabBaomebaricchagion BoGrasatirrrensgabions are

injecﬁl;&?H{?Q RORLAEEIMEROSHYE DRI AR OEtiTE 309, F4R orbSRREFIVRRY in the

he positive biases 547, 546 and 545 have larger and larger values, such
centgfseglipn,$ 05 Purins mipriion; diffesent i higsessiganatishta difteraLgpmponents
ofthﬁgbiax&ﬁﬁsam,méeﬂmame&agimmﬁa@ammﬁﬂmw?rdsmemﬁﬁev,se@ﬁm
5 the,center section the reagent | colli [ e
s SR G 6 LTGRO0 AT R P etk
respeetbedise SThnpgstive txEch B 56, adcH dbaisdetzd aﬁ,(_itlﬁl‘ﬁqpfmﬁ_p@@ﬁ\ﬁé
sboi PV SANPRR 33NN ERARe I IRDG AEARI N C BAP R ho1

In the center section 5 e’front lens 503 receives a positive DC bias

negatagrengent iena oLt avardnherriatacsH @S0 o dedlie FRFHISENRIEhEhe

reag&{ﬂ%ﬂwﬂﬁﬁ%?ﬁlhfﬁﬁ%l@giggmg%gzﬁig%&%g@?iﬁﬁﬂﬂon r?04 through the
aperture In the front lens . |0/ " trates the mixing of t

10073 eiive pPE R RO SO ASEEE PRioh S Sl T

trap e pGOXipadbthesketidizd 50d séRenbcb0fof the nepaliipoteamiticns 50Din
As illustrated. chematic diagram. ,.eack i

e SAPSSIRESHD ARG B0 B S SR SRS A, v

to generatDE PGB8 c theld| Swt treversy Emprecur wid Posity dramesragim dom the

froni QBN %a&&ﬁ@%em?e%ﬁ@ﬁé fft Rissea8 is also applied to the
front lens 503 and the back lens 507. [0075] Near the lenses 503 and 507,

[0078bth the FESitRe PreRaIRDIROREEEOARG PISIHEGAEETTAGRN? 10 rabHE
negafihe odgdht keRfrdRIONMERBSIR 50y OseHiatiog®iesttendcrntitse

55 d 557 ' d F volt lied t front | 503.and
B k0 b LTSI Faraas G Al Sord o e 2 aftos
505 tiné Hckalensib8zntally tdecatival @CREM@JI&@@. M@Sahsmtﬁﬂﬂb{@ef@%biﬂﬁ 558,
to al W%%@&Jéﬁﬂ@?@%&!ﬁ?@ L0 KRz wbighis abouthal ofiheRE ne

requency app e rod electrodes. Thus the precursor ions 531 and

bias 8 iealgeapidied Buthaferdamnélpirntibabaak lafiiAé, the same trapping

[oo789ion, ageliheiniNeraalivnsIBRy, Har sBaHIR FRREeHSBAES31 and the
fragmentations of the precursor jons.  In this instance, the ﬁ%ﬂnglre jon

neg AL SAEEY SRERA ORI SECRRENeR 8loPE a2 PYSHEYRE R &l°

potePHaRBEINS ) 5T ¢aunitae & RPNy g th epptistto s Brtinglele60dcand the back

lens %&??eté%lesét?\% y?r%%? gxéx%%l‘é?%ﬁ%ﬁg ottt Grl]l% %%ga%ﬁtt.% Sick lens 507 can
receive an RF voltage with an amplitude of about 150 'V and a frequency of about 600 kHz,
which is about half of the RF frequency applied to the rod electrodes. Thus the precursor
ions 531 and the reagent ions 541 are confined in the same volume, the same trapping region,
and their interactions may induce charge transfers and fragmentations of the precursor ions.
In this instance, the trapping region comprises sections 504, 505 and 506. The charged
fragments (i.e., the product ions) are confined axially by the same oscillating electric
potentials 553 and 557 as the precursor and reagent ions.

[0076]) FIG. 5F illustrates the removal of the negative reagent ions 541 from the ion
trap 500 while retaining the positive product ions 561. As schematically illustrated in a
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[0076] FIG. 5F illustrates the removal of the negative reagent ions 541
from the ion trap 500 while retaining the positive productions 561. As
schematically illustrated in a 19 diagram 560, the negative reagent ions
541 can be removed from the trap 500 by applying a negative DC bias

. 565 ter section 505 ' ' e a
i e B e

neg e BEskissSE, 15 65 anntes 68 damttarad bsittialyrae i bisise 01 and 568
to tHAGEAH B FRAGRAIAN e bhdloBXiiPyIRldesprefient taRsTdBiand sbe, basknd

lens 507, and confine the positive product ions 561 in the center section

568 gamerais sleriacdsis featgdRTidhrreBlgRARTILIEES SbE SR BB e front
lensSbstadiinl Yack bias 597, Rixdfieldfise aipppedttocthe daciseas Afteir émouty section

| &30 b% 5%%65'1)1& %87 f%{) %1)1(@&8]:%1 % bias or
ditre

sos i eagentions, the plaductionse
selectively gjécting product ions with rent masSs-fo-charge ratios.

RF fiité inapiviédy torbepieodesst fofter cemobinfuthihnageahipesateeitrodet ionsteap be
analh20d 72 B ERME %&%&%W&%&éﬂiﬁf@&ﬁ& hereinih e ok RN ARt ge

_back sections 504, 505 a 6 have been described to correspond to
ratiofe dtFGH B G e REyurbifet cREqSifetls ThrsERidtetiadBeinn o
j00Emample, mssigsefiiacpbayrsamitatdndbat ibe configured imdbavickections

three sections be configured to provi ne, two or.three trappin
S04 SR DAL T80 CoM RO R E BTN SRR RS o o
requtirap (RISt G Gsohb nfaticatinily st dtssriredternativeentbrpdiniant in
b DOl A ; al fined
con_i\{v ing &ﬁ%ﬁ%g@%&%‘%ﬁ%igﬁ |3§%§%§ﬁgﬁﬁgj§ %uﬁgg’ole ion %%%p@ g% .mg
regiqiseadrli HEPIEND PSP CUITREREIRS Srfrepie setiin §1be PR section

100870 and ¥RackseaGHan-Aa) thakdeling AchannelaldiamexiSyBeE positive

Each of the sections 610, 620 and 630 includes a multipgle rod assembly,
and gRgFRS igntEatdhe BOfR %ﬂ&gﬁgﬁumﬁ%ﬂ%ﬂﬁ&%&ﬁ@sﬁ& B8ng
potaifnidieleciredesnidienniihatyiotiepdd@sThmbligipokndeahapxd@idie]udes a front

oct le or Jarger.as blies including three,.fo ore és " .
sect3 D0 & Y Bl AT G Kok DR o b BRI o e

601 s¢hehsitibalyciivstGtes68h eqpkid O fnnbpitesimgrrdipole cod asssmbli fichos 2
q%@%f@%%&ﬁ%&%ﬂc&ﬂ&@@t@@ Eﬁ?gygg&)@%&gr% BleqHRAeS SR BRdely,

624 in the center’section 620, and rod electrodes 632 and 634 in the back
the redareprerlios (o0 Porxtrelecifierde o dtass ostratjss daidina e oy
morB 32 b iasebE-REroiiage s 4n e caroasith a6 10 HEBIREIANG
oSSR L S e SR, OSSP A0. 8
614 getterfted sostitating rod kipcte gotéltiaid ety bhonfines seri®cl62@ todhed
elecr?r)éic%g 9312 av}lxﬁ%rsedf in the back section 630.

[0079] In the center section 620, the opposing rod electrodes 622 and 624 receive RF
voltages V1 in the same phase to generate, in combination with the other rod electrodes in the
center sectibn 620, an oscillating multipole potential, such as a quadrupole potential. The
generated oscillating multipole potential radially confines ions close to the axis 601, where
the multipole potential defines substantially zero electric fields.

[0080] In the front section 610, the opposing rod electrodes 612 and 614 receive the
same RF voliages V1 as the rod electrodes 622 and 624 in the center section 620 to generate,
in combination with the other rod electrodes in the front section 610, an oscillating multipole

potential that radially confines ions close to the axis 601. In addition to the RF voltages V1,
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the multipole potential defines substantially zero electric fields. [0080] In
the front section 610, the opposing rod electrodes 612 and 614 receive
the same RF voltages VI as the rod electrodes 622 and 624 in the center
section 620 to generate, in combination with the other rod electrodes in

the front section 610, an oscillatin ltinale potential that radiall .
the g igF R & R e OB T S e L A B e iy
oppotite phesalértindep&ldand Sdotraliss éZeibdAotHursiie voltalgeloden a2 and
ave substanti Sit ! ' le ;
o+ SRS SR ROl et el dont i

defings silkstanalpsrnpstesliestiic frddr dn etleasionno iy iBoReG90 it front

sectidEHNES BHRSIRO IRV ARD - dRMSIe@iflield aiiaBy @AFHR PaHips DI EwmAXiS
601 in the front section 610. Thu thﬁﬁ}suIlatln%dlpolerlrgotegtlal CRAN e i
negaliyriMCoHIeE B SRRSO Gl ADETBRROER pRY SRR Md?
sectiSE6l0RBAULQiernppasingigdiptée radesals. terfdifftrse cpprsiigredmin the
also. ge e gscillating dipole ntials [ Ing.r 0,0
i R R G
and fostitatiomn frequesniicsn bmid fdrteserhel phatraslajivedn welivBBase or

[oos Ut of Phasgg %@&V&mm,qmggaﬁgm the-bask 885tian 630rdhsve the

opposing rod electrodes 632 and 634 receive the same RF volt %%Stﬁlés

samerRE gplesan e iba Smrsan ey 4 1% W 6ot e fontaesioptld: ¢
oppo@ﬂ@ﬁéﬁ%%ﬂg%@é%aﬂﬂaﬁﬁédﬁlsﬂwmf sealigan6ae: alsosgitiadrateraltipole
oscillating.multipole pqtential to confine the.ions radially.clese 1o the axis,.
poterg] oA OLL AT AG A LB IS COLTIRS A e Lase (el
to coafintethsdetiondal) iBbeassehectsuiizlinG wlscwitepsiintie elzaldonfine
pote%%tg 9&?&%%%&%%&3%%% 9pEn DS HRAPROR SRR RO REHE G ated to

ce Ion-ion interactions and corresponding fragmentation in the center

indugistiviv20epBten] FIEcorsaariag dEmruRiate® Simosatsagetion 620-
[oosgmbodimeyet in WNEH RN YBaRStcReRIAtVeIRASABSIREROIN walia B Atee and
axially confined us%% oscillating Iectrlﬁ 1{J0tentlals in a.seggrlneﬁed tentials in
ool RSO TR A AR BI S BIPA 0B RN IRE SISt R
a segfkhtcaertions]é M 7@P 700d Thbackitipok T triazbldfithelsectionslens 703,
704 includes a multi r ssembly. suc :
e T LSRR S AR i
asseiohin vetlaboutsiaps 0 e8sidEhawHintbe MersivdeasPob batpiep or guide
jons i ﬁ@&%@ﬁ%@pﬁ;@@%%@ma first and a second set of ions, and later

ce Interactions between ions of the two sets by confining them into

[008}le samesanBhipnlaititae BHGan bR PPFHIRITC EeR RS FTECHfeAiSY 486 2
secofi@ et DEIHE MG Tt HdanSIRBthifErseRONELEabEAS! helte seabeobifintng

them-l-irr]lteo f‘élrlsetsgmete%];clzct)igi g? snections of the ion trap 700. For example, the first set can
include precursor ions and the second set can include reagent ions. The first set of ions can
be received through the front lens 703 and stored in the section 705, and the second set of
ions can be received through the back lens 710 and stored in the section 708.

[0084] The ions in the first set can be separated from the ions in the second set by
oscillating electric potentials gencrated by the multipole rods in the sections 706 and 707.
For example, different oscillating dipole potentials can be generated in the sections 706 and
707 to axially confine ions in the first set and the second set, respectively. Thus ions in the

section 705 can be manipulated separately from ions in the section 708. For example,
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be received through the front lens 703 and stored in the section 705, and
the second set of ions can be received through the back lens 710 and
stored in the section 708. [0084] The ions in the first set can be separated
from the ions in the second set by oscillating electric potentials generated
by the multipole rods.in the sections 7 nd 7Q7. E '
pro B O DI T S e eLteh i o Eh Gy BB e o
can o spatdiiycionfited fbers ihethesddssetndhel wrbieedBhd set, respectively.

(008! jus ionsgg. thesection. 705 fai. e aniBylirdise Rl dsR 7ol 707

e section 708. For éxample, 21 precursor ions can be spatially isolatedt
InMSsie

to alipstiopEoRrs et HarreUerHBh st R gahyieh¥ersan 198 Sramplfymstead
of dih%ﬂ@f@%ﬁ%,@%&%@%%&@hﬂﬁ@ﬁ%tm&ﬂﬁd R85 kckkenstalidgo7 to

. .electric potentials can he adjusted in the, sections 706 and 707 to all
euid 56 (8 DR SEEHOH 105 10 s ok S AR Ve D Sca i B ety
confexdmpde linstelacf dfqihnoﬂmm@@@ﬁﬁadspﬂhﬁdg@eﬂeip@m@b gemeiated by the
fronPEHE %’?%@tﬁi&?f%‘ﬁ%ﬁﬁlﬁo&?ﬁ%&%%ﬁt&&!&%&&%tmﬁ Betwees 4 and

sections 8. Posifive and niegative ions can be axially confined
709.near the ends of the ion trap 700 by oscillating electric potentials

[oosgenerated iy, the fkeniians: 3nckina Rapk Jensad 1 oh #ROIO illustrated in
potentials generated in the secti 704 and 7 9.&0086 In one
%5546%

[ § 0 . .
FIG i RamemEsiions BegroLHias ‘ﬁéﬁ%b&%ﬁ% o RoSHRbaamRcT 18
creafetGo paititidothsgrations aié poguitingdfarirsteseghapménibaihpse lnhver
. ntial barrier i eated to partition the pre r j
e BTSSR PO L A e, o
of thipprishaidauti oy hestesifioenity lavss massddichaseyraiden 28é themp daetic

ener DY YGLIORR MBRAYR VG S HELCIR M IAACINASS 1R1GRARBRIEAHNOSRBRY segment
i

rmal kinetiC energy to pass through the weak pseudo potential barrier

wherghqyeHe s eRed uckaiisges Ak e Rt drd ik iBeiTaqgyet ons are
rem(fﬁ@ﬁ%@m 2 f’c_ﬁé‘ﬁr@ﬁ@b’cb@n@%ﬁtWeeﬂo lei‘igér thesecareduahionSaaiensevithvetent
. rom the first section and are no longer exposed. to further reactions with
iomsy SR TETANE SRS UAT B TR G e T Al S R LAt o
prodantisuddéehedstasodhehodutbiors bigtrdorstablsyofitherimeentiorgarmable
be performed by one.qr. [ ogr . ati .
oS LAY R AR IO A o RGESEOE SIEEM R
on inpptidatarsdeengetivganterbireihod sitnssanaieo e ariuhrd Bt Byt

of tHANFRRRG Ak SitPRARYRRIIRAN SRBINGIMBIRMENISG85iHSDE ¢ bR PINGAL ficld
logic cwcwtre/, e.g., an FPGA g;e d, programmable gate arrayz% ran ASIC
prograppeis e BEE T MR 4o ierRkcRtioTomS 71 s BERl Lfitire for the

[008FXECUtiONPRbR4emM PUtEH1P fogliediaclida oy w@puter program include, by way
of example, both general and special purpose microprocessors, and any one or more
processors of any kind of digital computer. Generally, a processor will receive instructions
and data from a read-only memory or a random access memory or both. The essential
elements of a computer are a processor for executing instructions and one or more memory
devices for storing instructions and data. Generally, a computer will also include, or be
operatively coupled to receive data from or transfer data to, or both, one or more mass storage
devices for storing data, e.g., magnetic, magneto-optical disks, or optical disks, Information
carriers suitable for embodying computer program instructions and data include all forms of
non-volatile memory, including by way of example semiconductor memory devices, e.g.,

EPROM, ERPROM, and flash memory devices; magnetic disks, e.g., internal hard disks or
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of example, both general and special purpose microprocessors, and any
one or more processors of any kind of digital computer. Generally, a
processor will receive instructions and data from a read-only memory or a
random access memory or both. The essential elements of a computer

remcgf&f’e REOSS 00 GXESH IAGINSIHETPRORN IANEVES HOKE HREIOFYe processor

evices for storing instructions and data. Generally, a computer will also,

and fhe mgaiosy H2 boempiverrEd e tBcripeivted M aPreial BrRossdpsic e by
100881 both, ong 1G6rMEr &:MAGS:SiRIRGEhARAE hioTnstaing Salbe Bx@lemented on a

tic, to-optical disk tical disks, iQn.. caryi
comEh A8 RGO o B b O A AR
dispfeyjmscaitorofordiafibginpinfonyaiividdithg e aydof exdmpisémioringderice,
e.g., DEONY oq(%,\gﬁls%ﬁg%@tm @ﬁ&%@%ﬁ%%vﬁm&ﬂﬁ %’ﬁ%’@&iﬁb&@%’ & Prer kinds

magnetic iternal hard disks or 22 removable disks;
of devisgmeto e lgiprevidn OB rRSIAavHITMMSeRI Mellichs cxaaniideedatk
provld IBSHNEIONNAR b SHRRIEMARIgTRILAEINs QI PAkALe i RR Al itory
urpose logic circuitry. [0088] To provide for interaction with a yser, .thc? din
feed gk oA G TRCGAEE G (ROMELAEP RATHG K OrEaY et acTuding
acowBti,, pdedh] foathidelzpsay tube) or LCD (liquid crystal display) monitor, for
isplaying,information to the user Inting,device,
e T G L R S

Nevertmlssseit @ithbs kdastesiddbviced vamindifisatiaas pravoreretarrihast daparting
from¥HE SR ahASMR o fAlESXRRIR: Fesrbarky RIaNIAR iR g UesH#RA RRthods

any form of sensory feedback, e.g., visual feedback, auditory feedback,
can by peoR bR st end At Hashiews desipls st dthe S55PRi,
techiighdd D16k RCAHISIEG, 16 REREH0OIrhRs e iiaed, §0089) durnumbes bk guides that

embodimgents of the invention have been described. Nevertheless, jt.will
oA R OB R AR S R, e R )
and RBnythelspititcadmesopetoidhd sopaaticd 6o tegaihel destré sddpehofaius can
also gg%%g%gcmg&%g%{%ﬂ-p@ oLy Eg‘igi]g ghgsplifferent order and still achieve

esirable results. The described techniques can be applied to other ion

traps or guides, such as curved axis ion guides that define a curved ion

channel to trap or guide ions, planar RF ion guides (planar multipoles)

and RF cylindrical ion pipes. Instead of segmented ion traps, the

described techniques can also be implemented using multiple separate

ion traps. 23 CLAIMS What is claimed is:
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1.°A method. of trapping ions in-a-multipole ion trap having a first and a

second set of. electrodes defining an ion channel, the first set of

electrodes including a plurality of r?a?1 electrodes, comprising the steps of:

introducing ions into the multipole ;applying periodic voltages to

aldeitadgaindihesfirst set of electrodes to generate a first oscillating

electric potential that radially confines the ions in the ion channel; and

applying periodic voltages to electrodes in the second set of electrodes to

generateaisetona-pahilaing ielectidipotentalihahavialy erpfinesdRecond set of

iQns in.the ian.channel. 2. The method of claim 1, wherein the first and the

EleCHRAeS SR B AR5 SERECk UE (LTSRS SIS FrLRAGPpReot rod

siethodtgflapn dnyiheraupihd: step of introducing ions includes

introducing hoth positive ions and pegative ions into the ion trap, and

wheréﬂ%ng‘fﬁlﬂgé%&Rf\?&‘Erﬁ“?ﬂa eHtii&Rons are simultaneously

confinggivitbiphedionsiansed dedhrisethed atalaiiBelvhieser tBeenerate a
ultipale ion trap includes a first %r%fi d a second end, and the positive

B SRS RS RARUALLI 2 A ep BRES AR e ‘8B rerapgnne; and

.reslpeqip@iug @eﬁh&m@k@éﬁ&é&m&wﬁﬁ Y sfé;ﬁ:ﬁ%lﬁétﬁﬁl@lm&@@ to generate a

includes two or more . separate sections, the method further comprising:

SR AaFA R BF RIS DR BGLLYE BRI FRGNGH the ieRicipcgdon chancl.

corresponding to sections of the ion trap to confine the positive and the

hegaliibe ioethod sEparatd  sebtiens bt Tie mndttiaps@ontieaneiheidofalairhave at

5, further, camprising the step of removing or changing the applied DC
%%ggrsletgl%\?f)ovg%ﬁ% pcl)gllﬁ(\)/%‘ and negative ions to mix and interact. 7. The

method of any of the preceding claims, wherein: applying periodic

Yioltadds medledwbelsennlinehirsinticotetadiiotediniigdess Hspdemintroducing

odicvol : ot _ . codi
e ol oo R anc
thelnggetvwitna e sonulfasepishc pahfinéd siifbionhériom chenficdt frequency.
8. The method of claim 7, wherein the first and second frequencies have a

~ 4atio ﬁx%tdﬁﬂ?@b'? SRR ISHALM R KL RIFIIL RGOS RS st end and a
second end, and the positive and negative ions are introduced at the first end and the

second end, respectively.

5. The method of claim 3, wherein the multipole ion trap includes two or more
separate sections, the method further comprising:

| applying one or more DC biases to one or more of the electrodes corresponding to
sections of the ion trap to confine the positive and the negative ions in separate sections of

the ion trap.

6. The method of claim 5, further comprising the step of removing or changing the

applied DC biases to allow the positive and negative ions to mix and interact.

7. The method of any of the preceding claims, wherein:
applying periodic voltages to electrodes in the first set of electrodes includes
applying periodic voltages with a first frequency; and

applying periodic voltages to electrodes in the second set of electrodes includes
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9. The method of claim.8, wherein the first-and second frequencies have a
ratio of about two. 10: The method of any of the preceding claims,
wherein the voltages applied to the first and second sets of electrodes are
out ofaphlysecrptaivdictoolingcamatherserond heeanensydhot riiféirans from the first
Bg%ggg' g claims, wherein the first and second oscillating electric

otentidls have different spatial distributions. 12. The method of claim 11,
wherein the ion channel has an axis, and the first oscillating_electric

Botentibs geibrd of i aberdro Mdariand treprd dupsind haye fgtio that is
adsahihaden shamaebanddbe sprend assillaling electric potential

defines substantially non-zero electric field at the same at least a portion

of the axis of the ign channel. 13.. The methpd of of the preceding .

Gaim PR RSIERT (eI BTG Bo L AP iER RIS AU e AT & Teto of

shirdirdapole, hexapole or larger multipole potential. 14. The method of any

of the preceding claims, wherein the second oscillating potential includes
osgjllating dipole potential. 15. .The method of any,of the. prec fgji b £

e B eSO o TS WAL B MBI ot i

and tecsndlextirofiekci6dés aneittipalé pbastragl atppaatus  apothgrrising: a first

set and a second set of electrodes arranged to define an ion channel to

P ARSmlESrSEas! O fle grade D eludingeHalu AR @ifr§9918'§é‘é5%ﬁo%anaﬁng

and-a controller configured to apply periodic voltages to electrodes in the
diestriepesensielsthovie d ibeeenbanpitnadiss BEMating electric potential that
radially confines ions in the ion channel, and to apply periodic voltages to

electragas GhHae,setsnd sehatrRiRcledss daanEria sk @ S8@0Rd first

oscillating electric potentiai that axially confines ions in the ion channel.

opvilipfiasgipeiritresrEmlidsansssHevemially csHurairsits Bslkgirsat portion of
. APRYMIGTiadinvaliages indiRfisimadsanand setseleRermaeadanes

simultaneously confine positive and negative ions in the ion channel. 18.
sehetansisHiaras-srusier e, Hald rtherarne At linst fsPostir aFdbeaxissithe ion
JAgHRdic voltages to electrodes in the first set of electrodes with a first

frequency; and

-

13. . The method of any of the preceding claims, wherein the first osciilating potential

includes an oscillating quadrupole, hexapole or larger multipole potential.

14.  The method of any of the preceding claims, wherein the second oscillating potential

includes an oscillating dipole potential.

15. The method of any of the preceding claims, wherein the second set of electrodes

includes one or more plate ion lens electrodes.

16. A multipole ion ﬁap apparatus, comprising:

a first set and a second set of electrodes arranged to define an ion channel to trap
jons, the first set of electrodes including a plurality of rod electrodes; and

a controller configured to apply periodic voltages to electrodes in the first set of
electrodes to establish a first oscillating electric potential that radially confines ions in the

ion channel, and to apply periodic voltages to electrodes of the second set of electrodes to
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apply penodlc voltages to electrodes in the second set of electrodes with a
second frequency that is different from the first frequency. 19. The
apparatus of claim 18, wherein the First and second frequencies have a
retieblinheiscavnsd esoilrtiogeleatiinpetential o vfiatte genfmamioessndde ion
Thspapparatus of claim 19, wherein the first and second frequencies have
a ratio of approximately two. 21. The apparatus of any of the preceding
a wherein the first set of electrodes define first and second sections

dF'the 107 BRBRTARE ShelaiRd iRt doth smaiellenismanesnreddssgpbnperiodic
PoIgER DEhBIARRSAA QIS RIOHT iR 8GR a1ERLERSRARAIREBositive and

sectigns of the ion trap to confine the positive and the negative ions in

BERAIXEILRHE BPFBARISIchannel. 22. The apparatus of claim 21,

wherein the controller is further configured to remove or change the
aPplicthb eppiasies wauﬁwmammwwwmmhfg kamﬁﬁmeaimnd

t t. 23 T.h tus of.clai in the se et of
Ml T R
fheyenatgraedds of the rod electrodes. 26

apply periodic voltages to electrodes in the second set of electrodes with a second

frequency that is different from the first frequency.

19. . The apparatus of claim 18, wherein the first and second frequencies have a ratio

that is about an integer number or a ratio of integer numbers.

20.  The apparatus of claim 19, wherein the first and second frequencies have a ratio of

approxunatcly two.

21. The apparatus of any of the preceding claims, wherein the first set of electrodes
define first and second sections of the ion channel, and wherein the controlier is
configured to apply one or more DC biases to one or more of the electrodes
corresponding to sections of the ion trap to confine the poéitive and the negative ions in

separate sections of the ion channel.

~ 22.  The apparatus of claim 21, wherein the controller is further configured to remove or

change the applied DC biases to allow the positive and negative ions to mix and interact.

23.  The apparatus of claim 22, wherein the second set of electrodes includes one or

more plate ion lens electrodes positioned at the end or ends of the rod electrodes.
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