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Description

BACKGROUND OF THE INVENTION

Field of the Invention

[0001] The present invention relates to the field of
mass spectrometry, and more particularly the present
invention relates to 2D linear multipole traps configured
to enable ion/ion reactions, such as, but not limited to
electron transfer dissociation.

Discussion of the Related Art

[0002] Mass spectrometry is one of the most common
and most important tools in chemical analysis and be-
came a key technique in the discovery of the electron
and the isotopes. The analysis of organic compounds is
especially challenging as such compounds cover a wide
mass range from about 15 amu up to several hundred
thousand amu, wherein the compounds themselves are
often fragile and non-volatile.
[0003] In general, a mass spectrometer includes an
ion source, a mass analyzer and some form of one or
more detectors. As part of the function of the ion source,
sample particles are ionized with techniques that can in-
clude chemical reactions, electrostatic forces, laser
beams, electron beams, or other particle beams. The re-
sultant ions are subsequently directed to one or more
mass analyzers that separate the ions based on their
mass-to-charge ratios. The 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 cy-
clotron resonance (ICR) cells. The ions can also be sep-
arated according to their stability in a multipole ion trap
or ion guide. The separated ions are detected by the
aforementioned one or more detectors so as to provide
data that enable the reconstruction of a resultant mass
spectrum of the sample particles.
[0004] As part of the directing of the particles within a
mass spectrometer, the ions are guided, trapped or an-
alyzed using magnetic fields or electric potentials, or a
combination of magnetic fields and electric potentials.
For example, static electric fields are used in time of flight
instruments and electrostatic traps, like the Orbitrap™,
static magnetic and static electric fields are used in ICR
cells, and static and dynamic multipole electric potentials
are used in multipole traps such as, two-dimensional (2D)
quadrupole traps or three-dimensional (3D) quadrupole
ion traps. However, while a (3D) quadrupole ion trap,
e.g., Paul trap, forms a true 3D trapping potential it has
only a limited space charge capacity.
[0005] With respect to linear 2D multipole traps, such
devices, which can be operated as collision cells, often
include multipole electrode assemblies, such as quadru-
pole, hexapole, octapole or greater electrode assemblies
that include four, six, eight or more rod electrodes, re-
spectively. The rod electrodes are arranged in the as-

sembly 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 tradi-
tionally confined axially, in the direction of the channel’s
axis, by DC biases applied to the rod electrodes or other
electrodes such as plate lens electrodes in the trap. In a
portion of the channel defined by the rod electrodes, the
applied DC biases can generate electrostatic potentials
that axially confine in predetermined sections of the de-
vice either positive ions or negative ions, but cannot si-
multaneously trap both. Additional AC voltages can be
applied to the rod electrodes to excite, eject, or activate
some of the trapped ions.
[0006] 2-D ion guides can also include a multitude of
closely spaced "stacked" ring or plate electrodes having
apertures that can but not necessarily decrease in size
from the entrance of the device to its exit to manipulate
the ions along the induced ion channel of the configura-
tion. Detailed background information on an example
stacked ring structure can be found in U.S. Patent No.
7,514,673, entitled Ion Transport Device," issued April 7,
2009, to Senko et al. Generally described, the ring or
plate electrodes are designed to have coupled oscillatory
(RF) voltages with appropriate RF phase relationships
to radially confine the ions. In order to provide focusing
of ions to the centerline of the ion channel near the device
exit, the spacing between adjacent electrodes may be
increased in the direction of ion travel. The relatively
greater inter-electrode spacing near the device exit pro-
vides for proportionally increased oscillatory field pene-
tration, thereby creating a tapered field that concentrates
ions to the longitudinal centerline. The magnitudes of the
oscillatory voltages may be temporally varied in a
scanned or stepped manner in order to optimize trans-
mission of certain ion species or to reduce mass discrim-
ination effects. A longitudinal DC field, which assists in
propelling ions along the ion channel, may be created by
applying a set of DC voltages to the electrodes.
[0007] Another exemplary type of 2D-guide comprises
stacked plates or rings arranged parallel and generally
transverse to the travel axis of ions (See Gerlich et al,
(1992) Inhomogeneous Electrical Radio Frequency
Fields: A versatile tool for the study of processes with
slow ions. Adv. In Chem Phys LXXXII, 1. ISBN
0-471-53258-4, John Wiley and Sons). Generally, such
structures are also arranged as radio frequency (RF) ion
guides and operated under elevated pressures to effi-
ciently transmit ions from one portion of a spectrometer
to another. These devices work on the principle of so
called "effective potential wells" that can trap the ions in
these wells for extended periods of time either by the use
of cylindrical geometry devices such as conventional
Paul traps, or using linear geometry devices such as
multipole guides or ring sets with end plates providing a
trapping D. C. potential.
[0008] In MS/MS experiments, selected precursor ions
are often first isolated or selected, and next reacted or
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activated to induce fragmentation to produce product
ions. Mass spectra of the product ions can be measured
to determine structural components of the precursor ions.
Typically, the precursor ions are fragmented by collision
activated dissociation ("CAD") in which the precursor
ions are kinetically excited by electric fields in an ion trap
that also includes a low pressure inert gas. The excited
precursor ions collide with molecules of the inert gas and
may fragment into product ions due to the collisions.
[0009] In a different arrangement, product ions can be
produced by electron capture dissociation (ECD) or
ion/ion interactions. In ECD, low energy electrons are
captured by multiply charged positive precursor ions,
which then may undergo fragmentation due to the elec-
tron capture. To induce ECD processes in ICR cells, the
precursor ions and the electrons are radially confined by
large magnetic fields, typically from about three to about
nine Tesla. Axially, the positive precursor ions and the
electrons are confined by electrostatic potentials in ad-
jacent regions. Near the border of the adjacent regions,
trajectories of the precursor ions and the electrons may
overlap and ECD may take place. Alternatively, the
trapped precursor ions may be exposed to a flux of low
energy electrons. However, ECD processes are difficult
to carry out in an ion trap as the applied RF fields are not
conducive for receiving low energy electrons. For exam-
ple, thermal electrons, if introduced into the RF fields of
a RF 3D quadrupole ion trap (QIT), a quadrupole time-
of-flight (TOF), or a linear RF 2D quadrupole ion trap
(QLT) instrument, maintain their thermal energies for only
a fraction of a microsecond and are not trapped. There-
fore, the technique remains exclusive to expensive MS
instruments, such as, for example, FTIR mass spectrom-
eters.
[0010] Therefore, development of an ECD-like disso-
ciation process for use with low cost instruments, such
as a QLT, is desirable. Interestingly, electron transfer dis-
sociation (ETD) is such a desirable alternative method
for peptide dissociation by fragmenting the peptides via
ion/ion chemistry using RF multipole ion trapping devic-
es. Similar to ECD, ETD typically requires that the relative
kinetic energy of the interacting particles be small, pref-
erably less than (10, 5, 2) eV, optimally less than about
1 eV. However, ETD typically fragments the confined
peptides by transferring an electron from a radical anion
to a protonated peptide. This induces fragmentation of
the peptide backbone, causing cleavage of the bonds
just as ECD does. This creates complementary c and z-
type ions instead of the typical b and y-type ions observed
in CAD. Beneficially, ETD preserves post translational
modifications (PTMs), such as, phosphorylations, sulfa-
tions and glycosylations that are labile by CAD and thus
desirable sequence information of the peptide can be
obtained.
[0011] Linear 2D multipole traps, as described above,
have the desired higher capacities that can be benefi-
cially utilized for ion/ion reactions, such as ETD, but such
devices do require additional electrical fields to trap both

educts simultaneously. The ion/ion reactions in linear RF
multipole traps are typically induced by trapping the an-
alytes and focusing the reactants into the trap. In such a
manner, the RF pseudo potential is non-repulsive along
throughout the length of the device to enable charge
transfer to take place. Means of entering the trap can
include parallel or perpendicular entry to the axis of the
multipole. For simultaneous trapping of ions and cations,
segmented traps have in the past been utilized by those
skilled in the art to trap the different species in different
segments with additional DC fields to predetermined seg-
ments and an added RF potential to the end lenses to
enable the ion/ion reactions to take place.
[0012] To give the reader an idea of additional techni-
cal capabilities presently in the field, one is directed to
background information for a system that teaches the
application of a DC axial field in a RF multipole instru-
ment, as described and claimed in U. S. Patent No.
7,067,802, entitled, "Generation of combination of RF
and axial DC electric fields in an RF-only multipole," is-
sued June 27, 2006, to Kovtoun, including the following,
"[a]n RF-only multipole includes a spiral resistive path
formed around each multipole rod body. RF voltages are
applied to the rod body and resistive path, and DC volt-
ages are applied to the resistive path, to create a radially
confining RF field and an axial DC field that assists in
propelling ions through the multipole interior along the
longitudinal axis thereof. In one implementation, the re-
sistive path takes the form of a wire of resistive material,
such as nichrome, which is laid down in the groove de-
fined between threads formed on the rod body. The RF-
only multipole of the invention avoids the need to use
auxiliary rods or similar supplemental structures to gen-
erate the axial DC field."
[0013] Background information on a system and meth-
od that confines positive and negative ions in a linear
trap, is described and claimed in U. S. Patent No.
7,145,139, entitled, "Confining Positive and Negative
Ions With fast Oscillating Electrical Potentials," to Syka,
issued December 5, 2006, including the following,
"[m]ethods and apparatus for trapping or guiding ions.
Ions are introduced into an ion trap or ion guide. The ion
trap or ion guide includes a first set of electrodes and a
second set of electrodes. The first set of electrodes de-
fines a first portion of an ion channel to trap or guide the
introduced ions. Periodic voltages are applied to elec-
trodes in the first set of electrodes to generate a first
oscillating electric potential that radially confines the ions
in the ion channel, and periodic voltages are applied to
electrodes in the second set of electrodes to generate a
second oscillating electric potential that axially confines
the ions in the ion channel."
[0014] Background information on a system and meth-
od that stores ions of a first species in a linear ion trap
and then subsequently transmits an oppositely charged
species through the stored first species to provide for
ion/ion reactions is described and claimed in U. S. Patent
Application Publication No. U.S. 2008/0128611 A1, en-
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titled, "Method and Apparatus For Transmission Mode
Ion/Ion Dissociation," to McLuckey et al., issued Pub-
lished June 5, 2008, including the following, "[a] method
and apparatus for analyzing biomolecules is described.
The method includes injecting and storing one species
of ionized molecule in a linear ion trap and injecting sec-
ond species of oppositely polarity ionized molecule such
that the second species is transmitted through the stored
first species. The resultant reaction products may be an-
alyzed by a mass analyzer taking account of the remain-
ing charge values. In an aspect, a linear ion trap may be
used as the reaction volume, and the ionized species
injected along the axis of the trap in a substantially col-
linear manner. The mass analysis may be performed by
mass selective axial ejection or by a mass spectrometer."
[0015] Background information that teaches electron
transfer dissociation (ETD) in an ion trap, is described
and claimed in U. S. Patent No. 7,456,397, entitled, "Ion
Fragmentation By Electron Transfer In Ion Traps," issued
November 25, 2008, to Hartmer et al, including the fol-
lowing, "[t]he invention relates to a method and instru-
ment for the fragmentation of large molecular analyte
ions, preferably biopolymer ions, by reactions between
multiply charged positive analyte ions and negative re-
actant ions in RF quadrupole ion traps. Some of these
reactions involve electron transfer reactions with subse-
quent dissociation of the biopolymer analyte ions, and
some involve the loss of a proton, leading to stable prod-
uct ions. The invention can use any type of ion traps,
particularly three-dimensional RF quadrupole ion traps,
for the reactions between positive and negative ions. The
fragmentation yield can be increased because ions that
remain stable as radical cations after transfer of an elec-
tron are further fragmented by collisionally induced frag-
mentation, forming fragment ions that are typical of elec-
tron transfer, and not those typical of collisionally induced
fragmentation. The invention preferentially introduces
positive ions and negative ions into the ion trap sequen-
tially through the same aperture."
[0016] Additional background information that teaches
electron transfer dissociation (ETD) in an ion trap, is de-
scribed and claimed in U. S. Patent No. 7,534,622 B2,
entitled, "Electron Transfer Dissociation For Biopolymer
Sequence Mass Spectrometer Analysis," issued May 19,
2009, to Hunt et al, including the following, "[t]he present
invention relates to a new method for fragmenting ions
in a mass spectrometer through the use of electron trans-
fer dissociation, and for performing sequence analysis
of peptides and proteins by mass spectrometry. In the
case of peptides, the invention promotes fragmentation
along the peptide backbone and makes it possible to de-
duce the amino acid sequence of the sample, including
modified amino acid residues, through the use of an RF
field device." In US 2008/0014656 over which the claims
are characterized, is described a method of analyzing
ions in an ion guide with first and second ends comprising
introducing a first group of ions and a second group of
ions of opposite polarity into the ion guide, and applying

an RF voltage for confining the first and second groups
of ions radially within the ion guide. A first trapping barrier
is provided to the first end of the ion guide for trapping
the first group of ions and a second trapping barrier is
provided to the second end of the ion guide for trapping
the second group of ions and an axial field is provided
for pushing the first group of ions toward the first trapping
barrier and pushing the second group of ions toward the
second trapping barrier. The ions are interacted by re-
versing the axial field to force the separate ion popula-
tions through each other. In WO 2010/002819 is de-
scribed a fragmentation device that includes a linear set
of stacked electrodes and a voltage control module that
forms DC potential wells of opposite polarity for mutual
confinement of opposite polarity ions. A method of protein
analysis includes confining positive peptide ions and neg-
atively charged reagent anions in, respectively, the first
and second DC potential wells, mixing the ions in the
fragmentation device, and analyzing ion fragments
formed in the mixture.
[0017] Accordingly, a need exists for improved meth-
ods and configurations to simultaneously confine precur-
sor and reagent ions (i.e., cations and anions) within a
RF field of multipole trapping devices so as to induce
desired ion/ion reactions, in particular, ETD ion/ion reac-
tions. The present invention is directed to such a need.

SUMMARY OF THE INVENTION

[0018] One aspect of the present invention is directed
to a method of fragmenting ions according to claim 1.
[0019] Optionally, the method may further comprise in-
teracting the first group of ions with the second group of
ions of opposite polarity by way of diffusion, and further
by way of at least one of the following steps selected
from: interacting the first group of ions with the second
group of ions of opposite polarity by forcing ions through
one another; interacting the first group of ions with the
second group of ions of opposite polarity by changing
the slope of the DC gradient; and interacting said first
group of ions with said second group of ions of opposite
polarity by time shifting a customized plurality of ion stor-
age volumes.
[0020] Another aspect of the present invention pro-
vides for a mass spectrometer system according to claim
14.

BRIEF DESCRIPTION OF THE DRAWINGS

[0021]

FIG. 1A shows a general schematic of a non-seg-
mented ion trap and a coupled system to illustrate
the novel concepts of the present invention.

FIG. 1B shows a general schematic of a segmented
ion trap and a coupled system to illustrate the novel
concepts of the present invention.
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FIG. 2A schematically shows a Z-type potential
formed along the long axis of a multipole so as to
illustrate the principles of the present invention.

FIG. 2B, FIG. 2C, FIG. 2C’, and FIG. 2C" schemat-
ically illustrate a non-limiting example embodiment
of applied voltages and resultant potentials for injec-
tion/reaction and ejection modes of operation.

FIG. 3A schematically illustrates resultant space
charge effects after further cation and anion injection
to force the oppositely charged ions uphill their re-
spective gradient so as to move towards the center
of the multipole and induce desired ion/ion reactions.

FIG. 3B schematically illustrates a static-trapping
method via injection of larger populations of anions
until the space charge limit is reached.

FIG. 4A schematically illustrates a semi-static trap-
ping embodiment.

FIG. 4B schematically illustrates the semi-static trap-
ping arrangement after cation injection has stopped
and the gradient is switched to start the cations mov-
ing through newly injected trapped anions.

FIGS. 5A and 5B illustrate a beneficial mode em-
bodiment that combines the passing mode, similar
to the discussion above with respect to FIGS. 4A and
4B, in combination with the preferred static mode.

FIG. 6A shows a linear 2D quadrupole trap coupled
to a structure(s) that enables coupling static DC field
gradients of the present invention along the length
of the device.

FIG. 6B schematically illustrates potential wells
formed by the vane structures provided in FIG. 6A.

FIGS. 7A, 7B, and 7C are shown to merely illustrate
the customization of various ion storage potential
volumes and DC gradients of the present invention.

FIGS. 8A, 8B, and 8C illustrate the capability of time
shifting customized storage volumes and gradients
within a multipole device of the present invention.

FIG. 9A shows ETD spectra results for a substance
with well known fragmentation patterns from exper-
iments carried out using a system of the present in-
vention.

FIG. 9B shows ETD spectra resulting from a prior
art system to illustrate a comparison of the spectra
provided in FIG. 9A.

DETAILED DESCRIPTION

[0022] In the description of the invention herein, it is
understood that a word appearing in the singular encom-
passes its plural counterpart, and a word appearing in
the plural encompasses its singular counterpart, unless
implicitly or explicitly understood or stated otherwise. Fur-
thermore, it is understood that for any given component
or embodiment described herein, any of the possible can-
didates or alternatives listed for that component may gen-
erally be used individually or in combination with one an-
other, unless implicitly or explicitly understood or stated
otherwise. It is to be noted that as used herein, the term
"adjacent" does not require immediate adjacency. More-
over, it is to be appreciated that the figures, as shown
herein, are not necessarily drawn to scale, wherein some
of the elements may be drawn merely for clarity of the
invention. Also, reference numerals may be repeated
among the various figures to show corresponding or anal-
ogous elements. Additionally, it will be understood that
any list of such candidates or alternatives is merely illus-
trative, not limiting, unless implicitly or explicitly under-
stood or stated otherwise.
[0023] In addition, unless otherwise indicated, num-
bers expressing quantities of ingredients, constituents,
reaction conditions and so forth used in the specification
and claims are to be understood as being modified by
the term "about." Accordingly, unless indicated to the
contrary, the numerical parameters set forth in the spec-
ification and attached claims are approximations that
may vary depending upon the desired properties sought
to be obtained by the subject matter presented herein.
At the very least, and not as an attempt to limit the ap-
plication of the doctrine of equivalents to the scope of the
claims, each numerical parameter should at least be con-
strued in light of the number of reported significant digits
and by applying ordinary rounding techniques. Notwith-
standing that the numerical ranges and parameters set-
ting forth the broad scope of the subject matter presented
herein are approximations, the numerical values set forth
in the specific examples are reported as precisely as pos-
sible. Any numerical values, however, inherently contain
certain errors necessarily resulting from the standard de-
viation found in their respective
testing measurements.

General Description

[0024] A linear two-dimensional (2D) multipole ion
trap, which can also operate as a collision cell, can sub-
stantially trap more positive and negative ions than a
three-dimensional (3D) quadrupole trap. Thus, a 2D
multipole trap is a beneficial device in detecting low abun-
dance product ions as well as providing larger signal-to-
noise ratios. As known to those skilled in the art, the RF
voltages within such instruments create a pseudo-poten-
tial that is charge sign independent but requires further
electrical and magnetic fields for three-dimensional trap-

7 8 



EP 2 532 019 B1

6

5

10

15

20

25

30

35

40

45

50

55

ping. As the pseudo-potential is charge sign independ-
ent, it thus provides for an ideal reaction volume for
ion/ion reactions, such as, but not limited to electron
transfer dissociation (ETD), which often requires the si-
multaneous containment of cations and anions.
[0025] The present invention is thus directed to the of-
ten simultaneous trapping of positive ions (cations) and
negative ions (anions) in 2D multipole devices, e.g., 2D
linear multipole traps, often 2D linear quadrupole traps
as well as 2D linear traps configured as collision cells.
Such techniques are aided herein by use of an additional
effective DC gradient of preferably about 30 mV/cm up
to about 1 V/cm so as to induce ion/ion reactions, such
as, but not limited to, ETD. Additional desired instruments
to be utilized herein can also include 2D linear ion traps
configured as coiled double or quadruple helices. More-
over, they can be constructed as stacks of plate elec-
trodes, having for example, a curved ion guiding region
and entrance and exit regions along the same or a dif-
ferent axis. Finally, such 2D linear ion traps can be con-
figured as stacked ring diaphragms, where the phases
of an RF voltage are applied alternately to the ring dia-
phragms.
[0026] It is known that such linear 2D trapping devices,
as utilized as part of a mass spectrometer system, most
often incorporates four, six, eight, or more equally spaced
rods often configured in a substantially spherical arrange-
ment to enable high efficiency capture, transmission,
and/or storage of desired ions. While a desired shape of
the RF electrodes that make up the device(s), as dis-
closed herein, are often hyperbolic, it is to be appreciated
that flat or circular cross sectioned rods can also be used
to generate RF electric field lines similar to the theoreti-
cally ideal hyperbolic field lines between the rods without
departing from the specifications of the present invention.
Moreover, the ion trap can also be provided with a buffer
inert gas, e.g., Helium, Neon, Argon, and most often Ni-
trogen to assist the ions in losing their initial kinetic energy
via low energy collisions. Such provided buffer gases can
be provided with pressures in the range between 1 mbar
and about 0.0001 mbar, preferably around 0.01 mbar for
typical peptides, including proteins, having masses be-
tween about 500 up to about 4000.
[0027] It is to be appreciated that having adjacent re-
gions for storage of positive and negative ions is already
known from FT-ICR. It is also known from FT-ICR that it
is difficult to manipulate ions from such adjacent or nested
trapping regions so as to introduce interaction between
positive and negative ions. [e.g. Malek et al. "Rapid. Com-
mun. Mass Spectrom VOL. 11, 1616-1618 (1997)]. How-
ever, it is surprising that so far only axial RF-trapping
and "transmission mode ETD" have been demonstrated.
A major contribution of the present invention is the dis-
covery which provides operational parameters for a trap
that allows migration of positive and negative ions into
one another directly within substantially static axial elec-
tric fields.
[0028] As part of the design for the present invention,

positive and negative ions can be easily injected at de-
sired locations of the device, such as, for example, either
a similar end or at opposite ends of the instrument, as
well as from a sideways position. The positive ions can
be precursor ions and the negative ions can be reagent
ions or the positive ions can be reagent ions and the
negative ions can be precursor ions that in either case
can induce charge transfer to or from the precursor ions
via ion/ion reactions. As an alternative desired reaction,
negative reagent ions may abstract charged species, typ-
ically one or more protons, from the precursor ion. The
charge transfer can reduce a multiple charge of the pre-
cursor ion, invert the charge polarity of the precursor ion,
or induce a fragmentation of the precursor ion. Moreover,
such charge transfer may induce fragmentation or simply
charge reduction of ions other than the precursor ions,
such as fragmentation or charge reduction of the product
ions produced by prior charge transfer reactions.
[0029] In a channel where an ion population includes
positive ions, negative ions or both, the ions of the present
invention are radially confined by electric fields as defined
by a primary RF potential of adjustable phase and/or am-
plitude of up to about several kilovolts with a frequency
from about 500 kHz up to about 2.5 MHz applied to the
alternating rods 180 degrees out of phase from each oth-
er throughout the assembly.
[0030] As known to those skilled in the art, there is
typically no axial force acting on an ion on the z-axis of
the quadrupole ion trap and thus it is necessary to apply
an additional DC potential gradient (i.e., DC electric field)
along the z-direction in order to push ions in the z-direc-
tion. In the absence of modifications, the axial DC electric
potential using applied voltages from a predetermined
DC supply in a linear quadrupole trap is essentially flat
from the entrance to the exit of the multipole, except for
a steep gradient near each end as often provided by sec-
ondary DC potential fields applied to the end lenses.
Many other methods of supplying the DC trapping poten-
tial at the ends of such a 2-dimensional multipole are
known, from simple diaphragms to short multipole seg-
ments or complex RF-lenses. Having such a potential is
essential and frequently taken for granted but the detailed
implementation is of limited influence in this case.
[0031] It is to be appreciated that the applied voltages
to the gradient producing electrodes along the axis of the
devices used herein are on the order of volts up to tens
of volts. The result provides for potential wells formed via
voltage gradients between about 0.03 V/cm up to about
+1V/cm coupled to the long axis of the linear instruments
described herein. Moreover, while a smooth linear
change in voltages along a length of the auxiliary elec-
trodes is discussed, it is to be understood that other
changes other than simply linear slopes may also be ap-
plied so as to confine and/or urge cations and anions
along desired axial directions of the device so as to also
effect ion/ion reactions such as ETD. For example, such
a gradient of the present invention can also be applied
in an increasing or decreasing fashion with flattened por-
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tions or even slightly reversed profiles as long as the
errors are small compared to the overall design.
[0032] Such a distinct coupled additional DC offset
voltage gradient(s) can be implemented often by, but not
limited to, using one or more DC axial field electrodes,
as known and understood in the art, which can be situated
external to or integrated with or between the electrode
structures that make up the multipole trapping devices
described herein. To assist in the production of the cou-
pled RF and DC fields, known components and circuitry,
such as, computers, RF and one or more DC voltage
supplies, RF and DC controllers, digital to analog con-
verters (DACS), and programmable logic controllers for
dynamic control of the coupled DC voltages are integrat-
ed into the present invention so as to move ions along
desired directions within the apparatus described herein.
Moreover, because voltage supplies required to provide
the various RF and DC voltage levels are capable of be-
ing controlled via, for example, a computer, the magni-
tude and range of voltages may be adjusted and changed
to meet the needs of a particular sample or set of target
ions to be analyzed.
[0033] It is also to be appreciated that one or more ion
lenses known by those of ordinary skill in the art can also
be introduced to guide desired ions along a predeter-
mined ion path. Such ion lenses can include, but are not
limited to, lens stacks (not shown), inter-pole lenses, con-
ical skimmers, gating means, (e.g., split gate lenses),
etc., to cooperate with the multipole trapping devices of
the present invention so as to also direct predetermined
ions along either longitudinal direction and to also direct
desired ions, often reacted ions to other subsequent sec-
tions and/or downstream instruments such as, for exam-
ple, mass analyzers that include TOF, FTICR or different
RF ion trap mass spectrometers.

Specific Description

[0034] A basis of the present invention is directed to
confining predetermined ions of opposite polarity in ad-
jacent locations with respect one another in a linear
multipole using applied static DC gradients that often but
not necessarily has smoothly formed potentials to pro-
vide distinct storage volumes. However, it is to be noted
that when looking at the ion dynamics and applied po-
tentials of the present invention, the ions are not, in the
preferred embodiments, strictly forced to a prescribed
location of the 2D linear device but are allowed to be
anywhere in the trap based on probability. Thereafter,
space charge can force the ions of a single charge away
from another and thus increase the likelihood of them to
be found in the domain of the oppositely charges ions so
as to induce beneficial ion/ion reactions.
[0035] FIG. 1A illustrates an example mass spectrom-
eter, generally designated by the reference numeral 100,
configured to operate according to aspects of the present
invention. While the system 100 of FIG. 1A is beneficial
for illustrative purposes, it is to be understood that other

alternative commercial and custom configurations hav-
ing various other components can also be incorporated
when using a linear 2D multipole as part of the arrange-
ment of the present invention. As one such beneficial
example, an Orbitrap™ analyzer (e.g., a Thermo Scien-
tific LTQ Orbitrap XL™ hybrid FTMS (Fourier Transform
Mass Spectrometer)) can be utilized but with the
multipole collision cell of such a system configured to
operate within the parameters as discussed herein.
[0036] Turning back to the drawings, the example sys-
tem 100 of FIG. 1A in a basic arrangement includes a
precursor ion supplier 110, a 2D multipole linear ion trap
120, a reagent ion supplier 130, and a controller 140.
While the precursor ion supplier 110 and the reagent ion
supplier 130 are shown as separate sources positioned
at opposing ends for the production and injection of de-
sired reactants, it is to be noted that it is also possible to
generate positive and negative reactants from a single
ion source so as to inject reactants at desired positions
(e.g., from the same end) of the linear ion trap 120 shown
in FIG. 1A. For simplicity however, FIG. 1A is used to
merely illustrate the generation of precursor ions and an-
ions from a respective single ion supplier 110 and a re-
spective single reagent ion supplier 130 to generate ions
at example end positions of the system 100.
[0037] Turning back to the discussion, the ions gener-
ated by the precursor ion supplier 110 is thus injected
into a desired location of a 2D multipole linear ion trap
120, such as, for example, by injecting such ions into a
first end of the 2D multipole ion trap 120 as enabled by
a front aperture 122. In addition, the reagent ion supplier
130 is configured to generate ions in order to be injected
into the 2D multipole ion trap 120 also from any location,
but in this example discussion, injects ions from a second
end, such as, for example, through back aperture 129.
The 2D multipole ion trap 120 in operation thereafter pro-
vides for a channel in which the precursor ions and the
reagent ions can be confined both radially and axially by
oscillating and DC electric potentials coupled to the elec-
trodes 125 as well as the end lenses 121 and 128 as
generated by the controller 140.
[0038] The precursor ion supplier 110 can include one
or more precursor ion sources 112 (e.g., an Electrospray
Ionization Source (ESI)) to generate precursor ions from
sample molecules, such as large biological molecules.
While an ESI source is a beneficial provider of ions that
can be coupled to the configurations of the system 100
shown in FIG. 1A, it is to be noted that other sources
such as, but not limited to, an Atmospheric Pressure Ion-
ization source (API), an electron impact (EI) ionization
source, a chemical ionization (CI) source, an EI/CI com-
bination ionization source, a thermospray ionization
source, a plasma or laser desorption source, or any other
source that can be utilized with the configurations de-
scribed herein can also be implemented when desired.
Thereafter, ion transfer optics 115 guides the generated
ions from the precursor ion sources 112 to the ion trap
120. The precursor ions can be positive or negative ions
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and can have single or multiple charges. For example,
the aforementioned ESI source often produces a large
number of doubly and triply charged ions from large mol-
ecules that can lead to, for example, large numbers of
ETD reactions with subsequent fragmentation of the dou-
bly charged radical cations.
[0039] The reagent ion supplier 130 includes one or
more reagent ion sources 132 to generate reagent ions
from sample molecules, and ion transfer optics 135 to
guide the generated ions from the reagent ion sources
132 to the ion trap 120. Upon interaction, the reagent
ions may induce charge transfer from the reagent ions
to other ions, such as the precursor ions generated by
the precursor ion supplier 110. In particular, the reagent
ions can induce proton transfer or electron transfer to or
from the precursor ions.
[0040] The choice of the particular reagent ions de-
pends on the precursor ions and/or parameters of the ion
trap. For positive precursor ions, the reagent ions can
include any molecule that possesses a positive electron
affinity (EA) (reacts exothermically to form a stable or
meta stable radical anion) and thus can function as an
electron donor so as to have the potential to be used as
a reagent in the ion/ion dissociation reaction. In addition,
it has been determined that other compounds that form
even-electron species can transfer an electron when re-
acted with multiply charged peptides so as to operate as
an anion. A list of such capable reagent anions that can
be utilized herein are described in U. S. Patent No.
7,534,622 B2, entitled, "Electron Transfer Dissociation
For Biopolymer Sequence Mass Spectrometer Analy-
sis," issued May 19, 2009, to Hunt et al.
[0041] For negative precursor ions, the reagent gas
phase ions are positive ions, such as, He, Ne, Xe, Ar,
N2+, O2+, CO+, or any other radical cations that can
abstract an electron from a polypeptide anion. With re-
spect to positive precursor ions, the reagent ion sources
132 can be configured to generate negative reagent ions
using for example, similar sources as described above
for the precursor ion supplier 110. For example, with re-
spect to a chemical ionization CI source, negative rea-
gent ions can be generated by associative or dissociative
processes in a chemical plasma that includes neutral par-
ticles as well as positively and negatively charged parti-
cles, such as, ions or electrons. In the chemical plasma,
low energy electrons may be captured by neutral parti-
cles to form a negative ion. The negative ion may be
stable or may fragment into product ions that include neg-
ative ions. The negative reagent ions can be extracted
from the chemical plasma, for example, by electrostatic
fields. In alternative implementations, the reagent ion
sources 132 generate the reagent ions using other tech-
niques. For example, positive and negative ions can be
generated by ESI, and once again the negative reagent
ions can be directed using electric and magnetic fields.
[0042] The ion transfer optics 115, 135 transport the
ions generated by the precursor ion sources 112 and the
reagent sources 132, respectively, to the multipole ion

trap 120. The ion transfer optics 115 or 135 can include
one or more 2D multipole rod assemblies such as quad-
rupole, octapole or a higher number of rod assemblies
to confine the transported ions radially in a channel. The
ions can be transported between different rod assemblies
by, for example, inter-multipole lenses. The ion transfer
optics 115 or 135 can be configured to transport only
positive or negative ions or to select ions with particular
ranges of mass-to-charge ratios. The ion transfer optics
115 or 135 can also include lenses, ion tunnels, lens
stacks (not shown), inter-pole lenses, conical skimmers,
gating means, (e.g., split gate lenses), plates, rods, etc.
to accelerate or decelerate the transported ions. Option-
ally, the ion transfer optics 115 or 135 can include ion
traps to temporarily store the transported ions.
[0043] The multipole ion trap 120 often includes a front
plate lens 121, a back plate lens 128 wherein the front
lens 121 is configured to provide the front aperture 122
to receive and manipulate the ions transported by the ion
transfer optics 115 from the precursor ion sources 112.
Correspondingly, the back lens 128 is configured to pro-
vide a back aperture 129 to receive and manipulate the
ions transported by the ion transfer optics 135 from the
reagent ion sources 132.
[0044] As part of the manipulation process, the lenses
121 and 128 can be configured to prevent desired ions
coming close to such lenses from passing. For example,
lens 121 of FIG. 1A can be provided with a DC potential
via DC bias 151 to prevent cations from exiting while lens
128 of FIG. 1A can be set with a DC potential via DC
bias 157 to prevent anions close to that lens from exiting.
The controller 140 is also configured to couple a DC bias
155 to the electrode assembly 125 of the multipole ion
trap 120 as well as a DC bias 154 to provide the additional
static DC gradient of the present invention. Moreover,
the controller is configured to apply RF voltages 141 and
148 to the front 121 and back lenses 128 having different
frequencies or phases from the frequencies or phases
of the sets of RF voltages 145 coupled to the rod assem-
blies 125. While not preferred in the present invention,
the RF voltages 141 and 148 coupled to the front lens
121 and the back lens 128 can nonetheless be used if
desired to generate oscillating electric potentials that can
also simultaneously confine positive and negative ions
in the axial direction at the corresponding end of the chan-
nel about the axis 124. Axially confining ions with oscil-
lating electric potentials is detailed in U. S. Patent No.
7,145,139, entitled, "Confining Positive and Negative
Ions With fast Oscillating Electrical Potentials," to Syka,
issued December 5, 2006.
[0045] It is to be noted that while the system of FIG.
1A is shown with respect to a non-segmented trap, it is
to also be noted that the methods, as disclosed herein,
can also be applied using segmented traps, such as, but
not limited to, a commercial ThermoFisher LTQ Three
Section RF Linear Quadrupole Trap.
[0046] FIG. 1B shows such an example arrangement,
now generally designated by the reference numeral 100’,
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with like numerals and descriptions incorporated for sim-
ilar components that are similarly shown in FIG. 1A. The
ion transfer optics 115, 135 again can similarly transport
the ions generated by the precursor ion sources 112 and
the reagent sources 132, respectively, to the multipole
ion trap now designated as 120’. The multipole ion trap
120’ of FIG. 1B can include a front plate lens 121, a back
plate lens 128 wherein the front lens 121 is configured
to provide the front aperture 122 to receive and further
manipulate the ions transported by the ion transfer optics
115 from the precursor ion sources 112, and wherein the
back lens 128 is configured to provide a back aperture
129 to receive and further manipulate the ions transport-
ed by the ion transfer optics 135 from the reagent ion
sources 132. For the segmented ion trap 120’ of FIG.
1B, each of the sections 123, 125 and 127 includes a
corresponding 2D multipole rod assembly, such as, but
not limited to, a quadrupole rod assembly having four
quadrupole rod electrodes. Each of the multipole rod as-
semblies defines a portion of a channel about the longi-
tudinal axis 124 of the ion trap 120’. In such a channel,
ions can be radially and axially confined in one or more
of the sections 123, 125, 127 by oscillating electric po-
tentials generated by the voltages applied to the multipole
rod electrodes and the lenses 121 and 128 of the ion trap
120.
[0047] The controller 140 of FIG. 1B often can couple,
if desired, a corresponding set of RF voltages 143, 145,
and 147, to the multipole rod assemblies in the sections
123, 125, and 127, to generate oscillating 2D multipole
potentials that confine ions in radial directions in the chan-
nel about the axis 124. In particular, the controller 140
often can couple a primary set of RF voltages of adjust-
able phase and/or amplitude to the alternating rods 180
degrees out of phase from each other in the sections
123, 125, and 127.
[0048] The controller 140 can also be configured to
apply different DC biases 151, 153, 155, 157, and 158
to the lenses and rod assemblies in different sections of
the ion trap 120’ so as to aid the novel additionally cou-
pled DC gradients of the present invention. Depending
on the sign of the DC bias applied in a section of the trap
120, positive or negative ions can be axially confined in
a predetermined section. For example, positive precur-
sor ions can be trapped in the front section 123 by cou-
pling a negative DC bias to the multipole rods in the front
section 123 and substantially a zero DC bias to the center
section 125 and the front lens 121. Similarly, negative
reagent ions can be trapped in the back section 127 by
coupling a positive DC bias to the multipole rods in the
back section 127 and substantially a zero DC bias to the
center section 125 and the back lens 121. By coupling
different DC biases to different segments and lenses, the
positive and negative ions can be received or separated
in the ion trap 120’ in a predetermined manner and then
further manipulated by the additional DC gradient of the
present invention. The controller 140 can also couple ad-
ditional AC voltages to the electrodes in the ion trap to

eject ions (e.g., using resonance ejection) from the ion
trap 120’ based on the ions’ mass-to-charge ratios.
[0049] In particular, using FIG. 1A for illustration pur-
poses, the progressively increasing or decreasing static
DC gradient can be applied along the length of a multipole
device using the electrode arrangement 126, as further
discussed below, at substantially the same time frame
as the ions are directed into the multipole ion trap 120’.
Because the DC gradient can be controlled via, for ex-
ample controller 140, the present invention enables a
coupled progressively increasing or decreasing static DC
gradient or variant thereof along the length of the device
that can also be switched (e.g., from a progressively in-
creasing to a progressively decreasing DC gradient or
variant thereof with respect to the input side) to enhance
beneficial ion/ion processes (e.g., ETD) to take place
within the internal volume of the device. Moreover, the
additional DC potential gradient is in electrical coopera-
tion with any of the other RF and DC potentials applied
during operation of linear RF 2D multipoles that also en-
able trapping, isolating, parking, and or ejecting of de-
sired ion species.
[0050] It is to be appreciated that there are various con-
figurations that can provide DC axial fields to the linear
2D ion multipoles of the present invention. For example,
such configurations can include, providing a set of con-
ductive metal bands spaced along each rod with a resis-
tive coating between the bands, providing resistive coat-
ings to tube structures, resistive or coated auxiliary elec-
trodes, curved thin plates contoured to match the curva-
ture of the electrode set structures, and/or other means
known to one of ordinary skill in the art to move ions via
induced DC axial forces along desired ion paths (see for
example U.S. Patent No. 5847386 and U.S. Patent No.
7067802). The point to be made is that regardless of how
the additional DC voltage gradient is formed, the resultant
voltages are desired to form a range of voltages, often a
range of progressive voltages so as to create a voltage
gradient along the long axis of the devices described
herein so as to form potential wells that enable the de-
sired reactions to take effect.
[0051] FIG. 2A illustrates an example application of
the DC potential gradient 302 that can be applied along
the long axis of a multipole described herein. The regions
314 and 316 shown in FIG. 2A are external to the
multipole device and are configured with potentials main-
tained to prevent desired ions 310 and 312 from exiting.
In region 320 within the multipole, the potential is lower
at point A with respect to region 314 and is shown to
progressively increase up to a potential at point B which
is of a higher potential with respect to external region
316. Such applied potentials provide for formed potential
barriers. Within the resultant Z-shaped potential 302,
314, and 316 in FIG. 2A, there is a certain range of over-
lap 314 (as denoted by those within the dashed ellipse)
between the negative 312 (dark circles) and positive 310
(light circles) ion populations by manipulating the slope
of the potential gradient 302 in addition to other effects
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as discussed hereinafter.
[0052] Generally, ions can move at their energy freely
and where the ions can get depends on: the temperature
(the equilibrium kinetic energy of ions is kT (about 0.03
eV at room temperature), which defines how much the
ions can "climb" upwards along the gradient 302; the
pressure (or more accurately the mean free path L of the
ions), which defines when they have the next chance to
gain kinetic energy from collision with a neutral; and the
slope of the gradient (which defines how well the ions
are confined within their respective potential wells).
[0053] Accordingly, the relevant figure is kT/L for the
present invention is when the (average) slope of the gra-
dient along the trap is somewhere in the range from about
kT/L (or kT/2 or so) to several kT/L (i.e., a preferred DC
gradient of about 30 mV/cm, but also up to about 1 V/cm
when required) so that the ions are able to move more
or less freely along the gradient and react with ions of
the opposite polarity. The ions are moving and for every
collision with a background gas molecule when operated
at beneficial pressures of between about 0.001 mbar
down to about 0.0005, i.e., having a mean free path of
about 1 cm for mass (m)=1000 in Nitrogen at about 1E-
2 mbar, they receive another chance of being driven to-
wards an ion with opposite charge. The typical model
here is a random walk due to their thermal energies alone,
and (e.g. looking at positive ions 310) the reaction prob-
ability basically depends on the ratio of ions moving right
after a collision to the ratio of ions moving left. For a zero
gradient the probabilities are equal (e.g., the situation in
a 3-D trap or in a 2-D trap with RF-lenses and no gradi-
ent). When more ions are filled into one of the reservoirs
space charge expands the cloud, driving the ions "up-
ward" in energy, also towards the other ions, increasing
the reaction probability further.

Beneficial Injection Mode of Operation

[0054] A beneficial example injection embodiment of
the present invention includes injecting positive ions 310
through either of the front and back apertures 122 and
129 of a configured trap 120, as shown by the example
arrangement of FIG. 1A and then trapping the positive
ions 310 in the left trapping volume location 318 using
any of well known techniques known to those skilled in
the art. Next, negative ions 312 can be injected, for ex-
ample, from the left side at the energy level shown in
FIG. 2A so that they have to pass through the prior pos-
itive ion 310 population. Upon injection, the negative ions
312 lose energy through collisions and eventually settle
in the other (right) ion storage zone 320. During transport,
possible with a few reflections, the negative ions 312
passing through the cloud of previously injected positive
ions 310 helps to optimize reaction times. Thereafter ions
310 and 312 can continue to react by way of diffusion so
as to provide beneficial reactants that can be further di-
rected to a mass analyzer upon ejection.

Example Applied Voltages and Potentials

[0055] FIG. 2B, FIG. 2C, FIG. 2C’, and FIG. 2C" sche-
matically illustrate a non-limiting example embodiment
using example applied voltages and resultant potentials
to illustrate a possible injection/reaction and subsequent
ejection modes of operation of the present invention. As
shown in FIG. 2B, an example 2D linear trap of the
present invention includes a device having a length L of
about 100 mm with r0 given as 4mm (as also provided
in Table 1 of FIG. 2B). Also shown are denoted applied
potentials, as denoted by U1, U2, U3, and U4 at approx-
imately the positions shown along the device. Table 1
gives the applied voltages along the length of the device
to provide for such potentials. Below the example 2D
linear trap as shown in FIG. 2B are three plots (shown
not to scale) FIG. 2C, FIG. 2C’, and FIG. 2C" of applied
voltage profiles V1, V2, V3, and V4 that result in the applied
potentials configured for injection (plot shown in FIG. 2C)
and ejection (FIG. 2C’, and FIG. 2C"). The difference in
applied voltages, i.e., V3-V0 and V3-V0 as shown in Table
1 indicate the example applied gradients.
[0056] Accordingly, FIG. 2C shows an example mode
of injection wherein positive ions can be injected at the
end indicated as position A (also denoted with a direc-
tional arrow) using techniques discussed herein. Position
B, as shown in FIG. 2C indicates the storage location of
such positive ions as provided by the potential minima
provided by U3. Position C (also denoted with a direc-
tional arrow) indicates the end location that negative ions
can be simultaneously injected so as to pass through the
ion could of positive ions before being stored in the po-
tential minima U2 location as indicated by the position
denoted as D. As described above, during transport, the
negative ions passing through the cloud of previously
injected positive ions helps to optimize reaction times
and upon storage in indicated locations, continue to react
by way of space charge effects and optionally diffusion
and/or changing of the applied voltages so as to change
the slope of the gradient and/or even reversing the gra-
dient. It also to be noted that injection from opposite sides
can also work by switching of voltages at the end points,
i.e., V1 and V4 using techniques understood by those
skilled in the art.
[0057] FIG. 2C’ and FIG. 2C" each illustrate non-lim-
iting example ejection modes of operation by reconfigur-
ing the potentials after mixing of desired ions. The general
purpose is to apply a smooth potential gradient with a
slope along the length of the trapping volume (e.g., great-
er than about 30 mV/cm) to ensure that the ions within
the device exits in a timely manner.
[0058] FIG. 2C’ thus shows a change in the potential
at one end using an applied voltage denoted as V1’, which
is equal to V1 (i.e., -8V), as opposed to the initially applied
voltage V4 (i.e., +8V). Such a mode of operation enables
the ejection of reaction products at the end of the device
as indicated at position E and the accompanying direc-
tional arrow. It is to be noted that the operations shown
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for ejection of reaction products can also be reversed by
switching potentials in known ways.
[0059] As an alternative, FIG. 2C" shows another ex-
ample ejection mode of operation by configuring the ap-
plied voltages to provide potentials as shown FIG. 2C"
after mixing of desired ions using the potentials provided
in FIG. 2C. In this mode of ejection positive ions as well
as the adduct ions are directed to the end indicated at F
as also shown with an accompanying directional arrow.

Further Discussion of Example Modes of Operation

[0060] It is to be first noted that all like reference nu-
merals are used hereinafter where similar to earlier de-
scriptions. Applied example potentials are not shown for
simplicity. As a general principle of operation using the
illustration of FIG. 3A as a guide, precursor cations 310
(denoted as light circles) and reagent anions 312 (denot-
ed as dark circles) can be first injected from any end of
the ion trap 120 device, such as, for example, through
front and back apertures 122 and 129 respectively, of a
configured non-segmented ion trap 120, as shown by the
example arrangement of FIG. 1A. Correspondingly, both
sets of ions, 310 and 312, can be simultaneously trapped
in adjacent but somewhat overlapping locations 314
about reference points A and B by application of an ad-
ditional static DC gradient 302. Lenses (e.g., the example
lenses 121 and 128 of FIG. 1A) are also configured to
prevent desired ions coming close to such lenses from
passing. For example, lens 121 of FIG. 1A can be pro-
vided with a DC potential via DC bias 151 to enable region
316 and prevent cations from exiting while lens 128 of
FIG. 1A can be set with a DC potential via DC bias 157
to enable region 318 and prevent anions close to that
lens from exiting.
[0061] The beneficial desired aspect is that for both ion
populations, there are potential minima in vicinities along
the multipole. As larger ion populations are subsequently
injected into the multipole, the resultant space charge
(i.e., coulomb repulsion) manipulates the ions to move
uphill their respective gradient towards the center of the
multipole 314. In particular, the increase in space charge
forces the ions of a single charge (e.g., anions 312) away
from another and thus increase the likelihood of them to
be found in the domain of the oppositely charge ions (e.g.,
cations 310).
[0062] FIG. 3A thus shows the trapped cations 310
and anions 312 mixing in a location 314 (as shown within
the dashed ellipse) in a controlled manner so as to enable
ion/ion reactions to take place. While the present inven-
tion generally profits from smooth potentials, it is to be
noted that the DC gradient need not necessarily be linear
and can take on the shape of different potentials using
configurations disclosed herein. Such an application en-
hances the possibility of overlapping the introduced op-
positely charged ions so as to improve desired reactions.
The desired effect is that because such ions are being
confined in the same portion of the channel, the precursor

and reagent ions interact with each other so that charge
may be transferred from the reagent ions to the precursor
ions. Beneficially, the charge transfer may induce charge
reduction of a multiply charged precursor ion or even a
charge reversal of the precursor ions. The charge trans-
fer may also have an energy that dissociates the precur-
sor ions into two or more fragments. Such ion/ion reac-
tions can thereafter be stopped at any time by, for exam-
ple, segregating the positive and negative ions via a
change in the applied DC potential gradient.
[0063] In operation using a segmented ion trap, as
shown in FIG. 1B, the cations 310 can also be first in-
jected from any end, often the front end through aperture
122 of FIG. 1B of the segmented ion trap 120’ device
(also generally referenced by point A in FIG. 3A). After
injection, such cations 310 are capable of being induced
to accumulate, if desired, at about the center portion 314,
as generally shown in FIG. 3A, of the instrument using
applied RF pseudo-potentials and applied segmented
DC fields as known in the art. In this mode of operation,
a desired ion species (e.g., precursor ions) can be se-
lected and isolated via ejection (often radial ejection) of
all undesired positive ion species that are not within a
desired m/z window.
[0064] The selected cation species 310, as shown in
FIG. 3A, can then be urged to a desired location of the
multipole device via the applied DC potential gradient
302 (shown as a solid line) alone or in combination with
the aforementioned segmented DC fields. Anions 312
(denoted as light circles) can then be injected from the
opposite end (e.g., through aperture 129 of lens 128, as
shown in FIG. 1B) of the device using known techniques
and also if desired, the RF potentials, DC potentials and
the applied DC gradient can be configured so that desired
anions can also be isolated and selected as similarly im-
plemented for the positive cations 310. The applied seg-
mented DC potentials as well as the additional configured
DC gradient can be reconfigured thereafter so that de-
sired oppositely charged cation 310 and anion 312 (de-
noted as dark circles) particles are adjacently positioned
locations along the axis of the multipole device with some
overlap for desired overlapping charge separation prior
to ion/ion/mixing. As before, configured end lenses at
both ends of the multipole can be positioned to stop ions
near the end points from passing. As part of the operation,
the DC segmented fields can be removed leaving only a
desired DC gradient field.
[0065] Thereafter, when the disposed ions are large
enough in population and the DC potential enables move-
ment of the ions, the resultant space charge moves the
ions from the opposite ends uphill the gradient towards
the center of the multipole, as similarly discussed for the
non-segmented ion trap. As a result of this arrangement,
the cations and anions are forced in a proper energetic
manner to meet substantially in the center portion of the
multipole instrument so as to enable desired ion/ion re-
actions (e.g., ETD) to take place as previously described.
Such ion/ion reactions can thereafter be stopped at any
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time by again segregating the positive and negative ions
via a desired DC potential gradient applied to the seg-
ments alone or in combination with a predetermined ad-
ditional DC field gradient of the present invention.

Static Trapping

[0066] FIG. 3B illustrates a static example trapping
method of operation using the linear RF multipoles, as
discussed above. Within the confines of, for example, an
ion trap 120, as shown in FIG. 1A, cations 310 and anions
312 can be injected from opposite ends, as similarly dis-
cussed above, and trapped in configured storage vol-
umes having overlap in the central region of the device.
The trapping of such oppositely charged ions includes
the coupled DC gradient 302 in combination with the stop-
ping potentials provided by the end lenses (e.g., lenses
121 and 129 of FIG. 1A), as discussed above. In this
example embodiment, anion 312 injection continues until
the space charge limit is reached, thus inducing the an-
ions 312 to exit the ion trap through the opposing side
(e.g., reference point A, as shown in FIG. 3B) while also
providing desired ion/ion reactions because of interac-
tions with trapped cations (not shown here for simplicity)
positioned substantially at the opposite end of the
multipole. During injection, trapping and ion reaction, ap-
plied potentials are often kept constant. After ion/ion re-
actions stop, the product ions 311 (now denoted as pat-
terned circles) can be ejected through, for example, one
of the entrance lenses (e.g., lens 128 of FIG. 1A and as
also generally shown by the reference point B in FIG.
3B) using known methods and components understood
by those skilled in the art.

Repeated Static Trapping

[0067] As another example embodiment of the static
trapping discussion above, it is to be appreciated that
during the ion/ion reactions, electrical charges are neu-
tralized. In this case, even if an ion trap 120 of FIG. 1A
is filled to the space charge limit at the beginning of the
reaction it is not at its end. As discussed above, because
all applied potentials are often kept constant during in-
jection and trapping, either ion population (i.e., cations
310 and anions 312) can be increased by repeated in-
jections during the ion reaction. Because of such an im-
plementation, this mode of operation increases yield of
the product ions 311, as shown in FIG. 3B, for a single
scan.

Semi-static Trapping

[0068] FIG. 4A and FIG. 4B illustrates a variation of
the static trapping embodiment, (i.e., a semi-static trap-
ping arrangement), wherein cations 310 are capable of
being injected at an entry point (e.g., point A or point B)
using a desired gradient 302’ designed to store such ions
in a storage volume location configured along the length

of the device (e.g., point B). Speaking solely of cations
310 injected at the opposite end (point A), such ions are
directed along the length of the device (e.g., multipole
120 of FIG. 1A) and trapped at the desired storage vol-
ume location shown generally at point B of FIG. 4A as
determined by the slope of the applied gradient, buffer
gas pressure and the equilibrium kinetic energy (kT) of
initially injected cations 310. End stopping potentials are
not shown for simplicity. After cation 310 injection has
stopped, the gradient 302 is switched, as now generally
shown in FIG. 4B, and the cations 310 start moving
through the device (some of the cations 312 are shown
with accompanying directional arrows for movement ef-
fect). The lens closest to the cations (e.g., the lens near
reference point B) can now be switched for anion 312
injection as the moving cations 310 are no longer affect-
ed. For a short period of time, the cations 310 are at the
minimum potential of the anions. This method of opera-
tion enables the cations to be forced through trapped
anions 312.
[0069] While not explicitly illustrated, such a mode of
operation can equally be applied with anions 312 instead
being first injected at an entry point (e.g., point B) with a
reversed gradient and trapped at the opposite end (e.g.,
point A). In this mode, however, after anion 312 injection
has stopped, the gradient 302 is switched and now the
anions 312 start moving through the device (not shown).
Once again, the lens closest to the anions 312 can be
appropriately switched for cation 310 injection as the
moving anions 312 are no longer affected. In this exam-
ple, the anions 312 are at the minimum potential of the
cations 310. However, this method of operation now en-
ables the anions 312 to move through trapped cations
310.
[0070] FIGS. 5A and 5B illustrate a beneficial embod-
iment that entails the advantages of the potential mode
of passing ions through ions of opposite polarity, similar
to the discussion above with respect to FIGS. 4A and
4B, in combination with the static mode of operation.
Thus, cations 310 can be injected at an entry point (e.g.,
point A) with a reversed gradient 302’ and an example
stopping potential 318 at the opposing end so as to be
trapped at a predetermined location (generally shown
adjacent reference point B in FIG. 5A) as determined by
the slope of the applied gradient, buffer gas pressure and
the equilibrium kinetic energy of initially injected cations
310. After cation 310 injection has stopped, the lens clos-
est to the cations (e.g., the lens adjacent to reference
point B) is switched for anion 312 introduction. As shown
in FIG. 5B, because the anions 312 (directional arrows
coupled to anions 312 approximate slope of gradient 302’
so as to illustrate operation) are injected at a higher rel-
ative energy (note the Y-axis denotes potential not posi-
tion), they pass through trapped cations 310 to aid in
optimizing the reaction times and follow the slope of the
gradient 302’. The anions 312 are thus directed to the
opposing end as determined by the slope of the applied
gradient, buffer gas pressure and the equilibrium kinetic
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energy (kT). Upon reflection (e.g., as induced by stopping
potential 316) the anions 302’ can react (e.g., via diffu-
sion) in the preferred static mode (with a differential en-
ergy (dE) = 0), as described in the present invention.

Reaction control by ion mobility

[0071] As yet another embodiment, semi-static trap-
ping can also be used to separate different species, such
as, product and educt by ion mobility. If, for example,
anion injection is delayed compared to the reversing of
the trapping potential, the faster ions, such as the cations
illustrated in FIGS. 4A and 4B, have already left the zone
of high anion density. Therefore, the spatial overlap be-
tween anions and slow cations is increased and the re-
action between such species is enhanced.

Ion Compression by pulsed lens potentials

[0072] As part of the design of the present invention,
simultaneous trapping is realized by charge separation
having overlap. However, such a desired result of the
present invention can be an obstacle for ion/ion reactions
because the volumes filled by both reactants often only
partially overlap. Therefore, the overlap can be improved
by additional pulses on the lenses, e.g., DC pulses to
lenses 121 and 128 as shown in FIG. 1A. In particular,
the repulsive potentials generated by the lenses are in-
creased by a short pulse (e.g., microsecond pulses)
which urges the ions toward the center of the multipole
trap, which increases the spatial overlap and thus im-
proves reaction speed and yield.
[0073] FIG. 6A shows an example beneficial device,
as generally designated by the reference numeral 600,
which utilizes structures to enable coupling of various DC
fields and thus various potential shapes so as to provide
for customized potential minima that can aid the reactions
of the present invention. Such a device is often utilized
in mass spectrometer systems, such as, but not limited
to, the LTQ Orbitrap XL™ hybrid FTMS as described in
WO 2009/147391.
[0074] In particular, FIG. 6A shows coupled DC elec-
trode structures 620 (e.g., vane electrodes) illustrated as
example branched segments 630 (e.g., finger elec-
trodes) configured on a printed circuit board (PCB) hav-
ing metalized areas protruding into the quadrupole rods
610 of the multipole arrangement of FIG. 6A. The face
of the circuit boards as configured with the branched seg-
ments 630 is interconnected by a resistor chain 640 hav-
ing in some instances, predetermined capacitive ele-
ments (not shown) to reduce RF voltage coupling effects.
Desired potential wells can thus be produced by supply-
ing different voltages to the sides of the PCBs 620 with
the resistive elements providing a respective voltage di-
vider along lengths of the electrodes 620, or by supplying
a voltage to one side and grounding the other. It is to be
appreciated that a different shape of the potentials can
also be provided by changing the values of the resistors

640. The relative positioning of the electrode structures
620 in FIG. 6A with respect to the rods 610 are designed
to occupy positions that minimize interference with the
RF polar fields resulting from the rods 610. Thus, along
with the aforementioned RF voltage(s) and DC fields that
can be applied as normal operation of the device, the DC
electrode structures 620 of FIG. 6A, shown with an array
of branched portions 630, is one means of beneficially
providing for the additional axial DC electric field of often
greater than about 30 mV/cm. Such an application induc-
es resultant DC axial forces within multipole rods 610 to
trap and or urge ions along a desired longitudinal direc-
tion of the multipole trap 600 so as to effect ion/ion reac-
tions such as ETD.
[0075] Generally, the multipole device 600 as config-
ured in an LTQ Orbitrap XL™ system is used to trap ions
in the cell and then eject processed ions using a DC gra-
dient so as to effect electron transfer dissociation in a
"separate" ion trap. The resultant ETD reactants are sub-
sequently directed back towards the direction of the col-
lision cell so as to be mass analyzed by the Orbitrap™
analyzer.
[0076] Surprisingly, the system and in particular, the
collision cell can be modified, as described in the present
invention, so as to provide for an even higher abundance
of detectable reactant ions for the Orbitrap™ based on
the higher storage capability of the device and the mini-
mization of transfer losses. The beneficial result is an
increase in detectable signal to noise ratios of ion prod-
ucts. In particular, in addition to non-restrictions on the
length of the collision device and the variability of r0 both
of which enable higher storage capacity of ions, such
cells (i.e., HCD cells) are also capable of operating over
a wider range of frequencies (e.g., up to about 2.4 MHz).
Because of the higher range of frequencies, the RF volt-
ages can be increased to also enable higher payload
capacities to be available for detection by the Orbitrap™
mass analyzer. As a benefit, the collision cell in the above
instrument is also arranged closer to the reagent source
(i.e., the CI source) so as to minimize transfer losses and
thus also provide higher detectable ion signals. Other
benefits include a free choice on background gas pres-
sures, which also improves storage and trapping of ions
and reduces the diameter of the ion cloud so as to in-
crease ion density and reaction speed.
[0077] Accordingly, using such device, analyte ions
can be injected and trapped at potential minima location
of the collision device and then reagent anions can be
simultaneously injected and trapped at a second poten-
tial minima location of the device. Thereafter, ion/ion re-
actions can generally take place in the overlap region of
the ion clouds to provide for high reaction rates with good
fragmentation efficiencies. Resulting ions can be trans-
ferred into the mass analyzer as utilized in the commer-
cially available LTQ Orbitrap XL™ system or any of the
mass analyzer used and understood by those of ordinary
skill in the art.
[0078] FIG. 6B illustrates the beneficial capabilities of
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the DC electrodes 620 described above. In particular,
using controlled voltages applied to the vanes 620 and
thus resistive elements described above, the gradient(s)
664 and resultant potential wells 662 and 666 of the
present invention can be essentially customized to in-
duce predetermined ion/ion reactions by supplying pre-
determined voltages to the vane structures 620 / resistive
elements 640. Thus, as shown by example in FIG. 6B,
simultaneously injected negative ions (e.g., anions) can
be trapped in a desired positive potential well 662 at one
location of the multipole device 620 as enabled by U1,
U2 and injected positive ions (e.g., cations) can be
trapped in a formed negative potential well 666 resultant
from desired potentials U3, U4, U5. Ejection is enabled
as described above. The important point to note is that
the electrode structure for the device 600 enables vari-
ability of the storage potential volumes 662 and 666 and
customized gradients 664 that include the capability of
variation over time.
[0079] FIGS. 7A, 7B, and 7C are shown to merely il-
lustrate the customization of various storage potential
volumes 662 and 666 and customized gradients 664
(e.g., by applying DAC controlled voltages to the resistive
stacks or by changing the values of the resistors in the
stacks 640) along the length of the device using the struc-
ture 600 shown in FIG. 6A. Specifically, FIG. 7A, which
is similar to the storage potential volumes 662 and 666
and customized gradients 664 shown in FIG. 6B can be
formed via designed applied voltages to the resistive
stacks 640 as described above. FIGS. 7B and 7C illus-
trate reconfigured potential storage volumes 662, 666
and gradients 664 using the structure 600 shown in FIG.
6A to provide for variations of the storage volumes and
gradients that can enable variations of desired mixing
reaction rates of the oppositely charged ions.
[0080] FIGS. 8A, 8B, and 8C are shown to merely il-
lustrate the capability of variation over time of the poten-
tial storage volumes 662, 666 and gradients (not shown
by reference character) using the cell 600 described with
respect to FIG. 6A. In particular, FIG. 8A shows trapping
of desired ions in storage volumes 662, 666 as described
above. FIGS. 8B and 8C illustrates the manipulation over
time of at least one of the storage volumes, in this case
the storage volume 662 for the negative ions, so as to
induce such ions to effectively move (as shown by the
directional arrows) towards the oppositely charged ions
to provide for enhanced reaction rates in the overlapping
region 614. FIG. 8D shows an example ejection gradient
664 to direct resultant reactants to, for example, a mass
analyzer as described above.

Results

[0081] FIG. 9A shows ETD spectra results for a sub-
stance with well known fragmentation patterns from ex-
periments carried out using a modified commercial LTQ
Orbitrap XL ETD mass spectrometer, as discussed
above. The firmware had been modified to implement

the mode of operation as described by the present in-
vention. Analyte ions were injected and trapped in one
end of the device and then reagent ions were injected
and trapped into the opposing end. Ion/ion reactions were
enabled in the overlap region in the center of the device,
as discussed herein. Then, the resulting ions were trans-
ferred into the mass analyzer of the system to provide
the spectra shown in FIG. 9A. FIG. 9B shows a prior art
known ETD spectra of the substances captured in the
spectra shown in FIG. 9A. Accordingly, the spectra
shown in FIG. 9A demonstrates the surprising yet re-
markable capabilities of the present invention in providing
similarly produced data but in a novel way.
[0082] It is to be understood that features described
with regard to the various embodiments herein may be
mixed and matched in any combination without departing
from the scope of the invention, which is defined by the
claims. Although different selected embodiments have
been illustrated and described in detail, it is to be appre-
ciated that they are exemplary, and that a variety of sub-
stitutions and alterations are possible without departing
from the scope of the present invention, which is defined
by the claims.

Claims

1. A method of fragmenting ions, comprising:

introducing populations of a first group of ions
(310) and a second group of ions (312) of op-
posite polarity to said first group of ions into an
ion channel as defined within a two-dimensional
multipole (120); and
providing along with a radially confining field, an
additional static DC gradient (302) along the ax-
ial length of said ion channel so as to axially
confine within said ion channel said first group
of ions in an adjacent location (318) with respect
to said second group of ions of opposite polarity;
arranging for ion/ion interactions of said intro-
duced first group and said second group of ions
to produce product ions (311);
characterized in that the arranging step com-
prises interacting by way of space charge said
introduced first group of ions (310) with said sec-
ond group of ions (312) of opposite polarity by
increasing the ion population of at least one of
said first group of ions and said second group
of ions of opposite polarity so as to increase said
space charge, whilst said first group of ions (310)
are axially confined by the DC gradient within
said ion channel in said adjacent location (318)
with respect to said second group of ions (312)
of opposite polarity.

2. The method of claim 1, wherein the arranging step
further comprises having the DC gradient (302) con-
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figured with a gradient ranging from 30 mV/cm up to
1 V/cm .

3. The method of claim 1, wherein increasing the ion
population further comprises increasing either said
first group of ions (310) or said second group of ions
(312) of opposite polarity by repeated injections dur-
ing the ion/ion interactions.

4. The method of any one of claims 1 through 3, further
comprising interacting said first group of ions (310)
with said second group of ions (312) of opposite po-
larity by forcing ions through one another.

5. The method of claim 4, wherein the forcing of said
ions through one another further comprises injecting
said ions of opposite polarity (312) through the loca-
tion where the population of a first group of ions (310)
are contained.

6. The method of claim 4, wherein the forcing of said
ions through one another further comprises switch-
ing the trapping potential of said additional static DC
gradient (302, 302’), optionally wherein the forcing
of said ions through one another further comprises
introducing said second group of ions of opposite
polarity about a location having a population of said
first group of prior contained ions after switching the
trapping potential so as to enable said first group of
prior contained ions to be forced through said ions
of opposite polarity, and optionally wherein the intro-
ducing of said second group of ions of opposite po-
larity is delayed by a predetermined time frame after
switching the trapping potential so as to enable spa-
tial overlap between said introduced second group
of ions of opposite polarity and slow moving said first
group of ions.

7. The method of claim 1, wherein the step of providing
for an additional static DC gradient further comprises
providing for a plurality of customized ion storage
volumes (662, 666) and a customized additional stat-
ic DC gradient (664), and optionally time shifting said
plurality of customized ion storage volumes to en-
hance the ion/ion interactions.

8. The method of claim 1, wherein the step of introduc-
ing populations of either said first group of ions (310)
or said second group of ions (312) of opposite po-
larity further comprises: subjecting said ions to a re-
verse gradient by said additional static DC field so
as to be confined at a distant location within said ion
channel.

9. The method of claim 1, wherein the arranging step
further comprises said introduced groups of ions be-
ing comprised of precursor and reagent ions inter-
acting with each other so that charge may be trans-

ferred from the reagent ions to the precursor ions.

10. The method of claim 1, wherein the arranging step
further comprises said introduced groups of ions be-
ing comprised of precursor and reagent ions inter-
acting with each other so that the charge transfer
induces charge reduction of a multiply charged pre-
cursor ion and/or a charge reversal of the precursor
ions.

11. The method of claim 1, wherein the arranging step
further comprises said introduced groups of ions be-
ing comprised of precursor and reagent ions inter-
acting with each other so that charge transfer disso-
ciates the precursor ions into two or more fragments.

12. The method of claim 1, wherein the arranging step
further comprises electron transfer dissociation
(ETD).

13. The method of claim 1, further comprising a step of
mass analyzing the product ions.

14. A mass spectrometer system (100), comprising:

at least one ion supplier (112, 132) to provide
for a first group of ions (310) and a second group
of ions (312) of opposite polarity to said first
group of ions;
a two-dimensional multipole (120, 610) config-
ured to receive populations of said first group of
ions (310) and said second group of ions (312)
of opposite polarity to said first group of ions
within a defined ion channel; and
a controller (140) configured to couple periodic
voltages to a first set of electrodes provided by
said two-dimensional multipole so as to radially
confine said received first group of ions and said
second group of ions of opposite polarity, and
wherein said controller is additionally configured
to couple an additional static DC voltage gradi-
ent (302) along the length of said ion channel
so that resultant axial forces can confine said
first group of ions and said second group of ions
of opposite polarity adjacent to each other within
said ion channel; characterized in that the con-
troller is configured so that in use ion/ion inter-
actions of said first group and said second group
of ions to produce product ions (311) are ar-
ranged by way of space charge by increasing
the ion population of at least one of said first
group of ions (310) and said second group of
ions (312) of opposite polarity so as to increase
said space charge, whilst said first group of ions
(310) and said second group of ions (312) of
opposite polarity are confined by the DC voltage
gradient adjacent to each other within said ion
channel.
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15. The mass spectrometer system of claim 14, wherein
said two-dimensional multipole (120, 610) compris-
es at least one multipole electrode assembly select-
ed from a quadrupole, hexapole, an octapole and a
stacked-plate ion guide.

16. The mass spectrometer system of claim 15, wherein
said two-dimensional multipole (120, 610) compris-
es a collision cell.

17. The mass spectrometer system of claim 16, wherein
buffer gases are provided within said two-dimension-
al multipole (120, 610) with pressures in the range
between about 0.001 mbar down to about 0.0005
mbar.

18. The mass spectrometer system of claim 14, wherein
said static DC voltage gradient (302) is configured
with a gradient ranging from about 30 mV/cm up to
about 1 V/cm.

19. The mass spectrometer of claim 14, wherein said
static DC voltage gradient (302) is provided by at
least one auxiliary electrode (126, 620) coupled to a
DC voltage source via said controller, said at least
one auxiliary electrode (126, 620) further compris-
ing: electrical elements including at least one array
of finger electrodes (630) and a plurality of resistors
(640) interconnecting respective finger electrodes
(630) of the at least one array so as to enable cus-
tomized voltage gradients and ion storage volumes
along the axial length of said two-dimensional
multipole (120, 610).

Patentansprüche

1. Verfahren zum Fragmentieren von Ionen, Folgendes
umfassend:

Einführen von Populationen einer ersten Grup-
pe von Ionen (310) und einer zweiten Gruppe
von Ionen (312) von entgegengesetzter Polari-
tät zu der ersten Gruppe von Ionen in einen lo-
nenkanal, wie in einem zweidimensionalen Mul-
tipol (120) definiert; und
Bereitstellen, gemeinsam mit einem radial ein-
grenzenden Feld, eines zusätzlichen statischen
Gleichstromgradienten (302) entlang der axia-
len Länge des lonenkanals, um die erste Gruppe
von Ionen an einem benachbarten Standort
(318) innerhalb des lonenkanals bezogen auf
die zweite Gruppe von Ionen mit entgegenge-
setzter Polarität axial zu begrenzen;
Anordnen für lonen/lonen-Wechselwirkungen
der eingeführten ersten Gruppe und der zweiten
Gruppe von Ionen zum Erzeugen von Produkt-
Ionen (311);

dadurch gekennzeichnet, dass der Anord-
nungsschritt das Wechselwirken der eingeführ-
ten ersten Gruppe von Ionen (310) mit der zwei-
ten Gruppe von Ionen (312) mit entgegenge-
setzter Polarität durch Raumladung umfasst, in-
dem die lonenpopulation der ersten Gruppe von
Ionen und/oder der zweiten Gruppe von Ionen
mit entgegengesetzter Polarität erhöht wird, um
die Raumladung zu erhöhen, während die erste
Gruppe von Ionen (310) axial durch den Gleich-
stromgradienten in dem lonenkanal an dem be-
nachbarten Standort (318) bezogen auf die
zweite Gruppe von Ionen (312) mit entgegen-
gesetzter Polarität eingegrenzt ist.

2. Verfahren nach Anspruch 1, wobei der Anordnungs-
schritt ferner umfasst, dass der Gleichstromgradient
(302) mit einem Gradienten konfiguriert ist, der von
30 mV/cm bis 1 V/cm reicht.

3. Verfahren nach Anspruch 1, wobei das Erhöhen der
lonenpopulation ferner das Erhöhen entweder der
ersten Gruppe von Ionen (310) oder der zweiten
Gruppe von Ionen (312) mit entgegengesetzter Po-
larität durch wiederholtes Injizieren während der lo-
nen/lonen-Wechselwirkung umfasst.

4. Verfahren nach einem der Ansprüche 1 bis ein-
schließlich 3, ferner umfassend das Wechselwirken
der ersten Gruppe von Ionen (310) mit der zweiten
Gruppe von Ionen (312) mit entgegengesetzter Po-
larität, indem Ionen durch einander gedrängt wer-
den.

5. Verfahren nach Anspruch 4, wobei das Drängen der
Ionen durch einander ferner das Injizieren der Ionen
mit entgegengesetzter Polarität (312) durch den
Standort, an dem die Population einer ersten Gruppe
von Ionen (310) enthalten ist, umfasst.

6. Verfahren nach Anspruch 4, wobei das Drängen der
Ionen durch einander ferner das Einfangpotential
des zusätzlichen statischen Gleichstromgradienten
(302, 302’) umfasst, optional wobei das Drängen der
Ionen durch einander ferner das Einführen der zwei-
ten Gruppe von Ionen mit entgegengesetzter Pola-
rität um einen Standort mit einer Population der ers-
ten Gruppe von zuvor enthaltenen Ionen nach dem
Schalten des Einfangpotentials umfasst, um zu er-
möglichen, dass die erste Gruppe von zuvor enthal-
tenen Ionen durch die Ionen mit entgegengesetzter
Polarität gedrängt werden, und optional wobei das
Einführen der zweiten Gruppe von Ionen mit entge-
gengesetzter Polarität um einen vorgegebenen Zeit-
rahmen nach dem Schalten des Einfangpotentials
verzögert wird, um ein räumliches Überlappen zwi-
schen der eingeführten zweiten Gruppe von Ionen
mit entgegengesetzter Polarität und ein langsames

29 30 



EP 2 532 019 B1

17

5

10

15

20

25

30

35

40

45

50

55

Bewegen der ersten Gruppe von Ionen zu ermögli-
chen.

7. Verfahren nach Anspruch 1, wobei der Schritt zum
Bereitstellen eines zusätzlichen statischen Gleich-
stromgradienten ferner Folgendes umfasst: das Be-
reitstellen mehrerer angepasster lonenspeichervo-
lumen (662, 666) und eines angepassten zusätzli-
chen statischen Gleichstromgradienten (664), und
optional Zeitverschieben der mehreren angepass-
ten lonenspeichervolumen, um die lonen/lonen-
Wechselwirkungen zu verbessern.

8. Verfahren nach Anspruch 1, wobei der Schritt des
Einführens von Populationen entweder der ersten
Gruppe von Ionen (310) oder der zweiten Gruppe
von Ionen (312) mit entgegengesetzter Polarität fer-
ner Folgendes umfasst: Aussetzen der Ionen einem
umgekehrten Gradienten durch das zusätzliche sta-
tische Gleichfeld, um an einem entfernten Standort
in dem lonenkanal eingegrenzt zu sein.

9. Verfahren nach Anspruch 1, wobei der Anordnungs-
schritt ferner umfasst, dass die eingeführten Grup-
pen von Ionen aus Vorläufer- und Reagenzionen be-
stehen, die miteinander wechselwirken, sodass La-
dung von den Reagenzionen an die Vorläuferionen
übertragen werden kann.

10. Verfahren nach Anspruch 1, wobei der Anordnungs-
schritt ferner umfasst, dass die eingeführten Grup-
pen von Ionen aus Vorläufer- und Reagenzionen be-
stehen, die miteinander wechselwirken, sodass die
Ladungsübertragung eine Ladungsreduktion eines
mehrfach geladenen Vorläuferions und/oder eine
Ladungsumkehr der Vorläuferionen herbeiführt.

11. Verfahren nach Anspruch 1, wobei der Anordnungs-
schritt ferner umfasst, dass die eingeführten Grup-
pen von Ionen aus Vorläufer- und Reagenzionen be-
stehen, die miteinander wechselwirken, sodass La-
dungsübertragung die Vorläuferionen in zwei oder
mehr Fragmente dissoziiert.

12. Verfahren nach Anspruch 1, wobei der Anordnungs-
schritt ferner Elekronenübertragungsdissoziation
(electron transfer dissociation-ETD) umfasst.

13. Verfahren nach Anspruch 1, ferner einen Schritt zum
Massenanalysieren der Produkt-Ionen umfassend.

14. Massenspektrometersystem (100), Folgendes um-
fassend:

wenigstens einen Ionen-Lieferanten (112, 132),
um eine erste Gruppe von Ionen (310) und eine
zweite Gruppe von Ionen (312) mit entgegen-
gesetzter Polarität zur ersten Gruppe von Ionen

zu versorgen;
einen zweidimensionalen Multipol (120, 610),
der konfiguriert ist, Populationen der ersten
Gruppe von Ionen (310) und der zweiten Gruppe
von Ionen (312) mit entgegengesetzter Polarität
zur ersten Gruppe von Ionen in einem definier-
ten lonenkanal zu empfangen; und
eine Steuerung (140), die konfiguriert ist, perio-
dische Spannungen mit einem ersten Satz von
Elektroden, der durch den zweidimensionalen
Multipol bereitgestellt wird, zu koppeln, um die
empfangene erste Gruppe von Ionen und die
zweite Gruppe von Ionen mit entgegengesetzter
Polarität radial zu begrenzen, und wobei die
Steuerung zusätzlich konfiguriert ist, einen zu-
sätzlichen statischen Gleichspannungsgradien-
ten (302) entlang der Länge des lonenkanals
derart zu koppeln, dass resultierende Axialkräf-
te die erste Gruppe von Ionen und die zweiten
Gruppe von Ionen mit entgegengesetzter Pola-
rität nebeneinander in dem lonenkanal eingren-
zen können; dadurch gekennzeichnet, dass
die Steuerung derart konfiguriert ist, dass lo-
nen/lonen-Wechselwirkungen der ersten Grup-
pe und der zweiten Gruppe von Ionen zum Er-
zeugen von Produkt-Ionen (311) im Gebrauch
durch eine Raumladung angeordnet sind, indem
die lonenpopulation der ersten Gruppe von Io-
nen (310) und/oder der zweiten Gruppe von Io-
nen (312) mit entgegengesetzter Polarität er-
höht werden, um die Raumladung zu erhöhen,
während die erste Gruppe von Ionen (310) und
die zweite Gruppe von Ionen (312) mit entge-
gengesetzter Polarität durch den Gleichspan-
nungsgradienten nebeneinander in dem lonen-
kanal eingegrenzt sind.

15. Massenspektrometersystem nach Anspruch 14, wo-
bei der zweidimensionale Multipol (120, 610) we-
nigstens eine Multipolelektrodenanordnung um-
fasst, die ausgewählt ist aus einer Quadrupol-, einer
Hexapol-, einer Oktupol- und einer übereinander an-
geordneten Ionenführung.

16. Massenspektrometersystem nach Anspruch 15, wo-
bei der zweidimensionale Multipol (120, 610) eine
Kollisionszelle umfasst.

17. Massenspektrometersystem nach Anspruch 16, wo-
bei Puffergase in dem zweidimensionalen Multipol
(120, 610) mit Drücken im Bereich zwischen etwa
0,001 mbar bis auf etwa 0,0005 mbar bereitgestellt
sind.

18. Massenspektrometersystem nach Anspruch 14, wo-
bei der statische Gleichspannungsgradient (302) mit
einem Gradienten konfiguriert ist, der von etwa 30
mV/cm bis etwa 1 V/cm reicht.
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19. Massenspektrometer nach Anspruch 14, wobei der
statische Gleichspannungsgradient (302) durch we-
nigstens eine Hilfselektrode (126, 620) bereitgestellt
wird, die über die Steuerung an eine Gleichspan-
nungsquelle gekoppelt ist, wobei die wenigstens ei-
ne Hilfselektrode (126, 620) ferner Folgendes um-
fasst: elektrische Elemente, die wenigstens ein Ar-
ray aus Fingerelektroden (630) und mehrere Wider-
stände (640), die entsprechende Fingerelektroden
(530) des wenigstens einen Arrays miteinander ver-
binden, enthalten, um angepasste Spannungsgra-
dienten und lonenspeichervolumen entlang der axi-
alen Länge des zweidimensionalen Multipols (120,
610) zu ermöglichen.

Revendications

1. Procédé de fragmentation d’ions, comprenant les
étapes suivantes :

introduire des populations d’un premier groupe
d’ions (310) et d’un second groupe d’ions (312)
de polarité opposée audit premier groupe d’ions
dans un canal ionique tel que défini dans un mul-
tipôle bidimensionnel (120) ; et
fournir avec un champ confiné radialement, un
gradient CC (302) statique supplémentaire le
long de la longueur axiale dudit canal ionique
de manière à confiner axialement dans ledit ca-
nal ionique ledit premier groupe d’ions dans un
emplacement adjacent (318) par rapport audit
second groupe d’ions de polarité opposée ;
permettre des interactions ion-ion dudit premier
groupe introduit et dudit second groupe d’ions
pour produire des ions produits (311) ;
caractérisé en ce que l’étape de permission
comprend l’interaction au moyen d’une charge
d’espace dudit premier groupe d’ions (310) in-
troduit avec ledit second groupe d’ions (312) de
polarité opposée en augmentant la population
d’ions d’au moins un groupe parmi ledit premier
groupe d’ions et ledit second groupe d’ions de
polarité opposée afin d’augmenter ladite charge
d’espace, alors que ledit premier groupe d’ions
(310) est axialement confiné par le gradient CC
dans ledit canal ionique dans ledit emplacement
adjacent (318) par rapport audit second groupe
d’ions (312) de polarité opposée.

2. Procédé selon la revendication 1, dans lequel l’étape
de permission consiste en outre à avoir le gradient
CC (302) configuré avec un gradient allant de 30
mV/cm à 1 V/cm.

3. Procédé selon la revendication 1, dans lequel l’aug-
mentation de la population d’ions comprend en outre
l’augmentation dudit premier groupe d’ions (310) ou

dudit second groupe d’ions (312) de polarité oppo-
sée par des injections répétées durant les interac-
tions ion-ion.

4. Procédé selon l’une quelconque des revendications
1 à 3, comprenant en outre l’interaction dudit premier
groupe d’ions (310) avec ledit second groupe d’ions
(312) de polarité opposée en contraignant les ions
à se traverser les uns les autres.

5. Procédé selon la revendication 4, dans lequel con-
traindre lesdits ions à se traverser les uns les autres
consiste en outre à injecter lesdits ions de polarité
opposée (312) à travers l’emplacement où la popu-
lation d’un premier groupe d’ions (310) est contenue.

6. Procédé selon la revendication 4, dans lequel con-
traindre lesdits ions à se traverser les uns les autres
consiste en outre à commuter le potentiel de piégea-
ge dudit gradient CC (302, 302’) statique supplémen-
taire, contraindre lesdits ions à se traverser les uns
les autres consistant éventuellement en outre à in-
troduire ledit second groupe d’ions de polarité oppo-
sée autour d’un emplacement ayant une population
dudit premier groupe d’ions précédemment conte-
nus après la commutation du potentiel de piégeage
afin de permettre audit premier groupe d’ions précé-
demment contenus d’être contraint à traverser les-
dits ions de polarité opposée, et l’introduction dudit
second groupe d’ions de polarité opposée étant
éventuellement retardée par une période prédéter-
minée après la commutation dudit potentiel de pié-
geage afin de permettre le chevauchement spatial
entre ledit second groupe d’ions introduit de polarité
opposée et le déplacement ralenti dudit premier
groupe d’ions.

7. Procédé selon la revendication 1, dans lequel l’étape
de fourniture d’un gradient CC statique supplémen-
taire consiste en outre à fournir une pluralité de vo-
lumes de stockage d’ions personnalisés (662, 666)
et d’un gradient CC (664) statique supplémentaire
et éventuellement à décaler dans le temps ladite plu-
ralité de volumes de stockage d’ions personnalisés
pour améliorer les interactions ion-ion.

8. Procédé selon la revendication 1, dans lequel l’étape
d’introduction de populations dudit premier groupe
d’ions (310) ou dudit second groupe d’ions (312) de
polarité opposée comprend en outre : la soumission
desdits ions à un gradient inverse par ledit champ
CC statique supplémentaire afin d’être confinés à un
emplacement distant dans ledit canal ionique.

9. Procédé selon la revendication 1, dans lequel l’étape
de permission consiste en outre à ce que lesdits
groupes d’ions introduits sont constitués d’ions pré-
curseurs et réactifs interagissant les uns avec les
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autres de sorte que la charge puisse être transférée
à partir des ions réactifs vers les ions précurseurs.

10. Procédé selon la revendication 1, dans lequel l’étape
de permission consiste en outre à ce que lesdits
groupes d’ions introduits sont constitués d’ions pré-
curseurs et réactifs interagissant les uns avec les
autres de sorte que le transfert de charge induise
une réduction de charge d’un ion précurseur à char-
ge multiple et/ou un inversement de charge des ions
précurseurs.

11. Procédé selon la revendication 1, dans lequel l’étape
de permission consiste en outre à ce que lesdits
groupes d’ions introduits sont constitués d’ions pré-
curseurs et réactifs interagissant les uns avec les
autres de sorte que le transfert de charge dissocie
les ions précurseurs en deux fragments ou plus.

12. Procédé selon la revendication 1, dans lequel l’étape
de permission comprend en outre la dissociation par
transfert d’électrons (ETD).

13. Procédé selon la revendication 1, comprenant en
outre une étape d’analyse en masse des ions pro-
duits.

14. Système de spectromètre de masse (100),
comprenant :

au moins un fournisseur d’ions (112, 132) pour
fournir un premier groupe d’ions (310) et un se-
cond groupe d’ions (312) de polarité opposée
audit premier groupe d’ions ;
un multipôle bidimensionnel (120, 610) configu-
ré pour recevoir des populations dudit premier
groupe d’ions (310) et dudit second groupe
d’ions (312) de polarité opposée audit premier
groupe d’ions dans un canal ionique défini ; et
un contrôleur (140) configuré pour coupler des
tensions périodiques à un premier ensemble
d’électrodes fourni par ledit multipôle bidimen-
sionnel afin de confiner radialement ledit pre-
mier groupe d’ions reçu et ledit second groupe
d’ions de polarité opposée, et ledit contrôleur
étant en outre configuré pour coupler un gra-
dient de tension CC (302) statique supplémen-
taire le long de la longueur dudit canal ionique
de sorte que des forces axiales résultantes puis-
sent confiner ledit premier groupe d’ions et ledit
second groupe d’ions de polarité opposée l’un
à côté de l’autre dans ledit canal ionique ; ca-
ractérisé en ce que le contrôleur est configuré
de sorte qu’en cours d’utilisation, des interac-
tions ion-ion dudit premier groupe et dudit se-
cond groupe d’ions pour produire des ions pro-
duits (311) soient permises au moyen d’une
charge d’espace en augmentant la population

d’ions d’au moins un groupe parmi ledit premier
groupe d’ions (310) et ledit second groupe d’ions
(312) de polarité opposée afin d’augmenter la-
dite charge d’espace, alors que ledit premier
groupe d’ions (310) et ledit second groupe d’ions
(312) de polarité opposée sont confinés par le
gradient de tension CC l’un à côté de l’autre dans
ledit canal ionique.

15. Système de spectromètre de masse selon la reven-
dication 14, dans lequel ledit multipôle bidimension-
nel (120, 610) comprend au moins un ensemble
électrode multipolaire choisi parmi un quadrupôle,
un hexapôle, un octapôle et un guide d’ions à pla-
ques empilées.

16. Système de spectromètre de masse selon la reven-
dication 15, dans lequel ledit multipôle bidimension-
nel (120, 610) comprend une cellule de collision.

17. Système de spectromètre de masse selon la reven-
dication 16, dans lequel des gaz tampons sont four-
nis dans ledit multipôle bidimensionnel (120, 610)
avec des pressions dans la plage comprise entre
environ 0,001 mbar et environ 0,0005 mbar.

18. Système de spectromètre de masse selon la reven-
dication 14, dans lequel ledit gradient de tension CC
(302) statique est configuré avec un gradient com-
pris entre environ 30 mV/cm et environ 1 V/cm.

19. Spectromètre de masse selon la revendication 14,
dans lequel ledit gradient de tension CC (302) stati-
que est fourni par au moins une électrode auxiliaire
(126, 620) couplée à une source de tension CC par
l’intermédiaire dudit contrôleur, ladite au moins une
électrode auxiliaire (126, 620) comprenant en outre :
des éléments électriques comprenant au moins un
réseau d’électrodes digitales (630) et une pluralité
de résistances (640) reliant entre elles les électrodes
digitales (630) respectives de l’au moins un réseau
afin de permettre des gradients de tension et des
volumes de stockage d’ions personnalisés le long
de la longueur axiale dudit multipôle bidimensionnel
(120, 610).
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