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ISOLATING IONS IN QUADRUPOLE ION TRAPS FOR MASS
SPECTROMETRY

Background

10001] The present application relates to isolating

ions in a quadrupole ion trap.

[0002] Quadrupole ion traps are used in mass

spectrometers to store ions that have mass-to-charge

ratios (m/z - where m is the mass and z 1s the number of
elemental charges) within some predefined range. In the
ion trap, the stored ions can be manipulated. For

example, ions having particular mass-to-charge ratios can
be isolated or fragmented. The ions can also Dbe

selectively ejected or otherwise eliminated from the ion

trap based on their mass-to-charge ratios to a detector to

create a mass spectrum. The stored ions can also be

extracted, transferred or ejected into an associliated

tandem mass analyzer such as a Fourier Transform, RF

Quadrupole Analyzer, Time of Flight Analyzer or a second

Quadrupole Ion Trap Analyzer.

[0003] All ion traps have limitations in how many i1ons

can be stored or manipulated efficiently. In addition,

obtaining structural information of a particular ion can

also require that ions having a particular m/z (or m/z’s)

be selectively isolated in the ion trap and all other ions

be eliminated from the ion trap. In an MS/MS experiment,

the isolated ions are subsequently fragmented into product

ions  that are analyzed to obtain the structural

information of the particular ion. Thus, there are

several reasons for efficient ion isolation techniques 1in

ion trapping instruments.
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[0004] Quadrupole 10n traps use substantially
quadrupole fields to trap the 1ons. In pure guadrupole
fields, the motion of the ions 1s described mathematically
by the solutions to a second order differential equation

called the Mathieu eqgquation. Solutions can be developed for

a general case that applies to all radio frequency (REF) and

direct current (DC) quadrupole devices including both two-
dimensional and three-dimensional guadrupole ion traps. A
two dimensional gquadrupole trap 1s described 1in U.S. Pat.
No. 5,420,425, and a three-dimensional quadrupole trap 1s
described in U.S. Pat. No. 4,540,884.

[0005] In general, solutions to the Mathieu equation
and corresponding motion of the 1ons are characterized by
reduced parameters a, and g, where u represents an x, y, Or
z spatial direction that corresponds to the displacement

along the axis of symmetry of the field.

a, = (KseU)/ (mroz(nz) du = (KqeV)/ (mroz(vz)
where:
V = Amplitude of the applied radio fregquency (RF)

sinusoidal voltage

U = Amplitude of the applied direct current (DC)
voltage

e = charge on the 1on

m = mass of the ion

ro = device characteristic dimension

w = ZIIf

ﬁ

f = frequency of RF voltage

Ka = device-field geometry dependent constant for a,
Kq = device-field geometry dependent constant for qy
[0006] The RF voltage generates an RF quadrupole field

that works to confine the jions' motion to within the
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device. This motion is characterized by characteristic

frequencies (also called primary frequencies) and

additional, higher order frequencies and these

characteristic frequencies depend on the mass and charge

&

of the 1ion. A separate characteristic frequency is also

agsociated with each dimension in which the dquadrupole

field acts. Thus separate axial (z dimension) and radial
(x and vy dimensions) characteristic frequencies are
specified for a 3-dimensional quadrupole 1ion trap. In a

2-dimensional gquadrupole ion trap, the 1lons have separate
characteristic frequencies in x and y dimensions. For a

particular ion, the particular characteristic frequencies

depend not only on the mass of the ion, the charge on the

ion, but also on several parameters of the trapping field.

[0007] An ion’s motion can be excited by resonating the

ion at one or more of their characteristic frequencies

using a supplementary AC field. The supplementary AC

field is superposed on the main quadrupole field by

applying a relatively small oscillating (AC) potential to

the appropriate electrodes. To excite idons having a

particular m/z, the supplementary AC field includes a

component that oscillates at or near the characteristic

F

frequency of the ions’ motion. If ions having more than

one m/z are to be excited, the supplementary field can

contain multiple frequency components that oscillate with

—
Pl

regspective characteristic frequencies of each m/z to be

regsonated.

[0008] To generate the supplementary AC field, a

supplementary waveform 1s generated by a waveform

generator,  and the voltage associated with the generated

waveform is applied to the appropriate electrodes by a

transformer. The supplementary waveform can contain any
number of frequency components that are added together

with some relative phase. These waveforms are hereon

referred to as a resonance ejection frequency waveform OI
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simply an ejection frequency waveform. These ejection

frequency waveforms can be used to resonantly eject a

r——

range of unwanted ions from the ion trap.

[0009] When an ion is driven by a supplementary field

that includes a component whose oscillation frequency 1is

close to the ion’s characteristic fregquency, the ion gains

pr—

kinetic energy from the field. If sufficient kinetic

energy 1s coupled to the ion, its oscillation amplitude

can exceed the confines of the ion trap. The i1on will

subsequently impinge on the wall of the trap or will be

I

ejected from the ion trap if an appropriate aperture

exists.

[0010] Because different m/z i1ons have different

Il

characteristic fregquencies, the oscillation amplitude of

the different m/z ions can be selectively determined by

exciting the ion trap. This selective manipulation of the

oscillation amplitude can be used to remove unwanted ions

at any time from the trap. For example, an ejection

frequency waveform can be utilized to i1solate a narrow

range of m/z ratios during ion accumulation when the trap

ig first filled with ions. In this way the trap may be

filled with only the ions of interest, thus allowing a

desired m/z ratio to be detected with enhanced signal-to-
noise ratio. Also a specific m/z range can be isolated

within the ion trap either after filling the trap for

performing an MS/MS experiment or after each dissociation

stage in MS" experiments.

[0011] Ton isolation can be performed using broadband
resonance ejection frequency waveforms that are typically
created by summing discrete frequency components
represented by sine waves (as described 1in U.S. Patent

5,324,939) . That is, the summed sine waves have discrete

frequencies corresponding to the m/z range of ions that

one desires to eject but excluding frequency components
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corresponding to the m/z range of ions that one desires tO

retain. The omitted frequencies define a frequency notch
in the ejection frequency waveform. Thus when the
ejection frequency waveform is applied, 1ions having

undesired m/z’s can be essentially simultaneously ejected

or otherwise eliminated while the desired wm/z ions are

retained, because their m/z ratio wvalues correspond to

where the frequency components are missing from the

ejection waveform.

[0012] To eject or otherwise eliminate all undesired

ions substantially simultaneously, the ejection frequency

waveform needs to include <closely spaced discrete

frequency components. Thus the ejection freqguency

waveform ig typically generated from a large number of

sine waves. In general, controlling such waveform

genera':iori is a complex problem. The general problem can

F

be sgimplified if the discrete frequencies of the sine

waves are spaced uniformly, and each sine wave has the

same relative amplitude.

[0013] To further simplify the waveform generation, the

discrete frequencies may be relatively widely separated

(spaced, for example, at least 1500 Hz apart), and the
system can include a means to modulate the RF voltage to

cause ions that would otherwise fall between frequency

components to come into resonance (see, e.g. U.S. Patent

5,457,315) .

[0014] When it is desgirable to isolate a m/z range

whose width is substantially less that 1 amu (atomlc mass
unit, which is 1.660538 x 10-27 kilograms), the broadband

ejection frequency waveforms may require many frequency

components that are spaced so closely that waveform
generation becomes 1impractical. Such a waveform if
utilized would, in addition, have to be applied for an

impractically long time. For example with an RF frequency



CA 02575393 2007-01-25
WO 2006/023252 PCT/US2005/027074

|

of 760 kHz, obtaining even unit resolution isolation 1s

difficult above m/z 1200 wusing 500 Hz spacing. In an

alternative technique, the supplementary field includes

only a single frequency component, and the undesired ions

are ejected by slowly increasing or decreasing the

amplitude of the trapping RF voltage (see Schwartz, J.C.;

Jardine, I. Rapid Comm. Mass Spectrum. 6 1992 313).
summary
[0015] Ions 1in a predefined narrow m/z range are

igolated in an ion trap by adjusting the field and using

ejection waveform(s). Thus the mass-to-charge ratio

isolation window 1is controlled and has an improved

resolution without increasing the number of frequency

components.
[0016] In general, the invention provides methods and
apparatus for isolating ions in an 1on trap. The 1on

traps are configured to utilize the generation of a field

e
—

having a first wvalue to contribute to the retention of

ions in the ion trap. The ions to be isolated have a

range of mass to charge ratios defined by a low mass to
charge ratio limit and a high mass to charge ratio limit,

and an 1initial corresponding range of characteristic

freguencies. The ion trap has a plurality of electrodes.

[0017] In one aspect of the invention, the invention 1s

directed to a method that includes applying an ejection

frequency waveform to at least one electrode, the ejection

frequency waveform having at least a first frequency edge

and a second frequency edge, and at least the 1initial

corresponding frequencies of the range of 1ions to be

isolated being included in the range of frequencies
between the first and second frequency edges, such that
initially, all ions with an initial corresponding range oOf

characteristic frequencies between the first and second

frequency edges are retained in the ion trap. The field 1is
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adjusted from a second to a third value, the second and

third values being selected such that substantially all

ions outside the range of mass to charge ratios to be

isolated are eliminated from the 1on trap.

[0018] In another aspect of the invention, the

characteristic frequencies comprise frequency components

of a first dimension and fregquency components of a second

dimension. The ion trap includes electrodes comprising

electrodes aligned along  the first dimension  and

electrodes aligned along the second dimension, and the

method comprises, applying a first portion of an ej ection

frequency waveform across the electrodes aligned to the

first dimension, the first portion of the ejection

waveform comprising at least a first frequency edge and a

second frequency edge in the first dimension, and at least

the initial corresponding range of characteristic

frequencies in the first dimension of the range of mass to

charge ratios to be isolated are included in the range of

frequencies between the first edge and the second edge;

applying a second portion of the ejection frequency

waveform across the electrodes aligned to the second

dimension, the second portion of the ejection Ifrequency

waveform having a third frequency edge and a fourth

frequency edge in the second dimension, and at least the

initial corresponding freguencies in the second dimension

of the range of ions to be isolated are included in the

range of frequencies between the third edge and the fourth

edge.

[0019] In another aspect, the invention is directed to

a method comprises applying a first ejection frequency

waveform comprising at least two frequencies to at least

one electrode, the first ejection frequency waveform

' aled
—

having at least a first edge, and adjusting the field from

3 gsecond to a third wvalue, the values selected such that

at least all ions initially having characteristic
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frequencies between the first edge and the nearest limit

o

of the mass to charge range are eliminated from the i1on

trap.

[0020] In another aspect, the characteristic frequency

components comprise frequency components of a first

dimensgion and frequency components of a second dimension.

The ion trap includes a plurality of electrodes comprising
electrodes aligned along the first dimension and

electrodes aligned along the second dimension. The method

comprises applying a first ejection frequency waveform

comprising at least two frequencies to at least one

electrode aligned to the first dimension, the first

ejection frequency waveform having at least a first edge,
and adjusting the field from a second to a third wvalue,

the values selected such that all ions having

characteristic frequencies between the first edge and the

nearest limit of the mass to charge range are eliminated

from the ion trap.

[0021] In another aspect, the characteristic

frequencies comprise frequency components of a first
dimension and frequency components of a second dimension.
The ion trap includes electrodes comprising electrodes

aligned along the first dimension and electrodes aligned

along the second dimension. The method comprises applying

a first portion of an ejection frequency waveform across
the electrodes aligned to the first dimension, the first

portion of the ejection waveform comprising at least two

frequencies, the first ejection frequency waveform having

at least a first frequency edge; applying a second portion

of the ejection frequency waveform across the electrodes
aligned to the second dimension, the second portion of the

ejection frequency waveform comprising at least two

fregquencies, the second ejection frequency waveform having

at least a second frequency edge.
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[0022] Particular implementations can 1nclude one oOr
more of the following features. The field may be a

quadrupolar field. The field may be adjusted Dy adjusting

the RF voltage. The field may be adjusted by adjusting
the DC wvoltage. The second value of the field may be

selected such that ions above the high mass to charge

ratio limit are ejected from the 1on trap. The third

value of the field may be selected such that ions below

the low mass to charge ratio limit are ejected from the

ion trap. The field may be adjusted from a second to a
third wvalue 1in one stepped transition. The stepped
transition may be carried out in less than about 1ms. The

field may be adjusted from a second to a third value in at

least one gradual transition. The time for the at least

one gradual transition may have some dependency on the

mass to charge ratio to be isolated or on the isolation

regolution required. Prior to applying the second value

of the field, a prior wvalue may be applied such that the

range of mass to charge ratios to be isolated are placed

such that their initial corresponding range of
characteristic frequencies are Dbetween the first and
second frequency edges. The ejection frequency waveform

may be generated using a sequence of ordered frequencies

that are selected from discrete frequencies. The discrete

frequencies may be substantially uniformly spaced. The

discrete frequencies may be spaced about 750Hz or less
from each other. The discrete frequencies may be spaced
about 500Hz or less from each other. The electrodes may
comprise electrodes aligned to first dimension and

electrodes aligned to a second dimension. The ejection

waveform may be applied to the electrode aligned to the

first dimension and the electrode aligned to the second

dimension simultaneously. The ejection waveform may be

applied to the electrode aligned to the first dimensilon

and the electrode aligned to the second dimension

sequentially. The waveform may comprise at 1least two

waveform portions. The waveform portions may be applied
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substantially simultaneously. The waveform portion may be

applied sequentially. The waveform portion may be applied

one after the other, sequentially, multiple times. The

first of the two waveform portions may define the first

edge of the ejection frequency wavelorm. The second of

the two waveform portions may define the second edge of
the ejection frequency waveform. The ejection frequency

waveform may comprise frequency components in at least two

dimensions. The frequency component 1in the first

dimension may be applied to the electrode aligned to the

first dimension sequentially to the frequency component 1n

the sgecond dimension being applied to the electrode

aligned to the second dimension. The Ifrequency component

in the first dimension may be applied to the electrode

aligned to the first dimension simultaneously to the

frequency component in the second dimension being applied
to the electrode aligned to the second dimension. The ion

trap may be a RF quadrupolar ion trap. The RF quadrupolar

ion trap may be a 2-D ilon trap. The RF quadrupolar ion

trap may be a 3-D 1on trap.

[0023] In another aspect, the invention is directed to
a computer program product tangibly embodied 1n a computer

readable medium with instructions to control an ion trap

according to the methods above.

[0024] The invention can be implemented to realize one

or more of the following advantages. High resolution

isolation is defined as isolating m/z ranges narrower than
1 Th (Thompson = amu/number of elemental charges). For

example, this might mean isolating a m/z range of 0.5 Th,

0.3 Th, 0.1, or ranges <0.1 Th. In some cases though,

isolating a m/z range of even 1 Th or more is not possible

under a particular set of operating conditions. In these

cases, high resolution isolation means isolating a

~ran be done with other isolation

narrower m/z range than

techniques. High resolution isolation can be accomplished

10
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while maintaining the ability to eject any fragment 1ions

which are formed during isolation, thus solving a problem
in the existing methods of high resolution isolation. The

high resolution isolation can be achieved using uniform

discrete frequencies without introducing special frequency

terms (i.e. frequency terms which do not fall on the

regular and/or uniform spacing of the discrete

frequencies) mnear the edges of the frequency notch. A

substantially guadrupolar ion trap can be constructed such

that ion frequencies shift up with increasing oscillation

amplitude in one dimension of the ion trap (e.g. 1in Xx),

and shift down with increasing oscillation amplitude 1n

the other dimension (e.g. 1n vy). By exciting ions with

frequencies above the ejection frequency waveform notch in

the x direction and below in the y direction, a sharp,

symmetric resultant isolation profile window can be

obtained which will also improve the isolation resolution

of the complete isolation experiment.

[0025] These and further features and advantages of the

present invention will become apparent from the following

detailed description, wherein reference 1s made to the

figures in the accompanying drawings.

[0026] Unless otherwise defined, all technical and

scientific terms used herein have the meaning commonly

understood by one of ordinary skill in the art to which

this invention belongs. In case of conflict, the present

specification, including definitions, will control.

Unless otherwise noted, the terms “include”, “includes”

and “including” are used in an open-ended sense — that 1is,

to indicate that the “included” subject matter is a part

or component of a larger aggregate or group, without

excluding the presence of other parts or components of the

aggregate or group. The disclosed materials, methods, and

examples are illustrative only and not intended to be

limiting. Skilled artisans will appreciate that methods

11
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and materials similar or equivalent to those described

herein can be used to practice the invention.

Brief Description of the Drawings

[0027] FIG. 1 is a schematic diagram illustrating an

exemplary isolation window and a corresponding ejection

frequency waveform notch.

[0028] FIGS. 2 and 3 are schematic diagrams

illustrating exemplary target notch edge frequencies for

ejection waveforms and actual notch edge frequencies that

result from rounding the target frequency notches to

discrete frequency components in the broadband ejection

frequency waveform.

[0029] FIGS. 4a and 4b are schematic  diagrams
illustrating exemplary isolation windows that result from
using discrete frequency components for ejection
waveforms.

[0030] FIGS. 5a and 5b are schematic diagrams

illustrating asymmetric isolation profiles resulting from

using prior art isolation techniques.

[0031] FIG. 6a and 6b are schematic diagrams
illustrating a 2D linear quadrupole ion trap and a circult

for applying RF and AC voltages to the electrodes of the

2D linear quadrupole i1on trap.

[0032] FIG. 7 is a schematic diagram illustrating a 3D

guadrupole ion trap and a circuit for applying RF and AC

voltages to the electrodes of the 3D quadrupole ion trap.

[0033] FIG. 8 ig a schematic diagram illustrating how

isolation of an m/z range is attained according to a

method of the prior art.

12
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[0034] FTG. 9 is a schematic diagram illustrating how

isolation of an m/z range 1is attained according to an

aspect of the invention, using a stepped approach.

[0035] FIG. 10a is a schematic flow chart and FIG. 10Db

igs a schematic diagram illustrating a method for operating
a quadrupole ion trap according to an aspect orf the

invention.

[0036] FIGS. 11, 12, 15-17 illustrate experimental

results of isolating ions based on aspects of the

invention.

[0037] FIG. 13 is a schematic diagram illustrating how

igolation of an m/z range is attained according to an

aspect of the invention, using a ramped scanning approach

that combines an ejection frequency waveform with a slow

forward and reversge scan.

[0038] FIG. 14 is a schematic flow chart illustrating a
method for operating a quadrupole ion trap according to an

aspect of the invention.

[0039] FIG. 18 is a schematic diagram and FIG. 19 1s a

schematic flow chart illustrating a method for operating a

quadrupole ion trap according to an aspect of the

invention.

Detailed Description

[0040] FIG. 1 illustrates an exemplary isolation window

100 in a range of mass to charge ratios (m/z) (diagram a),

the range of ratios defined by a high mass to charge ratio

110 limit and a low mass to charge ratio limit 105. Also

illustrated is a corresponding ejection frequency waveform

notch 115 in a frequency spectrum (diagram b), the

ejection frequency waveform notch defined by a first and a

second edge 120,125 respectively. A waveform facllitates

13
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at least a portion of the ions outside the mass range tO
be isolated to be ejected from the 1on trap. The
igolation window 100 is a range of m/z ratios, in the
example, from m/z 99.5 Th to 100.5 Th, for ions to be

retained in a 3D quadrupole ion trap. The frequency notch

115 41gs defined based on the isolation window 100, and

specifies a frequency gap that 1s a range of missing

frequencies in the ejection waveform’s frequency spectrum.

In the example, the frequency notch 115 is calculated

based upon a nominal isolation g = 0.83 (axial dimension)

and RF frequency of o= 2nl1022.04 kHz. The RF amplitude

applied to the ion trap is set so that ilons to be retained

in the desired m/z window 100 have <characteristic

frequencies which correspond approximately to the missing

frequency components. Undegired ions have m/z values

outside the m/z isolation window 100, and characteristic
frequencies outside the ideal ejection waveform Irequency
notch 115. Thus the undesired ions will absorb energy

from the supplementary AC field that is generated based on

an ejection frequency waveform having the frequency notch
115 and will be ejected from the ion trap. Alternatively,

the undesired ions  will absorb energy from  the

supplementary AC field and develop trajectories such that
they are caused to be neutralized or otherwise eliminated,

by for example, impacting rods the electrodes in the i1omn

trap.

[0041] FIG. 2 illustrates frequency  notches in

frequency spectrums that include discrete frequencies.

The discrete frequencies are assigned to a finite number

of sine waveg that are used to construct the ejection

frequency waveform. For example, a typical broadband
frequency waveform 1s constructed from sinusoidal
frequency components that have discrete frequencies
between 10 kHz and 500 kHz spaced every 500 Hz (period of
waveform 1is 2 ms). Thug a total of 981 discrete

frequencies are used to generate the ejection frequency

14
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waveform in this example. If the fregquency spacing 1s

chogsen correctly such that there are a sufficient number

P
——

of frequency components to efficiently eject all of the

undesired ions, then even  those ions which  have

characteristic frequencies between the waveform frequency

components will be ejected.

=

[0042] The spacing of the discrete frequencies limits

the isolation resolution that is defined by the smallest

m/z range that can be efficiently isolated. If the

discrete frequencies are spaced in 500 Hz increments, the

omitted freguencies define an actual ejection waveform

gt

frequency notch that is an integer multiple of 500 Hz.

Thus the actual frequency notches yield quantized wvalues

for the isolation width. It is customary to round out the

discrete frequencies so that the actual ejection frequency

waveform notch is not narrower than the target isolation

window.

[0043] FIG. 2 illustrates first and second exemplary

ejection waveform frequency spectra (diagrams a and Db)

with target fregquency  notches 210 and 230 and
corresponding rounded frequency notches 220 and 240,

respectively. The first and second frequency spectrums

specify substantially discrete frequency components, and

can be used to generate ejection frequency waveforms Dby

inverse discrete Fourier Transform computation or the

like. In both spectrums, the discrete frequencies are

spaced every 500 Hz, and for each discrete Ifrequency, a

relative amplitude 1is represented by the length of a

corresponding solid vertical line. The relative phases of
the discrete frequencies should be set in some manner such
as is taught in U.S. Patent No. 5,324,939.

[0044] The target frequency notches 210 and 230

correspond to a respective desired isolation window,

similar to that of the isolation window 100. The target
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notch 210 is defined by edge frequencies 211 and 212, and

the target notch 230 is defined by edge frequencies 231

and 232. When the discrete frequencies are used to

generate the ejection frequency waveform, the edge

frequencies 211, 212, 231 and 232 are rounded out to the
nearest 500 Hz (rounded down for the lower frequency edge
and up for the upper £frequency edge). Thus the rounded
frequency notches 220 and 240 are wider than the target

frequency notches 210 and 230, respectively. In the

example, the target frequency mnotches 210 and 230

correspond to isolation windows of m/z 69 * 0.5 Th and m/z
614 + 0.5 Th, respectively. This rounding insures that

the minimum notch width corresponds to at least £ 0.5 Th

which is the desired notch width in this example. Thus

g

each of the target notches 210 and 230 corresponds to

isolation windows having the same width of 1.0 amu/unit

charge (Th) at the same nominal isolation g, but for
di:

have characteristic frequencies that are spaced more

t)

ferent nominal m/z values. Because higher m/z ions

closely together, the target frequency notch 210 (m/z

{3

centered at 69 Th) has a larger frequency width than tha

pr=o
p—

of the target freguency notch 230 (m/z centered at 614

Th). Due to the same effect, the rounding error is more

pronounced for higher m/z ions.

[0045] FIG. 3 compares target and rounded frequency
notches as a function of a center m/z for a fixed

isolation window width, such as 1 Th, of the isolation g

¥

of 0.83. FEach frequency notch is represented by a

corresponding pair of edge frequencies. The dotted lines

represent the edge frequencies for the target Ifrequency

notch and the solid lines represent the associated

quantized ejection waveform frequencies defining the

corresponding freguency notch rounded to the nearest 500

Hz. The effect of rounding 1s clearly shown by the

difference between the dotted lines and the respective

solid lines.
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[0046] FIG. 4a and 4b illustrate first and second

diagrams showing rounded isolation widths (in m/z) 420 and

gt

440, respectively, that are illustrated as a function of a

center m/z of the isolation windows. The rounded

igolation widths 420 and 440 correspond to target

igolation widths 410 and 430, which have the same value of

1 Th in the example. The rounded isolation widths 420 and

440 result from using different spacings of the discrete

frequency components to construct the ejection waveforms.

10047} The rounded isolation width 420 corresponds to

using discrete frequencies at each 500 Hz (FIG. 4a), and

R

-he rounded isolation width 440 corresponds to using

discrete frequencies at each 250 Hz (FIG. 4Db). As the

frequency spacing interval is decreased from 500 Hz to 250

Hz, the accuracy increases for the rounded isolation

width. However, the decreased frequency spacing requlres

twice as many sine components for calculating the ejection

waveforms. Since the waveform is twice as long, the

waveform calculation may be more than twice as long, and

twice as much memory may be required to store the

digitized waveform.

[0048] FIGS. 6a-7 illustrate exemplary apparatus which
may be used for isolating 1ions. In alternative
implementations, different apparatus can be wused to

implement one or more aspects of the invention.

[0049] FIG. 6a illustrates an exemplary quadrupole.

electrode structure of a linear or two dimensional (2D)

quadrupole ion trap 600. The qguadrupole structure

includes two sets of opposing electrodes including rods

that define an elongated internal volume having a central

‘axis along a z direction of a coordinate system. An X set

of opposing electrodes includes rods 610 and 620 arranged

along the x axis of the coordinate system, and a Y set of

177



CA 02575393 2007-01-25
WO 2006/023252 PCT/US2005/027074

opposing electrodes includes rods 605 and 615 arranged

along the y axis of the coordinate system. Each of the

rods 605, 610, 615, 620 1is cut into a maln or center

gection 630 and front and back sections 635, 640.

[0050] In one implementation, each rod (or electrode

element) has a hyperbolic profile to substantially match

the iso-potentials of a two dimensional quadrupole field.

A Radio Frequency (RF) voltage 1is applied (via an RF

generator) to the rods with one phase applied to the X

set, while the opposite phase is applied to the Y set.

This establishes a RF quadrupole containment field 1in the
x and y directions and will cause ions to be trapped 1in

these directions. Other shapes of electrode elements may

also be used to create trapping fields that are adequate

for many purposes.

[0051] To constrain ions axially (in the =z direction),

+rhe electrodes in the center section 630 can recelve a DC

potential that is different from that in the front and
back sections 635, ©040. Thus a DC “potential well” 1s

formed in the 2z direction 1in addition to the radial

I

containment of the quadrupole field resulting in

containment of ions in all three dimensions.

[0052] Tons are introduced into the trap along the

center line of the z axis and therefore are efficiently

ction. The electrode

.

+transmitted 1nto the center se

structure can be operated in high wvacuum or some Helium
can be introduced into the structure to cause excited i1ons

to lose kinetic energy due to collisions with the Hellum.

Thus the ions can be more efficiently trapped within the
center section of the structure. These collisions also

improve performance because the collisionally cooled ions

all obtain similar (and small) positions and velocities.

This basically gives the ions a smaller set of initial
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conditions when they are subsequently manipulated, for

example during ion ejection.

[0033] An aperture 645 is defined in at least one of
the center sections 630 of one of the rods 605, 610, 615,

620. Through the aperture 645, trapped iong can be

selectively ejected based on their mass-to-charge ratios

in a direction orthogonal to the central axis when an

additional AC dipolar electric field is applied in this

direction. In this example, the apertures and the applied

dipole electric field are on the X rod set.

[0054] FIG. 6b illustrates a conventional apparatus for

applying the RF and AC voltages to a 2D ion trap 6007. In
the ion trap 600’, the rod electrodes 605, 610, 615, 620

are not divided into segments, therefore simplifying the

apparatus description. However, the Dbasic scheme for

applying the RF and AC voltages to the electrodes 605,

610, 615, 620 does not change i1f the rod electrodes are
segmented. Other methods of applying the RF and AC
voltages may be suitable and used 1f desired, for example,
as described in U.S. Patent publication 2003-0173524Al

[0055] FIG. 7 illustrates a second exemplary ion trap

mass spectrometer, a 3-dimensional quadrupole ion trap 700

which includes a ring electrode 702 of approximately

hyperbolic profile and two end caps 704 and 706 facing one

another also of hyperbolic profile. RF voltage provided

by RF generator 708 is typically applied to the ring

electrode 702, and the end caps 704 and 706 are at ground

potential with <respect to the RF voltage. This
establishes a RF quadrupole containment field in all three
dimensions, x, vy, and z, although since this is a radially
symmetric device, often ion motion is discussed 1in terms
of the radial (r) and axial (z) displacements. Note that
the ring electrode could be cut into four sections, and

thus independent excitation in the x and y dimensions
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could be created in such a device. Across the end caps

704 and 706 an additional dipolar excitation AC field can

be applied via AC generator 738 through transformer 750.

A digital signal processor or computer 712 drives a RF

voltage control generator 714 which forms a RF control

voltage for the RF generator 708, and ultimately the RF

amplifier 710 which applies a RF voltage (which may be

ramped) on the ring electrode. This in combination with

the AC approximately dipolar field applied between the end

caps 704, 706 causes ions to be mass selectively ejected

from the center of the trap.

[0056] In both of the ion traps 600 and 700, various

agspects of the invention can be implemented with the

difference that the relevant fields are applied 1n

different dimensions.

[0057] Tt has been discussed in detail above that a

multifrequency resonance ejection waveform can be used to

gie—
—

m/z’s. This

isolate ions of a particular m/z or range O:

e
—r

multifrequency resonance waveform contains fregquency

components which match or nearly match the characteristic

frequencies of motion corresponding to the m/z of the ions

which are to be ejected from the trap. These ejection

frequency waveforms may be generated by summing many sine

wave components throughout a range of discrete frequencies

having a specified spacing. Fregquency components that

match the characteristic frequency of ions to be retained

in the trap are left out of the representative waveform.

The left-out components define a discrete ejection

frequency waveform notch in the frequency spectrum of the

ejection waveform. According to one aspect of the

invention, the discrete frequency notch is used to specilfy

an m/z isolation window whose width and midpoint can be

continuously wvaried, as discussed 1in more detail Dbelow
with reference to FIGS. 8 to 10.
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[0058] FIG. 8 illustrates an exemplary ejection

frequency waveform calculated by conventional methods such

as described in U.S. patent number 5,324,939, incorporated
herein in 1its entirety by reference. The exemplary

ejection waveform wuses discrete frequency components

having a 500 Hz spacing between frequencies of adjacent

components. A target ejection waveform frequency notch 1s

defined by the m/z range for which isolation is required

and the g at which isolation will be performed. The lower

limit of the m/z range is identified by m; and the upper

g

limit of the m/z range is identified by m;. Based on the

values of m; and m,, corresponding target edge frequencies

f, and f, can be calculated for the target frequency notch.

Tt gshould be noted that higher m/z ions have lower

frequencies, so f;>f; for m<m;. The target notch edge

frequencies f; and £, are then rounded outward to the

nearest 500 Hz frequencies f’; and f’,, respectively. The

rounded notch edge frequencies f£’; and f'; correspond to a

rounded m/z isolation range between m’; and m’;.

=i

[0059] The rounded notch edge frequencies f£’; and 1’

are contained in the ejection waveform but frequencies

between them are absent. In the conventional techniques,

rhe result of the rounding is that a small range of 1ions

outside the desired m/z range will not be ejected because

f’,>f, and f’<f,. In addition, ions with m/z values

slightly lower than mp’ and slightly higher than m;’ will

be ejected as they are still close enough to the waveform

frequency notch edges to be affected by the fields.

[0060] According to one aspect of the invention, this
“rounding error” <can be avoided, and a continuously
variable isolation window can be specified. In one
implementation, two different quadrupolar field values are
used during the isolation process. As used herein,
quadrupolar field values are considered to be different if

either or both of the RF and DC component wvalues have been
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changed, and thus the gquadrupolar field wvalue may be

altered by adjusting one or both of the applied RF and DC

voltages. The second gquadrupolar field wvalue places the

high mass to charge ratio limit of m; at the rounded notch

edge frequency f’, and the third quadrupolar field wvalue

places the low mass to charge ratio limit of my at the

rounded notch edge frequency f';. Because the quadrupole

field DC and RF amplitudes can be controlled with high

precision, the specified m/z isolation window limits m; and

m, can be placed with high precision at the rounded notch

edge frequencies, f’; and £f’; ‘successively to compensate

for the frequency differences between rounded and target

notch edges. This technigque also allows one to specify
continuous effective isolation window widths in m/z.

[0061] FIGS. 9, 10a and 10b illustrate an
implementation of this technique. The technigque can be

implemented in a system that 1includes a gquadrupole 1on

trap, such as a 2D or 3D 1on trap. In this
implementation, two distinct RF voltage wvalues 910, 220
are used during isolation. Before isolation, the RF
voltage value is adjusted to a first wvalue 970 that 1is

used to trap a wide range of ions in an ion trap (step

1010) . Next, the RF or DC voltage is adjusted to the
second voltage wvalue 910 (step 1020), and an ejection
frequency waveform 940 i1s applied (step 1030). At the

e
——

second value 910 of the RF voltage, the high m/z limit of

the target ion range m, corresponds to the low frequency

edge f’, (the first edge) of the rounded e] ection frequency

waveform notch. After a time period, for example 2-8 ms
or more, the RF voltage is adjusted in a stepped manner,

for example within less than about 1 ms, to the third

value 920 (step 1040). At the third wvalue 920 of the RF
voltage, the low m/z limit of the desired ion range m
corresponds to the high frequency edge f’; (the second

edge) of the rounded ejection frequency waveform notch.

3

After a time period, such as after 2 ms or more, ILOI
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example 2-8 ms, the ejection frequency waveform 3940 18
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