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(57) Abrege/Abstract:
An Ion trap for a mass spectrometer has a conductive central electrode with an aperture extending from a first open end to a
second open end. A conductive first electrode end cap Is disposed proximate to the first open end thereby forming a first intrinsic
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(57) Abrege(suite)/Abstract(continued):
capacitance between the first end cap and the central electrode. A conductive second electrode end cap Is disposed proximate to
the second open end thereby forming a second Intrinsic capacitance between the second end cap and the central electrode. A first
circuit couples the second end cap to a reference potential. A sighal source generating an AC trap signal iIs coupled to the central
electrode. An excitation signal Is Impressed on the second end cap In response to a voltage division of the trap signal by the first
Intrinsic capacitance and the first circuit.
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FIG. 2

(57) Abstract: An ion trap for a mass spectrometer has a conductive central electrode with an aperture extending from a first open

&N\ end to a second open end. A conductive first electrode end cap is disposed proximate to the first open end thereby forming a first
& intrinsic capacitance between the first end cap and the central electrode. A conductive second electrode end cap is disposed proximate

—

WO 2

to the second open end thereby forming a second intrinsic capacitance between the second end cap and the central electrode. A first
circuit couples the second end cap to a reference potential. A signal source generating an AC trap signal is coupled to the central
electrode. An excitation signal is impressed on the second end cap in response to a voltage division of the trap signal by the first
intrinsic capacitance and the first circuit.
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End Cap Voltage Control of Ion Traps

TECHNICAL FIELD

This invention relates to ion traps, ion trap mass spectrometers, and more particularly to

control signal generation for an ion trap used in mass spectrometric chemical analysis.

BACKGROUND

Using an ion trap is one method of performing mass spectrometric chemical analysis.
An ion trap dynamically traps ions from a measurement sample using a dynamic electric tield
generated by a driving signal or signals. The ions arc selectively ejected corresponding to their
mass-charge ratio (mass (m)/charge (z)) by changing the characteristics of the electric field
(e.g., amplitude, frequency, etc.) that is trapping them. More background information
concerning ion trap mass spectrometry may be found in “Practical Aspects ot Ion Trap Mass

Spectrometry,” by Raymond E. March et al.

Ramsey et al. in U.S. Patent Nos. 6,469,298 and 6,933,498 (hereafter the “Ramsey

patents”) disclosed a sub-millimeter ion trap and ion trap array for mass spectrometric

chemical analysis of ions. The 1on trap described in U.S. Patent No. 6,469,298 includes a
central electrode having an aperture: a pair of insulators, each having an aperture; a pair of
end cap electrodes, each having an aperture; a first electronic signal source coupled to the
central electrode; and a second electronic signal source coupled to the end cap electrodes. The
central electrode, insulators, and end cap electrodes arc united in a sandwich construction
where their respective apertures are coaxially aligned and symmetric about an axis to form a
partially enclosed cavity having an effective radius Ry and an effective length 27y, wherein Ry

and/or Zg are less than 1.0 millimeter (mm), and a ratio Z¢/Ry 1s greater than 0.83.

George Safford presents a “Method of Mass Analyzing a Sample by use ot a
Quadrupole Ion Trap” in U.S. Patent No. 4,540,884, which describes a complete ion trap

based mass spectrometer system.
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An ion trap internally traps tons in a dvnamic quadrupolc ficld created by the
clectrical signal app'licd to the center clectrode relative to the end cap voltages (or signals).
Simply. & signal of constant frequency is applicd to the center clectrode and the two end cap
clectrodes are maintained at a static zcro volts. The amplitude of the center clectrode signal s
ramped up lincarly in order to sclectively destabilize diffcrent masses of 1ons held within the
ion trap. This amplitude cjection configuration does not result in optimal performance or
rcsolution and may actually result in double peaks in the output spectra. This amplitude
¢jecction method may be improved upon by applving a sccond signal to once end cap of the ion
trap. This sccond signal causes an axial cxcitation that results in the resonance ¢jection of
ions from the ion trap whep the 1ons’ secular frequency of oscillation within the trap matches
the end cap cxcrtation frequency. Resonance ¢jection causes the ton to be ejectcd from the ion
trap at a sccular resonance point corresponding to a stability diagram beta value of less than
onc. A beta value of less than one is traditionally obtained by applyving an end cap (axial)
frequency that is a factor of 1/n times the center clectrode frequency, where n1s typically an
intcger greater than or equal to 2.

Moxom ct al. in “Doublc Resonance Ejcction in a Micro fon Trap Mass
Spcctfomctcr,” Rapid Communication Mass Spectrometry 2002, 16: pages 735-760. describe
increcased mass spectroscopic resolution 1n the Ramsey patents device by the use of
differental voltages on the end caps. Testing demonstrated that applyving a differential
voltage between ond caps promotes resonance cjection at lower voltages than the carhier

Ramsev patents and climinates the “peak doubling™ effcct also inherent in the earlier Ramsey

patents. This device requires @ minimum of two separate voltage supplies: one that must

control the radio frequency (RF) voltage signal applicd to the central electrode and - at icast
one that must control the end cap clectrode (the first end cap electrodce 1s grounded, or at zero
volts, rclative to the rest of the svstem). |

Although performance of an ion trap may be increascd by the application of an
additional signal apphed to onc of the 10n trap s end caps. doing so increascs the complexity
of the svstem. The sccond signal requires clectronics in order to generate and drive the signal
into the end cap of the ion trap. This signal optimally nceds to be synchronized with the
center clectrode signal. These additional clectronics increase the size, weight, and power
consumption of the mass spectromcter system. This could be very important 1n a portable

mass spectrometer application.

PCT/US2008/086241
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SUMMARY

According to an aspect of the present invention, there 1s provided an 10on trap
comprising: a conductive ring-shaped central electrode having a first aperture extending from
a first open end to a second open end; a signal source for generating a trap signal having at
least an alternating current (AC) component between a first and second terminal, wherein the
first terminal is coupled to the central electrode and the second terminal 1s coupled to a source
reference voltage potential; a conductive first electrode end cap disposed adjacent to the first
open end of the central electrode and coupled to a first reference voltage potential, wherein a
first intrinsic capacitance is formed between a surface of the first electrode end cap and a
surface of the first open end of the central electrode; and a conductive second electrode end
cap disposed adjacent to the second open end of the central electrode and coupled to a second
reference voltage potential with a first electrical circuit means for impressing a fractional part
of the trap signal on the conductive second electrode end cap,wherein a second intrinsic
capacitance is formed between a surface of the second electrode end cap and a surface of the
second open end of the central electrode, and wherein the fractional part of the trap signal 1s
impressed on the second electrode end cap as an excitation voltage 1n response to a voltage
division of the trap signal by the second intrinsic capacitance and an impedance of the first

electrical circuit means.

According to another aspect of the present invention, there 1s provided an 1on
trap comprising: a central electrode having an aperture; a first end cap electrode having an
aperture; a second end cap electrode having an aperture; an electronic signal source that
generates a trap signal applied to the central electrode; a passive circuit means for impressing
a fractional part of the trap signal on the first end cap electrode; an electrical connection
between said first end cap electrode and said passive circuit means; and an electrical
connection between said passive circuit means and a voltage potential, wherein said first end
cap electrode, connected to said voltage potential via said passive circuit means, bears an

excitation voltage due to capacitive coupling between said electronic signal source and said

passive circuit means.
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In some embodiments, an 10n trap comprises a conductive ring-shaped central
electrode having a first aperture extending from a first open end to a second open end. A
signal source generates a trap signal having at least an alternating current (AC) component
between a first and second terminal. The first terminal 1s coupled to the central electrode and
the second terminal 1s coupled to a reference voltage potential. A conductive first electrode
end cap 1s disposed adjacent to the first open end of the central electrode and coupled to the
reference voltage potential. A first intrinsic capacitance 1s formed between a surface of the

first electrode end cap and a surface of the first open end of the central electrode.

A conductive second electrode end cap 1s disposed adjacent to the second open
end of the central electrode and coupled to the reference voltage potential with a first
electrical circuit. A second intrinsic capacitance 1s formed between a surface of the second
electrode end cap and a surface of the second open end of the central electrode. An excitation
voltage that is a fractional part of the trap signal 1s impressed on the second end cap 1n
response to a voltage division of the trap signal by the second intrinsic capacitance and an

impedance of the first electrical circuit.

In one embodiment, the electrical circuit is a parallel circuit of a capacitor and
a resistor. The resistor is sized to prevent the second end cap from charging thereby
preventing possible charge build up or uncontrolled voltage drift. The resistor 1s also sized to
have an impedance much greater than an impedance of the capacitor at an operating frequency
of the trap signal. In this manner, the excitation voltage division remains substantially
constant with changing excitation voltage frequency, and the excitation voltage 1s

substantially in phase with the signal impressed on the central electrode.

Embodiments herein are directed to generation of a trap signal and impressing
a fractional part of the trap signal on the second end cap of an 1on trap used tor mass

spectrometric chemical analysis in order to increase performance without significant added

complexity, cost, or power consumption.

Embodiments operate to improve spectral resolution and eliminate double

peaks in the output spectra that could otherwise be present.

3a
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Other embodiments employ switching circuits that may be employed to
connect the end cap electrodes to different circuits of passive components and/or voltages at

different times. In some embodiments, the electrical circuit may employ passive components

that

3b
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include inductors, transformers, or other passive circuit elements used to change the characteristics

(such as phase) of the second end cap signal.

Some embodiments are directed to improving ion trap performance by applying an
additional excitation voltage across the end caps of an ion trap. Unlike the typical resonance ejection
technique, this excitation voltage has a frequency equal to the center electrode excitation frequency.
The generation of this excitation voltage can be accomplished using only passive components without

the need for an additional signal generator or signal driver.

The details of one or more embodiments are set forth in the accompanying drawings
and the description below. Other features and advantages of some embodiments of the invention will

be apparent from the description of the drawing.

BRIEF DESCRIPTION OF DRAWINGS

FIG. 1 1s a circuit block diagram of a prior art 1on trap signal driving method showing

two signal sources;
FIG. 2 1s a circuit block diagram of one embodiment using a single signal source;

FI1G. 3A 1s a cross-section view illustrating a quadrupole 1on trap during one polarity

of an excitation source;

FIG. 3B 1s a cross-section view illustrating a quadrupole 10n trap during the other

polarity of the excitation source; and

FIG. 4 is a circuit block diagram of another embodiment using a single signal source

and switch circuits to couple passive components.
Like reference symbols in the various drawings may indicate like elements.

DETAILED DESCRIPTION

Embodiments herein provide an electrical excitation for the end cap of an 10n trap to
improve ion trap operation. Embodiments provide a simple electrical circuit that derives the electrical

excitation signal from the signal present on the center electrode of an 1on trap.

In one embodiment, passive electrical components are used to apply a signal to
the second end cap of an ion trap in order to increase performance. The added components serve
to apply a percentage of the central electrode excitation signal to the second end cap. This results
in an axial excitation within the ion trap that improves performance with negligible power loss,
minimal complexity while having a minimum impact on system size. In some embodiments,

the added components may cause an increase in the impedance seen at the

4
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central clectrode duc to the circutt configuration of the added components, which results in an
actual reduction in overall system power consumption.

In cmbodiments, the frequency of the signal applied to the second ¢nd cap 1s the same
as the frcquency of the center clectrode. The performance increasc 1s afforded without
performing conventional resonance cjcction, since the frequency of the applicd signal 1s cqual
to the frequency of the center clectrode. Note that this method may be performed in tandem
with conventional resonance cjection methods in order to optimize 1on trap performance. This
may be accomplished by additionally drniving on¢ or both ¢nd caps with a conventional
rcsonance cjection signal source through a passive clement(s) so that both the conventional
resonance ¢jection signal and the previously descnbed signal arc simultancously impressed
upon the 1on trap. Onc embodiment compriscs applyving a convenuonal resonance ¢jection
signal to cither end cap. and the previously descnbed signal having the same frequency as the
center electrode to the remaining end cap.

Some cmbodiments heremn may not require rctuning or adjustment when the
frequency of operation is vaned. Vanable frequency operation without rctuning is possible
because the signal impressced on the sccond end cap i1s derived from the signal coupled to the
central clectrode through the usc of a capacitive voltage divider that 1s substantially
independent of frequency and depending only on actual capacitance values. This holds true as
long as the resistance shunting the added capacitor is significantly larger than the impedance
of th¢ capacitor in the frequency range of operation.

FIGS. 3A and 3B illustrate a cross-scction of a prior art quadrupole 1on trap 300. The
on trap 300 compnses two hyvperbolic metal electrodes (end caps) 303a, 303band a
hyperbolic nng clectrode 302 disposcd half-way between the end cap electrodes 303a and
305b. The posttively charged 1ons 304 are trapped between these three electrodes by electric
ficlds 305, Ring clectrode 302 1s clectncally coupled to one tcrminal of a radio frequency
(RF) AC voltage source 301. The sccond terminal of AC voltage source 301 is coupled to
hyperbolic end cap clectrodes 303a and 303b. As AC voltage source 301 altemates polarity.
the cleetne ficld hines 305 alternate. The 1ons 304 within the 1on trap 300 are confined by this
dvnamic quadrupolc ficld as well as fractional highcr order (hexapolc, octapole, ctc.) clectric
ficlds.

F1G. 1 is a schematic block diagram 100 illustrating cross-sections of electrodes
couplced to a prior art signal dnving mcthod for an 1on trap having two signal sources. The

first 10n trap clectrode (end cap) 10! 1s connected to ground or zero volts. The 1on trap central

3
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clectrode 102 1s dnven by a first signal source 106. The second ion trap end cap 103 1s dnven
by a sccond signal source 107. First end cap 101 has an apcrture 110. Central clectrode 102
is nng shaped with an aperture 111 and sccond end cap 103 has an aperturc |14,

F1G. 2 1s a schematic block diagram 200 1illustrating cross-sections of clectrodcs

(4 1

according to onc embodiment whercin an on trap ts actively driven by only onc extemal
signal sourcc 206. First end cap 201 has an aperture 210, central electrode 202 has an
apcrturc 211 and sccond cnd cap 203 has an aperturc 214. The first 1on trap cnd cap 201 1s
couplcd to ground or zcro volts, however, other cmbodiments may use other than zero vollts.
For ecxample, in another embodiment the first end cap 201 may be connected to a vanable DC
1() voltage or other signal. The 1on trap central clectrode 202 1s dnven by signal source 206.
The second 1on trap end cap 203 1s connccted to zero volts by the parallct combination of a
capacitor 204 and a resistor 205, |
The cmbodiment iustrated in FIG. 2 bperaws in the following manncr: an intrinsic
capacitance 208 naturally exists between central clectrode 202 and the second ¢nd cap 203.
I3 Capacitance 208 in scrics with the capacitance of capacitor 204 form a capacitive voltage
divider thereby impressing a potential denved from signal source 206 at sccond end cap 203.
When sighal source 206 impresses a varving voltage on central electrode 202, a vanving
voltage of lesser amplitude is impressed upon the second end cap 203 through action of the
capacitive voltage divider. Naturally, there cxists a corresponding intrinsic capacitance
20 between central clectrode 202 and first end cap 201. According to one embodiment, a
discrete resistor 203 1s added between second end cap 203 and zero volts. Resistor 205
provides an clectrical path that acts to prevent sccond end cap 203 from developing a floating
DC potenual that could causc voltage dnft or excess charge build-up. In onc cmbodiment,
the valuc of resistor 203 1s sized to be 1n the range of | to 10 Mcga-ohms (MS2) to cnsure that
23 the impedance of resistor 203 s much grecater than the impedance of added capacitor 204 at
an opcrating frcquency of signal source 206. If the resistance valuc of resistor 205 1s not
much greater than the impedance of Ca 204. then there will be a phase shift between the
signal at central clectrode 202 and signal impressed on sccond end cap 203 by the capacitive
voltage divider. If the resistance valuc of resistor 205 not much greater than the impedance
30 of C, 204, the amplitude of the signal impressed on sccond end cap 203 will vary as a
function of frequency. Without resistor 203, the capacitive voltage divader (Cs and C,) 1s

substantitally independent of frequency. In one embodiment, the valuce of the added capacitor
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20

204 1s madc vanablc so that it may be adjusted to have an optimized valuc for a given system
chamclenstics.

FIG. 4 is a schematic block diagram 400 illustrating cross-scctions of clcctrodes
according to one cmbodiment whercin an ion trap is actively driven by onlv onc extemal
signal source 406. Again, first end cap 401 has an apcrturc 410, ccntral clectrode 402 has an
apcrturc 411 and sccond cnd cap 403 has an apcrturc 414. The first 1on trap cnd cap 401 is
coupled, in response to control signals from controller 422, to passive components 427 with
switching circuits 421. Various componcnts in passive components 427 mav be coupled to
reference voltage 428 which in some embodiments may be ground or zero volts. In another
embodiment, the refcrence voltage 428 may bca DC ora variable voltage. The combination
of switching circuits 421 and passive components 427 scrve to control and modify the
potential on first end cap 401 to improve the operation of the 10n trap.

The sccond ion trap end cap 403 1s coupled, 1n responsc to control signals from
controller 422 to passive componcnts 423 with switching circuits 423. Various componcents
N passive componcnts 425 may be coupled to reference voltage 426, which in some
embodiments may be ground or zero volts. In another embodiment, the reference voltage 426
may bc a DC or a vanablc voltage. The combination of switching circuits 423 and passive
components 425 scrver to control and modify the potential on first end cap 402 to improve
the opcration of the 1on trap. Capacitances 408 and 409 combinc with the passive
components 423 and 427 to couple a portion of signal source 406 when switched in by
switching circuits 423 and 421, respectively.

A numbcr of ecmbodiments of the invention have been described. Nevertheless, it will
bc understood that vanous modifications may be madc without departing from the

scope of the invention.
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CLAIMS:

1. An 10n trap comprising:

a conductive ring-shaped central electrode having a first aperture extending

from a first open end to a second open end;

a signal source for generating a trap signal having at least an alternating current
(AC) component between a first and second terminal, wherein the first terminal 1s coupled to

the central electrode and the second terminal is coupled to a source reference voltage potential;

a conductive first electrode end cap disposed adjacent to the first open end of
the central electrode and coupled to a first reference voltage potential, wherein a first intrinsic
capacitance is formed between a surface of the first electrode end cap and a surface of the first

open end of the central electrode; and

a conductive second electrode end cap disposed adjacent to the second open
end of the central electrode and coupled to a second reference voltage potential with a first
electrical circuit means for impressing a fractional part of the trap signal on the conductive

second electrode end cap,

wherein a second intrinsic capacitance 1s formed between a surface of the

second electrode end cap and a surface of the second open end of the central electrode, and

wherein the fractional part of the trap signal is impressed on the second
electrode end cap as an excitation voltage in response to a voltage division of the trap signal

by the second intrinsic capacitance and an impedance of the first electrical circuit means.

2. The ion trap of claim 1, wherein the first electrical circuit means comprises a

capacitor in parallel with a resistor.

3. The ion trap of claim 2, wherein an impedance of the resistor 1s greater than

one fourth of an impedance of the capacitor at a frequency of the trap signal.
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4, The 10n trap of claim 2, where the resistor has a resistance greater than the

impedance of the capacitor in a frequency range of operation of the signal source in generating

the trap signal.

. The 10n trap of claim 2, 3 or 4, wherein the capacitor is a variable capacitor

adjustable to optimize an operating characteristic of the ion trap.

6. The 1on trap of any one of claims 1 to 5, wherein the source reference voltage

potential 1s ground or zero volts.

7. The 10n trap of any one of claims 1 to 6, wherein the ion trap 1s a mass
analyzer, and wherein the first reference voltage potential, the second reference voltage

potential, or both are an adjustable DC voltage.

8. The 10n trap of any one of claims 1 to 7, wherein the first and second reference

voltage potentials are generated by corresponding DC voltage sources.

9. The 10n trap of any one of claims 1 to 8, wherein the ion trap is configured to

impress the fractional part of the trap signal only on the conductive second electrode end cap.

10. The 10n trap of any one of claims 1 to 9, wherein the 1on trap 1s configured to

recelve a resonance ejection signal.

11. The 10n trap of any one of claims 1 to 10, wherein the amplitude of the
fractional part of the trap signal 1s substantially independent of the frequency of the trap

signal.

12. The 1on trap of any one of claims 1 to 11, wherein the phase difference between
the fractional part of the trap signal and the trap signal 1s substantially independent ot the

frequency of the trap signal.

13. The 1on trap of any one of claims 1 to 8, wherein a fractional part of the trap

signal 1s also impressed on the conductive first electrode end cap.
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14. The 10n trap of any one of claims 1 to 7, further comprising a second electrical
circult coupled between the conductive first electrode end cap and the first reference voltage

potential, wherein a fractional part of the trap signal is impressed on the conductive first
electrode end cap 1n response to a voltage division of the trap signal by the first intrinsic

capacitance and an impedance of the second electrical circuit.

15. The 10n trap of any one of claims 1 to 14, wherein the excitation voltage is

generated by a parasitic signal that is formed from the trap signal applied to the central electrode.
16. An 10n trap comprising:

a central electrode having an aperture;

a first end cap electrode having an aperture;

a second end cap electrode having an aperture;

an electronic signal source that generates a trap signal applied to the central

electrode;

a passive circuit means for impressing a fractional part of the trap signal on the

first end cap electrode;

an electrical connection between said first end cap electrode and said passive

circult means; and

an electrical connection between said passive circuit means and a voltage
potential, wherein said first end cap electrode, connected to said voltage potential via said
passive circult means, bears an excitation voltage due to capacitive coupling between said

electronic signal source and said passive circuit means.

17. The 10n trap of claim 16, further comprising a switching circuit that electrically

connects and disconnects said first end cap electrode to said passive circuit means.

10
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18. The 10n trap of claims 16 or 17, wherein the ion trap is configured to receive a

resonance ejection signal.

19. The 10n trap of any one of claims 16 to 18, wherein the amplitude of the fractional

part of the trap signal 1s substantially independent of the frequency of the trap signal.

20. The 10n trap of any one of claims 16 to 19, wherein the phase difference
between the tractional part of the trap signal and the trap signal is substantially independent of

the frequency of the trap signal.

21. The 10n trap of any one of claims 16 to 20, wherein a fractional part of the trap

signal 1s also impressed on the conductive first electrode end cap.

22. The 10n trap of any one of claims 16 to 21, wherein the excitation voltage 1s

generated by a parasitic signal that 1s formed from the trap signal applied to the central electrode.

23. The 10n trap of any one of claims 16 to 20, wherein said voltage potential 1s a

first voltage potential, and said 1on trap further comprises:

a second passive circuit means for impressing a fractional part of the trap signal

on the second end cap electrode;

an electrical connection between said the second end cap electrode and the

second passive circuit means; and

an electrical connection between the second passive circuit means and a second
voltage potential, wherein the second end cap electrode, connected to the second voltage
potential via the second passive circuit means, bears an excitation voltage due to capacitive

coupling between the electronic signal source and the second passive circuit means.

24, The 10n trap of claim 23, wherein the first and second voltage potentials are

generated by corresponding DC voltage sources.

235. The ion trap of claim 23 or 24, wherein the 1on trap is a mass analyzer, and

wherein the voltage potential, the second voltage potential, or both are an adjustable DC voltage.

11
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