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(57) Abstract: An apparatus and method coupling RF and AC signals provide power to a mass spectrometer multipole. A first cir-
cuit comprises: an RF power source, providing difference mode power to the multipole; an inductor forming a resonant LC circuit
with the multipole, providing voltage gain for the RF signal; and a transformer, comprising a secondary tap, connected in parallel
to the RF power source and to the inductor such that signals mjected mto the secondary tap are communicated to the resonant LC
circuit. A second circuit comprises: an AC power source, providing common mode power to the multipole, an output from the
second circuit connected to the secondary tap such that common mode power 1s injected nto the first circuit, the multipole operat-
ed in common mode and difference mode simultaneously; and an inductor forming a resonant LC circuit with the multipole via
the transtormer providing voltage gain for the AC signal.
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APPARATUS AND METHOD FOR COUPLING RF AND AC SIGNALS TO
PROVIDE POWER TO A MULTIPOLE IN A MASS SPECTROMETER

FIELD
[0001] The specification relates generally to mass spectrometers, and specifically to an

apparatus and method for coupling RF and AC signals to provide power to a multipole in

a mass spectrometer.

BACKGROUND
[0002] It 1s generally desirable to reduce duty cycle losses 1n a mass spectrometer system.
One source of duty cycle losses is in waiting for ions of different mass to charge ratios
(m/z), ejected from a multipole ion guide such as a quadrupole, to reach their destination,
generally an entry point of a mass detector (e.g. a time of flight (ToF) detector). In
general, ions with high m/z travel at slower speed than ions with a lower m/z. In
orthogonal TOF instrument the duty cycle is limited by the repetition rate of the TOF
extraction pulses which are in turn limited by the speed at which the heavy 1ons are
travelling. If the repetition rate 1s increased beyond an optimal value heavier 1ons are not
properly sampled and/or lost. This problem can be addressed by causing 1ons trapped in a
quadrupole ion guide to be ejected in a desired sequence, for example 1n order of m/z
ratio starting with heavier ions, such that they arrive at a desired location 1n space
simultaneously, for example at the extraction region of the To[' detector, and with the
same kinetic energy. Such a technique can be used in other applications, such as filling
1on traps (e.g. FT-ICR traps, Orbitraps, and Quadrupole ion traps) In any event, 1t 1s
known that such a solution can be provided by simultaneous application of both radio-
frequency (RF) and alternating (AC) voltages to the quadrupole electrodes. However,
circuits for simultaneous application of RF and AC currents to the quadrupole can be

quite complex.

SUMMARY
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[0003] A first aspect of the specification provides an apparatus for coupling RF and AC
signals to provide power to a multipole in a mass spectrometer. The apparatus comprises
a first circuit. The first circuit comprises: an RF power source for providing difference
mode power to the multipole via the RF signal; at least one inductor for forming at least
one resonant LC circuit with the multipole for providing voltage gain for the RF signal;
and a transformer comprising a sccondary tap, the transformer connected in parallel to the
RF power source and further connected to the at least one inductor such that signals
injected into the secondary tap are communicated to the at least one resonant LC circuit.
The apparatus further comprises a second circuit. The second circuit comprises: an AC
power source for providing common mode power to the multipole via the AC signal, an
output from the second circuit connected to the secondary tap such that the common
mode power 1s injected 1nto the first circuit and the multipole can be operated in common
mode and difference mode simultancously; and at least one inductor for forming a

resonant LC circuit with the multipole via the transformer, to provide voltage gain for the

AC signal.

[0004] The apparatus can further comprise at least one waveform generator circuit,

connected to the first circuit, for controlling an amplitude of the RF signal.

[0005] The apparatus can further comprise at least one waveform generator circuit,

connected to the second circuit, for controlling an amplitude of the AC signal.

[0006] The second circuit can further comprise at least one of a transformer for providing

voltage gain for the AC signal and at least one further inductor for forming at least one

resonant LC circuit with the multipole for providing voltage gain for the AC signal.

[0007] The transtormer of the first circuit can be enabled to provide further voltage gain

for the RF signal.

[0008] The RF power sources can operate in a range of 1-10 MHz.

10009] The AC power sources can operate 1n a range of 1-10 MHz.
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[0010] Each of the RF power source and the AC power source can operate at
substantially the same frequency. Each of the RF power source and the AC power source
can operate at substantially the same frequency and with a predefined phase difterence,
such that the addition of each the RF signal and the AC signal results in an RF unbalance
on the multipole, that is controllable by varying the phase and amplitude of the AC

signal.

[0011] The multipole can comprise at least one of a quadrupole, a hexapole and an

octopole.

[0012] A second aspect of the specification provides a method for coupling RF and AC
signals to provide power to a multipole in a mass spectrometer. The method comprises
operating a first circuit to produce the RF signal, the first circuit comprising: an RF
power source for providing difference mode power to the multipole via the RF signal; at
least one inductor for forming at least one resonant LC circuit with the multipole for
providing voltage gain for the RF signal; and a transformer, comprising a secondary tap,
the transformer connected in parallel to the RF power source and further connected to the
at least one inductor such that signals injected into the secondary tap are communicated
to the at least one resonant LC circuit. The method further comprises operating a second
circuit to produce the AC signal, the second circuit comprising: an AC power source for
providing common mode power to the multipole via the AC signal, an output from the
second circuit connected to the secondary tap such that the common mode power 1s
injected into the first circuit and the multipole can be operated in common mode and
difference mode simultaneously; and at least one inductor for forming a resonant LC
circuit with the multipole via the transformer, to provide voltage gain for the AC signal.
The method further comprises injecting the common mode power into the first circuit via
the secondary tap to operate the multipole in common mode and difference mode

simultaneously.

[0013] The method can further comprise controlling an amplitude of the RF signal of the

first circuit, via at least one waveform generator circuit.
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[0014] The method can further comprise controlling an amplitude of the AC signal of

the second circuit, via at least one waveform generator circuit.

[0015] The method can further comprise amplifying the AC signal via at least one of a
transformer in the second circuit and at least one further inductor in the second circuit for

forming at least one resonant LC circuit with the multipole.

[0016] The method can further comprise providing further voltage gain for the RF signal

using the transformer in the first circuit.
[0017] The RF power sources can operate in a range of 1-10 MHz.
[0018] The AC power sources can operate in a range of 1-10 MHz.

[0019] The method can further comprise operating each of the RE power source and the
AC power source at substantially the same frequency. The method can further comprise:
operating each of the RF power source and the AC power at substantially the same
frequency and with a predefined phase difference, such that the addition of each the RF
signal and the AC signal results in an RF unbalance on the multipole, that 1s controllable

by varying the phase and amplitude of the AC signal.

[0020] The multipole can comprise at least one of a quadrupole, a hexapole and an

octopole.

BRIEF DESCRIPTIONS OF THE DRAWINGS

[0021] Embodiments are described with reference to the following figures, in which:
[0022] Fig. 1 depicts a mass spectrometer wherein at least one quadrupole can be
controlled to eject ions in a desired sequence, according to non-limiting embodiments;
[0023] Fig. 2 depicts a schematic diagram of circuitry of an apparatus for coupling RE
and AC signals to provide power to a quadrupole in a mass spectrometer, according to

non-limiting embodiments;
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[0024] Fig. 3 depicts a schematic diagram of circuitry of an apparatus of Fig. 2, including
capacitances introduced into the circuitry due to the quadrupole, according to non-
limiting embodiments;

[0025] Fig. 4 depicts a schematic diagram of circuitry of an apparatus tor coupling RF
and AC signals to provide power to a quadrupole in a mass spectrometer, according to
non-limiting embodiments;

[0026] Fig. 5 depicts a method for coupling RF and AC signals to provide power to a
quadrupole in a mass spectrometer, according to non-limiting embodiments; and

[0027] Fig. 6 depicts a schematic diagram of circuitry of an apparatus for coupling RF
and AC signals to provide power to a quadrupole in a mass spectrometer, according to

non-limiting embodiments.
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DETAILED DESCRIPTION OF THE EMBODIMENTS
[0028] Figure 1 depicts a mass spectrometer, the mass spectrometer comprising an 10n
guide 130, a quadrupole 140, a collision cell 150 (e.g. a fragmentation module) and a
time of flight (ToF) detector 160, mass spectrometer 100 enabled to transmit an 10n beam
from ion source 120 through to ToF detector 160. In some embodiments, mass
spectrometer 100 can further comprise a processor 185 for controlling operation of mass
spectrometer 100, including but not limited to controlling ion source 120 to ionise the
ionisable materials, and controlling transfer of ions between modules of mass
spectrometer 100. In operation, ionisable materials are introduced into ion source 120.
[on source 120 generally ionises the ionisable materials to produce ions 190, in the form
of an ion beam, which are transferred to ion guide 130 (also identified as QO, indicative
that ion guide 130 takes no part in the mass analysis). Ions 190 are transterred from 1on
guide 130 to quadrupole 140 (also identified as Q1), which can operate as a mass filter.
Filtered or unfiltered ions then enter collision cell 150 also identified as g2 which can be
controlled to eject ions 191 in a desired sequence, as described below. In some
embodiments, ions 191 can be fragmented in collision cell 150. It is understood that
collision cell 150 can comprise any suitable multipole, including but not limited to a
quadrupole, a hexapole, and an octopole. Ions 191 are then transferred to Tok detector
160 for production of mass spectra. In doing so, ions 191 follow a path 197 through ToF
detector 160 and impinge on a suitable detector surface 198, the time of flight 1t takes to
travel path 197 being proportional to the square root of the mass to charge ratio of an 1on.

In some embodiments, collision cell 150 comprises a quadrupole, mechanically similar to

quadrupole 140.

[0029] Furthermore, while not depicted, mass spectrometer 100 can comprise any
suitable number of vacuum pumps to provide a suitable vacuum in ion source 120, ion
guide 130, quadrupole mass filter 140, collision cell 150 and/or ToF detector 160. It 1s
understood that in some embodiments a vacuum differential can be created between
certain elements of mass spectrometer 100: for example a vacuum differential is
generally applied between ton source 120 and ion guide 130, such that ion source 120 1s
at atmospheric pressure and ion guide 130 is under vacuum. While also not depicted,

mass spectrometer 100 can further comprise any suitable number of connectors, power
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sources, RIF (radio-frequency) power sources, DC (direct current) power sources, gas
sources (e.g. for 1on source 120 and/or collision cell 150), and any other suitable
components for enabling operation of mass spectrometer 100.

[0030] In particular mass spectrometer comprises an apparatus 199 for coupling RF and
AC signals to provide power to a quadrupole in mass spectrometer 100, and specifically
for providing power to collision cell 150. Apparatus 199 enables a quadrupole, such as
collision cell 150, to be controlled to eject ions 191 in a desired sequence: for example In
order of m/z ratio with heaviest ions (i.e. ions with a high m/z ratio) ejected first and
lightest 1ons (1.e. 1ons with a low m/z ratio) ¢jected last. In depicted embodiments,
apparatus 199 1s connected to collision cell 150 such that fragmented 10ons are ¢jected in
order of m/z ratio, and so that fragmented 1ons reach ToF detector 160 at substantially the
same time.

[0031] Figure 2 depicts apparatus 199 for coupling RF and AC signals to provide power
to a quadrupole 201 (shown in cross section) in a mass spectrometer, such as mass
spectrometer 100. Furthermore, Figure 3 depicts a schematic block diagram of apparatus
199, including equivalent capacitances introduced into the various circuits of apparatus
199 supplying RF and AC voltages to quadrupole 201. For example, in some
embodiments, collision cell 150 can comprise quadrupole 201. However, quadrupole 201
1s understood to be merely exemplary and in other embodiments, apparatus 199 can
provide power to any suitable multipole in a mass spectrometer (including but not limited
to a quadrupole, hexapole and octopole) which features two sets of interconnected
electrodes connected with apparatus 199. For example, multipole ion guides are
commonly powered 1n a manner similar to quadrupoles, with two sets of electrodes, for
example, an “A” set and a “B” set. Voltages on such A and B sets are similar to voltages
on cross-connected electrode pairs in a quadrupole. For example, in embodiments where
a multipole comprises a hexapole, each of the A and B sets comprise three electrodes 1n
each set, with each electrode in set A paired with an electrode from set B. Hence,
quadrupole 201 is understood to be merely a non-limiting example of a type of a
multipole, and in other embodiments, any suitable multipole can be controlled by

apparatus 199 to eject 10ns 1n a desired sequence.
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10032) In any ecvent, by coupling both an RF and AC signal to quadrupole 201,
quadrupole 201 can be controlied to cject ions in order of m/z ratio. For example, a
system where a quadrupole 1s controlled to eject 10ns in order of m/z ratio 1s described in

U.S. Patent Number 7,456,388. In general it is understood that the RF signal
provides difference mode power to the poles (e.g. electrodes) of quadrupole 201 and
the AC signal provides common mode power to the poles of quadrupole 201. It is
understood that common mode power comprises a mode whereby all poles of
quadrupole 201 are operated with acommon AC signal.

[0033] In general, apparatus 199 comprises a first circutt 210 and a second circuit 220,
First circuit 210 comprises an RF power source 230 for providing difference mode power
to quadrupole 201 via the RF signal. First circuit 210 further comprises at least one
inductor 232, 234 for forming at least one resonant LC circuit with quadrupole 201 for
providing voltage gain for RF signal from RF power source 230. For cxample, and with
reference to Figure 3, at least one inductor 232, 234 forms a resonant L.C circuit with a
pole to pole capacitance 236 of quadrupole 201. As further depicted m Figurc 3,
quadrupole 201 further introduces pole to ground capacitances 238, 240 nto {irst circuit
220, when apparatus 1s connected with quadrupole 201. In other embodiments, as
described below with reference to Figure 4, apparatus 199 can further comprise at least
one LC circutt {or providing further voltage gain for RF signal from RF power source
230.

[0034] First circuit further comprises a transtormer 250, transformer 250 comprising a

secondary tap 252. Transformer 250 is connected in parallel to RF power source 230 and
further connected to at lcast one mductor 232, 234, such that signals injected nto
secondary tap 252 are communicated to the resonant LC circuit formed by at least one
nductor 232, 234 and capacitance 2306. In some embodiments, transformer 250 is enabled
to provide further voltage gain for the RF signal from RF power source 230. For
example, transformer 250 is connected tn parallel with RF power source 230 to step up
(or step down, as desired) the RF signal from RF power source 230.

[0035] In some embodiments, apparatus 199 can comprise any suitablc number of
connectors 251 for connection to quadrupole 201. It is understood that cach opposing

pair of poles in quadrupole 201 s connected Lo a respective connector 251. While in

CA 2779745 20177-08-01
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depicted embodiments, apparatus 199 comprises two connectors 251, in alternative
embodiments, apparatus 250 can comprise four connectors, one for each pole in
quadrupole 201, with suitable internal wiring in apparatus 199 for placing a similar RF
power signal on opposing pairs of poles in quadrupole 201.

[0036] Second circuit 220 comprises an AC power source 260 for providing common
mode power to quadrupole 201 via the AC signal from AC power source 260. An output
262 from second circuit 220 1s connected to secondary tap 252 of transformer 250, such
that common mode power (1.e. the output from second circuit 220) is injected into first
circuit 210. Hence, quadrupole 201 can be operated in common mode and difference
mode simultaneously. It is understood that difference mode power comprises a mode
whereby opposing poles of quadrupole 201 are operated with an RF signal where the
polarity of the RF signal on one pair of poles is opposite to the polarity on the other pair
of poles.

[0037] Second circuit 220 further comprises at least one inductor 264, forming a resonant
LC circuit with quadrupole 201 via transformer 250, to provide voltage gain for the AC
signal from AC power source 260.

{0038] In some embodiments, RF power source 230 operates in a range of 1-10MHz. In
some embodiments, AC power source 260 operates in a range of 1-10MHz. In yet further
embodiments, each of RF power source 230 and AC power source 260 operates at
substantially the same frequency. In some of these embodiments, each of RF power
source 230 and AC power source 260 operates at substantially the same frequency and a
substantially constant phase shift, such that the addition of the RF signal from RF power
source 230 and the AC signal from AC power source 260 results in an RF unbalance on
quadrupole 201, the RF unbalance being controllable by varying the phase and amplitude
of the AC signal. In general, however, it is understood that each of RF power source 230
and AC power source 260 can be operated at any suitable frequency, amplitude and phase
to control quadrupole 201 to eject ions in desired sequence, for example from heaviest
10ns to lightest ions (i.e. highest m/z ration to lowest m/z ratio).

[0039] In general it is understood that circuits 210 and 220 can be modelled using any
suitable circuit modelling package. Furthermore, in some embodiments, inductors 232,

234 can each have a value in the range of a few pH to tens of uH, while inductor 264 can
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have a value in the range of tens of pH to hundreds of pH. In these embodiments, the
capacitance of quadrupole 201 (e.g. capacitance 236) can be in the range of ten to a
hundred pF. Furthermore, transformer 250 can have any suitable combination of range of
resistances and inductances; in non-limiting embodiments, the inductance of each of the
primary side and secondary sides is in the range of a thousand uH. However, the
exemplary ranges of the elements of circuits 210 and 220 are not be considered unduly
limiting and indeed any suitable combination of ranges of resistances, inductances and
capacitances are within the scope of present embodiments.

[0040] Attention 1s now directed to Figure 4, which depicts alternative embodiments of
circuttry 400 of apparatus 199, according to non-limiting embodiments, along with
equivalent capacitances/resistances introduced into the circuitry of apparatus 199 when
connected to a quadrupole.

[0041] Specifically, circuitry 400 comprises a first circuit 410 enabled to provide an RF
signal to a quadrupole, not depicted, but represented by capacitance C2. First circuit 410
comprises an RF power source V1, and inductors L1, L2, and a capacitor C1, forming a
first resonant LC circuit for providing gain to an RF signal from RF power source V1,
along with resistors R1, R2. The first resonant LC circuit 1s connected 1n cascade to a
primary winding of transformer TX4 for providing further gain to the RF signal from RF
power source V1. The secondary winding of transformer TX4 is connected to capacitors
C6, C7, resistors R6, R7, and inductors L3, L4 which, with a pole to pole quadrupole
capacitance of C2, form another LC circuit for providing gain to the RF signal from RF
power source V1. Indeed, L3 with R7, and L4 with R6, each represent an RF tank coil
circuit. Pole to ground capacitances C3, C4 of the quadrupole are also depicted. In
general, 1t 1s understood that first circuit 410 provides difference mode power to the

quadrupole, with the various LC circuits and transformer TX4 providing gain for the RF

signal from RF power source V1.

[0042] It 1s further understood that capacitors C1, C6, C7, inductors L1, L2, L.3, L4, and
resistors R1, R2, R6, R7 can be of any suitable value, and can be determined via any
sultable circuit modeling program, similar to circuits 210 as described above. In non-
limiting exemplary embodiments, resistances R1, R2, R6, R7 are each in a range on the

order of 0.1 ohms to a few ohms, capacitance C1 is in a range on the order of several

10
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thousand pF, capacitances C6, C7 are each in a range on the order of several nF,
capacitances C3, C4 are each 1n a range on the order of tens of pF, inductors L1, L2 are
each 1n a range on the order of tens of nH to several hundred nHs, and inductors L3, L4
are each in a range on the order of tens to hundreds of uHs. However, the exemplary
ranges of the elements of circuit 400 are not be considered unduly limiting and indeed
any suitable combination of ranges of resistances, inductances and capacitances are
within the scope of present embodiments.

[0043] Circuitry 400, of apparatus 199, can further comprise at least one circuit 410a,
410b tor providing further control of the RF signal from RF power source V1, connected
to first circuit 410,. Each circuit 410a, 410b comprises suitable respective pulse
generators V4, V35, respective resistors R10, R9, inductors L7, L8, L9, L10, and
capacitors C8, C9, C10, C11, as depicted, arranged to provide suitable impedance
matching to first circuit 410. It 1s understood that each of circuits 410a, 401b is connected
to first circuit 410 on a quadrupole side of transformer TX4. It is understood that each
circults 410a, 410b can be operated to control the amplitude of the RF signal from RF
power source V1. It 1s further understood that resistors R10, R9, inductors L7, L8, L9,
L10, and capacitors C8, C9, C10, Cl1can be of any suitable value, and can be determined
via any suitable circuit modeling program. In non-limiting exemplary embodiments,
resistances R9, R10 are each in a range on the order of thousands of kilo-ohms,
capacitances C8, C9, C10, CI1 are each in a range on the order of several nFs, and
inductors L7, L8, L9, L10 are each in a range on the order of tens of mH to several
hundred mHs. However, the exemplary ranges of the elements of circuit 400 are not be
considered unduly limiting and indeed any suitable combination of ranges of resistances,
inductances and capacitances are within the scope of present embodiments.

[0044] Circuitry 400, of apparatus 199, further comprises a second circuit 420 enabled to
provide an AC signal to the quadrupole. In depicted non-limiting exemplary
embodiments, second circuit 420 can comprises an AC power source V2, a resistor R3,
and an inductor L6. Second circuit 420 further comprises a resistor R8 and an inductor
L8, representative of an AC tank coil, which form another LC circuit with pole to ground

capacitance of C3 and C4 of the quadrupole, the output of circuit 420 being connected to

the secondary tap of transformer TX4, similar to output 262 of second circuit 220

11
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connected to secondary tap 252 of transformer 250 described above. In general, 1t 1s
understood that second circuit 420 provides common mode power to the quadrupole, with
the various LC circuits providing gain for the AC signal from AC power source V2. It 1s
further understood that capacitor C3, inductors L5, L6, and resistors R3, R8 can be of any
suitable value, and can be determined via any suitable circuit modeling program.

[0045] In some embodiments, second circuit 420 can further comprise at least one
suitable transformer for providing additional voltage gain to the AC signal from AC
power source V2, one end of the at least one suitable transformer connected to any
suitable point between R3 and 1.6, and the other end to ground.

[0046] Circuitry 400 can further comprise at least one circuit 420a, connected to second
circuit 420, for providing further control of the AC signal from AC power source V2.
Circuit 420a can comprise at least one of a waveform generator V3 and a DC-source V6.
Waveform generator V3 can control the variation of the envelope of the AC signal, while
DC-source V6 can add a constant envelope to the AC signal.. Circuit 420a is connected
to second circuit 420 at any suitable point, for example to an output of AC power source
V2 via a signal mixer.

[0047] Attention is now directed to Figure 5 which depicts a method 500 for coupling RF
and AC signals to provide power to a quadrupole in a mass spectrometer. In order to
assist in the explanation of method 500, it will be assumed that method 500 1s performed
using apparatus 199. Furthermore, the following discussion of the method 500 will lead
to a further understanding of the system 100 and its various components. However, 1t 1s

to be understood that the system 100 and/or method 500 can be varied, and need not work
exactly as discussed herein in conjunction with each other, and that such variations are
within the scope of present embodiments.

[0048] At step 510, first circuit 210, 410 is operated to produce an RF signal, first circuit
210, 410 comprising: an RF power source 230, V1 for providing difference mode power
to a quadrupole, such as quadrupole 210, via the RF signal; at least inductor 232, 234, L3,
L4 for forming at least one resonant LC circuit with the quadrupole for providing voltage
gain for the AC signal; and a transformer 250, TX4, comprising a secondary tap 252,
transformer 250, TX4 providing further voltage gain for the RF signal.
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[0049] At step 520, second circuit 220, 420 is operated to produce an AC signal, second
circuit 220, 420 comprising: an AC power source 260, V2 for providing common mode
power to the quadrupole via the AC signal, an output 262 from the second circuit
connected to the secondary tap 252; and at least one inductor 264, L5 for forming a
resonant LC circuit with the quadrupole via transformer 250, TX4, to provide voltage
gain for the AC signal.

[0050] At step 530, common mode power from second circuit 220, 420 1s injected into
first circuit 210, 410 via secondary tap 252 to operate the quadrupole i1n common mode
and difference mode simultaneously.

[0051] In general it is understood that steps 510-530 can be performed in parallel such
that the quadrupole, such as quadrupole 201, is operated to eject ions in a desired
sequence.

[0052] Furthermore, it is understood that each of RF power source 230, VI and AC
power source 260, V2 can be operated at any suitable frequency, amplitude and phase.
14. In some embodiments, RF power source 230, V1 is operated in a range of 1-10MHz.
In other embodiments, AC power source 260, V2 is operated in a range of 1-10MHz. In
vet further embodiments, each of RF power source 230, V1 and AC power source 260,
V2 is operated at substantially the same frequency. In some of these embodiments,
method 500 further comprises: operating each of RF power source 230 and AC power
source 260 at substantially the same frequency and a constant phase difference (for
example a constant pre-defined phase difference), such that the addition ot each the RF
signal and the AC signal results in an RF unbalance on the quadrupole; and controlling
the RF unbalance by varying the phase and amplitude of the AC signal. The constant
phase difference can be determined using any suitable circuit modelling software and/or
by controlling the phase difference between RF power source 230 and AC power source
260 1n a provisioning process until a desired RF unbalance is achieved, and then setting
the constant phase difference to the phase difference between RF power source 230 and

AC power source 260 at the desired RF unbalance.
[0053] Method 500 can further comprise providing a DC offset to the RF signal via at

least one DC offset circuit 410a, 410b. Method 500 can further comprise providing a DC
offset to the AC signal via a DC offset circuit 420a.
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[0054] Method 500 can further comprise amplifying the AC signal via a transformer TX3
in second circuit 220, 420.

[00SS] While in embodiments depicted in Figs. 2, 3, and 4, transformers 252 and TX4
comprise transformers having primary and secondary windings, other embodiments can
comprise other suitable types of transformers. For example, attention is directed to Fig. 6,
which is substantially similar to Fig. 2, with like elements having like numbers, except
preceded by a “6” rather than a “2”. For example, inductor 632 is substantially similar to
inductor 232. However, transformer 650 comprises an autotransformer, with an output
662 of circuit 620 connected to a centre tap 652 of transformer 652, and outputs of power
source 630 are connected to taps at the ends of the winding of the autotransformer.

[0056] Hence, circuits are provided for coupling RF and AC signals to provide power to
quadrupole in mass spectrometer. These circuits can be used to control a quadrupole to
eject 1ons in a desired sequence from the quadrupole, for example in order of m/z ratio
starting with heavier ions, such that they arrive at a desired location in space
simultaneously, for example at the extraction region of a ToF detector, and with the same
kinetic energy. These circuits can also be used to control quadrupoles in applications that
Include but are not limited to mass selective axial ejection of ions from quadrupoles;
filling 1on traps (e.g. FT-ICR traps, Orbitraps; trapping of positive and negative ions
simultaneously in a linear quadrupole ion trap utilizing AC barrier (that 1s polarity
independent); and enhancement of a quadrupole using an RF/DC filter. However, such
applications are merely to be considered exemplary and it is understood that such

applications are non-limiting, and any other suitable application is within the scope of

present embodiments.

[0057] Those skilled in the art will appreciate that in some embodiments, the
functionality of apparatus 199 can be implemented using pre-programmed hardware or
firmware elements (e.g., application specific integrated circuits (ASICs), electrically
crasable programmable read-only memories (EEPROMs), etc.), or other related
components. In other embodiments, the functionality of apparatus 199 can be achieved
using a computing apparatus that has access to a code memory (not shown) which stores
computer-readable program code for operation of the computing apparatus. The

computer-readable program code could be stored on a computer readable storage medium
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which 1s fixed, tangible and readable directly by these components, (e.g., removable
diskette, CD-ROM, ROM, fixed disk, USB drive). Alternatively, the computer-readable
program code could be stored remotely but transmittable to these components via a
modem or other interface device connected to a network (including, without limitation,
the Internet) over a transmission medium. The transmission medium can be either a non-
wireless medium (e.g., optical and/or digital and/or analog communications lines) or a
wireless medium (e.g., microwave, infrared, free-space optical or other transmission
schemes) or a combination thereof.

[0058] Persons skilled in the art will appreciate that there are yet more alternative
implementations and modifications possible for implementing the embodiments, and that
the above implementations and examples are only illustrations of one or more

embodiments. The scope, therefore, is only to be limited by the claims appended hereto.
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What is claimed 1is:

1. An apparatus for coupling RF and AC signals to provide power to a multipole 1n a

mass spectrometer, the apparatus comprising:
a first circuit comprising:

an RF power source for providing difference mode power to said

multipole via said RF signal;

at least one inductor for forming at least one resonant LC circuit

with said multipole for providing voltage gain for said RF signal; and

a transformer comprising a secondary tap, said transformer
connected 1n parallel to said RF power source and further connected to
sald at least one inductor such that signals injected into said secondary tap

are communicated to said at least one resonant LC circuit; and

a second circult comprising:

an AC power source for providing common mode power to said
multipole via said AC signal, an output from said second circuit connected
to said secondary tap such that said common mode power is injected into
said first circuit and said multipole can be operated in common mode and

difference mode simultaneously; and

at least one inductor for forming a resonant LC circuit with said

multipole via said transformer, to provide voltage gain for said AC signal.

2. The apparatus of claim 1, further comprising at least one waveform generator circuit,

connected to said first circuit, for controlling an amplitude of said RF signal.

3. The apparatus of claim 1, further comprising at least one waveform generator circuit,

connected to said second circuit, for controlling an amplitude of said AC signal.

4. The apparatus of claim 1, wherein said second circuit further comprises at least one
of:

a transformer for providing voltage gain for said AC signal; and
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at least one further inductor for forming at least one resonant LC circuit with

said multipole for providing voltage gain for said AC signal.

The apparatus of claim 1, wherein said transformer is enabled to provide further

voltage gain for said RF signal.

The apparatus of claim 1, wherein said RF power sources operates in a range of 1-10

MHz.

The apparatus of claim 1, wherein said AC power sources operates in a range of 1-10
MHz.

The apparatus of claim 1, wherein each of said RF power source and said AC power

source operates at substantially the same frequency.

The apparatus of claim 7, wherein each of said RF power source and said AC power
source operates at substantially the same frequency and with a predefined phase
difference, such that the addition of each said RF signal and said AC signal results in

an RF unbalance on said multipole, that is controllable by varying said phase and

amplitude of said AC signal.

The apparatus of claim 1, wherein said multipole comprises at least one of a

quadrupole, hexapole and an octopole.

A method for coupling RF and AC signals to provide power to a multipole in a mass

spectrometer, the method comprising:

operating a first circuit to produce said RF signal, said first circuit comprising: an
RF power source for providing difference mode power to said multipole via said RF
signal; at least one inductor for forming at least one resonant LC circuit with said
multipole for providing voltage gain for said RF signal; and a transformer,
comprising a secondary tap, said transformer connected in parallel to said RF power

source and further connected to said at least one inductor such that signals injected

Into said secondary tap are communicated to said at least one resonant LC circuit: and

operating a second circuit to produce said AC signal, said second circuit
comprising: an AC power source for providing common mode power to said

multipole via said AC signal, an output from said second circuit connected to said

17



12.

13.

14.

15.

16.

17.

18.

19.

WO 2011/057414

CA 02779745 2012-05-03

secondary tap such that said common mode power is injected into said first circuit
and said multipole can be operated in common mode and difference mode
simultaneously; and at least one inductor for forming a resonant LC circuit with said

multipole via said transformer, to provide voltage gain for said AC signal; and

injecting said common mode power into said first circuit via said secondary tap to

operate said multipole in common mode and difference mode simultaneously.

The method of claim 11, further comprising controlling an amplitude of said RF

signal of said first circuit, via at least one waveform generator circuit.

The method of claim 11, further comprising controlling an amplitude of said AC

signal of said second circuit, via at least one waveform generator circuit.

The method of claim 11, further comprising amplifying said AC signal via at least

one of:
a transformer in said second circuit; and

at least one further inductor in said second circuit for forming at least one

resonant LC circuit with said multipole.

The method of claim 11, further comprising providing further voltage gain for said

RF signal using said transformer.

The method of claim 11, wherein said RF power sources operates in a range of 1-11
MHz.

The method of claim 11, wherein said AC power sources operates in a range of 1-11

MHz.

The method of claim 11, further comprising operating each of said RF power source

and said AC power source at substantially the same frequency.

The method of claim 18, further comprising: operating each of said RF power source
and said AC power at substantially the same frequency and with a predefined phase
difference, such that the addition of each said RF signal and said AC signal results in

an RF unbalance on said multipole, that is controllable by varying said phase and

amplitude of said AC signal.
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20. The method of claim 11, wherein said multipole comprises at least one of a

quadrupole, hexapole and an octopole.
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