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Description

[0001] The present invention relates to mass spec-
trometers.

[0002] Orthogonalaccelerationtime of flight ("oaTOF")
mass spectrometers sample ions travelling in a first (ax-
ial) direction by periodically applying a sudden acceler-
ating electric field in a second direction which is orthog-
onal to the first direction. Because the ions have a non-
zero component of velocity in the first direction, the result
of the pulsed electric field is that ions are accelerated
into the field free or drift region of the time of flight mass
analyser at an angle 9 with respect to the second direc-
tion. If the ions have an initial energy eVa in the first di-
rection, and they are accelerated to an energy eVo in the
orthogonal direction, then tan(6) = (Va/Vo)?-5. For a con-
tinuous stream of ions travelling in the axial direction, all
with the same energy eVa, the ion sampling duty cycle
of the orthogonal acceleration time of flight mass analys-
er is typically of the order of 20-30% for ions having the
maximum mass to charge ratio.

[0003] The duty cycle is less for ions with lower mass
to charge ratios. For example, if it is assumed that the
length of the pusher region of the time of flight mass an-
alyser is L1, the length of the detector is at least L1 (to
eliminate unnecessary losses at the detector) and the
distance between the pusher and the detectoris L2, then
if ions with the maximum mass to charge ratio have an
mass to charge ratio mo, then the duty cycle Dcy for ions
with a mass to charge ratio m is given by: Dcy = L1/(L1
+1.2).(m/mo)9-5. Accordingly, if L1=35mm and L2 =120
mm, then L1/(L1+L2) =0.2258. Hence the maximum duty
cycleis 22.6% for ions with the maximum mass to charge
ratio mo, and is correspondingly less for ions with lower
mass to charge ratios.

[0004] US 5206506 discloses an ion processing unit
comprising a series of perforated electrode sheets. US
2758214 discloses a mass spectrometer comprising
means for accelerating portions of a bunched ion beam.
US 6020586 discloses a time of flight mass analyser. US
5140158 discloses a device for separating isotopes by
travelling a potential hill along a series of electrodes.
[0005] According to the presentinvention, there is pro-
vided a mass spectrometer as claimed claim 1 and a
method of mass spectrometry, as claimed in claim 9.
[0006] As will be explained in more detail below, the
ion guide with a travelling DC wave is particularly advan-
tageous in that all the ions preferably exit the ion guide
with essentially the same velocity. The ion guide can
therefore be advantageously coupled to an orthogonal
acceleration time of flight mass analyser which can be
operated in conjunction with the ion guide so as to have
an ion sampling duty cycle of nearly 100% across the
whole mass range i.e. the ion sampling duty cycle is im-
proved by a factor of approximately x5 and furthermore
is substantially independent of the mass to charge ratio
of the ions. This represents a significant advance in the
art.
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[0007] Most if not all of the electrodes forming the ion
guide are connected to an AC or RF voltage supply. The
resulting AC or RF electric field acts to radially confine
ions within the ion guide by creating a pseudo-potential
well. According to less preferred embodiments, the AC
or RF voltage supply may not necessarily output a sinu-
soidal waveform, and according to some embodiments
a non-sinusoidal RF waveform such as a square wave
may be provided. Preferably, at least 10%, 20%, 30%,
40%, 50%, 60%, 70%, 80%, 90%, or 95% of the elec-
trodes are connected to both a DC and an AC or RF
voltage supply.

[0008] According to the preferred embodiment, a re-
peating pattern of DC electrical potentials is superim-
posed along the length of the ion guide such as to form
a periodic waveform. The waveform is caused to travel
along the ion guide in the direction in which it is required
to move the ions at constant velocity. In the presence of
a gas the ion motion will be dampened by the viscous
drag of the gas. The ions will therefore drift forwards with
the same velocity as that of the travelling waveform and
hence ions will exit from the ion guide with substantially
the same velocity, irrespective of their mass.

[0009] The ion guide preferably comprises a plurality
of segments. The ion guide is preferably segmented in
the axial direction such that independent transient DC
potentials can be applied, preferably independently, to
each segment. The DC travelling wave potential is su-
perimposed on top of the AC or RF radially confining
voltage and any constant or underlying DC offset voltage
which may be applied to the segment. The DC potentials
at which the various segments are maintained are
changed temporally so as to generate a travelling DC
potential wave in the axial direction.

[0010] Atany instantin time a moving DC voltage gra-
dient is generated between segments so as to push or
pull the ions in a certain direction. As the DC voltage
gradient moves along the ion guide, so do the ions.
[0011] The DC voltage applied to each of the segments
may be independently programmed to create a required
waveform. The individual DC voltages on each of the
segments are preferably programmed to change in syn-
chronism such that the waveform is maintained but shift-
ed in the direction in which itis required to move the ions.
[0012] The DC voltage applied to each segment may
be programmed to change continuously or in a series of
steps. The sequence of DC voltages applied to each seg-
ment may repeat at regular intervals, or at intervals that
may progressively increase or decrease. The time over
which the complete sequence of voltages is applied to a
particular segmentis the cycle time T. The inverse of the
cycle time is the wave frequency f. The distance along
the RF ion guide over which the waveform repeats itself
is the wavelength X. The wavelength divided by the cycle
time is the velocity v of the wave. Hence, the wave ve-
locity, v = AT = Af. Under correct operation the velocity
of the ions will be equal to that of the travelling wave. For
a given wavelength, the wave velocity may be controlled
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by selection of the cycle time. The preferred velocity of
the travelling wave may be dependent on a number of
parameters. Such parameters may include the range of
ion masses to be analysed, the pressure and composition
of the bath gas and the maximum collision energy where
fragmentation is to be avoided. The amplitude of the trav-
elling DC waveform may progressively increase or de-
crease towards the exit of the ion guide. Alternatively,
the DC waveform may have a constant amplitude. In one
embodiment the amplitude of the DC waveform grows to
its full amplitude over the first few segments of the ion
guide. This allows ions to be introduced and caught up
by the travelling wave with minimal disruption to their
sequence.

[0013] One application of the preferred ion guide is to
convert a continuous ion beam into a synchronised
pulsed beam of ions. The ability to be able to convert a
continuous beam of ions into a pulsed beam of ions is
particularly advantageous when using an orthogonal ac-
celeration time of flight mass analyser since it allows the
pulsing of an orthogonal acceleration time of flight mass
spectrometer to be synchronised with the arrival of ions
at the orthogonal acceleration region. The delay time be-
tween the time the ions exit the travelling wave ion guide
and the pulsing of the orthogonal acceleration stage of
the time of flight mass spectrometer depends on the dis-
tance to be travelled and the ion velocity. If all the ions
have the same velocity, irrespective of their mass, then
the ion sampling duty cycle will be optimised for all ions
simultaneously, irrespective of their mass.

[0014] Another application of the preferred ion guide
is to convert an asynchronous pulsed ion beam into a
synchronous pulsed ion beam. The travelling wave ion
guide may be used to collect and organise an essentially
random series of ion pulses into a new series with which
an orthogonal acceleration time of flight mass analyser
may be synchronised. Again, ifall the ions.have the same
velocity, irrespective of their mass, then the ion sampling
duty cycle may be optimised for all ions simultaneously,
irrespective of their mass.

[0015] Preferably, ions are not substantially fragment-
ed within the ion guide so that all the ions received by
the ion guide are essentially onwardly transmitted: The
ion guide is therefore preferably not used as a fragmen-
tation cell.

[0016] Theionguidecomprisesaniontunnelionguide.
Aniontunnelion guide comprises a plurality of electrodes
having apertures through which ions are transmitted in
use. The electrodes may comprise ring, annular, plate or
substantially closed loop electrodes. Preferably, at least
50%, 60%, 70%, 80%, 90% or 95% of the electrodes
forming the ion guide have apertures which are substan-
tially the same size or area.

[0017] The diameter of the apertures of at least 50%
of the electrodes forming the ion guide is preferably se-
lected from the group consisting of: (i) <20 mm; (ii) <19
mm; (i) < 18 mm; (iv) < 17 mm; (v) < 16 mm; (vi) < 15
mm; (vii) < 14 mm; (viii) < 13 mm; (ix) < 12 mm; (x) < 11
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mm; (xi) < 10mm; (xii) < 9 mm; (xiii) < 8 mm; (xiv) <7
mm; (xv) < 6 mm; (xvi) <5 mm; (xvii) <4 mm; (xviii) < 3
mm; (xix) <2 mm; and (xx) <1 mm.

[0018] According to a preferred embodiment, the ion
guide may comprise aplurality of segments wherein each
segment comprises a plurality of electrodes having ap-
ertures through which ions are transmitted and wherein
all the electrodes in a segment are maintained at sub-
stantially the same DC potential and wherein adjacent
electrodes in a segment are supplied with different phas-
es of an AC or RF voltage. Such a segmented design
simplifies the electronics associated with the ion guide.
[0019] The ion guide may consist of 10-20, 20-30,
30-40, 40-50, 50-60, 60-70, 70-80, 80-90, 90-100,
100-110, 110-120, 120-130, 130-140, 140-150, >150, >
5 or > 10 electrodes. Preferably at least 50% of the elec-
trodes forming the ion guide are <3 mm, <2.5mm, <2.0
mm, <1.5mm, < 1.0 mm or< 0.5 mm thick. The ion guide
preferably is <5cm, 5-10cm, 10-15 cm, 15-20 cm, 20-25
cm, 25-30 cm or > 30 cm long.

[0020] A gas may be introduced into the ion guide for
causing the motion of ions to be dampened preferably
without substantially causing fragmentation of the ions.
Alternatively, the ion guide may be located within a vac-
uum chamber maintained at a pressure such that the
motion of ions is dampened without substantially causing
fragmentation of the ions. According to all embodiments
of the present invention at least a portion of the ion guide
is preferably maintained, in use, at a pressure selected
from the group consisting of: (i) 0.0001-100 mbar; (ii)
0.001-10 mbair; (iii) 0.01-1 mbar; (iv) > 0.0001 mbar; (v)
> 0.001 mbar; (vi) > 0.01 mbar; (vii) > 0.1 mbar; (viii) > 1
mbar; (ix) > 10 mbar; and (x) < 100 mbar. According to
an embodiment the whole ion guide is maintained at such
pressures. However, according to other embodiments
only part of the ion guide is maintained at such pressures.
[0021] The travelling wave ion guide is preferably used
atintermediate pressures between 0.0001 and 100 mbar,
further preferably between 0.001 and 10 mbar, at which
pressures the gas density will impose a viscous drag on
the ions. The gas at these pressures will appear as a
viscous medium to the ions and will act to slow the ions.
The viscous drag resulting from frequent collisions with
gas molecules helps to prevent the ions from building up
excessive velocity. Consequently, the ions will tend to
ride on the travelling DC wave rather than run ahead of
the wave and execute excessive oscillations within the
travelling potential wells.

[0022] The presence ofthe gas helps to impose a max-
imum velocity at which the ions will travel through the ion
guide for a given field strength. The higher the gas pres-
sure, the more frequent the ion-molecule collisions and
the slower the ions will travel for a given field strength.
[0023] The energy of ions is dependent on their mass
and the square of their velocity, and if fragmentation is
to be avoided then it is desirable to keep the energy of
the ions less than approximately 5-10 eV.

[0024] The preferred embodiment further comprises a
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time of flight mass analyser, preferably an orthogonal
acceleration time of flight mass analyser. Time of flight
mass analysers are discontinuous devices in that they
are designed to receive a packet of ions rather than a
continuous beam of ions. The time of flight analyser com-
prises a pusherand/or puller electrode which ejects pack-
ets of ions into a substantially field free or drift region
wherein ions contained in a packet of ions are temporally
separated according to their mass to charge ratio. The
time taken for an ion to reach a detector is used to give
an accurate determination of the mass to charge ratio of
the ion in question.

[0025] lons which exit the preferred ion guide can ad-
vantageously be arranged to reach the pusher and/or
puller electrode of a time of flight mass analyser at sub-
stantially the same time. Since the ion guide produces a
pulsed beam of ions, the repetition rate of the mass an-
alyser may be matched to the waveform cycle time i.e.
the repetition frequency of the DC waveform may be syn-
chronised with the pusher pulses of the time of flight mass
analyser to maximise the ion sampling duty cycle.
[0026] Since ions emitted from the ion guide will have
substantially the same axial velocity, then ions of differing
mass will have differing energies. If necessary, a slightly
larger detector may be used in the time of flight mass
analyser to accommodate ions having a spread of initial
energies. Additionally and/or alternatively, the ions may
be accelerated once they exit the ion guide almost im-
mediately before reaching the pusher/puller region of the
orthogonal acceleration time of flight mass analyser in
order to reduce the relative energy spread of the ions.
For sake of illustration only, if the ions emerge from the
ion guide with constant velocity and have a range of en-
ergies from 1-10 eV then there is a 10:1 difference in
axial energies between the most energetic ions and the
least energetic ions. However, if all the ions are acceler-
ated and given an additional 10 eV of energy, then the
ions will have a range of energies from 11-20 eV and
hence there will then only be a 1.8:1 difference in the
spread of energies.

[0027] Either a continuous or pulsed ion source may
be used. The ion source may comprise an Electrospray
("ESI"), Atmospheric Pressure Chemical lonisation ("AP-
CI"), Atmospheric Pressure Photo lonisation ("APPI"),
Matrix Assisted Laser Desorption lonisation ("MALDI"),
Laser Desorption lonisation, Inductively Coupled Plasma
("ICP"), Electron Impact ("EI") or Chemical lonisation
("CI") ion source.

[0028] According to the preferred embodiment, no ad-
ditional (static) axial DC voltage gradient is required.
However, according to less preferred embodiments a
constant axial DC voltage gradient may be maintained
along at least a portion of the ion guide. The travelling
DC waveform would therefore be superimposed upon
the underlying static axial DC voltage gradient. If an axial
DC voltage gradient is maintained in use along at least
a portion of the length of the ion guide, then an axial DC
voltage difference of 0.1-0.5 V, 0.5-1.0 V, 1.0-1.5 V,
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1.5-20V, 2.0-25V, 25-3.0 V, 3.0-35 V, 3.544.0 V,
4.0-45V, 45-50 V, 5.0-55 V, 55-6.0 V, 6.0-6.5 V,
6.5-7.0 V, 7.0-75 V, 7.5-8.0 V, 8.0-8.5 V, 8.5-9.0 V,
9.0-9.5V, 9.5-10.0 V or > 10V may be maintained along
a portion of the ion guide. Similarly, an axial static DC
voltage gradient may be maintained along at least a por-
tion of ion guide selected from the group consisting of:
(i) 0.01-0.05 V/cm; (ii) 0.05-0.10 V/cm:; (iii) 0.10-0.15
Viem; (iv) 0.15-0-20 V/cm; (v) 0-20-0.25 V/cm; (vi)
0.25-0.30 V/cm; (vii) 0.30-0.35 V/cm; (viii) 0.35-0.40
Viem; (ix) 0.40-0.45 V/cm; (x) 0.45-0.50 V/cm; (xi)
0.50-0.60 V/cm; (xii) 0.60-0.70 V/cm; (xiii) 0.70-0.80
Viem; (xiv) 0.80-0.90 V/cm; (xv) 0.90-1.0 V/cm; (xvi)
1.0-1.5 V/em; (xvii) 1.5-2.0 V/cm; (xviii) 2.0-2.5 V/cm;
(xix) 2.5-3.0 V/cm; and (xx) > 3.0 V/cm. A static axial DC
voltage gradient may be used to help urge ions within
the ion guide towards the downstream exit region of the
ion guide. Alternatively, a static axial DC voltage gradient
may be arranged which opposes the ions and help to
confine the ions to a region close to the travelling DC
potential (s).

[0029] According to the presentinvention, there is pro-
vided a mass spectrometer comprising:

an ion source for emitting a beam of ions;

an ion guide comprising at least five electrodes hav-
ing apertures for guiding the ions; and

a voltage supply for supplying a DC voltage wave
along the electrodes for modulating the velocity of
ions passing through the ion guide.

[0030] Preferably, the phase difference between two
adjacent electrodes is selected from the group consisting
of: (i) < 180°; (ii) < 150°; (iii) < 120°; (iv) < 90°; (v) < 60°;
(vi) <50°; (vii) < 40°; (viii) < 30°; (ix) < 20°; (x) < 15°%; (xi)
<10°; and (xii) < 5°.

[0031] Preferably, the voltage wave is a ripple or other
waveform which modulates the velocity of ions passing
through the ion guide so that the ions emerge with sub-
stantially the same velocity.

[0032] Preferably, ions enter the ion guide as a sub-
stantially continuous beam but emerge as packets ofions
due to the voltage wave.

[0033] According to an embodiment of the present in-
vention, there is provided a mass spectrometer compris-

ing:

an ion source;

anion bunching device comprising a plurality of elec-
trodes having apertures wherein trapping potentials
are not applied to either the front or rear of the ion
bunching device; and

a DC voltage supply for modulating the voltage seen
by each electrode so that ions passing through the
ion bunching device are urged forwards and emerge
from the ion bunching device as packets ofions, each
ion in the packet having substantially the same ve-
locity.
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[0034] According to another embodiment of the
presentinvention, there is provided a mass spectrometer
comprising:

an atmospheric pressure ion source;

an ion bunching device for receiving a substantially
continuous stream of ions and for emitting packets
of ions;

a DC voltage supply for supplying a DC voltage to
the ion bunching device; and

a time of flight mass analyser arranged downstream
of the ion bunching device for receiving packets of
ions emitted by the ion bunching device;

wherein the DC voltage supply is arranged to supply
a voltage waveform which travels along at least a
part of the length of the ion bunching device, the
voltage waveform causing ions to be bunched to-
gether into packets of ions.

[0035] According to a preferred embodiment of the
presentinvention, there is provided a mass spectrometer
comprising:

an ion guide comprising > 10 ring or plate electrodes
having substantially similar internal apertures be-
tween 2-10 mm in diameter and wherein a DC po-
tential voltage is arranged to travel along at least
part: of the axial length of the ion guide.

[0036] According to another embodiment of the
presentinvention, there is provided a mass spectrometer
comprising:

an ion guide comprising at least three segments,
wherein in a mode of operation:

electrodes in a first segment are maintained at
a first DC potential whilst electrodes in second
and third segments are maintained at a second
DC potential; then

electrodes in the second segment are main-
tained at the first DC potential whilst electrodes
in first and third segments are maintained at the
second DC potentials; then

electrodes in the third segment are maintained
at the first DC potential whilst electrodes in first
and second segments are maintained atthe sec-
ond DC potentials;

wherein the first and second DC potentials are
different.

[0037] Preferably, ions are not substantially fragment-
ed within the ion guide.

[0038] According to another embodiment of the
presentinvention, there is provided a mass spectrometer
comprising:

a continuous ion source for emitting a beam of ions;
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anion guide arranged downstream of the ion source,
the ion guide comprising > 5 electrodes having ap-
ertures through which ions are transmitted in use,
wherein the electrodes are arranged to radially con-
fine ions within the apertures, wherein a travelling
DC wave passes along at least part of the length of
the ion guide and wherein ions are not substantially
fragmented within the ion guide; and

a discontinuous mass analyser arranged to receive
ions exiting the ion guide.

[0039] Preferably, an additional constant axial DC volt-
age gradient is maintained along at least 5%, 10%, 15%,
20%, 25%, 30%, 35%, 40%, 45%, 50%, 55%, 60%, 65%,
70%, 75%, 80%, 85%, 90% or 95% of the length of the
ion guide.

[0040] Preferred ion sources such as Electrospray or
APCIl ion sources are continuous ion sources whereas a
time of flight analyser is a discontinuous device in that it
preferably requires a packet of ions. The ion guide ac-
cording to the preferred embodiment is effective in es-
sentially coupling a continuous ion source with a discon-
tinuous mass analyser such as a time of flight mass an-
alyser.

[0041] According to an embodiment of the present in-
vention, there is provided a mass spectrometer compris-

ing:

an ion guide comprising a plurality of electrodes,
means for applying the following voltages to at least
five of the electrodes:

(i) an AC or RF voltage so as to radially confine
ions within the ion guide;

(ii) a constant DC offset voltage; and

(iii) an additional DC voltage which varies with
time such that a DC potential travels along a
portion of the ion guide.

[0042] Each of said electrodes may have substantially
the same constant DC offset voltage (which may be 0V
or a positive or negative DC value) or alternatively at least
some of the electrodes may be maintained at different
DC offset voltages so that a constant axial DC voltage
gradient is generated along at least part of the ion guide.
[0043] According to an embodiment of the present in-
vention, there is provided a mass spectrometer compris-

ing:

an RF ion guide having a plurality of segments;

an orthogonal acceleration time of flight mass ana-
lyser; and

a controller which generates a DC potential which
travels along at least part of the RF ion guide so as
to cause ions of different mass to be ejected from
the ion guide with essentially the same velocity so
that they arrive at the orthogonal acceleration time
of flight mass analyser at essentially the same time.
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[0044] According to another embodiment of the
presentinvention, there is provided a mass spectrometer
comprising:

a continuous ion source;

an ion guide having a plurality of segments wherein
a DC potential is progressively passed along at least
some of the segments so that a DC wave having a
first frequency passes along at least a portion of the
ion guide; and

an orthogonal acceleration time of flight mass ana-
lyser having an injection electrode for injecting ions
into a drift region, wherein the injection electrode is
energised at a second frequency.

[0045] Preferably, the first frequency differs from the
second frequency by less than 50%, 40%, 30%, 20%,
10%, 5%, 1% or 0.1%. According to a particularly pre-
ferred embodiment, the first frequency substantially
matches the second frequency. According to other em-
bodiments either the first frequency is substantially a har-
monic frequency of the second frequency or the second
frequency is substantially a harmonic frequency of the
first frequency.

[0046] The DC wave may have a frequency in the
range: (i) 1-5 kHz; (ii) 5-10 kHz; (iii) 10-15 kHz; (iv) 15-20
kHz; (v) 20-25 kHz; (vi) 25-30 kHz; (vii) 30-35 kHz; (viii)
35-40 kHz; (ix) 40-45 kHz; (x) 45-50 kHz; (xi) 50-55 kHz;
(xii) 55-60 kHz; (xiii) 60-65 kHz; (xiv) 65-70 kHz; (xv)
70-75 kHz; (xvi) 75-80 kHz; (xvii) 80-85 kHz; (xviii) 85-90
kHz; (xix) 90-95 kHz; or (xx) 95-100 kHz. A frequency of
approximately 10 kHz is particularly preferred.

[0047] Similarly, the injection electrode of the time of
flight mass analyser may be energised with a frequency
in the range: (i) 1-5 kHz; (i) 5-10 kHz; (iii) 10-15 kHz; (iv)
15-20 kHz; (v) 20-25 kHz; (vi) 25-30 kHz; (vii) 30-35 kHz;
(viii) 35-40 kHz; (ix) 40-45 kHz; (x) 45-50 kHz; (xi) 50-55
kHz; (xii) 55-60 kHz; (xiii) 60-65 kHz; (xiv) 65-70 kHz;
(xv) 70-75 kHz; (xvi) 75-80 kHz; (xvii) 80-85 kHz; (xviii)
85-90 kHz; (xix) 90-95 kHz; or (xx) 95-100 kHz. A fre-
quency of 5-50 kHz is preferred and a frequency of 10-40
kHz is particularly preferred.

[0048] In allembodiments of the present invention, the
DC wave may have an amplitude selected from the group
consisting of : (i) 0.2-0.5 V: (ii) 0.5-1 V; (iii) 1-2 V; (iv) 2-3
V; (v) 3-4 V; (vi) 4-5 V; (vii) 5-6 V; (viii) 6-7 V; (ix) 7-8 V;
(x) 8-9 V; (xi) 9-10 V; (xii) 10-11 V; (xiii) 11-12 V; (xiv)
12-13 V; (xv) 13-14 V; (xvi: 14-15 V; (xvii) 15-16 V; (xviii)
16-17 V; (xix) 17-18 V; (xx) 18-19 V; and (xxi) 19-20 V.
The amplitude is preferably the relative amplitude com-
pared to any conetant bias DC voltage applied to the ion
guide. A relative amplitude in the range 1-15 V is pre-
ferred and a relative amplitude in the range of 5-10 V is
particularly preferred.

[0049] Preferably, the ion guide comprises at least 4,
5,6,7,8,9, 10, 11,12, 13, 14, 15, 16, 17, 18, 19, 20,
21, 22, 23, 24, 25, 26, 27, 28, 29 or 30 segments.
[0050] Preferably, the DC wave comprises: (i) a poten-
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tial barrier; (ii) a potential well; (iii) a potential well and a
potential barrier; (iv) a repeating potential barrier; (v) a
repeating potential well; (vi) a repeating potential well
and potential barrier; or (vii) a repeating square wave.
[0051] Preferably, the DC wave has an amplitude and
the amplitude: (i) remains substantially constant; (ii) de-
creases with time; (iii) increases with time; or (iv) varies
non-linearly with time.

[0052] Various embodiments of the present invention
will now be described, by way of example only, and with
reference to the accompanying drawings in which:

Fig. 1 shows a preferred ion tunnelion guide wherein
the DC voltage supply to each ion tunnel segment
is individually controllable;

Fig. 2(a) shows afrontview of anion tunnel segment,
Fig. 2(b) shows a side view of an upper ion tunnel
section, and Fig. 2(c) shows a plan view of an ion
tunnel segment; and

Fig. 3(a) shows a schematic of a segmented RF ion
guide, Fig. 3(b) shows a DC travelling potential bar-
rier, Fig. 3(c) shows a DC travelling potential well,
Fig 3(d) shows a DC travelling potential well and po-
tential barrier, and Fig. 3(e) shows a square wave
DC travelling wave.

[0053] A preferredion guide will now be described with
reference to Figs. 1 and 2. The ion guide is preferably an
ion tunnel ion guide 1 comprising a housing having an
entrance aperture 2 and an exit aperture 3. The entrance
and exit apertures 2,3 are preferably substantially circular
apertures. The plates forming the entrance and/or exit
apertures 2,3 may be connected to independent pro-
grammable DC voltage supplies (not shown).

[0054] Between the plate forming the entrance aper-
ture 2 and the plate forming the exit aperture 3 are ar-
ranged a number of electrically isolated ion tunnel seg-
ments 4a,4b,4c. In one embodiment fifteen segments 4a,
4b,4c are provided. Each ion tunnel segment 4a;4b;4c
comprises two interleaved and electrically isolated sec-
tionsi.e. an upper and lower section. The ion tunnel seg-
ment 4a closest to the entrance aperture 2 preferably
comprises ten electrodes (with five electrodes in each
section) and the remaining ion tunnel segments 4b,4c
preferably each comprise eight electrodes (with four elec-
trodes in each section). All the electrodes are preferably
substantially similar in that they have a central substan-
tially circular aperture (preferably 5 mm in diameter)
through which ions are transmitted. The entrance and
exit apertures 2,3 may be smallere.g. 2.2 mm in diameter
than the apertures in the electrodes or the same size.
[0055] All the ion tunnel segments 4a,4b,4c are pref-
erably connected to the same AC or RF voltage supply,
and different segments 4a;4b;4c may be provided with
different offset DC voltages. A time varying DC potential
wave is also applied to the various segments 4a,4b,4c
so that a travelling DC voltage wave is generated. The
two sections forming an ion tunnel segment 4a;4b;4c are
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connected to different, preferably opposite, phases of the
AC or RF voltage supply.

[0056] A single ion tunnel section is shown in greater
detail in Figs. 2(a)-(c). The ion tunnel section has four (or
five) electrodes 5, each electrode 5 having a 5 mm di-
ameter central aperture 6. The four (or five) electrodes
5 depend or extend from a common bar or spine 7 and
are preferably truncated at the opposite end to the bar 7
as shown in Fig. 2(a). Each electrode 5 is typically 0.5
mm thick. Two ion tunnel sections are interlocked or in-
terleaved to provide a total of eight (or ten) electrodes 5
in an ion tunnel segment 4a;4b;4c with a 1 mm inter-
electrode spacing once the two sections have been in-
terleaved. All the eight (or ten) electrodes 5 in an ion
tunnel segment 4a;4b;4c comprised of two separate sec-
tions are preferably maintained at substantially the same
DC voltage. Adjacent electrodesin an iontunnel segment
4a;4b;4c comprised of two interleaved sections are con-
nected to different, preferably opposite, phases of an AC
or RF voltage supply i.e. one section of an ion tunnel
segment 4a;4b;4c is connected to one phase (RF+) and
the other section of the ion tunnel segment 4a;4b;4c is
connected to another phase (RF-).

[0057] Each ion tunnel segment 4a;4b;4c is mounted
on a machined PEEK support that acts as the support
for the entire assembly. Individual ion tunnel sections are
located and fixed to the PEEK support by means of a
dowel and a screw. The screw is also used to provide
the electrical connection to the ion tunnel section. The
PEEK supports are held in the correct orientation by two
stainless steel plates attached to the PEEK supports us-
ing screws and located correctly using dowels. These
plates are electrically isolated and have a voltage applied
to them. Gas may optionally be supplied to the ion guide
1 via a 4.5 mm ID tube.

[0058] An AC or RF voltage supply provides phase
(RF+) and anti-phase (RF-) voltages at a frequency of
preferably 1.75 MHz and is coupled to the ion tunnel sec-
tions 4a,4b,4c via capacitors which are preferably iden-
tical in value (100pF). According to other embodiments
the frequency may be in the range of 0.1-3.0 MHz.
[0059] The DC voltage supplied to the plates forming
the entrance and exit apertures 2,3 is also preferably
independently controllable and preferably no AC or RF
voltage is supplied to these plates.

[0060] Thetransientortimevarying DC voltage applied
to each segment may be above and/or below that of the
constant or time invariant DC voltage offset applied to
the segment so as to cause movement of the ions in the
axial direction. Fig. 3(a) shows a simplified diagram of a
segmented RF ion guide and shows the direction in which
ions are to move. Figs. 3(b)-(e) show four examples of
various DC travelling waves superimposed upon a con-
stant DC voltage offset. Fig. 3(b) shows a waveform with
a single potential hill or barrier, Fig. 3(c) shows a wave-
form with a single potential well, Fig. 3(d) shows a wave-
form with a single potential well followed by a potential
hill or barrier, and Fig. 3(e) shows a waveform with a
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repeating potential hill or barrier (square wave).

[0061] Although the present invention has been de-
scribed with reference to preferred embodiments, it will
be understood by those skilled in the art that various
changes in form and detail may be made without depart-
ing from the scope of the invention as set forth in the
accompanying claims.

Claims
1. A mass spectrometer comprising:

an ion source for emitting a beam of ions;

an ion guide (1) comprising at least five elec-
trodes (5) having apertures (6) for guiding said
ions; and

an AC or RF voltage supply for applying an AC
or RF voltage to said electrodes (5) so as to ra-
dially confine ions within said ion guide *(1);

characterised by comprising a voltage supply for
supplying a DC voltage wave along said electrodes
(5) for modulating the velocity of ions passing
through said ion guide (1).

2. A mass spectrometer as claimed in claim 1, wherein
the phase difference between two adjacent elec-
trodes is selected from the group consisting of: (i) <
1 80°; (i) < 150°; (iii) < 120°; (iv) < 90°; (v) 60°; (vi)
< 50°; (vii) < 40°; (viii) < 30°; (ix) < 20°; (x) < 15°; (xi)
< 10°; and (xii) < 5°.

3. A mass spectrometer as claimed in claim 1 or 2,
wherein ions enter said ion guide (1) as a substan-
tially continuous beam but emerge as packets ofions
due to said voltage wave.

4. A mass spectrometer as claimed in claim 1, wherein
said ion guide (1) is an ion bunching device (1) com-
prising a plurality of electrodes (5) having apertures
(6), wherein trapping potentials are not applied to
either the front or rear of said ion bunching device
(1); and
wherein the DC voltage supply modulates the volt-
age seen by each electrode (5) so that ions passing
through said ion bunching device (1) are urged for-
wards and emerge from said ion bunching device as
packets of ions, each ion in said packet having sub-
stantially the same velocity.

5. A mass spectrometer as claimed in claim 1, further
comprising:

an atmospheric pressure ion source;

wherein said ion guide (1) is an ion bunching
device for receiving a substantially continuous
stream of ions and for emitting packets of ions;
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wherein the DC voltage supply supplies a DC
voltage to said ion bunching device (1); and
further comprising a time of flight mass analyser
arranged downstream of said ion bunching de-
vice for receiving packets of ions emitted by said
ion bunching device;

wherein said DC voltage supply is arranged to
supply a voltage waveform which travels along
at least a part of the length of said ion bunching
device, said voltage waveform causing ions to
be bunched together into packets of ions.

A mass spectrometer as claimed in claim 1, further
comprising:

means for applying a constant DC offset voltage
to at least five of said electrodes.

A mass spectrometer as claimed in claim 6, wherein
each of said electrodes (5) have substantially the
same constant DC offset voltage.

A mass spectrometer as claimed in claim 6, wherein
at least some of said electrodes (5) are maintained
at different DC offset voltages so that a constant DC
voltage gradient is generated along at least part of
said ion guide (1).

A method of mass spectrometry comprising:

providing an ion source for emitting a beam of
ions;

providing an ion guide (1) comprising at least
five electrodes (5) having apertures (6) for guid-
ing said ions; and

applying an AC or RF voltage supply to said elec-
trodes (5) so as to radially confine ions within
said ion guide (1);

characterised by supplying a DC voltage wave
along said electrodes (5) for modulating the velocity
of ions passing through said ion guide (1).

Patentanspriiche

Massenspektrometer, das Folgendes umfasst:

eine lonenquelle zum Aussenden eines lonen-
strahls;

eine lonenflihrung (1), die wenigstens flinf Elek-
troden (5) enthalt, die Offnungen (6) besitzen,
um lonen zu fuhren; und

eine Wechsel- oder Hochfrequenz-Spannungs-
versorgung zum Anlegen einer Wechsel- oder
Hochfrequenzspannung an die Elektroden (5),
um lonen in der lonenflihrung (1) radial einzu-
schliel3en;
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dadurch gekennzeichnet, dass es eine Span-
nungsversorgung zum Liefern einer Gleichspan-
nungswelle langs der Elektroden (5) umfasst, um die
Geschwindigkeit der lonen, die sich durch die lonen-
fihrung (1) bewegen, zu modulieren.

Massenspektrometer nach Anspruch 1, wobei die
Phasendifferenz zwischen zwei benachbarten Elek-
troden aus der Gruppe gewahlt ist, die besteht aus:
(i) < 180°; (ii) < 150°; (iii) < 120°; (iv) < 90°; (v) 60°;
(vi) < 50°; (vii) < 40°; (viii) < 30°; (ix) < 20°; (x) < 15°%;
(xi) < 10°; und (xii) < 5°.

Massenspektrometer nach Anspruch 1 oder 2, wo-
bei lonen in die lonenfiihrung (1) als ein im Wesent-
lichen ununterbrochener Strahl eintreten, jedoch be-
dingt durch die spannungswelle als lonenpakete
austreten.

Massenspektrometer nach Anspruch 1, wobei die
lonenfiihrung (1) eine lonenbiindelungsvorrichtung
(1) ist, die mehrere Elektroden (5) enthalt, die Off-
nungen (6) besitzen, wobei entweder an die Vorder-
seite oder an die Rickseite der lonenbiindelungs-
vorrichtung (1) keine Einfangpotenziale angelegt
werden; und

wobei die Gleichspannungsversorgung die Span-
nung, die an jeder Elektrode (5) anliegt, moduliert,
so dass lonen, die sich durch die lonenbiindelungs-
vorrichtung (1) bewegen, nach vorn gedrangt wer-
den und aus der lonenbiindelungsvorrichtung als
Tonenpakete austreten, wobei jedes lon in dem Pa-
ket im Wesentlichen dieselbe Geschwindigkeit be-
sitzt.

Massenspektrometer nach Anspruch 1, das Folgen-
des umfasst:

eine lonenquelle auf Atmospharendruck;
wobei die lonenfliihrung (1) eine lonenbilinde-
lungsvorrichtung ist, um einen im Wesentlichen
ununterbrochenen Strom von lonen zu empfan-
gen und um lonenpakete auszusenden;

wobei die Gleichspannungsversorgung an die
lonenblindelungsvorrichtung (1) eine Gleich-
spannung liefert; und

ferner mit einem Flugzeit-Massenanalysator,
der der lonenbiindelungsvorrichtung nachge-
ordnet ist, um Innenpakete, die von der lonen-
blindelungsvorrichtung ausgesendet werden,
zu empfangen;

wobei die Gleichspannungsversorgung dafir
ausgelegtist, eine Spannungswellenform zu lie-
fern, die sich wenigstens langs eines Teils der
Lange der lonenbiindelungsvorrichtung be-
wegt, wobei die Spannungswellenform eine
Blindelung von lonen zu lonenpaketen bewirkt.
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Massenspektrometer nach Anspruch 1, das ferner
Folgendes umfasst:

Mittel zum Anlegen einer konstanten Offset-
Gleichspannung an wenigstens funf der Elek-
troden.

Massenspektrometer nach Anspruch 6, wobei jede
der Elektroden (5) die im Wesentlichen gleiche kon-
stante Offset-Gleichspannung besitzt.

Massenspektrometer nach Anspruch 6, wobei we-
nigstens einige Elektroden (5) auf unterschiedlichen
Offset-Gleichspannungen gehalten werden, so dass
wenigstens langs eines Teils der lonenfiihrung (1)
ein konstanter Gleichspannungsgradient erzeugt
wird.

Verfahren zur Massenspektroskopie, das Folgen-
des umfasst:

Vorsehen einer lonenquelle zum Aussenden ei-
nes lonenstrahls;

Vorsehen einer lonenfiihrung (1), die wenig-
stens fiinf Elektroden (5) enthalt, die Offnungen
(6) besitzen, um die lonen zu fihren; und
Anlegen einer Wechsel- oder Hochfrequenz-
Spannungsversorgung an die Elektroden 15),
um die lonen in der lonenfiihrung (1) radial ein-
zuschlielRen;

gekennzeichnet durch Zufiihren einer Gleichspan-
nungswelle ldngs der Elektroden (5), um die Ge-
schwindigkeit der lonen, die sich durch die lonen-
fuhrung (1) bewegen, zu modulieren.

Revendications

Spectrométre de masse comprenant:

- une source d’ions pour émettre un faisceau
d’ions ;

- un guide d’ions (1) comprenant au moins cinq
électrodes (5) comprenant des ouvertures (6)
pour guider lesdits ions ; et

- une source de tension CA ou RF afin d’appli-
quer une tension CA ou RF auxdites électrodes
(5) afin de confiner radialement les ions dans
ledit guide d’ions (1) ;

- caractérisé en ce qu’il comprend une alimen-
tation en tension pour envoyer une onde de ten-
sion CC le long desdites électrodes (5) afin de
modulerlavitesse desions traversant ledit guide
d’ions (1).

2. Spectrométre de masse selon la revendication 1,

dans lequel la différence de phase entre deux élec-
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trodes adjacentes est choisie dans le groupe
comprenant : (i)<180°; (ii)<150°; (iii)<120°; (iv)
<90°; (v)<60° ; (vi)<50° ; (vii)<40°; (viii)<30°; (ix)
<20°; (x)<15°; (xi)<10° ; et(xii)<5°.

Spectrométre de masse selon les revendications 1
ou 2, dans lequel les ions entrent dans ledit guide
d’ions (1) sous forme d’un faisceau essentiellement
continu, mais en émergent sous forme de paquets
d’ions du fait de ladite onde de tension.

Spectrométre de masse selon la revendication 1,
dans lequel ledit guide d’ions (1) est un dispositif de
regroupement d’'ions (1) comprenant plusieurs élec-
trodes (5) comportant des ouvertures (6), dans le-
quel des potentiels de piégeage ne sont appliqués
ni a I'avant ni a I'arriere dudit dispositif de regroupe-
ment d’'ions (1) ; et

- dans lequel I'alimentation en tension CC mo-
dule la tension regue par chaque électrode (5)
de sorte que les ions traversant ledit dispositif
de regroupement d’ions (1) sont poussés vers
I'avant et émergent dudit dispositif de regroupe-
ment d’ions sous forme de paquets d’ions, cha-
que ion dans ledit paquet ayant essentiellement
la méme vitesse.

5. Spectrométre de masse selon la revendication 1,

comprenant en outre :

- une source d’ions a pression atmosphérique ;
- dans lequel ledit guide d’ions (1) est un dispo-
sitif de regroupement d’ions (1) pour recevoir un
flux essentiellement continu d’ions et pour émet-
tre des paquets d’ions ;

- dans lequel I'alimentation en tension CC ap-
plique une tension CC audit dispositif de regrou-
pement d’ions (1) ; et

- comprenant en outre un analyseur de masse
a temps de vol disposé en aval dudit dispositif
de regroupement d’ions afin de recevoir les pa-
quets d’ions émis par ledit dispositif de regrou-
pement d’ions ;

- dans lequel I'alimentation en tension CC est
congue pour appliquer une forme d’onde de ten-
sion qui se propage le long d’'une partie au moins
de la longueur dudit dispositif de regroupement
d’ions, ladite forme d’'onde de tension regrou-
pant les ions sous forme de paquets d’ions.

Spectrométre de masse selon la revendication 1,
comprenant en outre un moyen pour appliquer une
tension de décalage CC constante a au moins cinq
desdites électrodes.

Spectrométre de masse selon la revendication 6,
dans lequel chacune desdites électrodes (5) possé-
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de essentiellementla méme tension de décalage CC
constante.

Spectrométre de masse selon la revendication 6,
dans lequel certaines au moins desdites électrodes %
(5) sont maintenues a des tensions de décalage CC
différentes de sorte qu’un gradient de tension CC
constate soit généré le long d’'une partie au moins
dudit guide d’onde (1).

10
Procédé de spectrométrie de masse consistant a :

- fournir une source d’ions pour émettre un fais-
ceau d’ions ;
- fournir un guide d’ions (1) comprenant au 715
moins cing électrodes (5) comprenant des
ouvertures (6) pour guider lesdits ions ; et
- appliquer une tension CA ou RF auxdites élec-
trodes (5) afin de confiner radialement les ions
dans ledit guide d’ions (1) ; 20
- caractérisé par I'envoi d’une onde de tension
CC le long desdites électrodes (5) afin de mo-
duler la vitesse des ions traversant ledit guide
d’ions (1).
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