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Description

[0001] The present invention relates to a mass spec-
trometer and a method of mass spectrometry.

[0002] lon guides comprising rf-only multipole rod sets
such as quadruplets, hexapoles and octopoles are well
known.

[0003] An alternative type of ion guide known as an
"ion funnel" has recently been proposed by Smith and
co-workers at Pacific Northwest National Laboratory. An
ion funnel comprises a stack of ring electrodes of con-
stant external diameter but which have progressively
smaller internal apertures. A dc voltage/potential gradi-
ent is applied along the length of the ion guide in order
tourgeions through the ion funnel which would otherwise
act as an ion mirror.

[0004] A variant of the standard ion funnel arrange-
ment is disclosed in Anal. Chem. 2000, 72, 2247-2255
and comprises an initial drift section comprising ring elec-
trodes having constant internal diameters and a funnel
section comprising ring electrodes having uniformly de-
creasing internal diameters. A dc voltage gradient is ap-
plied across both sections in order to urge ions through
the ion funnel.

[0005] lon funnels have not been successfully em-
ployed in commercial mass spectrometers to date.
[0006] One reason for this may be that ion funnels suf-
fer from a narrow bandpass transmission efficiency i.e.
the ion funnel may, for example, only efficiently transmit
ions having mass to charge ratios ("m/z") falling within a
narrow range e.g. 100 < m/z < 200. Reference is made,
for example, to Figs. 5A and 5B of Anal. Chem. 1998,
70,4111-4119 wherein experimental results are present-
ed comparing observed mass spectra obtained using an
ion funnel with that obtained using a conventional ion
guide. The experimental results show that both relatively
low m/z and relatively high m/z ions fail to be transmitted
by the ion funnel. Reference is also made to pages 2249
and 2250 of Anal. Chem 2000, 72, 2247-2255 which sim-
ilarly recognises that ion funnels suffer from an undesir-
ably narrow m/z transmission window.

[0007] Another reason may be that ion funnel ion
guides require both an rf voltage and a dc voltage gradi-
ent to be applied to the ring electrodes. However, the
design and manufacture of a reliable power supply ca-
pable of supplying both an rf voltage and a dc voltage
gradient which is decoupled from the rf voltage is a non-
trivial matter and increases the overall manufacturing
cost of the mass spectrometer.

[0008] It is therefore desired to provide an improved
ion guide.
[0009] According to an aspect of the present invention

there is provided a mass spectrometer as claimed in
claim 1.

[0010] According to another aspect of the present in-
vention there is provided a method of mass spectrometry
as claimed in claim 15.

[0011] The preferred embodiment comprises a plural-
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ity of electrodes wherein most if not all of the electrodes
have apertures which are substantially the same size.
The apertures are preferably circular in shape, and the
outer circumference of the electrodes may also be circu-
lar. In one embodiment the electrodes may comprise ring
or annular electrodes. However, the outer circumference
of the electrodes does not need to be circular and em-
bodiments of the present invention are contemplated
wherein the outer profile of the electrodes may take on
other shapes. The preferred embodiment wherein the
internal apertures of each of the electrodes are either
identical or substantially similar is referred to hereinafter
as an "ion tunnel" in contrast to ion funnels which have
ring electrodes with internal apertures which become pro-
gressively smaller in size.

[0012] One advantage of the preferred embodiment is
that the ion guide does not suffer from a narrow or limited
mass to charge ratio transmission efficiency which ap-
pears to be inherent with ion funnel arrangements.
[0013] Another advantage of the preferred embodi-
ment is that a dc voltage gradient is not and does not
need to be applied to the ion guide. The resulting power
supply for the ion guide can therefore be significantly
simplified compared with that required for an ion funnel
thereby saving costs and increasing reliability.

[0014] An additional advantage of the preferred em-
bodiment is that it has been found to exhibit an approx-
imately 75% improvement in ion transmission efficiency
compared with a conventional multipole, e.g. hexapole,
ion guide. The reasons for this enhanced ion transmis-
sion efficiency are not fully understood, but it is thought
that the ion tunnel may have a greater acceptance angle
and a greater acceptance area than a comparable
multipole rod set ion guide.

[0015] The preferred ion guide therefore represents a
significant improvement over other known ion guides.
[0016] Various types of ion optical devices other than
anion tunnel ion guide are known including multipole rod
sets, Einzel lenses, segmented multipoles, short (solid)
quadrupole pre/post filter lenses ("stubbies"), 3D quad-
rupole ion traps comprising a central doughnut shaped
electrode together with two concave end cap electrodes,
and linear (2D) quadrupole ion traps comprising a
multipole rod set with entrance and exit ring electrodes.
However, such devices are not intended to fall within the
scope of the present invention.

[0017] According to the preferred embodiment, the in-
put vacuum chamber is arranged to be maintained at a
relatively high pressurei.e. atleastafew mbar. According
to an embodiment, the input vacuum chamber may be
arranged to be maintained at a pressure above a mini-
mum value and less than or equal to a maximum value
such as 20 or 30 mbar.

[0018] Embodiments of the present invention are also
contemplated, wherein if the AC-only ion guide is con-
sidered to have a length L and is maintained in the input
vacuum chamber at a pressure P, then the pressure-
length product p x L is selected from the group compris-
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ing: (i) > 1 mbar cm; (ii) > 2 mbar cm; (iii) > 5 mbar cm;
(iv) 2 10 mbar cm; (v) = 15 mbar cm; (vi) > 20 mbar cm;
(vii) > 25 mbar cm; (viii) > 30 mbar cm; (ix) > 40 mbar cm;
(x) = 50 mbar cm; (xi) > 60 mbar cm; (xii) = 70 mbar cm;
(xiii) = 80 mbar cm; (xiv) > 90 mbar cm; (xv) >. 100 mbar
cm; (xvi) = 110 mbar cm; (xvii) = 120 mbar cm; (xviii) >
130 mbar cm; (xix) > 140 mbar cm; (xx) > 150 mbar cm;
(xxi) = 160 mbar cm; (xxii) = 170 mbar cm; (xxiii) > 180
mbar cm; (xxiv) = 190 mbar cm; and (xxv) =200 mbar cm.
[0019] The electrodes are preferably relatively thine.g.
<2 mm, further preferably < 1 mm, further preferably 0.5
+ 0.2 mm, further preferably 0.7 £ 0.1 mm thick. Accord-
ing to a particularly preferred embodiment the electrodes
have a thickness within the range 0,5-0.7 mm in contrast
to multipole rod sets which are typically > 10 cm long.
[0020] Each, or at least a majority of the electrodes
forming the AC-only ion guide may comprise either a
plate having an aperture therein, or a wire or rod bent to
forma closed ring or a nearly closed ring. The outer profile
of the electrodes may or may not be circular.

[0021] Preferably, alternate electrodes are connected
together and to one of the output connections of a single
AC generator.

[0022] The AC-only ion guide preferably comprises at
least 4,5, 6,7,8,9, 10, 20, 30, 40, 50, 60, 70, 80, 90 or
100 electrodes.

[0023] The electrodes forming the AC-only ion guide
may have internal diameters or dimensions selected from
the group comprising: (i) < 5.0 mm; (ii) < 4.5 mm; (iii) <
4.0 mm; (iv) < 3.5 mm; (v) £ 3.0 mm; (vi) < 2.5 mm; (vii)
3.0 = 0.5 mm; (viii) £ 10.0 mm; (ix) < 9.0 mm; (x) < 8.0
mm; (xi) < 7.0 mm; (xii) < 6.0 mm; (xiii) 5.0 = 0.5 mm;
and (xiv) 4-6 mm.

[0024] The length of the AC-only ion guide may be se-
lected from the group comprising: (i) > 100 mm; (ii) > 120
mm; (i) > 150 mm; (iv) 130 = 10 mm; (v) 100-150 mm;
(vi) <160 mm; (vii) < 180 mm; (viii) <200 mm; (ix) 130-150
mm; (x) 120-180 mm; (xi) 120-140 mm; (xii) 130 mm =
5,10, 15, 20, 25 or 30 mm; (xiii) 50-300 mm; (xiv) 150-300
mm; (xv) = 50 mm; (xvi) 50-100 mm; (xvii) 60-90 mm;
(xviii) = 75 mm; (xix) 50-75 mm; and (xx) 75-100 mm.
[0025] Preferably, an intermediate vacuum chamber
may be disposed between the input vacuum chamber
and the analyzer vacuum chamber, the intermediate vac-
uum chamber comprising an AC-only ion guide for trans-
mitting ions through the intermediate vacuum chamber,
the AC-only ion guide arranged in the intermediate vac-
uum chamber comprising a plurality of electrodes having
apertures, the apertures being aligned so that ions travel
through them as they are transmitted by the ion guide.
At least one further differential pumping apertured elec-
trode is provided through which ions may pass. The fur-
ther differential pumping apertured electrode is disposed
between the vacuum chambers to allow the intermediate
vacuum chamber to be maintained at a lower pressure
than the input vacuum chamber, and the analyzer vacu-
um chamber to be maintained at a lower pressure than
the intermediate vacuum chamber. An alternating current
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(AC) generator is connected to an intermediate chamber
reference potential for providing AC potentials to the AC-
only ion guide in the intermediate vacuum chamber.
[0026] Preferably, at least 90%, and preferably 100%,
of the apertures of the electrodes forming the AC-only
ion guide in the intermediate vacuum chamber are sub-
stantially the same size, and at least 90%, and preferably
100%, of the plurality of the electrodes forming the AC-
only ion guide in the intermediate vacuum chamber are
connected to the AC generator connected to the inter-
mediate chamber reference potential in such a way that
at any instant during an AC cycle of the output of the AC
generator, adjacent ones of the electrodes forming the
AC-only ion guide arranged in the intermediate vacuum
chamber are supplied respectively with approximately
equal positive and negative potentials relative to the in-
termediate chamber reference potential.

[0027] Preferably, the AC-only ion guide in the inter-
mediate vacuum chamber comprises at least 4, 5, 6, 7,
8,9, 10, 20, 30, 40, 50, 60, 70, 80, 90, or 100 electrodes.
[0028] Preferably, the intermediate vacuum chamber
is arranged to be maintained at a pressure selected from
the group comprising: (i) 10-3-10-2mbar; (ii) > x 10-3 mbar;
(i) = 5 x 10-3 mbar; (iv) < 10-2 mbar; (v) 10-3-5 x 10-3
mbar; and (vi) 5 x 10-3-10-2 mbar.

[0029] Preferably, the electrodes forming the AC-only
ion guide in the intermediate vacuum chamber have in-
ternal diameters or dimensions selected from the group
comprising: (i) £ 5.0 mm; (i) < 4.5 mm; (i) < 4.0 mm; (iv)
<3.5mm; (v) £3.0 mm; (vi) 2.5 mm; (vii) 3.0 = 0.5 mm;
(viii) £10.0 mm; (ix) < 9.0 mm; (x) < 8.0 mm; (xi) < 7.0
mm; (xii) < 6.0 mm; (xiii) 5.0 £ 0.5 mm; and (xiv) 4-6 mm.
[0030] In one embodiment the individual electrodes in
the AC-only ion guide in the input vacuum chamber
and/or the AC-only ion guide in the intermediate vacuum
chamber preferably have a substantially circular aperture
having a diameter selected from the group comprising:
(i) 0.5-1.5mm; (i) 1.5-2.5 mm; (iii) 2.5-3.5 mm; (iv) 3.5-4.5
mm; (v) 4.5-5.5 mm; (vi) 5.5-6.5 mm; (vii) 6.5-7.5 mm;
(viii) 7.5-8.5 mm; (ix) 8.5-9.5 mm; (x) 9.5-10.5 mm; and
(xi) < 10 mm.

[0031] Preferably, the length of the ion guide in the
intermediate vacuum chamber is selected from the group
comprising: (i) = 100 mm; (ii) > 120 mm; (i) > 150 mm;
(iv) 130= 10 mm; (v) 100-150 mm; (vi) < 160 mm; (vii) <
180 mm; (viii) <200 mm; (ix) 130-150 mm; (x) 120-180
mm; (xi) 120-140 mm; (xii) 130 mm = 5, 10, 15, 20, 25
or 30 mm; (xiii) 50-300 mm; (xiv) 150-300 mm; (xv) > 50
mm; (xvi) 50-100 mm; (xvii) 60-90 mm; (xviii) > 75 mm;
(xix) 50-75 mm; and (xx) 75-100 mm.

[0032] Preferably, the ion source is an atmospheric
pressure ion source.

[0033] Preferably, the ion source is a continuous ion
source.
[0034] An Electrospray ("ES") ion source or an Atmos-

pheric Pressure Chemical lonisation ("APCI") ion source
is particularly preferred. However, other embodiments
are also contemplated wherein the ion source is either
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an Inductively Coupled Plasma ("ICP") ion source or a
Matrix Assisted Laser Desorption lonisation ("MALDI")
ion source at low vacuum or at atmospheric pressure.
[0035] Preferably, the ion mass analyser is selected
from the group comprising: (i) a Time of Flight mass an-
alyser, preferably an orthogonal Time of flight mass an-
alyser; (ii) a quadrupole mass analyser; and (iii) a quad-
rupole ion trap.

[0036] Preferably, the AC-only ion guide comprises
two interleaved comb arrangements, each comb ar-
rangement comprising a plurality of electrodes having
apertures.

[0037] Preferably, the AC-only ion guide comprises at
least one comb arrangement comprising a longitudinally
extending member having a plurality of electrodes having
apertures depending therefrom.

[0038] Preferably, the input vacuum chamber has a
length and the comb arrangement extends at least x%
of the length, x% selected from the group comprising: (i)
>50%; (ii) = 60%; (iii) = 70%; (iv) = 80%; (v) = 90%; and
(vi) = 95%.

[0039] According to an aspect of the present invention
there is provided a mass spectrometer comprising:

an ion source for producing ions;

an input vacuum chamber comprising at least one
AC ion guide for transmitting the ions, wherein the
AC ion guide comprises two interleaved comb ar-
rangements, each the comb arrangement compris-
ing a plurality of electrodes having apertures;

an analyzer vacuum chamber comprising a mass
analyzer disposed to receive ions after they have
been transmitted by the ion guide; and

atleast one differential pumping apertured electrode
through which ions may pass, the at least one differ-
ential pumping apertured electrode being disposed
between the input vacuum chamber and the analyzer
vacuum chamber to permit the analyzer vacuum
chamber to be maintained at a lower pressure than
the input vacuum chamber.

[0040] Preferably, at least 90% or 100% of the aper-
tures are substantially the same size.

[0041] The plurality of electrodes forming the AC ion
guide are preferably connected to an AC generator in
such a way that at any instant during an AC cycle of the
output of the AC generator, adjacent ones of the elec-
trodes are supplied respectively with approximately
equal positive and negative potentials relative to an input
chamber reference potential.

[0042] Each comb arrangement preferably comprises
a longitudinally extending member having a plurality of
electrodes having apertures depending therefrom.
[0043] The input vacuum chamber preferably has a
length and the comb arrangements extend at least x%
of the length, x% selected from the group consisting of:
(i) = 50%; (ii) = 60%; (iii) = 70%; (iv) = 80%; (v) = 90%;
and (vi) > 95%.

10

15

20

25

30

35

40

45

50

55

[0044] Alternate ones of the electrodes are preferably
connected to each other and to one of the output con-
nections of a single AC generator.

[0045] The AC ion guide preferably comprises at least
4,5,6,7,8,9, 10, 20, 30, 40, 50, 60, 70, 80, 90, or 100
electrodes.

[0046] The electrodes preferably have internal diam-
eters or dimensions selected from the group consisting
of: (i) £ 5.0 mm; (i) < 4.5 mm; (iii) < 4.0 mm; (iv) < 3.5
mm; (v) < 3.0 mm; (vi) £ 2.5 mm; (vii) 3.0 = 0.5 mm; (viii)
<10.0 mm; (ix) < 9.0 mm; (x) < 8.0 mm; (xi) < 7.0 mm;
(xii) £ 6.0 mm; (xiii) 5.0 = 0.5 mm; and (xiv) 4-6 mm.
[0047] The length of the AC ion guide is preferably se-
lected from the group consisting of: (i) > 100 mm; (i) >
120 mm; (iii) = 150 mm; (iv) 130 = 10 mm; (v) 100-150
mm; (vi) £ 160 mm; (vii) < 180 mm; (viii) <200 mm; (ix)
130-150 mm; (x) 120-180 mm; (xi) 120-140 mm; (xii) 130
mm = 5, 10, 15, 20, 25 or 30 mm; (xiii) 50-300 mm; (xiv)
150-300 mm; (xv) = 50 mm; (xvi) 50-100 mm; (xvii) 60-90
mm; (xviii) > 75 mm; (xix) 50-75 mm; (xx) 75-100 mm;
(xxi) 150-200 mm; (xxii)>200 mm; and (xxiii) 50-200 mm.
[0048] The mass spectrometer preferably further com-
prises:

anintermediate vacuum chamber disposed between
the input vacuum chamber and the analyzer vacuum
chamber, the intermediate vacuum chamber com-
prising an AC ion guide for transmitting ions through
the intermediate vacuum chamber, the AC ion guide
arranged in the intermediate vacuum chamber com-
prising a plurality of electrodes having apertures, the
apertures being aligned so that ions travel through
them as they are transmitted by the ion guide;

at least one further differential pumping apertured
electrode through which ions may pass, disposed
between the vacuum chambers to allow the interme-
diate vacuum chamber to be maintained at a lower
pressure than the input vacuum chamber, and the
analyzer vacuum chamber to be maintained at a low-
er pressure than the intermediate vacuum chamber;
and

an alternating current (AC) generator connected to
an intermediate chamber reference potential for pro-
viding AC potentials to the AC ion guide in the inter-
mediate vacuum chamber.

[0049] Preferably, at least 90% or 100% of the aper-
tures of the electrodes forming the AC ion guide in the
intermediate vacuum chamber are substantially the
same size; and

at least 90% or 100% of the plurality of the electrodes
forming the AC ion guide in the intermediate vacuum
chamber are connected to the AC generator connected
to the intermediate chamber reference potential in such
a way that at any instant during an AC cycle of the output
of the AC generator, adjacent ones of the electrodes
forming the AC ion guide arranged in the intermediate
vacuum chamber are supplied respectively with approx-
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imately equal positive and negative potentials relative to
the intermediate chamber reference potential.

[0050] The AC ion guide in the intermediate vacuum
chamber preferably comprises at least 4, 5, 6, 7, 8, 9,
10, 20, 30, 40, 50, 60, 70, 80, 90, or 100 electrodes.
[0051] The intermediate vacuum chamber is prefera-
bly arranged to be maintained at a pressure selected
from the group consisting of: (i) 10-3-102 mbar; (ii). 2 x
103 mbar; (jii), 5 x 10-3 mbar; (iv) 102 mbar; (v) 10-3-5
x 10-3 mbar; and (vi) 5 x 10-3-10-2 mbar.

[0052] Electrodes forming the AC ion guide in the in-
termediate vacuum chamber preferably have internal di-
ameters or dimensions selected from the group consist-
ing of: (i) £5.0 mm; (ii) £ 4.5 mm; (iii) <4.0 mm; (iv) < 3.5
mm; (v) £ 3.0 mm; (vi) £ 2.5 mm; (vii) 3.0 = 0.5 mm; (viii)
<10.0 mm; (ix) < 9.0 mm; (x) < 8.0 mm; (xi) < 7.0 mm;
(xii) < 6.0 mm; (xiii) 5.0 = 0.5 mm; and (xiv) 4-6 mm.
[0053] The length of the ion guide in the intermediate
vacuum chamber is preferably selected from the group
consisting of: (i) 2 100 mm; (it) > 120 mm; (iii) > 150 mm;
(iv) 130 = 10 mm; (v) 100-150 mm;; (vi) £ 160 mm; (vii)
<180 mm; (viii) <200 mm; (ix) 130-150 mm; (x) 120-180
mm; (xi) 120-140 mm; (xii) 130 mm = 5, 10, 15, 20, 25
or 30 mm; (xiii) 50-300 mm; (xiv) 150-300 mm; (xv) > 50
mm; (xvi) 50-100 mm; (xvii) 60-90 mm; (xviii) > 75 mm;
(xix) 50-75 mm; (xx) 75-100 mm; (xxi) 150-200 mm; (xxii)
> 200 mm; and (xxiii) 50-200 mm.

[0054] The ion source is preferably an atmospheric
pressure ion source.

[0055] The ion source is preferably a continuous ion
source.
[0056] According to an embodiment the ion source is

an Electrospray ("ES") ion source or an Atmospheric
Pressure Chemical lonisation ("APCI") ion source.
[0057] According to an embodiment the ion source is
an Inductively Coupled Plasma ("ICP") ion source.
[0058] According to an embodiment the ion source is
a Matrix Assisted Laser Desorption lonisation ("MALDI")
ion source.

[0059] The ion mass analyser is preferably selected
from the group comprising: (i) a Time of Flight mass an-
alyser, (ii) an orthogonal Time of Flight mass analyser;
(iii) a quadrupole mass analyser; and (iv) a quadrupole
ion trap.

[0060] The input vacuum chamber is preferably ar-
ranged to be maintained at a pressure selected from the
group consisting of: (i) > 0.1 mbar; (ii) > 0.5 mbar; (iii) >
0.7 mbar; (iv) = 1.0 mbar; (v) = 1.3 mbar; (vi) > 1.5 mbar;
(vii) = 2.0 mbar; (viii) = 2.5 mbar; (ix) = 3.0 mbar; (x) >
3.5 mbar; (xi) = 4.0 mbar; (xii) > 4.5 mbar; (xiii) = 5.0
mbar; (xiv) > 6.0 mbar; (xv) = 7.0 mbar; (xvi) > 8.0 mbar;
(xvii) =2 9.0 mbar; (xviii) > 10.0 mbar; (xix) 1-5 mbar; (xx)
1-2 mbar; and (xxi) 0.5-1.5 mbar.

[0061] The input vacuum chamber is arranged to be
maintained at a pressure selected from the group con-
sisting of: (i) <20 mbar; and (ii) < 30 mbar.

[0062] If the AC ion guide has a length L and is main-
tained in the input vacuum chamber at a pressure P, then
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the pressure-length product p x L is preferably selected
from the group consisting of: (i) > 1 mbar cm; (ii) > 2 mbar
cm; (i) 2 5 bar cm; (iv) = 10 mbar cm; (v) > 15 mbar cm;
(vi) = 20 mbar cm; (vii) > 25 mbar cm; (viii) > 30 mbar cm;
(ix) = 40 mbar cm; (x) = 50 mbar cm; (xi) > 60 mbar cm;
(xii) = 70 mbar cm; (xiii) > 80 mbar cm; (xiv) = 90 mbar
cm; (xv) = 100 mbar cm; (xvi) = 110 mbar cm; (xvii) > 120
mbar cm; (xviii) > 130 mbar cm; (xix) > 140 mbar cm; (xx)
> 150 mbar cm; (xxi) > 160 mbar cm; (xxii) > 170 mbar
cm; (xxiii) > 180 mbar cm; (xxiv) > 190 mbar cm; and
(xxv) =200 mbar cm.

[0063] The electrodes forming the AC ion guide pref-
erably have a thickness selected from the group consist-
ing of: (i) £ 2 mm; (ii) < 1 mm; (iii) 0.5 = 0.2 mm; (iv) 0.7
+ 0.1 mm; and (v) 0.5-0.7 mm.

[0064] According to an aspect of the present of the
invention a method of mass spectrometry, comprising:

producing ions from an ion source;

transmitting at least some of the ions through an input
vacuum chamber comprising at least one AC ion
guide for transmitting the ions, the AC ion guide com-
prising two interleaved comb arrangements, each
the comb arrangement comprising a plurality of elec-
trodes having apertures;

passing the ions to an analyzer vacuum chamber
comprising a mass analyzer disposed to receive ions
after they have been transmitted by the ion guide;
wherein at least one differential pumping apertured
electrode is provided though which ions may pass,
the at least one differential pumping apertured elec-
trode being disposed between the input vacuum
chamber and the analyzer vacuum chamber to per-
mit the analyzer vacuum chamber to be maintained
at a lower pressure than the input vacuum chamber.

[0065] Each comb arrangement preferably comprises
a longitudinally extending member having a plurality of
electrodes having apertures depending therefrom.
[0066] According to an embodiment the method pref-
erably comprises maintaining the input vacuum chamber
at a pressure selected from the group consisting of: (i) >
0.1 mbar; (ii) = 0.5 mbar; (iii) > 0.7 mbar; (iv) > 1.0 mbar;
(v) 2 1.3 mbar; (vi) = 1.5 mbar; (vii) = 2.0 mbar; (viii) >
2.5 mbar; (ix) = 3.0 mbar; (x) = 3.5 mbar; (xi) > 4.0 mbar;
(xii) > 4.5 mbar; (xiii) > 5.0 mbar; (xiv) = 6.0 mbar; (xv) >
7.0 mbar; (xvi) = 8.0 mbar; (xvii) > 9.0 mbar; (xviii) 2 10.0
mbar; (xix) 1-5 mbar; (xx) 1-2 mbar; and (xxi) 0.5-1.5
mbar.

[0067] The method preferably further comprises main-
taining the input vacuum chamber at a pressure selected
from the group consisting of: (i) < 0 mbar; and (ii) < 30
mbar.

[0068] According to anembodimentthe method further
comprises:

providing an intermediate vacuum chamber dis-
posed between the input vacuum chamber and the
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analyzer vacuum chamber, the intermediate vacuum
chamber comprising an AC ion guide for transmitting
ions through the intermediate vacuum chamber, the
AC ion guide arranged in the intermediate vacuum
chamber comprising a plurality of electrodes having
apertures, the apertures being aligned so that ions
travel through them as they are transmitted by the
ion guide;

providing at least one further differential pumping ap-
ertured electrode through which ions may pass, dis-
posed between the vacuum chambers to allow the
intermediate vacuum chamber to be maintained at
a lower pressure than the input vacuum chamber,
and the analyzer vacuum chamber to be maintained
at a lower pressure than the intermediate vacuum
chamber; and

providing an alternating current (AC) generator con-
nected to an intermediate chamber reference poten-
tial for providing AC potentials to the AC ion guide
in the intermediate vacuum chamber.

[0069] Accordingtoanembodimentthe method further
comprises maintaining the intermediate vacuum cham-
ber at a pressure selected from the group consisting of:
(i) 10-3-10-2 mbar; (ii). 2 x 103 mbair; (iii). 5 x 10-3 mbar;
(iv), 102 mbar; (v) 10-3-5 x 10-3 mbar; and (vi) 5 x 10-3-
102 mbar.

[0070] The method preferably further comprises main-
taining the AC ion guide having a length L in the input
vacuum chamber at a pressure P, wherein the pressure-
length product p x L is selected from the group consisting
of: (i) = 1 mbar cm; (ii) = 2 mbar cm; (iii) = 5 bar cm; (iv)
> 10 mbar cm; (v) 2 15 mbar cm; (vi) > 20 mbar cm; (vii)
> 25 mbar cm; (viii) > 30 mbar cm; (ix) > 40 mbar cm; (x)
> 50 mbar cm; (xi) = 60 mbar cm; (xii) > 70 mbar cm; (xiii)
> 80 mbar cm; (xiv) > 90 mbar cm; (xv) = 100 mbar cm;
(xvi) 2 110 mbar cm; (xvii) = 120 mbar cm; (xviii) > 130
mbar cm; (xix) = 140 mbar cm; (xx) = 150 mbar cm; (xxi)
> 160 mbar cm; (xxii) = 170 mbar cm; (xxiii) > 180 mbar
cm; (xxiv) > 190 mbar cm; and (xxv) = 200 mbar cm.
[0071] 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 tunnel arrangement;
Fig. 2 shows a conventional mass spectrometer with
an atmospheric pressure ion source and two rf hexa-
pole ion guides disposed in separate vacuum cham-
bers;

Fig. 3 shows an embodiment of the presentinvention
wherein one of the hexapole ion guides has been
replaced with an ion tunnel;

Fig. 4 shows another embodiment of the present in-
vention wherein both hexapole ion guides have been
replaced with ion tunnels;

Fig. 5 shows a comb arrangement; and

Fig. 6 shows a particularly preferred embodiment
comprising two interleaved comb-like arrange-
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ments.

[0072] As shown in Fig. 1, a preferred ion tunnel 15
comprises a plurality of electrodes 15a,15b each having
an aperture. In the embodiment shown, the outer profile
of the electrodes 15a,15b is circular. However, the outer
profile of the electrodes 15a,15b does not need to be
circular. Although the preferred embodiment may be con-
sidered to comprise a plurality of ring or annular elec-
trodes, electrodes having other shapes are also contem-
plated as falling within the scope of the present invention.
[0073] Adjacent electrodes 15a,15b are connected to
different phases of an AC power supply. For example,
the first, third, fifth etc. ring electrodes 15a may be con-
nected to the 0° phase supply 16a, and the second,
fourth, sixth etc. ring electrodes 15b may be connected
to the 180° phase supply 16b. In one embodiment the
AC power supply may be a RF power supply. However,
the present invention is not intended to be limited to RF
frequencies. Furthermore, "AC" is intended to mean sim-
ply thatthe waveform alternates and hence embodiments
of the present invention are also contemplated wherein
non-sinusoidal waveforms including square waves are
provided. lons from an ion source pass through the ion
tunnel 15 and are efficiently transmitted by it.

[0074] In contrast to ion funnels, the dc reference po-
tential about which the AC signal oscillates is substan-
tially the same for each electrode. Unlike ion traps, block-
ing dc potentials are not applied to either the entrance or
exit of the ion tunnel 15.

[0075] Fig. 2 shows a conventional mass spectrome-
ter. An Electrospray ("ES") ion source 1 or an Atmos-
pheric Pressure Chemical lonisation ("APCI") 1,2 ion
source emits ions which enter a vacuum chamber 17
pumped by a rotary or mechanical pump 4 via a sample
cone 3 and a portion of the gas and ions passes through
a differential pumping aperture 21 preferably maintained
at 50-120V into a vacuum chamber 18 housing an rf-only
hexapole ion guide 6. Vacuum chamber 18 is pumped
by a rotary or mechanical pump 7. lons are transmitted
by the rf-only hexapole ion guide 6 through the vacuum
chamber 18 and pass through a differential pumping ap-
erture 8 into a further vacuum chamber 19 pumped by a
turbo-molecular pump 10. This vacuum chamber 19
houses another rf-only hexapole ion guide 9. lons are
transmitted by rf-only hexapole ion guide 9 through vac-
uum chamber 19 and pass through differential pumping
aperture 11 into a yet further vacuum chamber 20 which
is pumped by a turbo-molecular pump 14. Vacuum cham-
ber 20 houses a prefilter rod set 12, a quadrupole mass
filter/analyser 13 and may include other elements such
as a collision cell (not shown), a further quadrupole mass
filter/analyser together with an ion detector (not shown)
or a time of flight analyser (not shown).

[0076] Fig. 3illustrates an embodiment of the present
invention wherein hexapole ion guide 6 has been re-
placed with an ion tunnel 15 according to the preferred
embodiment. The other components of the mass spec-
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trometer are substantially the same as described in re-
lation to Fig. 2 and hence will not be described again.
The ion tunnel 15 exhibits an improved transmission ef-
ficiency of approximately 75% compared with using
hexapole ion guide 6 and the ion tunnel 15 does not suffer
from as narrow a m/z bandpass transmission efficiency
as is reported with ion funnels. An rf-voltage is applied
to the electrodes and the reference potential of the ion
tunnel 15 is preferably maintained at 0-2 V dc above the
dc potential of the wall forming the differential pumping
aperture 11 which is preferably either at ground (0 V dc)
or around 40-240 V dc depending upon the mass ana-
lyser used. However, the wall forming differential pump-
ing aperture 11 may, of course, be maintained at other
dc potentials.

[0077] Inanotherless preferred (unillustrated) embod-
iment, the hexapole ion guide 9 may be replaced by an
iontunnel 15’ with hexapole ion guide 6 being maintained.
[0078] Fig. 4 shows a particularly preferred embodi-
ment of the present invention wherein both hexapole ion
guides 6,9 have been replaced with ion tunnels 15,15’.
The ion tunnels 15,15 are about 13 cm in length and
preferably comprise approximately 85 ring electrodes.
The ion tunnel 15 in vacuum chamber 18 is preferably
maintained at a pressure > 1 mbar and is supplied with
an rf-voltage at a frequency ~ 1 MHz, and the ion tunnel
15’ in vacuum chamber 19 is preferably maintained at a
pressure of 10-3-10-2 mbar and is supplied with an rf-
voltage at a frequency ~ 2 MHz. Rf frequencies of 800
kHz - 3 MHz could also be used for both iontunnels 15,15’
according to further embodiments of the present inven-
tion.

[0079] The ion tunnel 15’ exhibits an improved trans-
mission efficiency of approximately 25%, and hence the
combination of ion tunnels 15,15’ exhibit an improved
transmission efficiency of approximately 100% com-
pared with using hexapole ion guide 6 in combination
with hexapole ion guide 9.

[0080] Figs. 5 and 6 show a particularly preferred em-
bodiment of the present invention. The AC-only ion guide
comprises two interleaved comb-like arrangements of
electrodes. Each comb comprises a plurality of elec-
trodes 15a;15b, each electrode 15a;15b having an ap-
erture. One of the combs is shown in more detail in Fig.
5. As can be seen, the comb comprises a longitudinally
extending bar or spine from which a number of electrodes
15a;15b depend therefrom. The electrodes 15a;15b may
either be integral with the bar or spine, or alternatively
they may be electrically connected to the bar or spine.
Each electrode 15a;15b preferably has a substantially
circular aperture. However, as can be seen from Fig. 5,
in cross-section the outer profile of each electrode 15a;
15bis preferably a truncated circular shape. Fig. 6 shows
inmore detail how the two combs are interleaved. Various
insulating rings are also shown which help to hold the
assembly together. The comb like arrangement of elec-
trodes 15a;15b may be provided in input vacuum cham-
ber 18 and/or intermediate vacuum chamber 19. For the
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avoidance of any doubt, the arrangements shown in Figs.
5 and 6 are intended to fall within the scope of the claims.
A further embodiment is also contemplated comprising
three interleaved combs connected to a 3-phase AC gen-
erator.

Claims
1. A mass spectrometer comprising:

an ion source (1) for producing ions;

an input vacuum chamber (18) comprising at
least one ion guide (15) for transmitting said
ions, said ion guide (15) comprising a plurality
of electrodes having apertures;

an analyzer vacuum chamber (20) comprising
a mass analyzer (13);

an intermediate vacuum chamber (19) disposed
between said input vacuum chamber (18) and
said analyser vacuum chamber (20);

at least one differential pumping apertured elec-
trode (8) disposed between said input vacuum
chamber (18) and said intermediate vacuum
chamber (19); and

at least one further differential pumping aper-
tured electrode (11) disposed between said in-
termediate vacuum chamber (19) and said an-
alyser vacuum chamber (20);

characterised in that:

said ion guide (15) comprises an AC-only
ion tunnel ion guide (15).

2. A mass spectrometer as claimed in claim 1, wherein
said electrodes have internal diameters or dimen-
sions selected from the group comprising: (i) > 10.0
mm; (i) < 9.0 mm; (iii) < 8.0 mm; (iv) < 7.0 mm; (v)
< 6.0 mm; (vi) £ 5.0 mm; (vii) < 4.5 mm; (viii) < 4.0
mm; (ix) < 3.5 mm; (x) < 3.0 mm; and (xi) <2.5 mm.

3. A mass spectrometer as claimed in claim 1 or 2,
wherein at least 90% or 100% of said apertures are
substantially the same size.

4. A mass spectrometer as claimed in claim 1 or 2,
wherein said plurality of electrodes forming said AC
ion guide are connected to an AC generator in such
a way that at any instant during an AC cycle of the
output of said AC generator, adjacent ones of said
electrodes are supplied respectively with approxi-
mately equal positive and negative potentials rela-
tive to an input chamber reference potential.

5. A mass spectrometer as claimed in any preceding
claim, wherein alternate ones of said electrodes are
connected to each other and to one of the output
connections of a single AC generator.
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A mass spectrometer as claimed in any preceding
claim, wherein the AC ion guide comprises at least
4,5,6,7,8,9, 10, 20, 30, 40, 50, 60, 70, 80, 90, or
100 electrodes.

A mass spectrometer as claimed in any preceding
claim, wherein said electrodes have internal diame-
ters or dimensions selected from the group consist-
ing of: (i) £ 5.0 mm; (ii) < 4.5 mm; (jii) < 4.0 mm; (iv)
<3.5mm; (v) < 3.0 mm; (vi) £ 2.5 mm; (vii) 3.0 = 0.5
mm; (viii) £ 10.0 mm; (ix) < 9.0 mm; (x) < 8.0 mm;
(xi) £ 7.0 mm; (xii) < 6.0 mm; (xiii) 5.0 = 0.5 mm; and
(xiv) 4-6 mm.

A mass spectrometer as claimed in any preceding
claim, wherein the length of said AC ion guide is se-
lected from the group consisting of: (i) > 100 mm; (ii)
> 120 mm; (i) > 150 mm; (iv) 130 = 10 mm; (v)
100-150 mm; (vi) < 160 mm; (vii) < 180 mm; (viii) <
200 mm; (ix) 130-150 mm; (x) 120-180 mm,; (xi)
120-140 mm; (xii) 130 mm = 5, 10, 15, 20, 25 or 30
mm; (xiii) 50-300 mm; (xiv) 150-300 mm; (xv) > 50
mm; (xvi) 50-100 mm; (xvii) 60-90 mm; (xviii) > 75
mm; (xix) 50-75 mm; (xx) 75-100 mm; (xxi) 950-200
mm; (xxii) = 200 mm; and (xxiii) 50-200 mm.

A mass spectrometer as claimed in any preceding
claim, wherein said intermediate vacuum chamber
(19) comprises an AC ion guide (15’) for transmitting
ions through said intermediate vacuum chamber
(19), said AC ion guide (15’) arranged in said inter-
mediate vacuum chamber (19) comprising a plurality
of electrodes having apertures, the apertures being
aligned so that ions travel through them as they are
transmitted by said ion guide; and

wherein said mass spectrometer further comprises
an alternating current (AC) generator connected to
an intermediate chamber reference potential for pro-
viding AC potentials to the AC ion guide (15’) in said
intermediate vacuum chamber (19).

A mass spectrometer as claimed in claim 9, wherein
at least 90% or 100% of the apertures of the elec-
trodes forming said AC ion guide (15’) in said inter-
mediate vacuum chamber (19) are substantially the
same size; and

at least 90% or 100% of said plurality of the elec-
trodes forming said AC ion guide (15’) in said inter-
mediate vacuum chamber (19) are connected to the
AC generator connected to said intermediate cham-
ber reference potential in such a way that at any in-
stant during an AC cycle of the output of the AC gen-
erator, adjacent ones of said electrodes forming said
AC ion guide (15’) arranged in said intermediate vac-
uum chamber (19) are supplied respectively with ap-
proximately equal positive and negative potentials
relative to said intermediate chamber reference po-
tential.
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11. A mass spectrometer as claimed in any preceding

claim, wherein said ion source (1) is an atmospheric
pressure ion source.

12. A mass spectrometer as claimed in any preceding

claim, wherein:

(a) said input vacuum chamber (18) is arranged
to be maintained at a pressure selected from the
group consisting of: (i) > 0.1 mbar; (ii) > 0.5 mbar;
(iii) = 0.7 mbar; (iv) > 1.0 mbar; (v) = 1.3 mbar;
(vi) = 1.5 mbar; (vii) > 2.0 mbar; (viii) > 2.5 mbar;
(ix) = 3.0 mbar; (x) = 3.5 mbar; (xi) = 4.0 mbar;
(xii) > 4.5 mbar; (xiii) > 5.0 mbar; (xiv) > 6.0 mbar;
(xv) = 7.0 mbar; (xvi) > 8.0 mbar; (xvii) > 9.0
mbar; (xviii) > 10.0 mbar; (xix) 1-5 mbar; (xx) 1-2
mbar; and (xxi) 0.5-1.5 mbar; and/or

(b) said input vacuum chamber (18) is arranged
to be maintained at a pressure selected from the
group consisting of: (i) > 20 mbar; and (ii) < 30
mbar.

13. A mass spectrometer as claimed in any preceding

claim, whereinif said AC-only ion guide is considered
to have a length L and is maintained in the input
vacuum chamber (18) at a pressure P, then the pres-
sure-length product p x L is selected from the group
comprising: (i) = 1 mbar cm; (ii) = 2 mbar cm; (iii) >
5 mbar cm; (iv) = 10 mbar cm; (v) > 15 mbar cm; (vi)
> 20 mbar cm; (vii) > 25 mbar cm; (viii) > 30 mbar
cm; (ix) = 40 mbar cm; (x) > 50 mbar cm; (xi) > 60
mbar cm; (xii) > 70 mbar cm; (xiii) > 80 mbar cm;
(xiv) =2 90 mbar cm; (xv) > 100 mbar cm; (xvi) > 110
mbar cm; (xvii) 2 120 mbar cm; (xviii) > 130 mbar
cm; (xix) = 140 mbar cm; (xx) = 150 mbar cm; (xxi)
> 160 mbar cm; (xxii) > 170 mbar cm,; (xxiii) > 180
mbar cm; (xxiv) =190 mbar cm; and (xxv) =200 mbar
cm.

14. A method of mass spectrometry comprising:

providing an ion source (1) for producing ions;
providing an input vacuum chamber (18) com-
prising atleast one ion guide (15) for transmitting
said ions, said ion guide (15) comprising a plu-
rality of electrodes having apertures;

providing an analyzer vacuum chamber (20)
comprising a mass analyzer (13);

providing an intermediate vacuum chamber (19)
disposed between said input vacuum chamber
(18) and said analyser vacuum chamber (20);

providing at least one differential pumping ap-
ertured electrode (8) disposed between said in-
put vacuum chamber (18) and said intermediate
vacuum chamber (19); and

providing at least one further differential pump-
ing apertured electrode (11) disposed between
said intermediate vacuum chamber (19) and
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said analyser vacuum chamber (20);
characterised in that:

said ion guide (15) comprises an AC-only
ion tunnel ion guide (15).

15. A method of mass spectrometry as claimed in claim
14, wherein said electrodes have internal diameters
or dimensions selected from the group comprising:
(i) £ 10.0 mm; (i) £ 9.0 mm; (jii) < 8.0 mm; (iv) £ 7.0
mm; (v) £6.0 mm; (vi) < 5.0 mm; (vii) <4.5 mm:; (viii)
<4,0 mm; (ix) < 3.5 mm; (x) < 3.0 mm; and (xi) < 2.5
mm.
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