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ABSTRACT

A mass spectrometer is disclosed wherein ions having a particular desired charge
state are selected by operating an ion mobility spectrometer (4) in combination with a
quadrupole mass filter (5). Precursor ions are fragmented or reacted to form product ions in
a collision cell ion trap (6) and sent back upstream to an upstream ion trap (2). The
fragment or product ions are then passed through the ion mobility spectrometer (4) wherein
they become temporally separated according to their ion mobility. Fragment or product ions
are then re-trapped in the collision cell ion trap (6) before being released therefrom in
packets. A pusher electrode (8) of a time of flight mass analyser is energised a
predetermined period of time after a packet of ions is released from the collision cell ion trap
(6). Accordingly, it is possible to select multiply charged precursor ions from a background
of singly charged ions, fragment them, and mass analyse the fragment ions with a near
100% duty cycle across the whole mass range.
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MASS SPECTROMETER

The present invention relates,to mass

spectrometers. |

- With the decoding:of the 20-30,000 genes that
compose the human\genome, emphasis has switched to the
identification of the translated gene products that
comprise the proteome. Maes spectrometry has firmly
established itself as the primary technique for
ideﬁtifying proteins due to its unparalleled speed,
seﬁsitivity and specificity. Strategies can involve
either analysis of the intact proteiln, or ﬁore commonly

digestion of the protein using a speclfic protease that

cleaves at predictable residues along the peptide

backbone. This provides smaller stretches of peptide
sequence'that are more amenable to analysis via mass
spectrometry.' |

" The mass spectrometry technique providing the
highest degree of Specificity and sensitivity is
Electrosprayv ionisation ("ESI") interfaced to a tandem
mass spectrometer. These experiments involve separation
of the complex digeSt mixXture by microcapillary liguid
chromatography with on¥line mass spectral detectioﬁ-
using automated vauisitioﬁ modes whereby conventional
MS and MS/MS spectra are'ccllected 1n a data dependant

manner. This information can be used directly to search

5databases for matching sequences leading to

identification of the perent protein. This approach can
be used to identify proteins that are present at low

endogenous concentrations. However, often the limiting

factor for identification cf the protein 1s not the
quality of the MS/MS spectrum produceéed but is the
initial discovery of the multiply charged peptide
precursor ion 1in theMSmode.' This is due to the level
of background chemical noise, largely singly charged in
nature, which may be produced in the ion source of the
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mass spectrometer. Fig. 1 shows a typical conventional
mass spectrum and i1llustrates how doﬁbly charged specieS'
may be obscured amongst a,singly'charged'background. A
method whereby the chemical noise is reduced so that the
mass spectrometer can more easily target peptide related
ions would be highly_advantageous for the study of
protein digests. '

A known method used to favour the detection of
multiplycharged'species over singly charged species 1S
to use an EléctrOSpray iQnisation 6rthogonal
accelération time of flight mass analyser (“ESI—oaTOF").'
The orthogonal acceleration timé'of flight mass analyser
counts the arrival of ions using a Time to Digital

Converter ("TDC") which has a discriminator threshold.

The voltage pulse of a single ion must be‘high enough to

trigger the discriminator and so register the arrival of

an lon. The detector producing the voltage may be an

electron multiplier or a Microchannel Plate detector

("MCP").\ These detectors are charge sensitive so the
size of signal they_produce increases with increasing
charge state. Discrimination 1n favour of higher charge
states can be adcomplished.by increasing the
discriminator voltage level, lowering the detector gain,
or a combination of both. Fig. 2(a) shows a mass |
spectrumobtained-withnormal'detector gain and Fig.

2 (b) shows a comparablefmass‘SPectrum obtained'with a

reduced detector gain. An important disadvantage of

lowering the-detector gain (or of increasing the
discriminator'leVel) is that the sensitivity is lowered.
As can be seen from the Ordinaté axés of-Figs..Z(a) and
(b),‘the sensitivity is‘reduced\by a factor bf' ‘
approximately'x4 when a lower detector gain 1s employed.
Using this method it is also impossible to pick out an
individual charge'state. InStead; the best that dan be

achieved 1s a reduction of the efficiency of detection
of lower charge states with respect to higher charge

states.
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Another ionisation technique that*has been recently .

coupled to tandem mass spectrometérs for biological mass
spectrometry 1s MatrixAssiSted'LaserDesorption |
ITonisation ("MALDI"). -Whén a'MALDI-ion source is used
high levels of singly charged matrix related'ions and
chemical noise are generated which make it difficult to
identify candidate peptide-iohs.

It 1s therefore deSired Lo provide an improvedmass
spectrometer and method of\mass.speétrometry which does
not suffer from some or all of the disadvantages df the
prior art. o ' '

According to a first aspect of the present
invention, there is provided a method of mass
spectrometry, comprising-the steps of:

providing a packet or pulse of ions;

temporally separating at ieast some of the i1ons in

the packet or pulse according to their ion mobility in a
first device; - D d
‘mass filtering at least some of the ions according
to their mass to charge'raﬁio in a second dévice;
prOgressively varving a mass filtéring
characteristic of the second device so that ions having
a first charge state are ohwardly transmitted in
preferehcé to 1ons having a second different charge
state; ' ' -
- trapping some 1ons having the first charge state in
a first ion trap; ' ‘
releasing a first group of ions from the first ion
trap and_orthogonally.accelérating the first group of
ions a first predetermined time later: \
mass analysing the first group of ions:;
trapping further ions having the first charge state
1n the first ion'trap; . '

releasing a second group of iong from the first ion

trap and orthogonally accelerating the second group of -
ions a second different predeterminedftime later; and

" mass analysing the Second-group of ions.
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- Advantageously, 1ons with a chosen charge state can

be selected from a mixture of ions'haVing differing

charge states. Another advantage is that sensitivity

for this technigue is greater~than the known

discriminator leveletechniqUe as the detector can be run

at full gain'and all~ions.present may be counted.

According to the preferredhembodiment the charge
state selection is achieved by-coupling an ion mobility
spectrometer to'a-quadrupole.mass filter.

As will be explained in more detail later, at any

instance 1n time the,mass to charge ratio of ions

exiting the combination of the ion mobility spectrometer

and the quadrupole mass filter can be predicted.
Therefore, the mass to charge ratio of ions present in
the first i1on trap at any.instance can be predicted. A
group of_ions-heving a relatively narrow spread of mass

to charge ratios can be pulsed or otherwise ejected from

the first 1on trap and a predetermined time later the

pusher/puller'electrodelofia TOF mass analyser can be
energised so as to orthegonally accelerate the ions into
the drift region of the'TOF mass analyser. The
predetermined time (or delay time) can be optimised Lo
that of the mass to charge ratios of the ions present

and hence ejected from.the flrst ion trap at any point

in time. Accordlngly, the ions released from the first

ion trap are orthogonally accelerated with a very high
(approximately 100%) duty cycle (as will be appreciated
by those skilled in the art, if ions having a wide range
of mass to charge ratioe were to be simultaneously

ejected from the first ion‘trap then only a small

percentage (typically < 25%) of those ions would then be
orthogonally accelerated).

In due course ions having higher average mass to

charge ratios will exit the combination of the ion

mobllity spectrometer and the quadrupole mass filter and
wlill therefore be present in the first ion trap. These

lons are released from the first ion trap in another
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pulse but the delayrtime'of the pusher electrode 1is
increased thereby maintaining a hlgh duty cycle.
By repeating this process a number of times a duty

cycle approachlng 100% for 1omns hav1ng the chosen charge

state(s) across the whole mass range can be achieved.

- This represents a 81gnlf1cant improvement in sensitivity

over conventional methods

According to a second aspect of the present
invention, there 1s.provlded.a method of mass
spectrometry, comprisingithe stepssof-

prOV1d1ng a packet or pulse of ions;

temporally separatlng at least some of the ions in
the packet or pulse accordlng to their i1on mobility in a
first device; ‘

‘mass filtering at least some of the ions according
to their mass to charge ratio in a second device;

‘progressively”varying‘a mass filtering *
characteristic of the second device so that ions having
a first charge state are onwardly transmitted in
preference'to ions having a_second different'charge
state; o |

fragmenting or reacting at least some of the ions

having the first charge-state into fragment ions or

forming product ions;

trapping at least some of the fragment or product
ions 1n a first ion trap; and \

sending at least SOme of the fragment or product

ions upstream of the first ion trap.
According to the first aspect of the invention it

is_pOssible to achieve a 100% duty cycle because the

~parent ions present in the first ion trep at any

particular point in time have a narrow spread of mass to

charge ratios. However, according to the second aspect.

of the invention ions are fragmented or reacted within

the first ion trap. Therefore, once the ions have been
fragmented or reacted in the first ion trap the ions

present in the first ion trap (gas cell) will have a
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wide range of mass to charge-ratios According to the
preferred embodlment the flrst ion trap (gas cell)
comprlses an lon tunnel. 1on trap/colllslon cell which is

not mass selective. Therefore, it is not possible to

simply optimise the eject1on-ofnfragment or product ions

from the first ion trap with the TOF mass analyser.and

hence a high duty cycle across the mass range can not be
achieved. _ \

It 1s therefore a_feature of the second'aspect of
the present invention that instead of releasing fragment
or product 1ons from.theefirst ion trap and sending the
lons directly downstream to the TOF mass analyser (which
would result in a lOW'duty'cycle), the fragment or
product lons are instead sent back upstream of the first
i1on trap ' o

As w1ll be descrlbed in more detail in relation to
further embodiments of the present invention, once the
fragment or product i1ons have been sent upstream they
can then be passed through the ion mobility spectrometer

which separates Che fragment or product 1ons according

to their ion moblllty .The fragment or product lons can
then be trapped in the first ion trap andjthe pusher
electrode of the TOF massanaIYSer can be arranged to be
energised a predeterminedpperiod:of time after fragment
or product ions have been released fromthesfirst'ion
trap so as to optimise‘the duty cycle. As fragment or
product ions having hlgher mass. to charge ratios .
subsequently'arrlve at ‘the flrst ion trap, the delay
time of the pusher electrode can be progressively
increased.f As a resultithe.fragment or product ions can
be mass analysed with a very high (approximately 100%) '
duty cycle. This represents a further 81gn1flcant
advance in the art.

The fragment or product ions Wthh are sent

upstream preferably'pass through the second device

and/or the first device. 1In such 01rcumstances the

second device 1s arranged to transmlt the fragment or‘



3}

10

15

20

25

30

35

CAr02407957 2002-10-11

_ 7 -

product 1ons Without-substantially mass filtering :hemQ

- The fragment or product ions are then preferably trapped

in a second ion trap‘Upstreamrof the first device.

According to the preferred embodiment, multiply
charged ions*(WhichmayincIUde doubly, triply and
quadruply charged lons and-ions having.fiVe Or more
charges)lmay be preferentially selected and transmitted
whilst the intensity of*singly charged ions may be -
reduced. In otheriembodiments any desired charged state
or statesmay.be'selected.-.For example, two or more
multiply charged states may be transmitted.

The second device preferably comprises a guadrupole-
rod set mass filter. The quadrUpole mass filter may be

.Operated as a high pass mass to charge ratio filter so
as to transmit substantially only ions having a mass to

charge ratio greater than a minimum value. In this

embodiment multiply charged ions can be preferentially
transmitted cOmpared‘tO-singly Charged ions 1i.e. doubly,
triply, quadruply and ions hav1ng five or more charges
may be transmitted WhllSt 51ngly charged ions are
attenuated. '

According to another embodiment, the quadrupole

mass filter may be operated as a band pass mass to

- charge ratio filter so as to substantially transmit only

ions having a mass to charge ratio greater than a
minimum value and smaller than a maximum value. This
embodiment is partiCularly'advantageous in that multiply
charged ions of a sihgle charge state e.g. triply
charged, may be preferentially transmitted whilst ions
having any other charge state are relatively attenuated
However, according to another embodiment ions having two
or more neighbouring charge states (e.g. doubly and

triply charged ions) may be transmitted and all other

charge states may be attenuated. Embodiments are also

contemplated wherein non-neighbouring charge states are

selected (efg. doubly'and,quadruply charged ions) to the

preference of other charge states.
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The quadrupole mass fllter is preferably scanned SO
that the mlnlmum.mass to charge ratlo cut-off 1is

progressively increased durlng a cycle (which is defined

‘as the period between consecutive pulses of ions being

admitted into the 1ion moblllty Spectrometer). The
quadrupole mass fllter may be scanned in a substantially
continuous (i.e. smooth) manner or alternatively the
guadruple mass filter may be scanned in a substantially
steppedmmanner  _ _

Other embodlments are contemplated wherein the

second device comprlses,elther a 2D ron trap (e.g. a rod

set with front and/or rear trapping electrodes) or a 3D

‘ion trap (e.g. a central ring electrode with front and

rear endcap electrodes). ,

At the upstream’end‘of the mass spectrometer, ' the
10n source may be a pulsed ion source such as a Matrix
Assrsted Laser Desorptlon Ionlsatlon ("MALDI") ion
source. The pulsed ion source may alternatively
comprise a Laser Desorption Ionisation.ion_source_which
is not matrix assisted. | |

Alternat;vely, and.more preferably, a continuous
ion source may be used 1n which case an 1on trap for
storing ions and periodically releasing ions is also

preferably provided. Contlnuous lon sources which may

be used include Electrospray, A;mospherlc Pressure
Chemical Ionisation ("APCI?), Electron Impact ("EI"),
Atmospheric PressureePhoton Tonisation ("APPI") and
Chemicalllonisation ("CI“) ion sources. Other -
continuous or pseudo“contlnuous 1ion sources may also be

used. In an embodlment the mass spectrometer may be a

"Fourier Transform mass spectrometer or a Fourier

Transform Ton Cyclotron Resonance mass spectrometer.
Accordlng to a thlrd aspect of the present
invention there is prOV1ded a method of mass
spectrometry, compr1s1ng the steps of:
providing a packet or pulse of fragment or product

ions:
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temporally separating at-least some of the fragment
or product ions in the packet or pulse according to

their i1on mobility in a first device;

trapplng some fragment or produc:.ions having-a
first ion moblility in a- flrst 1on trap;

releasing a flrst group of fragment or product 1ons
from the first 1on trap and orthogonally accelerating

N

the first group of ions a first predetermlned.tlme

later;
mass analysing the first group of ions;

trapplng further fragment or product 1ons haV1ng a

second d1FFerent lon moblllty in the first ion trap;

releasing a second group of fragment or product

1ons from the first ion:trap and-orthogonally

{1

accelerating'the second group of ions a second differen:
predetermined time 1aterj and
mass analysing the second group of lons.
According to thie”embOdiment_fragment OYr product
ions can be mass analysed with a very high
(approximately 100%) duty cycle.

The first device preferably comprises an ion

mobility spectrometer or other 1on moblll_y device.

Tons 1n an ion mobility spectrometer may be subjected to

an electric field in_the-presence of a buffer gas so

that different species of ion acquire different

velocitles and are temporally separated according to

thelr lon mobility. The mobility of an ion in an ion
mobility spectrometer typically depends inter alia upon
its mass and its charge. Heavy ions with one charge-

tend to have lower mObllltleS than llght 1ons with one

charge. Also an ion of a particular mass to charge

than an ion with the same mass £o charge ratio but

carrying two (or more) charges.

The lon mobility spectrometer may comprise a drif

(r

tube together with one or more electrodes for

main:aining‘an.axial DC voltage gradient along at least
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a portion of the drlft tUbe

Alternatively, the ion moblllty spectrometer;may
comprlse a Field Asymmetrlc Ton Mobility Spectrometer
("FAIMS“). In one embodiment the-FAIMSmay comprilise two
parallel plates. \Infanother embodiment'the FAIMS may
comprise two aXially aligned-inner‘cylinders surronnded
by a long outer cylinder. The outer cylinder and a
shorter 1nner chinder'are preferably'held‘at the same
electrical potential. A longer inner cyllnder may have

a high frequency'hlgh'voltage asymmetric waveform
applied to it, thereby establlsh;ng-an electric field

between the inner and outer cylinders A compensation
DC voltage is also applled to the longer inner cylinder.
A FAIMS acts like a moblllty'fllter and may operate at

atmospherlc pressure.
However, according to a partlcularly preferred

embodiment; the ion mob;llty speccrometer_may comprise a-
plurality of electrodes.havinglapertures wherein'a-DC
voltage gradient 1is maintained across at least a portion
of the 1on mobilitY”spectrOmeter‘and at least some of
the electrodes are connected to an AC or RF voltage
supply. The ion mobility spectrometer i1s particularly
advantageous in that the addition of an AC or RF voltage

to the electrodes (which may be ring.like or otherwise

annular) results in radial confinement of the ions

passing through the iOnmobility:spectrometer. Radial

confinement of the ions results in higher ion

transmission compared Wlth ion mobility spectrometers of

the drift tube tyvpe. . _
The 1onmobllltyspectrometer“preferably extends

between two vacuum chambers so that an upstream section

comprising a first plurality of electrodes having

apertures is arranged in a'vacuUm chamber and a

downstream section comprlslng a second plurality of
electrodes hav1ng apertures is arranged in a further
vacuum chamber, the vacuum chambers belng separated by a

differential pumping aperture
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At least some of the electrodes in the upstream

-section'are preferably supplied with an AC or RF voltage

having-a.frequency-withinthe\range 0.1-3.0 MHz. A
frequency of 0.5~1.1 MHz is preferred and a frequency of
780 kHz 1s particularly preferred. The‘upstream section
is preferably arranged to be maintained at a pressure
within the range.O.l—IO mbar, preferably'approximately 1
mbar. ' |

At least some of the electrodes 1n the downstream
section are preferably supplied'withfan AC_or RF voltage
having a freqgquency withio the range 0.1—3.0MHz. A
frequency of 1.8-2.4 MHzTis'preferred and a frequency of
2.1 MHz islparticularlY'preferred.' The downstream
section 1s preferably arranged to be maintained at a
pressure within the'range lOﬁélOﬂ mbar.

The voltages applied to the electrodes in the
upstream sectlon may be such that a first DC voltage
gradient 1S'ma1nta1ned in use across at least a portion
of the upstream.sectlon and a second dlfferent DC
voltage gradilient may be malntalned in use across at
least a portion of the downstream section. .The first DC
voltage gradient 1s preferably greater than the second
DC voltage'gradient. Both wvoltage gradients do not
necessarily need to be llnear and indeed a stepped
voltage gradlent 18 partlcularly preferred

Preferably, the 1on.moblllty spectrometer comprises
at least 10, 20, 30, 40, 50, 60, 70,x80,.90 or 100 '
electrodes. Preferably,”at_least'60%, 65%, 70%, 75%,
80%, 85%, 90%, 95% of the electrodes forming the ion
mobility spectrometer have apertures which are of

substantially the same size or area. In a particularly

- preferred embodiment the ion mobility,spectrometer‘

comprises an ion tunnel comprising a plurality of

electrodes all having substantially_similar sized
apertures through which ions‘are transmitted |

An orthogonal acceleratlon time of fllght mass
analyser is particularly preferred although other types
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of mass analysers such as a quadrupole mass analysers or

2D or 3D 1on traps may be used accordlng to less

'preferred.embodlments.

According to a fourth aspect of the present

invention, there is provided a mass spectrometer

comprising:

a first deV1ce for temporally separating a pulse or
packet of ions according to their ion mobility;

a second device for«mass filtering at least some of
the ions in the packet or pulse according to their mass
to charge ratio,-wherein a mass filtering characteristic

of the second device is progressively varied so that

ions having a first charge state are onwardly
transmitted in preference to ions having a second charge

state;

a first ion trap for trapping ions having the first
charge state; and | | |
a mass analyser comprising an electrode for

orthogonally accelerating ions:

wherein the first ion trap is arranged o trap some
ions having the first charge state and then release a

first group of ions which are then orthogonally

accelerated by the electrode a first predetermined time

later and then subsequently mass analysed by the mass

analyser, and whereilin the first ion trap is further

arranged to trap further ions having the first charge'

‘state and then release a second group of ions which are

then orthogonally accelerated by the electrode a second

different predetermined time later and then subsequently

mass analysed by the.mass analyser
Accordlng to a fifth aspect of the present
invention, there is prOV1ded a mass spectrometer

comprising:

a first device for temporally_separating a pulse or
packet of lons according to their ion mobility;
a second device for mass filtering at'leastisome of

the ions in the packet or pulse according to their mass
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to charge ratio, wherein a mass filtering characteristic
of the second dev1ce is progressively varied so that
ions having a first charge state are onwardly
transmitted in preference to-1ons having a second charge
state; '_ ' . '

a first ion trap comprising a gas for fragmenting
ions into fragment ions or'reacting'withtions to form
product ions; ‘ . | '

wherein the first ion trap is arranged to trap at
least some fragment or product ions and then send the
fragment or product'ions upstreamof the first ion trap.

According'to a sixth aspect of Che present

invention there is prov1ded.a mass spectrometer-

comprlslng ' |
a first device for temporally seperating at least
some fragment or product ions\accordingtojtheir ion'
mobility; - o ‘
a first ion trap downstream of the first device;

a second ion trap upstreamhof_the_first device; and

a mass analyser comprising an electrode for
orthogonally accelerating ions;
wherein the second ion trap is arranged to release

‘a packet or pulse'of fragment,or product 1ons so that

the fragment or product iOns are temporally separated
according to their ion mobility in the first device; and
wherein the firSt ilon trep'is arranged to trap some
fragment or product 1ons having a first ion mobility and
then release a first group of ions so that the first
group of ions is orthogonally accelerated by the
electrode a first oredetermined time~later and then

subsequently mass analySed-by the mass analyser and

'whereln the first ion trap is further arranged to trap

further Tragment or product ions haV1ng a second
different ion mobillity and then release a second group
of 1ons so that the second'group of ions is orthogonally
accelerated by the electrode a second dlfferent .

predetermlned tlme later and then subsequently mass
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analysed by the mass analyser

According to a seventh aspect of the present

invention, there 1s.prOV1ded a method of mass

spectrometry, compr1s1ng the steps of:
. selecting ions haV1ng a desired charge state (s)

\WhllSt filtering out 1ons hav1ng an undesired charge

‘state(s);

trapping_ions having the desired charge state(s) 1in

an ion trap,iand ‘ ' b - ‘
~ synchronising the release of ions from the ion trap

w1th the operation of an electrode for orthogonally
accelerating ions so that at least 70%, 80%, or 90% of
the ions released from the ion trap are orthogonally
accelerated by the electrode. |

Preferably,_the'Step'of selecting ilons having a
desired charge state(s) comprises'passing'iOns through
an ion moblllty spectrometer whllst scannlng a
quadrupole mass filter. '

According to an eighth aspect of the present
invention there 1is provided axmass_spectrometer,,
comprising: ' ' B

a device for selecting ions having a desired charge
state(s) whilst-filtering out ions having an undesired
charge state(s): ‘ . . |

an ion trap for trapping ions having a desired
charge state(s)* and o ’

wherein the ion trap 1s arranged to release ions in
synchronisation with the operatlon of an electrode for

orthogonally acceleratlng ions so that at least 70

80%, or 90% of the 1ions released from.the 1on trap are
orthogonally accelerated by the electrode.

Preferably, the deV1ce;for selecting ions comprises
an ion'mobility'spectrometer and a guadrupole mass -
filter which is scanned in use. '

According to-a_ninth aspect of the present
invention there is provided a-method of mass‘

spectrometry, comprising the steps of:
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selecting ions having a desired -charge state(s)

whilst filtering out ions having an undesired charge

state(s) ;

fragmenting'or reacting at least some of the ilons
having a desired charged state(s) into fragment or
product ions; | _ .

trapping at least some of the fragment\or'product
ions 1n an ioh'trap, and - | :

sending at least some of the fragment or product

ions upstream of the ion trap
Preferably, the step of selectlng ions haV1ng a

desired charge state(s) comprises pass1ng‘1ons_through'

‘an ion mobility spectrometer whilSt scanning a

gquadrupole mass filter. '

' According to a tenth aspect of the'present
invention therexis provided a mass Spectrometer
comprising: '
| a device for selecting ions having a desired charge
state(s) whilst filtering'out'ions having an undesired
charge state(s); and | ‘ .

a_device for~fragmenting or reacting at least some

of the ions thlng a desired charge state(s) so as to

form,fragment or product ilons;

a device for trapping the fragment or product ions;

wherein the device for trapping ions 18 arranged to
send at 1east some of the fragment or product 1ons
upstream of the device for trapplng 1ons.

Preferably, the device for selectlng ions comprlses
an 1on.mob111ty spectrometer and a quadrupole mass
filter which is scanned in use. |

According to an eleventh-aspect of the present
invention there is prov1ded a method of mass '
spectrometry, comprising the steps of:

separatlng fragment or product 10ns accordlng to

their 1on'mob111ty,

trapping some fragment or product ions in an ion
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trap; and
synchronising the release of fragment or product

ions from the ion trap with the_operatiOn_of an
electrode for orthogonally accelerating 10ns SO'that at
least 70%, 80%, or 80% of the fragment or product ions
released from the 1on trap are orthogonally accelerated.
by the electrode. - ' _

Preferably, the step of separating fragment or
product 1ons compriSes'passing,the fragment or product
ions through an ionmobility-spectrometer.

p—
j—

According to a'twelfth;aspectwo; the present

invention, there is provided a mass spectrometer,
comprising: | ' ‘
a device for separating fragment or product ions

according to their ion mObility; and

an i1on trap for trapping some fragment.or product

i0ons;

wherein the ion ‘trap 1S arranged to release
fragment oxr product ions 1n synchronlsatlon with the
operatlon of an electrode for orthogonally acceleratlng:
ions so that at least 70% 80%, or 90% of the fragment
or product ions released fromthe'ion'trap are ‘
orthogonally accelerated.by the electrode..

Preferably, the dev1ce for separatlng fragment or
product ions comprises an ion moblllty spectrometer

Various embodiments of the present 1nventlon w1ll
now be described, by way of example only, and w1th
reference to the accompanying drawings in which:

Fig. 1 shows a conventlonal mass spectrum

Flg. 2(a) shows a conventlonal mass spectrum
obtailned with normal detector galn and Fig. 2(b) shows
a comparable mass spectrum obtalned by'lowerlng the
detector gain; o

Fig. 3 shows the known relationShip between flight
time in a tlme of fllght.mass analyser drift region *
versus drift time in an ion moblllty spectrometer for

various singly and doubly charged 1ons;
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'Fig. 4 shows an experimentally'determined
relationship between the mass to charge'ratio of a
sample of singly and doubly charged ions'and their drift
time through an ion. moblllty spectrometer; '

ey
—ad

Fig. 5 illustrates the general principle of

filtering out singly charged ions according to a

preferred embodiment; '

Fig. © illustratesthe_generaljprinciple of
selecting 1ions having-a SpeCific charge state according
to a preferred embodiment ;

Fig. 7 shows a preferred embodlment of the present
invention; , |

Fig. 8(a) illustrates a'preferred embodiment of an
ion trap,'ion,gate and ion mobility spectrometer, Fig.
8(b) 1llustrates the Varions DC voltages which may*be

~applied to the ion trap, ion gate and ion mobility

spectrometer, Fig. 8(c) illustrates how the DC voltage
applied to the ion gate may vary as a function of tlme
and Fig. 8(d) 1llustrates hOW'a quadrupole mass fllter
may'be scanned accordlng to a preferred embodlment
Fig. 9 illustrates how the duty cycle of an ion
trap-time of fllght.mass analyser increases to
approximately 100% for a relatlvely narrow mass to

charge ratio range compared with a typical maximum duty ~

cycle of approximately 25% ob,alned by operatlng the
time of fllght mass analyser in a conventional manner:

Fig. 10 illustrates a flrst mode of operatlon
according to a preferred embodlment'whereln precursor
ions having a particular de81red charge state(s) are
selected and subsequently mass analysed with a 100% duty
cycle; '

Fig. 11 illustrates a second mode of operatlon'
according to the preferred embodlment wherein precursor
ions having a desrred charge state(s) are fragmented or
reacted and stored in a first ibn'trap,

Fig. 12 illustrates a third mode of Operatlon

according to the preferred embodlment whereln fragment
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or product ions Wthh have been accumulated in the first
ion trap are sent back to an upstream lon trap WhllSt
ions continue to be accumulated from.the ilon source;

Flg. 13 illustrates a fourth mode of Operatlon
accordihgto_the preferred'embodiment whereln fragment
or product ions are Separated according to their ion
mobility and areisubsequehtly\mass analysed with a 100%
duty'cycle, and - ' |

Fig. 14 shows a typlcal experlmental cycllng of
modes of operation. | ‘ '

vVarious embodlments of the present inventioh‘will
now be described' Fig. 3 shows the known relatlonshlp
of flight time in a drift reglon of a time of flight
mass analyser'versus drift time in an 1on mObllltY'.
spectrometer for varlous s1ngly and doubly charged ions.
An experimentally determlned relatlonshlp between the
mass to charge ratio of ions and their drift tlme_.
through an ion mobility spectrometer is shown in Fig. 4.
This relationship.can.be represented by,an'empirically
deriVedpolYnomial\expression. AS cam'be seen from
these figures,'a doubly Charged lon having the same mass
to charge ratio as a singly charged 1on‘W1ll take less
time to drift through an 1on.mob111ty spectrometer
compared with a s1ngly charged~1on Although the.
ordinate axis of Fig. 3 1is glven as the fllght time
through the drift region of a tlme of fllght‘mass
analyser, it will be apprec1ated that this correlates
directly with the mass to charge. ratlo of the ion.

If a mass filter is provided in combination with an
ion mobility spectrometer, andfif the mass filter is

scanned (i.e. the transmitteddrange;of mass to charge

ratios is varied) in synchroniSation with the drift of

1ons through the ion moblllty'spectrometer then 1t is

possible to arrange that only ions hav1ng a partlcular

charge state (e.g. multiply charged ions) will be

transmitted onwardly e.g. to a mass analyser. The
ability to be able to-substantially‘filter.out singly
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charged background ions and/or to select ions of one or

more specific charge states for analyS1s represents a

significant advance in the art.

Fig. 5 1llustrates the prlnc1ple of charge state
selection. The known data of Flg 3 and the
experimentally derived data of Fig. 4 can be 1nterpreted
such that all ions hav1ng the same charge state can be
considered to fall within a dlStlnCt region or band of a
2D plot of mass to charge ratlo versus drift time
through an ion mobility spectrometer In Fig. 5 s1ngly
and doubly charged ions are shown as falling within
distinct bands with an 1ntermed1ate reglion therebetween

‘where very few ions of interest*are'to be found. Triply

- and quadruply'charged ions etc. are not shown for ease

of 111ustratlon only - The large area below the "scan
llne" can be\cons1dered to represent singly charged ions
and the other area can be considered to represent'doubly
charged ions. | ' . | ' |
According to a preferred*embodiment amass filter
1s prov1ded which 1is synchronised with the operatlon of
an ion moblllty'spectrometer Cons1der1ng Fig. 5, it

can be seen that at a time around 4 ms after ions have

first entered or been admitted to the drift region of
the ion mobility'speCtrometer, ions may be emerging from
the 1on mobility spectrometer with'various\different
mass to charge ratios. Those ions which emerge Wlth a
mass to charge ratio of approx1mately 1-790 are most
likely to be s1ng1y charged ions whereas those ions
emerging with a mass to charge ratio of'approximately
1070-1800 are most 1ike1y‘to be doubly'charged ions

Very few, if any, ions will emerge at that point of time
with a mass to charge ratlo between 790 1070 (which

corresponds with- _he intermediate reglon of the graph)
Therefore if the mass filter is set at this partlcular
point in time so as to transmit only ions having a mass
to charge ratio > 790 then it can be assumed that the

majority of the singly charged ions will not be onwardly
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transmitted whereas doubly charged ions (and ions having“
a higher charge state) will be substantlally onwardly
transmitted. If the mass fllter is operated as a high
pass mass filter and if the.m;nlmum cut~cff'mass.to
charge ratio of the mass filter follcws\ih real time the
"scan line" shown in'Fig 5 (i.e. if it tracks the upper
predetermined mass to charge ratio for 31ngly charged
l1ons as a function of tlme) then lt'Wlll be appreciated
that only'multlply'charged 1ons,w1ll\substant1ally be
onwardly transmitted. o . ‘

According to other embodiments the mass filter may

track the lower predetermlned'mass to charge ratio for

‘doubly charged ions. The cut-off mass to charge ratio

may also lie for at least a portlon-of a cycle wrthln
the intermediate region-whichiseparates the regions
comprlslng 51ngly and doubly charged 1ons -.The minimum
cut-off mass to charge ratlo of the mass filter may also
vary in a predetermlned or random.manner between the
upper threshold of the 81ng1y charged ion region, the
1ntermed1ate region and the lower threshold of-the
doubly charged ion reglon It will also be appreciated
that according to less preferred embodlments, the
minimum cut-off mass to charge ratlo may fall for'at

least a portion of time w1th1n the region considered to

comprise elther 31ngly or doubly charged 1ons In such

c1rcumstances, ions of a potentially unwanted charge
state may still be transmltted but the 1nten51ty of
such i1ons will nonetheless be reduced

According to a preferred.embodlment the'mlnlmum
cut-off mass to charge ratio is varled.smoothly, and 1s
preferably increased with time Alternatively, the
minimum cut-off mass to charge ratlo may be 1ncreased in

a stepped manner.
Fig. 6 illustrates how the basic arrangement

described in relatlon to Flg 5 may be extended so that

ions of a spec1flc charge state(s) may be selected.. In

the arrangement 1llustrated in Flg 6 the mass filter is
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operated as a band pass mass to charge ratio filter so

as to select ions of a specific charge state (in this

case triply charged 1ons) in preference to jons having

“any other charge state. At a time T after ions have

first been admitted7or introduced into the ion mbbility
spectrometer, the mass filter, being operated in a band
pass mode, 1s set so as to transmit ions having a mass
to charge\ratio-> P and <'Q,-wherein'P preferably lies
on the upper threshold‘cf\the_region contalning doubly
charged ions and Q preferably lies on the lower -
threshold of the region*ccntaining quadruply charged
ions. The upper and lower mass'cut-offs'P,Q are
preferably smoothly increased'With time so that at a
later time T', the lower'mass to charge ratio cut-off of
the band pass mass £o charge ratlo filter has been
increased from.P to P and.the\upper mass to charge
ratio cut-off of|the-band pass maSS‘to-charge ratio
filter has been increased from Q to Q. “As with the
arrangement described in reiation'to-Fig. 5, the upper
and lower mass to charge ratio-cut*Offs do not need to
follow the lower and~upper;thresholds of any particular
charge state region and accordihg‘to the other o
embodlments the upper and lower cut-offs may fall'W1th1n
one or more intermediate regions and/or one or more of
the bands in which ions hav1ng a particular charge state
are to . be found. For example in one embodiment, the
lower and upper mass to charge ratio cut-offs may'31mp1y
follow the thresholds of the region comprising doubly,
triply, quadruply etc. charged ions. According'tolother
embodiments two, three, four or\more-chargefstates may
be selected in preference toaany-cther charge state
(e.g.-doublyand_triply chafged‘ions may be - _
transmitted). Embodiments are also contemplated wherein
non—neighbcuring charge stateS”(e-g' doubly'and ' l
quadruply charged 1ons) are transmltted but not any
other charge states. | |

Fig. 7 shows a preferred embodiment cf the preeent
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invention. An ion mobility spectrometer 4 is provided.

A pulse of ions 1s admitted to the ion mobility

spectrometer 4. A continuous ion source, e.g. an

electroSpray 10N source,-preferably generates a beam of
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