|  MASS SPECTROVETER The present invention relates to a nmass spectroneter
and nore particularly to a Fourier Transformlon Cyclotron Resonance Mass
Spectroneter. Hi gh resolution mass spectronetry is widely used in the
detection and identification of nolecular structures and the study of

chem cal and physical processes. A variety of different techniques are known
for the generation of a mass spectrum gysing various trapping and detection
nmet hods. One such technique is Fourier Transformlon Cyclotron Resonance
(FT-1CR). FT-1CR uses the principle of a cyclotron, wherein a high
frequency voltage excites ions to nove in a spiral within an ICR cell. The
ions in the cell orbit as coherent bunches al ong the sane radial paths but
at different frequencies. The {inegugpgyrabitigrci rcular notion (the
cylcotron frequency) is proportionar-to the Tom mass. A set of detector

el ectrodes are provided and an image «current is induced in these by the
coherent orbitj ions. . The_anmpl.itude.and frequency of the detected signal
are indicativgggfpﬁﬁéeaﬁaﬁpngeéﬁﬁ rEeé t6f (e % GIFS S Eﬁﬁéiioméiﬁﬁrun1is
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signal produced at the detecfor's electrodes. An attraction of FT-ICR is
its ultraReghnrasel ieisen Segptrcaete@00, 000 in certain circunstances and
typically well _i.n, excess. of 100, 000). However, t.o achjeve such .hi
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For exampheiektibs Weld ikeewn ribat ithe of molecular structures and the

study of chemical and physical processes. A variety of

different techniques are known for the generation of a mass
spectrum using various trapping and detection metheds.

One such technique is Fourier Transform Ion Cyclotron
Resonance (FT-ICR). FT-ICR uses the principle of a
cyclotron, wherein a high frequency voltage excites ions to
move in a spiral within an ICR cell. The ions in the cell
orbit as ccherent bunches along the same radial paths but at
different frequencies. The frequency cf the circular motion
(the cylcotron freguency) 1is proporticnal to the ion mass.
A set of detector electrodes are provided and an image
current is induced in these by the coherent orbiting ioms.
The amplitude and frequency of the detected signal are
indicative of the quantity and mass of the ions. A mass
spectrum is obtainable by carrying out a Fourier Transform
of the ‘transient’, i.e. the signal prcduced at the
detector’s electrodes.

An attraction of FT-ICR is its ultrahigh resoiutiocn (up
te 1,000,000 in certain circumstances and typically well in
excess of 100,000). However, tc achieve such high
resolution, it is important that wvarious system parameters
be optimised. For example, 1t is well known that the
performance of an FT-ICR cell sericusly degrades if the

pressure therein rises above about 2x107°mbar. This places



performance of an FT-1CR cell seriously degrades if the pressure therein

ri ses above about 2x10-9nbar. This places 2 restrictions on the cell design
and upon the magnet that supplies the field to cause the cyclotron notion
of the ions. Problenms with space charge within the cell (which affects
resolution) also affect cell design paraneters. Furthernore, when the cel
is supplied with ions froman external ;source, using either electostatic
injection to the <cell, or using a multipole injection arrangenent (see

US- A-4,535,235), it is known that mnimzation of time of flight effects is
desirable. The present invention seeks to provide an inproved FT- |ICR nass
anal yser arrangenent. In particular, the present invention seeks to provide
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alternatively, inprovenents to the systemfor injectionof ions into an
FT-1 CR ceblipbloms aheextieddaltcsounce. the ayfdlmrstrcas pedctiont ef priesent
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Us-A-4,535,235), it is known that minimization of time of

flight effects is desirable.

The present invention seeks to provide an improved FT-
ICR mass analyser arrangement, In particular, the present
invention seeks to provide an improved FT-ICR mass analyser
geometry, and, additionally or alternatively, improvements
to the system for injection of ions into an FT-ICR cell from
an external source.

In a first aspect, the present invention provides a
measurement cell and magnet arrangement for an ion cyclotron
resonance {ICR} mass spectrometer, comprising: a magnet
assembly including an electromagnet having a magnet bore
with a longitudinal axis, the electromagnet being arranged
to generate a magnetic field with field lines that extend in
a direction generally parallel with the said longitudinal
axils; and an FT-ICR measurement cell arranged within the
bore of the said electromagnet, the cell having cell walls
within which is defined a cell wvolume for receiving ions
from an external ion source, the cell extending in the
direction of the longitudinal axis of the electromagnet and
being generally coaxial therewith; wherein the ratio, R, of
the sectional area of the magnet bore to the sectiocnal area

of the cell volume, each defined in a plane perpendicular to

the said longitudinal axis, is less than 4.25.



direction of the longitudinal axis of the electromagnet and being generally
coaxial therewth; wherein the ratio, R of the sectional area of the
magnet bore to the sectional area of the cell volune, each defined in a

pl ane perpendicular to the said longitudinal axis, is |less than 4.25. 3
Current arrangenents of measurenent cells and magnets tend to have a
significantly higher ratio of nagnet bore section to neasurenent cel
section. For exanple, the previous FT-1CR product sold by the applicant
under the product nanme Finnigan FT/ M5 has an R value of around 7. It is
known to those skilled in the art that the pressure in a vacuum chanber

whi ch contains a neasurenent cell nmust be as |ow as possible - as nentioned
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del eterious effect on resolution. It has to date been understood,
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is desirable as this reduces the effect of space charge. The applicants
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Thus it has been realised that the
cell must be as low as possible - as mentioned in the
introduction, typically a pressure above about 2x10°mbar has
a deleterious effect on resclution. It has to date been
understcod, therefore, that a vacuum chamber for the cell
must have a relatively large internal diameter, to minimize
restrictions to wvacuum pumping. This in turn causes the
magnet bore diameter to be relatively large, to accommcdate
such a wvacuum chamber.

On the other hand, a large diameter measurement cell is
desirable as this reduces the effect of space charge.

The applicants have discovered that, surprisingly, the
larger diameter wvacuum chamber can be dispensed with. The
ion flux is of the order of 107** grams per second and,
therefore, once evacuated to a low pressure, the vacuum
chamber receives essentially no source of contamination of
the ultrahigh vacuum. Thus it has been realised that the
only time where pumping speed is relevant is when the system
(vacuum chamber) is initially evacuated.

By minimizing the secticnal area of the magnet bore,
several advantages are obtained. Firstly, the smaller the
magnet bore area, the lower (typically} is the cost of
manufacture of such a magnet, particularly in the preferred
embodiment where the magnet is a superconducting magnet that

operates in a helium bath. The relatively larger



only time where punping speed is relevant is when the system (vacuum
chanber) is initially evacuated. By m nim zing the sectional area of the
magnet bore, several advantages are obtained. Firstly, the smaller the
magnet bore area, the lower (typically) is the cost of manufacture of such
a magnet, particularly in the preferred enbodi nent where the nmagnet is a
super conducting magnet that operates inp a heliumbath. The relatively

| arger 4 measurenent cell area for a given nagnet bore area also allows
space charge effects to be mnimzed. In the preferred enbodi nent, the
magnet bore and the neasurenent cell are each generally right cylindrical
In that case, where the magnet inner dianeter is |ess than 100mm the

val ue of Phe%@%‘ileﬂmel?ﬁolc%ﬁﬁ than EA2a m%%g&a%net%a@eg%eﬁea el di ameter is

bet ween 100mm and 150mm the value of" R e as low as 2.85 or even | ess.
I n the nostllopreefserarced chiabrowi rETflectR it 2988 niThiereelare particul ar benefits
to the conbination of a small, value of R in conbinatiq? mﬁth‘ﬂeshort (in
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value of R may be as low as 2.85 or even less. In the most
preferred embodiment, R is 2.983.

There are particular benefits to the combination of a
small value of R in combination with a short (in the
longitudinal direction) vacuum chamber and magnet. This
means that the volume of the vacuum chamber is minimized
which reduces initial chamber evacuation time. Most
preferably, the distance in the longitudinal direction from
the magnetic centre to the end of the magnet in the
direction of the incident ions is 600mm or less.

Preferably, the magnet is asymmetric, that is, the
geometric and magnetic centres are not coincident, the
length of the magnet to the magnetic centre being kept short
on the ion injection side.

The cell is preferably mounted in a vacuum chamber. The
cell or chamber is preferably cantilevered or otherwise
supported from a point in front {(i.e. upstream) of the cell.
Previous systems have held the cell from the cther side
(i.e. from the end opposite to the injection side), since
this had previously been considered preferable as the
distance to the end flange is then shorter. Most preferably,
titanium or a similar resilient, non-magnetic material is

employved as a support and in particular a plurality of



on the ion injection side. The cell is preferably nmounted in a vacuum
chanber. The cell or chanber is preferably cantilevered or otherw se
supported froma point in front (i.e. upstrean) of the cell. Previous
systens have held the cell fromthe other side (i.e. fromthe end opposite
to the injection side), since this had previously been considered
preferable as the distance to the end §lange is then shorter. Most
preferably, titaniumor a simlar resilient, non-magnetic material is

enpl oyed as a support and in particular a plurality of 5 radially spaced
tubes are enployed to cantilever the cell and/or vacuum chanber from an
upstream structure. Preferably, the cell and/or vacuum chanber is able to

move, e-gr?§££9§%g$p95@8i§EBer§E Se?%ms9e§néooegngﬁleqéé rRgnekihore. By
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mounting electri contacts on the rear"of the cell and by providing
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the opposite, rear side, nost preferably with a guide for |ocating the cel
as electrodes can be supplied from the remote (rear) side of

the cell. This is beneficial hecause this allows relatively
short electrical leads to be employed which in turn improves
the signal to noise ratio. Moreover, wires that carry
signals from the detector within the FT-ICR to the signal
ampliifying and processing stages can be shortened for the
same reasons, and this improves the signal to noise ratio
for ion detection. Thus, the invention in a preferred
embodiment provides for support of the cell from a first,
front side with electrical contact from the opposite, rear
side, most preferably with a guide for lcocating the cell as
it 1s inserted into its wvacuum housing.

A relatively long cell (e.g. 80mm) is also preferable
in optimising the mass range that can be detected, as is a
long homogeneous magnetic field region (e.g. at least 80mm).

In a further aspect of the present invention, there is
provided an icon cyclotron (ICR) mass spectrometer,
comprising: an ion source arrangement tc generate ions to be
analysed; an ion storage device arranged to receive and trap
the generated ions; lon optics arranged between the ion
source and the ion storage device to focus and/oxr filter the
ions as they pass from the source into the storage device,
and an arrangement as recited above, along with ion guide

means arranged between the ion storage device and the



it isinserted into its vacuumhousing. Arelatively long cell (e.g. 80nm
is also preferable in optimsing the mass range that can be detected, as is
a |ong honbgeneous magnetic field region (e.g. at least 80m). In a further
aspect of the present invention, there is provided an ion cyclotron (ICR)
mass spectroneter, conprising: an ion source arrangenent to generate ions
to be analysed; an ion storage device grranged to receive and trap the
generated ions; ion optics arranged between the ion source and the ion
storage device to focus and/or filter the ions as they pass fromthe source
into the storage device, and an arrangenent as recited above, along with
ion guide neans arranged between the ion storage device and the 6
measur emeql acelbyghd B8 196y ARd MRANCL AR ARG IO QAR @bl gaus the
ions fromthe 1on storage device into the asurenent cell for mass
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spectronmeter having a neasurenent cell located wthin a bore of a nagnet,
the cell preivigedowngassampeic ta dnedietr feare mfs itlatamegetsoute Fk | CR nmass
spectronet er further.conpris%pg detection nmeans to detect iaons injected
into the FELSTAEHRNS 1081 &£° P6n AgdiYdiSTy Adans arrdtyed SEet® tHe i on trap
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into the FT-1CR nass spectroneter for generation of a nass
source into the ion trap; an FT-ICR mass spectrometer having
a measurement cell located within a bore of a magnet, the
cell being downstream of a front face of that magnet, the
FT-ICR mass spectrometer further comprising detection means
to detect ions injected into the measurement cells; ion
gulding means arranged between the ion trap and the FT-ICR
mass spectrometer to guide the ions ejected from the trap
into the FT-ICR mass spectrometer for generation of a mass
spectrum therein; and a power supply for generating an
electric field to accelerate the ions between the ion source
and the measurement cell; wherein the power supply is
configured to supply a potential which accelerates ions from
the source or the ion trap to a kinetic energy E and to
decelerate the said ions at a location only immediately in
front of the measurement cell, and downstream of the front
face of the magnet.

A known problem with FT-ICR mass spectrometers is the
introduction of time of flight separation of ions as they
travel from the ion source to the measurement cell. Broadly,
current systems can be divided intc two categories,

A first type of ion injection system for FT-ICR is a
so-called electrostatic injection system. Here, ions are
guided from the icon source by a system of electrostatic

tenses to the measurement cell of the FT-ICR. In order to



spectrumtherein; and a power supply for generating an electric field to
accelerate the ions between the ion source and the neasurenent cell;
wherein the power supply is configured to supply a potential which
accelerates ions from the source or the ion trap to a kinetic energy E and
to decelerate the said ions at a location only imediately in front of the
measurenment cell, and downstream of thenfront face of the magnet. A known
problemw th FT-1CR nass spectronmeters is the introduction of tinme of
flight separation of ions as they travel fromthe ion source to the
measurenent cell. Broadly, current systens can be divided into two
categories. Afirst type of ion injection systemfor FT-ICRis a so-called

e'eCtrOSt%HH%e%BiE%Ebgﬁv%¥§%&%%1@%&ewi&%n%dﬁﬂ%tﬂB“ﬂ@%iédHHBﬂﬁ“%ddH‘Source
by a system of electrostatiC lenses to the nmeasurenent cell of the FT-ICR

I n order tgstemadliesssepercgieded prighl erde owircs teagretiatarafiladct i on, such
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of the total distance travelled by
travel from the last lens of the electrostatic injection
system, commonly known as the “free fiight zone”, at a
relatively low kinetic energy of a few electron volts. This
distance of low kinetic energy travel may be around 30-40cm
which is around 20-30% of the total distance travelled by
the ions. This introduces time of flight effects wherein
ions of lighter mass arrive at the cell before ions of
heavier mass and may be preferentially trapped in the cell.

In a second arrangement, referred to hereinafter as

“multipole injection”, an array of multipole ion guides are
employed to inject ions from an ion trap into the FT-ICR
measurement cell. In order to allow capture in the cell,
various trapping schemes are employed, such as gated
trapping, exchange of kinetic energy between ions and cther
particles (collisional trapping), or exchange of kinetic
energy between different directions of motion, as is
described, for example, in “Experimental Evidence for
Chaotic Transport in a Positron Trap” by Gaffari and Conti,
Physical Review Letters 75(1995}, No. 17, page 3118-3121. In
each case, however, the ions must have a small kinetic
energy distribution, optimally with a two standard deviation
width of less than one electron wveolts. Without such a small
kinetic energy distribution, only a part of the ion beam is

trapped.



the ions. This introduces tine of flight effects wherein ions of l|ighter
mass arrive at the cell before ions of heavier nass and nay be
preferentially trapped in the cell. In a second arrangenent, referred to
hereinafter as "multipole injection", an array of nultipole ion guides are
enployed to inject ions froman ion trap into the FT-1CR neasurenent cell.
In order to allow capture in the cell, gvarious trapping schenes are

enpl oyed, such as gated trapping, exchange of kinetic energy between ions
and other particles (collisional trapping), or exchange of kinetic energy
between different directions of notion, as is described, for exanple, in
"Experinental Evidence for Chaotic Transport in a Positron Trap" by Gaffari

and Conti, Physigal yRev eweletierpol2( 1992kt iNg. tkehmiage 3Lk8-13121. In
each case, however, the ions nmust have a sSmall kinetic energy distribution,
opt i mal | y cwinmriona Pwe técandar @ cde@dicatiten Lomisdttiradf ares smildreonfeal ect ron
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by taking every effort
time of flight effects increase with overall flight time.
The applicants have found that, by taking every effort
to keep the flight distance short and ensuring that icns are
carefully guided, high energies can be employed between the
source or icn trap all the way through to the measurement
cell. For example, the power supply may supply a pectential
so as to accelerate ions from the ion source and/or the ion
trap to a kinetic energy in excess of 20 electron volts,
more preferably in excess of 50 electron volts, and most
preferably between 50 and 60 electron volts right through
the system to the measurement cell. Looked at another way,
the ions travel from the ion socurce, or the ion trap, to the
measurement cell at a raised potential for at least 90% of
the overall distance. In prior axt electrostatic injection
systems, as explained above, typically a higher potential is
maintained only for 65 to 80% of the total distance from the
ion source to the cell. With a typical multipole injection
system, the ions do not travel at a raised kinetic energy at
all.
Thus, the arrangement of this aspect of the present
invention reduces the unwanted time of flight distribution

dramatically. As a consequence, the arrangement is able to

achieve a mass range of M(high) = 10*M(low). 1In state of



to keep the flight distance short and ensuring that ions are carefully

gui ded, hi gh energies can be enpl oyed between the source or ion trap al
the way through to the neasurenent cell. For exanple, the power supply nmay
supply a potential so as to accelerate ions fromthe ion source and/or the
ion trap to a kinetic energy in excess of 20 electron volts, nore
preferably in excess of 50 electron volgs, and nost preferably between 50
and 60 electron volts right through the systemto the nmeasurenent cell.
Looked at another way, the ions travel fromthe ion source, or the ion
trap, to the nmeasurenent cell at a raised potential for at |east 90% of
the overall distance. In prior art electrostatic injection systens, as
expl ai ned tahover Fypiredl lusa BhebencRRiteMd alavisg i Rtaidet oML @, 65 to
80% of the total distance fromthe ion source to the cell. Wth a typical
mul ti pol etigj eesisomanggstentypheaildys Mdaight) tr duél-3at d avaised kinetic

energy at all _ Thus, the.arrangenent of this aspect  of the sent
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a consequeneced tike a&p%&gﬁ%ﬂn%i%%c@ﬁ|%ﬂa%nﬁ%a“ﬂﬁé3ﬁiﬂ§£¥tréﬁéﬁgfﬁ M hi gh) =
10*Mlow. In state of 9 the art FT-1CR mass spectroneters having an
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wi deni ng € Ki energy r'i buton, optims he geo of the
mass  spegiineTRifk sariangemnt. ihere examalie, (g disa ofl d4H egtdonimm,
multipoles with small inner radii (typically less than 4mm

and most preferably less than 2.9%mm) reduces kinetic energy
spread.

Those skilled in the art are aware that multipole ion
guides operate acceptably even when they are mounted
relatively inaccurately. Again, in a preferred embodiment
of the present invention, lenses and/or multipoles within
the ion guiding means are aligned precisely, and most
preferably with a deviation of less than 0.lmm from optimal
values. This likewise has been found to reduce kinetic
energy distribution of the ions.

In general terms, to optimise the ion flight path for
external injection of ions into an FT-ICR cell, at least one
of the following should desirably be considered. In
preference, at least 50% of the following features are
incorporated in a system embodying an aspect of the present
invention.

(a) Multipole ion guides or lens systems should be
employed that provide a gececd focussing of the ion beam from
the ion source.

(b) The multipole ion guides and/or lenses should have
a small inner diameter and the differential pumping between
each stage should be optimised.

{c) ©Small diameter wvacuum pumps may be employved.



and nost preferably I ess than 2.9m) reduces kinetic energy spread. Those
skilled in the art are aware that nmultipole ion guides operate acceptably
even when they are nounted relatively inaccurately. Again, in a preferred
enbodi nent of the present invention, |enses and/or nultipoles within the
ion guiding neans are aligned precisely, and nost preferably with a
deviation of less than O0.1mm fromopting values. This |ikew se has been
found to reduce kinetic energy distribution of the ions. In general terns,
to optimse the ion flight path for external injection of ions into an
FT-1CR cell, at least one of the follow ng should desirably be considered.
In preference, at |least 50% of the following features are incorporated in

a system enbodyjng @RcasReGhmOhohBEnRr %%%c[}tld bRveRL: Al skt MH:itHiRAlL | on
gui des or |ens systens should be enployed that provide a good focussing of
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| enses shou%ﬂ Eave a small inner dianeter and the differential punping
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be enpl oygdmpi0znGdy1TRgekacuum housi ng shoul d be optimnised to mnimse dead
space, and tﬁls may include slightly bent punping paths wth |ow or no
restriction, tdei nChiezeudpapelednsospriudnibplepaspsnidy fshandes be(e) The
nultipoleé&ggséggk&%g%het%S%gggh z%hggkdl%%ses under acceleration and

to maximize ion transmission to the small lenses.

(f) Ton acceleration should be optimised in
preference, since the time of flight distribution reduces
with increase in ion speed.

(g) Increasing the length of the measurement cell as
much as pecssible. This preferably requires the following:

(h) The use of a magnet with a long homogeneous
region;

(1) A short deceleration zcne adjacent the multipole
exlit lens to convert the bulk cf the kinetic energy into
potential energy, followed by a long and flat deceleration
zone within the cell to remove the last few percent of the
kinetic energy;

(3} Minimization of kinetic energy spread of injected
ions by cooling in a static or dynamic ion trap, by proper
selection and timing of injection potentials, and/or by
precise machining of the ion guide system to minimize
unforeseen or non-deterministic widening of the energy
distribution.

(k) Minimization of the wvolume of the vacuum chamber
in which the measurement cell is mounted, to reduce the
pumpaible volume.

(1) Optimised alignment cf the injection path with the

direction of the magnetic field on that injection path (in



hi gh precision to mnimze ion | osses under acceleration and to maxim ze
ion transmssion to the small lenses. (f) lon acceleration should be
optimsed in preference, since the time of flight distribution reduces
with increase in ion speed. (g) Increasing the |length of the neasurenent
cell as much as possible. This preferably requires the followng: (h) The
use of a magnet with a | ong honbgeneous] region; (i) A short deceleration
zone adjacent the multipole exit lens to convert the bulk of the kinetic
energy into potential energy, followed by a long and flat decel eration
zone within the cell to renove the |last few percent of the kinetic energy;
(j) Mnimzation of kinetic energy spread of injected ions by cooling in a

static OrpynNamdccd OMEEaPhAY DT QRGR a1 $68heskikQBeaNdnkl iRG @i onnicgct i on
potentlals and/ or by preci se machining of the ion guide systemto mnimze

unf or eseeharimorcideterpd i st nd Wiedeni ngcofon hef epeegyagdesiei bueldh. (k)
Mnimzation o the VO of . the vacuum ch asur enment
cell is m)unte{in %Eﬁg the ~punpableevor u?%nefifl%gt£ﬁ1E%ﬁngeﬁﬁnnent of
the inj eCElh@rb@@él’ﬂtﬂ\él hot hehe dhégetitOne@f tbel nBEReLLCcibhetdponrthak

i njection £¢th (in 11 preference, |ess than 1ldeviation bet ween t he

directi onrcb¥se tdqe P%?%%bl%nt@atheam@tQ%%l@lr@ﬁttbﬁ et hearagheéthce field.).
(m Finaliﬁ%ec%s éhgofgﬁge£§90b€Q§{ ﬁégéu£gmen£n iT.

The inventiocn also extends to a method of mass
spectrometry comprising: (a) at an ion source, generating
ions to be analysed; (b) guiding the generated icns into an
ion trap:; (c) ejecting ions from the ion trap; (d) guiding
the ions ejected from the ion trap into an FT-ICR mass
spectrometer which has a measurement cell located within a
bore of a magnet, the cell being arranged downstream of a
front face of that magnet; {(e) accelerating the ions from
the ion source or the ion trap to the measurement cell of
the FT-ICR mass spectrometer; (f) decelerating the ions at a
location only immediately upstream of the measurement cell,
that location being downstream of the front face of the
magnet; and (g) detecting the ilons within the measurement
cell.

Further preferred features of the present invention
will become apparent by reference to the appended claims and
from a review of the specific description of a preferred
embodiment which follows.

A preferred embodiment of the present invention will
now be described by way of example only and with reference
to the following Figures, in which:

Figure 1 shows, schematically, a mass spectrometer
system including a measurement cell of a Fourier Transform

Ion Cyclotroun Resonance (FT-ICR) Mass Spectrometer (the



the potential of the neasurenent cell during ion capture as close as
possible to the potential of the ion trap which injects the ions into that
measurenent cell. The invention also extends to a nmethod of nass
spectronmetry conprising: (a) at an ion source, generating ions to be

anal ysed; (b) guiding the generated ions into an ion trap; (c) ejecting
ions fromthe ion trap; (d) guiding the ions ejected fromthe ion trap into
an FT-1CR nass spectroneter which has a neasurenent cell located within a
bore of a magnet, the cell being arranged downstreamof a front face of

t hat magnet; (e) accelerating the ions from the ion source or the ion trap
to the nmeasurenent cell of the FT-1CR mass spectroneter; (f) decelerating

the ions igRet| PEALEQEL ORLY HATEMI 3hehy upstrgam:of the measyperept cell
that | ocation being downstream of 'the front face of the nagnet; and (g)

detectingclheiiphs within the neasurenent cell. Further preferred features
of the present_invention_ . W |l _becone apparent by reference to the _appended
cl aims and frgﬁg%??e%?eﬁp8wstﬁec Béﬁi?ﬁcoéech?%Fi8g %ﬁeasﬁﬁgﬁgrpgd _
enbodi ment; whi-ehy f oh| ewsthéw-pretenn edi gabadi ngnthef mbAgupEASART ciklvention
will now be described by way of exanple only and with reference to the

f ol | ow ngb¥t guieout nawhigehumFegaceml shows, schematically, a mass
spectronet er E%sten1£§c%gding nmeasurenent _ce a, Fourier Transform

||
lon Cyclotron RESBHANG TIF CR) *MBER - SPel rgﬁ%FEFO%thu 2 *DFAEN&E S 6 such
not bei ngvsbewn houkigyre 1 for the sake of

Figure 3 shows a still further detailed close-up of the
measurement cell of Figures 1 and 2, as well as the vacuum
housing therefore;

Figure 4 shows the measurement cell of Figures 1 to 3
mounted within a bore of a superconducting magnet;

Figure 5 shows the preferred relative dimensions of the
measurement cell and the bore of the superconducting magnet
in the axial and radial directions;

Figures 6a and 6b show a rail arrangement to allow
movement of the cell of Figures 1 to 4 into (Figure 6a) and
out of (Figure 6b) the magnet of Figure 4; and

Figure 7 shows the preferred potential distribution of
the system of Figure 1.

Referring first to Figure 1, a highly schematic
arrangement of a mass spectrometer system embodying the
present invention is shown.

Ions are generated in an ion source 10, which may be an
electrospray ion source (ESI), matrix-assisted laser ion
desorption ionisation (MALDI) source, or the like. 1In
preference, the ion source is at atmospheric pressure.

Ions generated at the ion source are transmitted
through a system of ion optics such as one or more
multipoles 20 with differential pumping. Differential

pumping arrangements to transfer ions from atmospheric



clarity); Figure 2a shows a close-up of a part of the systemof Figure 1 in

further detail, including the neasurenent cell but w thout a vacuum system
Figure 2b shows the system of Figure 2a but including a vacuum housi ng;
Figure 3 shows a still further detailed close-up of the nmeasurenment cell of

Figures 1 and 2, as well as the vacuum housing therefore; Figure 4 shows
the measurenment cell of Figures 1 to 3 jfrounted within a bore of a
superconducting nmagnet; Figure 5 shows the preferred relative di nensi ons of
the neasurenent cell and the bore of the superconducting nmagnet in the
axial and radial directions; Figures 6a and 6b show a rail arrangenent to
allow novenent of the cell of Figures 1 to 4 into (Figure 6a) and out of

(Figure 6R)-dhermaRein o B qwie tdvand oWk skushows-d he- pr efedhetas
potential distribution of the systemof Figure 1. Referring first to Figure
1, a hi ghlspcschendthiec arar rangendnt roft dearalss spdrd dhet@resyst em enbodyi ng

the present invention.i.s shown. lqns are .generat.ed iJy an_ion source 10,

whi ch may be am '@l IS &y ngcoltﬁoglvee (l%§1 )P et i%b— ST St St 1 H¥er on
desor pti o dzgnizvat i ahd NRDr SPOWLE heOla they Idkes-g mr preference, the ion
source is at atnospheric pressure. lons generated at the ion source are
transm tt el tipodigg i raps st emyofolilr optiited lsucerasstoneadgs deriecenul ti pol es

20 with d%ﬂ&ﬁﬂ?z&kﬁ%ﬁ%%ﬁ@'gﬁeé%ggﬁgﬁgggf% or optical traps.

Tons are ejected from the ion trap 30 through a first
lens 40 into a first multipole ion guide 50. From here, ilons
pass through a second lens 60 into a second multipole ion
guide 70, and then through a third lens 80 into a third,
relatively longer multipole ion guide 90. The various
multipole ion guides and lenses are preferably accurately
aligned relative to one another such that there is less than
0.1lmm deviation from optimal wvalues.

In the arrangement cf Figure 1, the inner diameter
(defined by the rods in the multipole) of each of the
multipole ion guides 50, 70 and 20 is 5.73mm. The lenses
40, 60 and 80 have an inner diameter, in preference, of 2 -
3mm. Employing injection multipoles with small inner radii
helps to improve ion injection at high speed without
widening the kinetic energy distribution of the ions as they
pass through the multipole ion guides. It is furithermore
desirable to maintain the ratio of the inner diameter of the
lenses to the inner diameter of the multipoles as clecse to 1
as possible within the constraints of differential pumping.
This minimizes the spread of kinetic energy.

At the downstream end of the third multipole ion guide
90 1s an exit/gate lens 110 which delimits the thizrd
multipole ion guide and a measurement cell 100. The
measurement cell 100 is a part of a Fourier Transform Ion

Cyclotron Resonance (FT-ICR) Mass Spectrometer. The



punpi ng arrangenents to transfer ions from atnospheric 13 pressure down to
arelatively | ow pressure are well known as such in the art and w |l

descri bed further.

trap 30.
ot her sui
optical t

The ion trap may be a 2-D or 3-D RF trap, a nultipole trap o
tabl e ion storage device, including static electromagnetic o
raps. lons are ejected fromtheg ion trap 30 through a first

not be

lons exiting the nultipole ion optics 20 enter an ion

r any
r
| ens

40 into a first multipole ion guide 50. Fromhere, ions pass through a
second lens 60 into a second nultipole ion guide 70, and then through
third lens 80 into a third, relatively longer multipole ion guide 90.

vari ous

relative {0,90¢cABALNEEISUEN Ot bgb ke

mul tipole ion guides and | enses are preferably accurately al
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bSmbe38ekhan s¢@. LFm devi ation from

opti mal values. In the arrangenent of gigure 1, the inner dianeter (defined
by the rodglindrheadukileptlrejicef 1é8ch 46f ashehomul tinpdliguiren lguitdes 50, 70

and 90 is
pr ef erenc

73 he | 40, 60 d 8Q.h A di ter, i
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radii  hekpsit @nLEPr Q¥e chRRihBkeehi On tdt shighnereed MiiRout-awM.deni ng the

kinetic energy distribution of the ions as they pass through the multipole
i on gui desyclpotirenf wetshaprmoeeasdési pables steomaidnt dihyw sehe kidtlies! ¢fa tihe i nner
of . the lenses to the inner diameter of the multipoles as close to

di anet er
1 as pos

&hl'e within the constraints of differential pumping. This

m nimzes the gpeeagdnel kipekikerener ghe Akithgadewnsivzeameend of the third
mul tipole ion guide

selected to be only slightly smaller than the multipole
inner diameter (which is in preference 5.73mm), because the
magnetic guiding field frem the FT-ICR magnet (not shown in
Figure 1) at that point is sc strong that ions are not
“drawn” through the lens as they are in the upstream
positions where the magnetic field is relatively negliigible.

By using a shielded magnet, the magnetic field at third
lens 80 is to all intents 0. A further advantage of such an
actively shielded magnet is that it allows high performance
turbo pumps to be mounted close to the magnet face so as to
provide better pumping and shorter time of flight. Prior
instruments used diffusion pumps mounted away from the
magnet because the magnetic fields from an unshielded magnet
would destroy a pump using rotating parts, and diffusion
pumps having a large metal mass could not be mounted too
close to the magnet or they would distort the magnetic
field.

It is to be understocod that, whilst ions may be
generated at ion source 10 and travel directly from there
into the measurement cell 100, they may instead be ejected
from the ion trap 30 for further storage in the first
multipole ilon guide 50 and subsequent passage from there

into the measurement cell 100.



90 is an exit/gate lens 110 which delimts the third nultipole ion guide
and a neasurenent cell 100. The neasurenent cell 100 is a part of a Fourier
Transform lon Cycl otron Resonance (FT-1CR) Mass Spectroneter. The 14
measurenent cell 100 typically conprises a set of cylindrical electrodes
120- 140 as shown in Figure 1, to allow application of an electric field to
ions within the cell that, in conbinatjicon with a nmagnetic field, causes
cyclotron resonance as is understood by those skilled in the art. The inner
di anmeter of the exit/gate lens 110 is selected to be only slightly smaller
than the multipole inner dianeter (which is in preference 5. 73nm, because
the nmagnetic guiding field fromthe FT-1CR nagnet (not shown in Figure 1)

at that point {5gge Ryband it B?Ea_riaQ@ﬁgaE%n'a‘?Lttio'h ravs b@@g}gg&etshe lens as

they are in the upstréeam positions where the magnetic is relatively
negl i gi bl eitBynushegsgsskimekcdedimagretl, atrhe amagsethiecifd eltd thte tinrd | ens 80

istoall intents_ 0. A further,advantage of such an _actively shielded
magnet isSPHﬁFeiﬁoaI95ﬂgnﬁigﬁ %5&@&rﬁ§n5@e @b & THRmpS 1t & Ybe nted cl ose

to the magngt riace 80123p9e BHAVLHE dRether 1RUTRIAG ard (3RO {d e of
flight. Prior |nstrunen%s used di'ffusion punps nmounted away fromthe

magnet bemamgépphe.d@@ngvﬁdefﬁél@Qﬁfﬂ@ﬁ?a@amngmiém@edhﬁaghenﬂiMamﬂdadestroy

50U U0 FOLSL! N9 PR B nd, i ysion. Puhy, havig, & large ptal s

magnetic cEhel d90 in particular). Such a low pressure is important
in the measurement cell to maintain good mass resclution.

The kinetic energy of ions in a one of the multipoles
50, 70, 90 is a result of the difference ¢f the initial
potential of the icns when they are ejectad either from the
ion trap 30 or from the first multipole ion guide 50, and
the potential in the respective downstream multipole ion
guide (50, 70, 90). The kinetic energy of ions in the
measurement cell 100 is a result of the difference between
the initial potential and the measurement cell potential.
Because the electric fields are typically saddle-shaped, the
potential at the ion trap 30 or the first multipole icn
guide 50 must be slightly above the cell potential defined,
for example, by the cylindrical electrode 140 in Figure 1.
The kinetic energy spread and beam divergence increases

with mechanical imprecision of the multipocle ion guide and
lens assemblies {50-90} the acceleration voltage, and the
multipole ion guide diameter. The kinetic energy spread and
beam divergence decreases, however, with the strength of the
gulding potential. Thus, the increased kinetic energy spread
from a higher acceleration voltage can be compensated by
proper mechanical alignment and selecticn of small diameter
multipoles with high effective guide potential. The lens
alignment and construction of multipole ion guide 90 from

two multipoles which are connected and aligned extremely



It is to be understood that, whilst ions nmay be generated at ion source 10
and travel directly fromthere into the neasurenent cell 100, they nmay
instead be ejected fromthe ion trap 30 for further storage in the first
mul ti pol e ion guide 50 and subsequent passage fromthere into the
measurenent cell 100. 15 Under typical operating conditions, the pressures
within the systemof Figure 1 are atnoggheric at the ion source 10, around
10-3 nbar at the ion trap 30, i0-5 nbar at the first multipole ion guide
50, 10'7 nmbar at the second nultipole ion guide 70 and 10-9 nbar in the
third nultipole ion guide and downstreamfromthere (and in the measurenent
cell 100 in particular). Such a |low pressure is inportant in the

nmeasur emepte €654 1 ¢ 0i SEb&HAEN-900d MBSSpaesobuihen. aTheikirBatkCoengegy of
ions in a one of the nmultipoles 50, 70, 90 is a result of the difference of

the initithanpofenhtpan bf thecibdhedwhenct heysaid epeépéd BlLeRes-fromthe
ion trap 30 or,fro he first _nultipole,ion.guide 50, and_.the potential in
t he respecpiveT%om%%%?g%ﬁ$%ﬁ%PiBgﬁgggﬁﬁlsgaFqgh?Sﬁér%BPSQBf?g?ﬁeékﬁnetic
energy ofshems in Fhguraeasuhenentagrl k+d90.1s1a Lesubt ebutbe, dibf eeence
between the initial potential and the nmeasurenent cell potential. Because
the el ect¥fécfsePdd Bhett ypreal Pytsabdfesshapederehd cpeipheirdl ahethe ion

trap 30 or th irs i el ui de,50 t. Li | y _above the cel
potentialpaé?ﬁﬁéég 5?3?L%xg§%lg%8§y3?h%gc9 fnggﬁcépgeﬁgéggédésl4o in Figure
1. The kiapbrexenetgyysporad amdebpanedtvelgencenhiengieasesenwl ub aechani cal

inpreciSing?fTﬁergyé;LEgaeokoghgu%ggsgngultipole ion guide 50 is
-10V and this also has a length of approximately 50mm. The
second lens 60 has a potential of -50V, the second multipole
a similar potential of -50V (with a length of approximately
120mm), and the third lens 80 has a potential of -110V. The
third multipole icn guide 90 is approximately 600mm in
length and has a potential of -60V. The exit/gate lens 110
has a potential of -8V, and the measurement cell 100 is
preferably at 0V, with the electrodes 130 and 131 being at
+/-2V respectively. The different voltages on the electrodes
in the cell 100 together provide a potential within the cell
that has turning points for ions with a certain kinetic
energy spread within the cell 100, so that ions at the
turning points are at rest and are then accelerated
backwards by the potential. This in turn provides sufficient
time to close the cell and switch over to ion
storage/detection within the cell 100, where a “dish shaped”
potential as shown towards the bottom right hand part of
Figure 7 is instead applied. &n end face 111 of the
measurement cell 100 is held at 2V to provide a trapping
potential.

The manner of supply of power to the electrodes in the

measurement c¢ell 100 will be described below in particular

in connection with Figure 3.



| ens assenblies (50-90) the acceleration voltage, and the nultipole ion

gui de dianeter. The kinetic energy spread and beam di vergence decreases,
however, with the strength of the guiding potential. Thus, the increased

ki netic energy spread froma higher acceleration voltage can be conpensated
by proper nmechanical alignnent and selection of small dianmeter nultipoles
with high effective guide potential. The I ens alignnment and construction of
mul ti pole ion guide 90 from two nultipoles which are connected and aligned
extrenely 16 precisely is beneficial. In particular, a tolerance of |ess
than +/-0.5mmis specified, and less in certain places. The accel eration
potentials of the various stages are shown in Figure 1 above each stage. It

i s, of course,yiphbehe Unslesst 09Ust hatcthese pOLeB] 1 ahs abBsMEkehytaxenpl ary.
The potential of the ion trap 30 is OV, and its length is apFrOX|nater
ah

50mm  Thesperentast atceheratedtandnshao rsaveb\atThelpbientvahioh the first
mul tipole_ ion ggldelﬁot%% %%%Oygagﬁehgég agﬁgigg@eaPh%gg%Qagf approxi matel y

50nm  The®"'€e¢ond Tens a’pote &-Se¢ond nmultipole a

simlar pekgatiahcoOl ab&Vshwhhh achengtbcollappiaxirrgtieky7.120amy;i1and the
third lens 80 has a potential of -110V. The third nultipole ion guide 90 is
appr oxi nebel yobednimah, lengehtafdlhds Bhpoiensi arcoptibdvirareléking/ gate
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respecti vehynetThegndi dferensteverbagaswonht helehgot Fodesdecaikhateehl 100
together provide a potential within the cell that has turning points for
i ons wi t hPateertad naki hegjgeasurement cell 100.

As an alternative, the ions may be stored in the third
multipole ion guide at OV.

Referring now to Figure 2a, the part of the system from
the first multipole ion guide 50 onwards is shown in more
detail,

Particularly, Figure 2a shows a support structure 200
for the cell 100 and for the ion transfer optics.

The support structure 200 is formed from a non~magnetic
material such as titanium or aluminium. The support
structure 200 1s mechanically connected to a lens holder 81
which in turn supports the third lens 80. The support
structure 200 itself is formed from, in preference, titanium
tubes 210, 211 that are interconnected by aluminium spacers
220. Other non-magnetic materials can be employed, but the
use of lightweight materials is beneficial as it avoids
bending.

Figure 2a also shows a part of an electrical contact
system 300 which will be described in connection with
Figure 3 below.

It is important to note from Figure 2a that the cell
100 is supported by the support structure from the injection
side, that is, it is cantilevered or otherwise supported

from the lens holder 81 (although it could be supported from



energy spread within the cell 100, so that ions at the turning points are
at rest and are then accelerated backwards by the potential. This in turn
provi des sufficient tinme to close the cell and switch over to ion
storage/detection within the cell 100, where a "dish shaped" potential as
shown towards the bottomright hand part of Figure 7 is instead applied. An
end face 111 of the neasurenment cell 10 is held at 2V to provide a
trapping potential. The manner of supply of power to the electrodes in the
measurenent cell 100 will be described belowin particular in connection
with Figure 3. 17 Wth the potentials described above, the ions fromthe
source are accelerated and then travel at relatively high energies all the

way to t%f@iﬂhelzo&,ulmlr@ot;@mtah@s@%l@ﬁw&cb €l show, : schegmt i cal ly,
in Figure It will be noted that, in particular, the ions are stil

travel | i ﬁgﬂim tie atmmreg;ﬂmf B it roh Vi t%lwmemafy plasthént o the

magnet and %{e de erat§glyﬁgh %Héq qglf at deceleratl @@ientl at the
measur ement ¢ i al't eFhatt v %eeasf%]ﬁsm% t cfnﬂﬁ e third
mul ti pol endw gﬂﬂtciﬁ Atg Qvét Ref efHd Nohoved i e i ¢ r?a’;t;né@QrJP@I tpef the
systemfrom_ the first nultipole ion guide 50 onwards is shown in nore

detai | . Paytlisciules IRglam gu?e?%i%ﬁibw@l aﬂsﬁl'pp%quwﬁ riicture 200 for the cell
100 and for &SI AnS! 6 RRH O, THE: SHRPRIeRAILCLPT £: 400, 15,1 pLed
shown but with various wvacuum housings attached. More
specifically, a transfer block vacuum chamber 23C, which
encloses the second lens 60, the second multipole ion guide
70, the third lens 80 and the part of the third multipole
ion guide 90 has ports 250, 251 to allow pumping. Alignment
cf the system is achieved by a mechanical arrangement
adjacent the port 251 (not shown in Figure 2b) that allows
x-y movement of the measurement cell 100 using levers,

The other important feature to note from Figure 2b is
that the inner diameter of the cell 100, relative to the
diameter of a cell vacuum chamber 240 in which it is
mounted, is large. In other words, there is minimal
distance between the inner diameter of the measurement cell
100, and the inner diameter of the cell vacuum chamber 240.
The cell 100 shares radial space with the titanium tube 211,
which is partially cut away to provide more space for the
cell 100 at that point.

With such an arrangement, insertion c¢f the cell 100
into the cell vacuum chamber 240 is more readily achievable
from the upstream (injection) side. This avoids the need to
construct a flange at the rear (non-injection} side of the
measurement cell 100, within the cell wvacuum chamber 240.

Referring now to Figure 3, & still further close-up of
the measurement cell 100 and cell vacuum chamber 240 is

shown. It will be seen that the vcltage supplied to the



material such as titaniumor alumnium The support structure 200 is
nmechani cal |y connected to a lens holder 81 which in turn supports the third
| ens 80. The support structure 200 itself is formed from in preference,
titanium tubes 210, 211 that are interconnected by al um nium spacers 220.
O her non-magnetic materials can be enpl oyed, but the wuse of |ightweight
materials is beneficial as it avoids fending. Figure 2a also shows a part
of an electrical contact system 300 which will be described in connection
with Figure 3 below. It is inportant to note fromFigure 2a that the cel
100 is supported by the support structure fromthe injection side, that is,
it is cantilevered or otherw se supported fromthe | ens holder 81 (although

it coul dche isupnertied fenct@s anyoctingr isuirtiakire pOi nts Upsid eaa of the
cell). This also helps to inprove the accuracy of the alignnent of the
system TE&ImdAn&r- i 1w dhet e drdasyr ementecceln Figmnayd)be noved into and
out of t super.cqonduct.i_n gnet. wi.l | .be . explained bel qw i n _connecti on

W th Fig%ﬁgcﬁglﬁgﬁeﬁqqaféh) |éﬁféeﬁ&CHﬁ%g%ﬁfﬁﬁ&gﬁ%ﬁﬁ%ﬁuﬁﬁ%ﬁﬁ%‘ﬁ% S
shown butjowi tily Mar iBus ivaqluEMaReUshREs rat tached: Myee wispecidfdead |y, a

transfer bl ock vacuum chanber 230, which encloses the second |ens 60, the
second niEEitpeife Hhén SPIRRGEt 70, ucHe nehiZXd | dis-BO-ed faRe RrAvietethe third
the syot eaTenstiiilsy Byl et o A et L e R AT o5l
(not shownl mnd gurse 2)tst hat aaldeowsinal block within which are

mecunted self-aligning contacts 320. These are mounted

through the rear face 290 of the support structure 20C and

are adapted to engage with corresponding pins or lugs 310

which extend through the rear wall (again as viewed in

Figure 3) of the cell vacuum chamber 240. This arrangement

allows electrical contact from outside the system through to

the electrodes of the measurement cell and, at the same

time, allcows mechanical self-alignment of the support

structure 200, and hence the measurement cell 100, relative

to the cell vacuum chamber 240. The latter, in turn, can be

accurately mounted within the magnet (as will be explained

in connection with Figures 6a and 6b below), sc that the

overall alignment of the measurement cell 100 with the

magnetic field lines is optimised. A further benefit of

having the contacts on the rear side {(that is, the side

remote from the injection into the measurement cell 100) is

that the leads may be relatively short. Making the detection

leads (not shown) from the detector to the amplification

clrcuits improves the signal-to-noise ratio for ion

detection.

The measurement cell 100 is, in preference, relatively

long and in the preferred embodiment has an 80mm storage

region. The magnetic field generated by the magnet {not



x-y novenent of the neasurenment cell 100 using |evers. The other inportant
feature to note fromFigure 2b is that the inner dianeter of the cell 100,
relative to the dianeter of a cell vacuum chanber 240 in which it is
nounted, is large. In other words, there is mninmal distance between the

i nner dianeter of the nmeasurenent cell 100, and the inner dianeter of the
cell vacuum chanber 240. The cell 100;ghares radial space wth the titanium
tube 211, which is partially cut away to provide nore space for the cel

100 at that point. Wth such an arrangenent, insertion of the cell 100 into
the cell vacuum chanber 240 is nore readily achievable fromthe upstream
(injection) side. This avoids the need to construct a flange at the rear

(non-i nj e¢lch@n) nSipdgpale the i MBasuhaRN, &ldrak00; Wddidhddigs egldy vacuum
chanber 240. Referring nowto Figure 3, 'a still further close-up of the
measur emerit leelsit Th@tadengdlll afaddmm.chanber 240 is shown. It will be seen

that the volt supplied.tq t 19 cylindrical .el ectrodes (120-,140 in
Figure 1) is %%%‘r%%%@g rnéjﬁjrot(q Egl.g,urfero the TR (ifiaédlﬂéjcg i?lfﬁl‘@re_ 3).
El ectri calescoteatint @dihe 1@edyodas ofcddie Jeasunenent cell 100 is in
particul ar achieved by a rear face which forms a part of the support

st ruct ur § RGECOTHUS tigkr Meae thrid\d des sovrer filfatd Wit orombiudting surf ace

for the titaniu es 2 211 a al so .,acts as a m nal_ bl ock w thin
whi ch ar @ag%t}n?eotc?u?&cfl-u;qoqsgrﬁ nsélpceor}n Aty . cI‘:hlelseqtlgldr’"e arna)huenjtleudnL t hr ough

the rear Jaace 2290 of Hdwer ssHiRArd S30,UGtH ARG Afitht ase afapied 4 0 engage
wi th correspondi ng pins or |ugs 310

nitrogen bath 450. All of these features are well known to

those skilled in the art and will not be described further.

The cell vacuum chamber 240, support structure 200 and
multipole ion guides 50, 70, 90 are not shown in Figure 4
for the sake of clarity.

Between the front of the magnet coils 410 and the
vacuum insulation 440 is a space 480. The coill is preferably
moved in the direction of that space 480 so as to shorten
the distance from the magnetic centre of the magnet (which
coincides with the geometric centre of the measurement cell
100} towards one end of the system. In preference, although
not shown in Figure 4, the magnet i1s asymmetric so that the
length of the magnet may be kept short on the injection
side. In particular, it i1s beneficial that the distance from
the front plate to the centre of the magnetic field is less
than 600mm.

The cell 100 (and the cell vacuum chamber 240) are
mounted within a bore 460 of a cryostat in which the
superconducting magnet sits. The bore 460 has a diameter 490
which i1s, it will be understcod, narrower than the bore 495
of the superconducting coil 410.

Figure %5 shows the relative areas of the components of
Figure 4. The area of the inner diameter of the measurement

cell 100 is shown by region 500. This has a cell radius 501.



whi ch extend through the rear wall (again as viewed in Figure 3) of the
cell vacuum chanber 240. This arrangenent allows electrical contact from
outside the systemthrough to the el ectrodes of the nmeasurenent cell and,
at the same tine, allows nechanical self-alignnent of the support

structure 200, and hence the neasurenent cell 100, relative to the cel
vacuum chanber 240. The latter, in turgy, can be accurately nmounted within
the magnet (as will be explained in connection with Figures 6a and 6b

bel ow), so that the overall alignnment of the nmeasurenent cell 100 with the
magnetic field lines is optimsed. A further benefit of having the contacts
on the rear side (that is, the side renote fromthe injection into the

measur emgp, q%ter(l%)dii \ﬁ};ﬂ)"actfhreg 02209 I 0§ @l I oY tendvBiking the

detection 1eads (not sho tthe detector to the anp i cation
Ci r cui t s mamuedv és rehd 84 gmalEitgn=moidge irsatshmwirorat are fadetrest irameridile
neasurengqt cell ,100 is, incgr ference, relatively 1long and in the
pref er r ed lendOdiFHEIE Shals &7 Stioy 4g€  TReGiven S i et it %4 el d

gener at e¢hiby 1hhe FRANGL ANQIN 20 nighown IR FIQWR 3 dr 1d.kew Sleer&L@{ erably

honbgeneous ovér at least that |length of 80nm Referring nowto Figure 4, a
schemat i Cedmawinndghef malge e mirasiarenentofcelte 1E@Meid jvtisi dlocatimrswartdd n a

super condycting nmagnet 400 is shown.. The superconductin et 400
i ncl udes W&%ﬁ&%ec&%d’&lﬁwﬁ é-‘o%“l_s‘“zﬁé{f o PR R 42071 b Mt Bhi el d 430,
vacuum I ’iﬁ%lé{f%tﬂe%%e‘}‘“%cﬁ%ea cIidd0g8y Rath 430t Inffndihese fipatdres are

wel I known
as explained above, in preference geometrically asymmetric.

We define a ratio R which is the radio of the sectional area
within the magnet bore, 510, measured in a plane
perpendicular to the longitudinal axis of the magnet bore,
relative to the area ¢f the inside of the measurement cell
100 {reference numeral 500 in Figure 5). For systems with a
magnet inner diameter less than 100mm, it has been found
that, especially for preferred cylindrical cells, R should
be less than 4.25. In the most preferred implementation,
which we currently implement, a cell with an inner diameter
of 55mm and a magnet bore diameter of 95mm is used, so that
R = 2.983. Selecting a small R has a particular benefit in
conjunction with a short length vacuum system and magnet,
for example, there is particular benefit to having a small R
and a distance 521 which is less than 600mm.

For systems with a magnet in a diameter 511 that is
between 100 and 150mm, R should preferably be less than
2.85. Previous systems had R, for example, in excess of 7.

Referring finally to Figures 6a and 6b, a high
precision rail system 53C is shown. This supports the
system of Figure 1 (ion source, ion guides, measurement cell
and measurement cell support structure) relative to the

superconducting magnet 400. The structure can be moved into



those skilled in the art and will not be described further. The cell vacuum
chanber 240, support structure 200 and nultipole ion guides 50, 70, 90 are
not shown in Figure 4 for the sake of clarity. Between the front of the
magnet coils 410 and the vacuuminsulation 440 is a space 480. The coil is
preferably noved in the direction of that space 480 so as to shorten the
di stance fromthe nmagnetic centre of tjie magnet (which coincides wth the
geonetric centre of the measurenment cell 100) towards one end of the
system In preference, although not shown in Figure 4, the nagnet is
asymmetric so that the Ilength of the nmagnet may be kept short on the
injection side. In particular, it is beneficial that the distance from the
front plate tr@ohh@eﬁgaﬁ:@%qfe the emagnehieC shiveh¢ dnsid@sShg thama0Qup The
cell 100 (and the cell vacuum chanber 240) are nounted within a bore 460 of
a cryost an gncwhechithe ARSuper cerddet Faguregnér $inds 6bTHe dimed 460 thas a

di aneter 490 which is, it will be understood, narrower than the bore 495

of the superconducting coil 410. Figure 5 shows the relative areas of the
conponents of Figure 4. The area of the inner dianeter of the neasurenent
cell 100 is shown by region 500. This has a cell radius 501. 21 The inner
radi us of the magnet (that is, the radius of the magnet bore 490 in Figure
4) is shown at reference nunmeral 511 in Figure 5, and this is the radius of
the area 510. Finally, the reference nuneral 521 denotes the axial |ength
bet ween the magnetic centre of the magnet (which corresponds



with the geonetric centre of the neasurenent cell 100 in preference) to the
closer end face of the magnet which is, as explained above, in preference
geonetrically asymretric. W define a ratio Rwhich is the radio of the
sectional area wthin the nagnet bore, 510, neasured in a plane

per pendi cular to the |ongitudinal axis of the magnet bore, relative to the
area of the inside of the neasurenent Il 100 (reference nuneral 500 in
Figure 5). For systens with a nagnet 1hner dianmeter |less than 100mm it has
been found that, especially for preferred cylindrical cells, R should be

| ess than 4.25. In the nost preferred inplenentation, which we currently
inplenment, a cell with an inner dianmeter of 55mm and a magnet bore dianeter
of 95mMmis used, so that R = 2.983. Selecting a small R has a particul ar
benefit in conjunction with a short | ength vacuum system and nagnet, for
exanple, there is particular benefit to having a small R and a distance 521
which is bﬁﬁ;ﬂ%han 600mm For systens with a magnet in a dianmeter 511 that
is bet and 150mm R should preferably be | ess than 2.85. Previous
systens had R, for exanple, in excess of 7. Referring finally to Figures 6a
and 6b, a high precision rail system530 is shown. This supports the
systenvof Figute 1 {iBASSoBPEElTPBACYUI deB8Pr reaBYf enent cel |l and

measur enent ce p r u Y e..S ucting nagnet
400. The struc%ﬁriggaﬁé%gééngg% é%%%£§é§ﬁ#hgoé%o%$t%%p%$%{ﬁ$§gbore of the
super conduct i ngnmagnet r400coi nede thir¢ eché offe ARradsd Seensp Fi gures 6a and 6b

respectively. 23 , , , ,
ion optics means to guide the iong from the source into

. } the ion trap;

i 10 an FT-ICR mass spectrometer having a measurement cell
located within a bore of a magnet, the cell being downstream
of a front face of that magnet, the FT-ICR mass spectrometer
further comprigsing detection means to detect ions injected
into the measurement cells;

15 ion guiding means arranged between the ion trap and the
PT-ICR mags spectrometer to guide the ions ejected from the
trap into the FT-ICR mass spectrometer for generation of a
magg spectrum therein; and

a power supply for generating an electric field to

20 accelerate the ions between the ion source and the

[

measurement cell;
wherein the power supply is configured to supply a
potential which accelerates ions from the source or the ion
trap to a kinetic energy E and to start to decelerate the
25 said ions only immediately adjacent the front of the
measurement cell, and continue tc decelerate the said ions

at least as far as the front of the measurement cell.

2. The mass spectrcmeter of claim 1, wherein the
30 power supply is arranged to accelerate the ions to a kinetic

energy of in excess of 20eV for substantially all of the



CLAIMS: 5 1. A nmass spectroneter conprising: an ion source for generating
ions to be analysed; an ion trap to receive the generated ions; ion optics
nmeans to guide the ions fromthe source into the ion trap; 10 an FT-1CR
mass spectroneter having a neasurenent cell located within a bore of a
magnet, the cell being downstream of a front face of that magnet, the
FT-1CR nmass spectrometer further conpgjsing detection means to detect ions
injected into the nmeasurenent cells; g i on guiding neans arranged between
the ion trap and the FT-1CR nmass spectroneter to guide the ions ejected
fromthe trap into the FT-1CR nmass spectroneter for generation of a nmass
spectrum therein; and a power supply for generating an electric field to 20

accel er atgs def+@nsc het Waen: te 4 ONcISOUS L83 ansk-4 NHeon MBARM LRt Cal |
wherein the power supply is configured to supply a potential ﬁ%lch

accel er atfesontons? filoen ndweswormeret okethe ion trap to a kinetic energy E and
to start to decelerate the 25 said ions only imedi ately adj acent the front
of the neasurenent cell, and continue to decelerate the said ions at |east

as far as the frontTid s BasH SR £t . cPaid NE, NRSS-SPCEROMEt er of
claim1l1, wherein the 30 power supply is arranged to accelerate the ions to a

kKinetiT ReeQySWPrln excussanfeOey dorebemstanttalignaltoof kheet path

fromthe Iégktrqgftgnt£§%§§%6%%0£@tl%&)Iﬂﬂ%%é%é%%%if& all of the

path from the ion source to the said location immediately in

front of the measurement cell.

10 4, The mass spectrometer of claim 2 or claim 3,
wherein the power supply is arranged to accelerate the ions

to a kinetic energy in excess of 50eV.

5. The mass gpectrometer of claim 1, 2, 3 or 4,

15 wherein the power supply is configured to accelerate the
ions to the said kinetic energy for at least 90% of the
distance from the ion trap to the measurement cell, cor for
at least 90% of the distance from the ion source to the
measurement cell.

-%20
} 6. The mass spectrometer of any of claims 1-5,
wherein the ion guiding means comprises at least one

injection multipcle ion guide.

25 7. The mass spectrometer of claim 6, wherein the ion
guiding means comprises a plurality of injection multipcle

ion guides in series with cne another.

8. The mass spectrometer of claim 7, wherein each
30 injection multipcle ion guide has a longitudinal axis, and

wherein the alignment of the axis of each ion guide with a



front of the neasurenent cell. 3. The mass spectroneter of claiml1, wherein
the 5 power supply is arranged to accelerate the ions to a kinetic energy
of in excess of 20eV for substantially all of the path fromthe ion source
to the said location immediately in front of the neasurenent cell. 10 4.
The mass spectronmeter of claim2 or claim3, wherein the power supply is
arranged to accelerate the ions to a 5gnetic energy in excess of 50eV. 5.
The mass spectrometer of claim1, 2, 370r 4, 15 wherein the power supply is
configured to accelerate the ions to the said kinetic energy for at |east
90% of the distance fromthe ion trap to the nmeasurenent cell, or for at

| east 90% of the distance fromthe ion source to the neasurenment cell. 20

6. The mMasg,SRECLONBLe) 0T, ANQin !?&Nﬁ% ide jdhRLEiNLhe Lion,gui ding
means conprises at | east one injection I'tipole ion guide. 25 7. The nmass

spectronmet etmof claim6, wherein the ion guiding nmeans conprises a
plurality of injection nultipole ion guides in series with one another. 8.
The mass spectrometer of claim 7, wherein each 30 injection nultipole ion

gui de has a | ongi t ughDaha 8Xi SpelPfbmdther €h Lhe; Al & gryrent @J‘_mfr@z&ils of
each ion guide with a subsequent and/or preceding 1on guide is less than
about 50.dmen oM. edtle maksispbet tomeyerdofdef aias Gn 7imne8, vohenein 5 the or
each mil t]pol e o, 84l dg, defines an 1 el YOI UM 11, and wherein

the maximum radius of that inner veolume of the or each ion

guide is less than 4mm and preferably less than 2.9mm.

10 10. The mass spectrometer cof claimg 6-9, wherein the
ion guiding means further comprises at least one lens for

focussing the ions.

11. A method of mass spectrometry comprising:

15 (a) at an ion source, generating icns to be analysed;

(b) guiding the generated ions intc an lon trap;

{(c}) ejecting ions from the ion trap;

(d}) guiding the ions ejected from the icn trap into an
FT-ICR mass spectrometer which has a measurement

20 cell located within a bore of a magnet, the cell
being arranged downstream of a front face of that
magnet ;

(e} accelerating the ions from the ion source or the
ion trap to the measurement cell of the FT-ICR

25 mass spectrometer;

{f) starting to decelerate the ions only immediately
upstream of the measurement cell and continuing to
decelerate the ions at least as far as the front
of the measurement cell; and

30 (g) detecting the iong within the measurement cell.



t hrough which the ions pass towards the cell, and wherein the maxi num

radi us of that inner volune of the or each ion guide is |less than 4mm and
preferably less than 2.9mm 10 10. The mass spectroneter of clains 6-9,
wherein the ion guiding neans further conprises at | east one | ens for
focussing the ions. 11. A nethod of mass spectronetry conprising: 15 (a) at
an ion source, generating ions to be alr‘}grlﬂysed; (b) guiding the generated
ions into an ion trap; (c) ejecting io fromthe ion trap; (d) guiding the
ions ejected fromthe ion trap into an FT-1CR mass spectroneter which has a
measurenent 20 cell |located within a bore of a magnet, the cell being
arranged downstream of a front face of that nmagnet; (e) accelerating the
ions fromthe jion sour ¢eQfcd k& dioidt nap tedhe Measurgnent Lell of the
FT-1CR 25 nmass spectroneter; (f) starting to decelerate the ions only

i mredi at elompipsts eamafertaianpepdse enerd teeld kame:tdantdrmiiow & on decel erat e
the ions at |east_as far the front of the neasurenent cell; and 30 (Q)
det ect i ng*I79 s ?vaet\ﬁiaﬁl%fl?geﬁeef?g% et ¢85S £ °Afe’ net hod of claim 11,
wherein the step (e) conprises accelerating the ions to a kinetic energy E
in excess of 20eV and preferably in excess of 50eV.



