WO 20041081968 PCT/ EP2004/ 002486 1 MASS SPECTROVETER The present invention
relates to a mass spectroneter and nore particularly to a Fourier Transform
lon Cyclotron Resonance Mass Spectroneter. Hi gh resol ution mass

spect r ometYY 2004/055%%k| y used in the detection and identi¥GEERI0OH003486

nmol ecul ar  structures and the study of chem cal and physical processes. A
variety of different techniques are kno for the generation of a mass
spectrum usi ng various trapping and det écti on nmethods. 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 wwthin an ICR cell. The ions in the cell orbit as coherent

bunches along the sane radial pghlg Bekchougipzker ent frequencies. The
frequency of the circular nDtion——grhe-ééﬁ%xnﬂme frequency) is proportional
to the ion mass. A set of detector electrodes are provided and an i nage
current is indyged in these by the coherent orbiting ions. The anplitude

and frequency of' ¥ SFSAECtEY R Hletehdic & itAS oSSR Rt ty and

mass of thed aitsre HIMSTuISRAG WM FRRLR NI 5 dB6:6RAMH NG, QW ddouri er
Transform of the “transient', i.e. the signal produced at the detector's

el ect r odefiesAamagiay dtdowpgfctEpmeCRY.s its ultrahigh resolution (up to
1, 000, 000 in cey,

19080000 11, S5 LB RIceS A0 Lomeally APy SIeeRs Olene
various syriteBRYAMRIEiHeRE ORHTTeGF Rl XAy &tddctddrdeldnknawn that
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 methods.

One such technique is Fourier Transform Ion Cyclotron
Resonance (FT-ICR}. FT-ICR uses the principle of a |
cyclotron, wherein a high frequency voltage exciteé 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 of the circular motion
(the cylcotron frequency) is proportional tec the ion mass.

A set of detector electrodes are provided and an image
current is induced in these by the coherent orbiting ilons.
The amplitude and frequency of the detected signal are
indicative of the guantity and mass of the ions. A mass
épectrum is obtainable by carrying out a Fourier Transform
of the ‘transient’, i1.e. the signal produced at the |
detector’s electrocdes.

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

pressure therein rises above about 2x10 °mbar. This places
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performance of an FT-ICR cell seriously degrades if the pressure therein
ri ses above about 2x| 0-9nbar. This places CONFI RVATI ON COPY WD 2004/ 081968
PCT/EPZOOQW% _&6 f% restrictions on the cell design and qun t he magnet
that supp 058P el d to cause the cyclotron notion o CLE200H 08

Probl ems with space charge within the cell (which affects resolution) also
af fect cell design paraneters. Furthermpre, when the cell is supplied with
ions froman external source, using either electostatic injection to the
cell, or using a nuitipole injection arrangenent (see US-A-4,535, 235),

is known that mnimzation of tinme of flight effects is desirable. The
present invention seeks to provide an inproved FT- | CR nass anal yser

arrangenmentestpipBibheubar thkheeplegeptigni BMENLHEN BBEKGabAcRr @¥kEe an
i mproved FT-1CR mass_anal yser geonetr¥ and, additionally or alternatively,
|nprovenen§§PPiéeﬁhEh§y§#@ﬁﬁfEP FApeet bﬁ 6vCiLoREoRNTetAANFTEl ERecel | from

an exter nal sour el D@ [LLR SBIRECL,Lhe B ERER! i nventkon, proyi des a

nmeasur enen cefl magne ngenen an |on cyc esonance

(I CR WBSSaSpéctBOﬂEEelthOﬂpra&e@gafﬁeﬂagﬂéll assefhbl yairagkudi-cag an
el ectronmagnet having a nagnet bore_ _wth a |ongitudinal axis, the
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electronagnenl t he oshhghavmngt¢pbﬂemahbsctmbhhamrwhgehens detkned a cel
vol ume for recelvggg 23@? 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 icons 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
axis; and an FT-ICR measurement cell arranged within the
bore of the said electromagnet, the cell hawving 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 sectional area
of the cell volume, each defined in a plane perpendicular to

the said longitudinal axis, 1s less than 4.25.



froman external ion source, the cell extending in the direction of the
| ongi tudi nal axis of the el ectromagnet and being generally coaxial
therewith; wherein the ratio, R of the sectional area of the nagnet bore

to the sec a of the cell volune, each defined

erpendlcuﬁvI ?%Mﬁé e said longitudinal axis, is |less thgﬁTﬁyggﬁR@&$6

2004/ 081968 PCT/ EP2004/ 002486 3 Current arrangenents of neasurenent cells
and magnets tend to have a significantlyg higher ratio of nagnet bore
section to neasurenent cell section. For exanple, the previous FT-1CR
product sold by the applicant under the product nane Fi nnigan 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 which contains a nmeasurenent cell nust be as

| ow as possi bl ecurasntentirenedrientisher natsodesknenceiypi eald yaaneressur e
above about 2x10-9nbar has a deleterious effect on resolution. It has to
date been CGREerst BHS hELSRdFe corRay alga@auﬁfﬁ@wr@ér mpeineth®ogel | nust

have a rel atively hargeainternal darelen: ta MAmgeyest thetions to

vacuum punpi ng N oturn CAUSES theé magnet bor & ﬂer 0 be

rel ativel y grangeust @Taacamm@amezt skl @y\/a@@u@ilp@ham@t adrhenhet her hand,
a |large dianeter neasurenent cell is desirable as this reduces the effect
of space cR&PGECITREMEEILNELTES ﬁé“\/éﬂsdll‘@@o@é‘rgd‘ﬂallré’{e Furgidsiondly, the
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pressure, mheswamﬂuan ahamhaMﬂremeMMex eddent cahityime souwreesuwafement
Contanlnatloql must be as low as possible - as mentioned in the
introduction, typically a pressure above about 2x10 °mbar has
a deleteriocus effect on resolution. It has to date been
understood, therefore, that a vacuum chamber fcr the cell
must have a relatively large internal diameter, to minimize
restrictions to vacuum pumping. This in turn causes the
magnet bore diameter to be relatively large, to accommodate
such a vacuum chamber.

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

The applicants have discovered that, surpriéingly, the
larger diameter vacuum 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 wvacuum
chamber receives essentially no source of contamination of
the ultrahigh vacuum. Thus it has been realised thét the
only time where pumping speed is relevant is when the system
{(vacuum chamber) is initially evacuated.

By minimizing the sectional area of the magnet bore,.
several advantages are obtained. Flrstly, 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 1s a superconducting magnet that

operates in a helium bath. The relatively larger



t he ultrahigh vacuum Thus it has been realised that the only tinme where
punpi ng speed is relevant is when the system (vacuum chanber) is initially
evacuated. By minimzing the sectional area of the nagnet bore, severa

advant ages\@é? apkakyed. Firstly, the smaller the rragnetp(pl%]?m@/@oa st he
| ower (typica ? I's the cost of manufacture of such a magne partircularly

in the preferred enbodi nent where the magnet is a superconducti ng nagnet
that operates in a heliumbath. The relaively | arger WO 2004/ 081968

PCT/ EP2004/ 002486 4 neasurenent cell area for a given nagnet bore area al so
al | ows 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 nagnet inner dianeter is |less than
100mm t he neduerafierlR sdwlll e | Bss 4 hatwah 2isgreend et earédea@gnet i nner

di aneter is petween 100nqland 150mm the value of R may be as |ow as 2.85
or even | eEIL9%E (IRAHoGra ¥ d e no P emtn R 3292 983. There are

particul ar benefilsido fhercaonhi nal o pln@  SiRlhaydd eo e Ruld) gpirbi nati on

with a short (in the Iongitudinal direction) vacuum c er and magnet .
Thi s rreansrneetmllem@t/o:teﬂrﬁe afe tdffeclva@ermma:hhyrtmergh’s ccrylmmi:zxamhl whixh
reduces initi chanmber. evacyation ti ne, Most g referaply, the distance in

t he IongltLEHQIIc%ﬁ?%xﬂq§ﬁFf§ MRFE redgiet ?%Fthﬁt%%s%hﬁh%? t he
magnet in theomfl recd iemef dhe i dicd dentnd onssd seipOnm o5, | 58 iR erably,

t he magnet is asynnetrrc that is, the geonetric and nmaghetic centres are
not coi nci dem madeet inner diameter is between 100mm and 150mm, the
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) wvacuum 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 1s 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 wvacuum chamber. The
cell or chamber 1s preferably cantilevered or otherwise
supported from a point in front (i.e. upstream) of the cell.
Previous systems have held the cell from the other side
(i.e. from the end opposite to the injection side), since
this had previcusly been considered preferable as the
distance to the end flange is then shoxrter. Most preferably,
titanium or a similar resilient, non-magnetic material is

employved as a support and in particular a plurality of



| ength of the magnet to the magnetic centre being kept short on the ion

injection side. The cell is preferably nounted in a vacuum chanber. The
cel | or chamber isgpreferably cantilevered or otherwi se supported froma
poi nt in OIS upstrean) of the cell. Previous sYWSIEH20HN08Rel d t he

cell fromthe other side (i.e. fromthe end opposite to the injection

side), since this had previously been gonsidered preferable as the

distance to the end flange is then shorter. Most preferably, titaniumor a
simlar resilient, non-nmagnetic material is enployed as a support and in
particular a plurality of WD 2004/ 081968 PCT/ EP2004/ 002486 5 radially
spaced tubes are enployed to cantilever the cell and/or vacuum chanber from

an upstreafusknust s cedPrebesabhy e ogell tandher 1vasymghanhan is able
to nove, e.g. slide on precision rails, into and out of the magnet bore. By
nounti ng érederi Fakcueantherbesn frhe psaupet reghie staiictame -by provi di ng

correspondi ng el ectrical contact at fixed paoint behind the_cell, rf
power to the c%ﬁﬁ%g g%??ﬁdggecgﬁi%eagg 8Fi8&CP5 c&ﬁg%ﬁgnﬁﬁea #@éFP si de of
the cell. mBhies kS ghenregfidel ah beeatse ohhirsialsl owsitkelatd wehy oS ot
electrical |eads to be enployed which in turn inproves the signal to noise
rati o. MoPEEVREL, bRitfes BNatlOBALERT il§HANd CRlomonfa cdét eat dhewnemtn athe

I R tochite Aignalia apLyng and pracessing stades an be shorkened for

the sanme reasons, and i Ignal "to noisé ratio

det ecti onatThus.i xele poiwenbiedn ndn thepiefiarr ed pemkaedicrertheprceviides for

support of .the cell froma first, front side with electrical contact from

the opposPt&ctreges can be supplied from the remote (rear) side of
the cell. This 1s beneficial because this allows relatively
short electrical leads to be employed which in turn improves
the signal to noise ratio. Moreover, wires that carcy
sigrnals from the detector within the FT-ICR to the signal
amplifying 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 fiist,
front side with electrical contact from the opposite, rear
side, most preferably with a guide for locating the cell as
it is inserted intec its vacuum 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 inventicn, there is

provided an ion cyclotron {ICR) mass spectrometer,
comprilising: an ilon source arrangement to generate ions to Dbe
analysed; an ioh storage device arranged to receive and trap
the generated ilons; lon optics arranged between the ion
source and the ion storage device to focus and/or 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



side, nost preferably with a guide for locating the cell as it is inserted
into its vacuum housing. Arelatively long cell (e.g. 80mm is also
preferable in og@inising the mass range that can be detected, as is a
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of the present
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P& field region (e.g. at |east 80m). PHUV/EPPAHIREIS aspect

invention, there is provided an ion cyclotron (I CR) nass

spectroneter, conprising: an ion sourc§ arrangenent to generate ions to be

anal ysed;
ion optics arranged between the ion

i ons;

an ion storage device arrange

to focus and/or filter the ions as they pass fromthe source into the
storage device, and an arrangenent as recited above, along wth ion guide
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anceifdcimcuhetionsois oimamethion st oage gevieel cat mtdetharasur enent
mass spectronetric_analysis therein. In a further gg ect of this
n
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ion optics means to guide the ions fromthe source into the ion trap;
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injected iddetdtedreasis eMendn ot Sis Iden DUt 6l gL B anse af sadgetoReteen the
ion trap and the FT-1CR nass spectroneter to guide the ions ejected from
the trap 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 gulde 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 souxce to the measurement cell. Broadly,
current systems can be divided into two categories.

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

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



into the FT-1CR nass spectroneter 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 neasurenent cell; wherein the power
supply is 3omeigis¥es t o supply a potential which accel er RESERONE002486m t he
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 neasurenent cell, and
downstream of the front face of the magnet. A known problemw th FT-1CR
mass spectroneters is the introduction of time of flight separation of ions
as they travel fromthe ion source to the neasurenent cell. Broadly,

current systens can be divided into two categories. A first type of ion
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Here, ions are gui e 10n So syst € ic

| enses to thedmasineentenggldyaf 4 heldil-d1Rtidsorees $oc MR 2004/ 081968
PCT/ EP2004/ 002486 7 address perceived problens with magnetic refl ection,
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hi gh vol t ages of  up sever al eceler in the
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el ectrostatic Einzel |enses focus the ion beam The ions travel fromthe
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volts. This distance of | netic energy travel nmay be aroun 40cm
travel from the last lens of the electrostatic injection

system, commonly known as the “free flight 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 islaround 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 arfangement, referred to hereinafter as
“multipole injection”, an array of multipcle ion guides are
employed to inject ilons 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 other
particles {collisional trapping), or exchange of kinetic
energy between different directions of motion, as is
described, for example, 1n “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 volts. Without such a small
kinetic energy distribution, only a part of the ion beam is

trapped.



which is around 20-30% of the total distance travelled by the ions. This
introduces tine of flight effects wherein ions of lighter mass arrive at
"the cell before ions of heavier mass and may be preferentially trgﬁged in

the cell. |WOR088896@ arrangenent, referred to herei naf t ePCAFEP2H{GPI4BH0| e
injection", an array of multipole ion guides are enployed to inject ions
froman ion trap into the FT-1CR neasuregent cell. In order to allow
capture in the cell, various trapping schenes are enployed, such as gated

trappi ng, 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 Chagli.c ItapnspaLt i it :AR" +BY; ari jand sCont i,
Physi cal Revi ew LLCér & 75 10557 TKgP oLy, B3¢ Siia TOE " Saoh case,
however, theomans pustthaveta sneklckimet ionsehdrgyadiestmilbatidod roopti mal |y

with a two standard deviation mﬁgth of _| ess than one el ctrg& vol ts.

W t hout suchtRreRRl LraRi nELrEERerdy Odi SPr REGtiFeR, BAPYEL Sa t%5F e ion
beam i s t-F%F&B%‘}wi\é@)2QQ4_47%§§79@_%WP_@%§§%%%/ @g%ﬂ%@_l@f Ehugs Wikhilibe

mul tipole injection techniqué, it is onmon acticé to accelerate ions
t hat are emvibtied Bndmuauvadfer agemprap thwhettker e2BctrcBDVRE-LESr.ap, magnetic

and usual 1y no. mOTE PREREEN e Lo b FOrFETeRRE o BbrEn P hon
arrangenent d.s.ithat 4 sWhlakstniz@0, GRRLUGNGE TBXcHhEednitReS HRMERd $he
conprom sed bécause the tine of flight effects increase with overall flight
tinme. 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 ions are
carefully guided, high energies can be employed between the
source or lon trap ail the way through to the measurement
cell. For example, the power supply may supply a potential
s0 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 lons 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 art electrostatic injection
systems, as explained above, typically & higher potential is
maintained only for 65 to B80% 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 Fflight distribution
dramatically. As a conseguence, the arrangement is able to

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



The applicants have found that, by taking every effort to keep the flight
di stance short and ensuring that ions are carefully guided, high energies
can be enpl oyed between the source or ion trap all the way through to the
measur enew 2006041968For exanpl e, the power supply may supoineErecp@bessi al  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

el ectron volts, and nost preferably befween 50 and 60 el ectron volts ri ght
through the systemto the neasurenment cell. Looked at another way, the
ions travel fromthe ion source, or the ion trap, to the neasurenent cel

at a raised potential for at Ieast 90% of the overall distance In prior

art electr Fsta%%c %Q%ﬁgtion ¥ ens gs expl ai,ned_above, Elcall a hi gher
potenti al i ht ai Hed™BhPy SPEF t68NE5SE6 % BVlPﬁeaPo?5F65P§ afCE8*Ffom t he
ion sourcentomthe &ghhe YHtByBibyPhGal Hybhhpelﬁ EUB@ﬁR&%% .system the ions
do not travel at a raised kinetic energy at all. Thus, the arrangenent of
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source the mass range is typically Mhigh) = 1.6-3*M1| ow).
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and most preferably less than 2.9%mm) reduces kinetic energy
spread.

Those skilled in the art are aware that multipole ion
guldes 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 ilons 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 ilon guides or lens systems should be
employed that provide a good focussing of the ion beam from
the ion sourxce.

(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 vacuum pumps may be employed.



mul tipoles with small inner radii (typically less than 4nm and nost
preferably less than 2.9mm) reduces kinetic energy spread. Those skilled in
the art are aware that nultipole ion guides operate acceptably even when

they are myigd@slosb& atively inaccurately. Again, in a prﬁﬁﬂzﬁﬂm‘ﬁmgqi ment

of the present invention, |enses and/or nultipoles within e 1 on guiding
nmeans are aligned precisely, and nost preferably with a deviation of |ess
than O.inmfromoptimal values. This |ilkew 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

| east one of the follow ng should desirably be considered. In preference,
at | east 50% of the following features are incorporated in a system
enbodyi ng an aspgédet Thet mecpumsentisinpgvehvidn. beappMiltiispol eci onnguiides or

| ens syste houl d be ovyed that pravide.a od, focussi ng of the ion
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‘have a smghilni nagr g apet-esranditfa, dibf grentliak BYERENGREILWREN oreREN
stage shoul d be optim sed. (c) Snmall diameter vacuum punps may be enployed.

WD 2004/ 082988 sPERSER2004£602486 10 (d) The vacuum housing shoul d be
optimoed Lo Ik o6y odEd shate 00 ke Fercl uclus ) Lol et
punps and hlighge®ecision to minimize ion iosses under acceleration and

to maximize ion transmission to the small lenses.

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

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

(h} The use of a magnet with a 1bng homogeneous
region;

| (1) A short deceleration zone adjacent the multipole
exit léns to convert the bulk of the kinetic energy into
potential energy, followed by a long and flat deceleration
zone within the cell to remove the.last few peréent 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 volume of the wvacuum chamber
in which the measurement cell is mounted, to reduce the
pumpable volume.

(1) Optimised aligrnment of the injection path with the

direction of the magnetic field on that injection path (in



(e) The nmultipole/lens/multipole assenbly should be high precision to
mnimze ion | osses under acceleration and to naxim ze ion transm ssion to

t he smal | Ienses (f) lon acceleration should be optinised in preference
since the i ght distribution reduces wth incregg Shalo peed
(9) Increa5|ng ﬁkl&kength of the measurenment cell as ch%éghpoégggf Thi s

preferably requires the following: (h) The use of a magnet with a Iong
honbgeneous region; (i) A short decel eddtion zone adjacent the nultipole
exit lens to convert the bulk of the kinetic energy into potential energy,
followed by a long and flat deceleration zone within the cell to renove the
| ast few percent of the kinetic energy; (j) Mnimzation of kinetic energy
spread of injected ions by cooling in a static or dynamc ion trap, by
proper sebeeféoanand Lemasngheh lﬁpe@uﬁdnomotmmumaﬁmsth&ndﬁonxhyxnpmﬁilse

machi ni n the.i ui de st foreseen o

non- dete?nﬁ%?s%?%eﬁﬁﬁgﬂl atgyaPﬁn%éﬁeH% ?gPrPE g&Bnma?R?E&FnFﬁﬁigﬁion of
the volune of the) vagudal¢ a”@€r15|BOM@iQQLéaeb€§@§HE§H§nEoCﬁbhnt§1ﬁounted
to reduce the pu npable volune. (1) Optim sed alignnment of the injection

path with the pdieRELPONOES thﬁemﬁagn@ementu ekdlodurhay inpectbbnrpath (in WO
2004/ 081968 PCT/EEZ ogéo @ % prg nc le t han ldeviati bet ween

t he dlrectlﬁﬂ of © ﬁ% ﬁﬁg €t r8n %gtﬂ %ﬂg 8Fr§@?|8ﬁn TERe" hﬁﬁﬁetlc
field). injects the ions into that measurement cell.

The invention also extends to a method of mass
spectrometry comprising: (a}) at an ion source, generating
ions to be analysed; (b) gulding the generated ions into an
ion trap; (c) ejecting ions from the ion trap; (d) guiding
the ions ejected from the ilon trap intec an FT~ICR mass
spectrometer which has a measurement cell located within a
bore of a magnet, the cell being arranged downstream of &
front faee 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 lons 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:l shows, schematically, a mass spectrometer
system including a measurement cell of a Fourier Transform

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



(m Finally, it is considered beneficial to maintain the potential of the
nmeasurenent cell during ion capture as close as possible to the potenti al

of the iong; i injects the ions into that neasur ). The
i nvention f{ﬁﬁgx gﬁﬂs to a method of nmass spectronetry co 1?&@ﬂﬁﬁﬁz(a) at

an ion source, generating ions to be analysed; (b) guiding the generated
ions into an ion trap; (c) ejecting ioms2fromthe 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 that magnet; (e) accelerating the
ions from the ion source or the ion trap to the neasurenent cell of the
FT-1 CR masswgpedt foretserch (ot dedelgersaiowng inh@iicons dt for tMeatdade @i vy

i mredi ately upstr?an1of t he neasurenent cell, that |ocation being

downst r eamIR e front face of the magnet; and (g) detecting the ions

w thin the neas -gﬂﬁgg cehd r fersed nt

i nvention mﬁll%g'conezgp%g$gﬁf%b§hsgfgﬁ n%gr%bg%ﬁg;gggzﬁgiéﬁgﬁgﬁagﬁgnd
from a revikdwuofe tthensgecitisor destceriilpt ilor lofd iagpridfee mreeds u emsodi rexitl whi ch
follows. A preferred enbodi nent of the present invention will now be
descri bed B fwdy UK EnyitE 3 P YATE™4i th reference to the fol | ow ng

Figures, in whiehgffigule shaaowhe SGhemRl igalH ¥R MBS SHISPEGIdIIBLES
system i ncluding & neasurenent cell of a Fourier Transform 1on Cyclotron

Resonance (WFERU@Rhovss$igSpect rometer (the WO 2004/ 081968 PCT/ EP2004/ 002486

12 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
érrangement of a mass spectrometer system embodying the
present invention is shown.

Tons 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



magnet for such not being shown in Figure 1 for the sake of «clarity);
Fi gure 2a shows a close-up of a part of the systemof Figure 1 in further

detail, &h¥9h4 s QP measurenent cell but without a vacuun1%ﬁsteg¥ Fi gure
2b shoms t sys of Figure 2a but including a vacuumMddSAG R ure 3
shows a still further detailed close-up of the neasurenent cell of Figures

1 and 2, as well as the vacuum housing therefore; Figure 4 shows the
nmeasurenent cell of Figures 1 to 3 nmounted within a bore of a
superconducti ng 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

al l ow novementswofe tdweirceld mfrd?jagw\&slyl @y prddondi gt aybe) lanshn ol of
(Figure 6b) the magnet of Figure 4; and Figure 7 _shows the preferred

potenti al ﬁ%ﬂﬂ&n%ﬁ%$EW%%M&éH%@¢QWHﬁ@ahﬁﬁmﬁmflmttorﬁmue

1, a highly schemptd Gyxiafik gﬁ%@@&up&‘l R IBSS, 5 FlesySt &R &medyi ng

the present invention is |'ons "are gener In an 1on source 10,
whi ch nmay Besan 3l edreosipmayt riagn Imurh:ee g BSID oma’:t—rn ‘mssisgi,eds | aser ion

Sour co. {5 A HOShAr Fredsl & THne YoThla dpme KHETor Sote are
transmitted ndi{QUED A st %méﬁtﬂcﬁr[hg‘}@’dfé SUCH B LN Hpdore  mul tipol es
20 with differential punping. Differential
Ions are ejected from the ion trap 30 through a first
lens 40 into a first multipole ion guide 50. From here, ions
pass through a second lens €0 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 of Figure 1, the inner dilametex
(defined by the rods in the multipole) of each of the
multipole ion guides 50, 70 and 80 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 multipcle ion guides. It is furthermore
desirable to maintain the ratio of the inner diameter of the
lenses to the inner diameter of the multipoles as c¢lose 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 is an exit/gate lens 110 which delimits the thixd
multipole lon 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 WO 2004/ 081968

PCT/ EP2004/ 002486 13 pressure down to a relatively | ow pressure are mell
known as E int art and will not be described further. lons exiti

t he nultlde§ 0@%”5%§ics 20 enter an ion trap 30. The |OHCFﬁgﬁmﬁ@9”ﬁ% a 2 D
or 3-DRF trap, a nultipole trap or any other suitable ion storage device,
including static el ectromagnetic or optigal traps. lons are ejected fromthe
ion trap 30 through a first lens 40 into a first nultipole ion guide 50.
From here, ions pass through a second lens 60 into a second nultipole ion
guide 70, and then through a third lens 80 into a third, relatively |onger
mul tipole ion guide 90. The various nultipole ion guides and | enses are

preferably aesynatebyt akignedorelpityelyocemngranethgr ssychrthat there is
| ess than 0. 1mmdeviation fromoptinal values. In the arrangement of Figure

1, the innefYdiafeier! eheriredepylefeldbdssiahote hﬂlFig@L@)lafteach of the
nultlpole 'Qﬂl? gﬁ?l?Qatggnagg gg %fiétgggnklémg kgnions w1t 1n %Pd 80 have

an i nner di ane n-preference, npl oyi ng i nj ection nultlpoles
with small t@merthadLI1nhebm51h@ti@nrﬁMEhl@ﬂmaghéﬁiboﬁléldhlgbu§@§6d w t hout
wi dening the kinetic energy distribution of the jons as they_ _pass through
t he nultlpoFECFBHraﬁlH§§OnFPC?saFu%?h%?ﬁ%%@toﬂgstaEF@S?osﬁéﬂﬁﬁélhntﬁberatlo
of the inneg.diameter of the lenses to the inner diameter of the nultipoles
as close to 1 as possible within the constraints of differential punping.
This mnim zes tmhesmnead df.akeheri cfehbegygxiA¥ghbe tewnsiiéamsend of the
third nultlggkgckgg go be only slightly smaller than the multipole

inner diameter {which is in preference 5.73mm), because the

magnetic guiding field from the FT-ICR magnet (not shown in

Figure 1) at that point is so strong that ilons are not

“drawn” through the lens as they are in the upstream

positions where the magnetic field is relatively negligible.

| 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 ke mounted close to the magnet face so as to

provide better pumping and shorter time of flight. Priox

instruments used diffusion pumps mounted away from the

magnet because the magnetic fields from ah unshielded magnet

would destroy a pump using iotating 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 understood 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 ilon trap 30 for further storage in the first

multipole ion guide 50 and subseguent passage fLrom there

inte 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 Cyclotron Resonance (FT-1CR) Mass Spectroneter. The WO

2004/ 08196Q, 5 45ahk 5451404/ 002486 14 neasurenent cel |l 100 typi prises a
set of cyIiné@ﬁca? el ectrodes 120-140 as shown in FigurgR! 3Q%ﬂ§? ow

application of an electric field to ions within the <cell that, in
conbination with a magnetic field, causelss cyclotron resonance as is
understood by those skilled in the art. The inner dianeter of the exit/gate
lens 110 is selected to be only slightly smaller than the .nmultipole inner
dianeter (which is in preference 5.73mm), because the magnetic guiding
field fromthe FT-1CR magnet (not shown in Figure 1) at that point is so
strong that iondngee mopicadr ameratingugbndieiloess ahet hepsauedsn t he

upstream positions where the netic.field is relatively negli.gible. B
uging a sh%&%ﬁé& %§§n§§F eﬁeoﬁggﬁgPF@ fli 8r§ §FmPﬁPP@rlFeﬁé §% '§%Po al | 4
intents 0. sAufreet her, advamiage dhnswchtarheaagbvelspshice! ded mgnet ¢ s t hat

it allows high performance turbo punps to be npunted close to the magnet
face so asthé fprew dwlidirde pompoHgdendCshdlt embeimatofih isgisondPri or

instrunentﬁmﬂggg QEfE%%i%i%%nggegggnﬁ%dg%&%%Uﬁépg%}h%89g§g§@h6g§§ﬁ%§e t he

magnetic fiel roman unshiel magnet St
rotating pashsgudaeé Ginkd WeheRtrREMPS Bayitng 2 |(@nhge ifetale MRSSueew=thtnot be

mounted too _close to the magnet or they would distort the magnetic field.
cell 100 in particular). Such a low pressure is important
in the measurement cell to maintain good mass resolution.
The kinetic energy of ions in a one of the multipoles
50, 70, 90 is a result of the difference of the initial
potential of the icns when they are ejected either from the
ion trap 30 or from the first multipole lon guide 50, and
the potential in the respective downstream multipole ion
guide (50, 70, 920). The kinetic energy of ions in the
measurement cell 100 is a result of the difference between
the initial potential and the measurement éell potential.
Because the electric fields are typically saddle-shaped, the
potential at the ion trap 30 or the first multipole ion
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 multipole ion guide and
lens assemblies (50-%20) 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 selection of small diameter
multipoles with high effective guide potential. The lens
alignment and construction of multipole lon guide 90 from

two multipoles which are connected and aligned extremely



It is to be understood that, whilst ions may be generated at ion source 10
and travel directly fromthere into the neasurenent cell 100, they nmay

i nstead be gjected fromthe ion trap 30 for further storage in the first

mul ti pol e | B9 Y E2%S0 and subsequent passage fromthere FLAEF29H&02486
measurenent cell 100. WD 2004/081968 PCT/ EP2004/ 002486 15 Under typica
operating conditions, the pressures wthign the systemof Figure 1 are

at nospheric at the ion source 10, around 10-3 nbar at the ion trap 30, 10-5
nbar at the first multipole ion guide 50, i0--7nbar at the second

mul tipole ion guide 70 and 10-9nbar in the third nultipole ion guide and
downstreamfromthere (and in the neasurenent cell 100 in particular). Such

a | ow presspiechgel fPOLt dherikithe Measprenert; 168!, ot @ JTRIMNRIN g0ad @SS
resolution. The kinetic energy of ions in a one of the nultipoles 50, 70,
90 is a resihenoft/rRe 8 fler spesidfiethe andi fleals ipotenttiedin pflacks .i ons when
they are ejected %Eth%EeE%onEE%e Di%n %na§,30 ot fromthe first nultipole

i on gui de 50, and °t RECFOCEATIAT PR EREPESpELt IFPE JORHSTeShP95Et P56l e i on
gui de (50, EBowdO)in _Fﬁ?uk_rienﬁt BB oeReaYHOktheRS | Mtt he, MEasUeRRNt teells 100
is aresult of the difference between the initial potential and the

measur enent V@ekrsgepdnthat. thescawss enheadibeetrsi sefiedlvd S <ame laypi-c Zhiey

saddle-shapg%tehQ§F}5%%F§ Eaﬁo%ttEg%C%%ni%r%Q'3%g%r&§hfgg%&ﬁﬁ#nU|tip°|e ion

gui de 50 nust be s aboveée th el’l “pot'ent i ot exanpl e, by
the cylindrizgdlrogleatedge 5D4.i N Thiegwoe chtithe ok reld Tiener Qynspruead sand

beam di vergence increases w.th nmechanical inprecision of the nmultipole ion

guide and ~35V. The potential of the first multipole 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 potentizl of -110V. The
third multipole ion guide %0 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 lons 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. An 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 cell 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 di aneter. The kinetic energy spread and beam divergence decreases,
however, mﬁ\ﬁ EQF strength of the guiding potential. Thus, the increased
kinetic enerdd 23RBS from a hi gher acceleration vol t age CEHERS¥YRMnsat ed
by proper nechanical alignment and selection of small dianeter rmultipoles
with high effective guide potential. The iens alignnment and construction of
mul ti pole ion guide 90 from two nultipoles which are connected and aligned
extrenely WO 2004/ 081968 PCT/ EP2004/ 002486 16 precisely is beneficial. In
particular, a tolerance of less than +/-0.5mmis specified, and less in
certain places. The acceleration potentials of the various stages are shown
in Figure 1 abovaiigdchlst agecerdtidls ddsmoilbst adorde thundesisd obtbr heie t hese
potentials are nerely exenplary. The potential of the ion trap 30 is OV,
and its | engtMi€ HFprSanaetiPEomA thid gotasith At ofekHel Ye+6thidghs 40 is
-5V. The pot ial ., of. th | St tdpol e.q10 i I -10V,and this

al so has a I%ﬁ%%%eosg aal&ps%iéi rr‘i&tyeln%lB Sﬂokpn%&llhlerh@e{cgﬁheslo%dﬁie%% as a pot enti al
of -50V, the::seoomhand tdipolshown sistlaratpiatLlty al irnofFidOMe (W t i@ wengt h of

appr oxi nat el 120 nd the third | ens 80 has a potent] of -11QV. The
Tt i o e oot (e st O gt s S it T b o

potential of,+60\Van Thee ey tdgat® d s AhD vdlass & Potigdy 18l s 0f 1 @Y c1and the
measurenent cell 100 is “preferably at OV, wth the el'ectrodes 130 and 131

being at +/mEneespectdneldecdliwratidd erigit adlampest ot tdecel @cttiodes in
LgfnfEI}O%OS%%g Rﬂﬁféﬂégﬁ#g%ﬁ? ¢E§%%ﬁéﬂcg%£rﬂdbyhe cell that has turning
+As an alternative, the ions may be stored in the third
nmultipole ion guide at OV.

Referring now to Figure 2a, the part of the system from
the first multipole ion guide 50 onwards 1s shown in more
detail.

Particularly, Figure Z2a 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 is 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 £rom 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 accel erated backwards by the potential. This in turn
provi des sufficient tinme to close the cell and switch over to ion

st or age/ deW&cwp4et1ds8t hin t he cell 100, where a "di sh shaped’EP2¢di08hiBé al as
shown towards the bottomright hand part of Figure 7 is instead applied. An
end face 111 of the neasurenent cell 1q$ 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. WD 2004/ 081968 PCT/ EP2004/ 002486 17 Wth the potentials
descri bed above, the ions fronlthe source are accelerated and then travel

av relativehy Btgh. SRerghes gblnlneouBYcle LBeifE! o190 The potentials

experience |ca y; “rn Figure £&d that,
in parti Cuhallpst he fmeBO‘aéF,‘tEél bbctravel bEnghewst hganeanebgy tak 50 el ectron
volts as they pass into the nmagnet and are decelerated with a |long, flat
decel er at i 8%3 ﬁ%&en?h%lm%?nﬁﬁelﬁeﬁgéﬁénﬁhﬁ BERFULOOSNAS CRALal P8 Hali PE, the

i ons may bﬁo%EBrEth”?ﬁHeoﬁE'5@ £l LhpaLechanogyhdenalmOy. Refepe ng now to

Figure 2a, the part of the system pol'e ion guide 50
onwar ds i seghownned helew ﬂetaohneﬁambncuhahlFlgﬁrguﬂe 2a shows a support

structure 200 _Egr t he ceL n%00 and%% [he ion trans er tlcs ;he support
structure 200 i SCfEFRERYS FBnT A9HER- ABgnEfifcarrangemen lgure

shown but with varilous wvacuum housings attached. More

specifically, a transfer block vacuum chamber 230, which

encloses the second lens 60r 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

of 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 1s partially cut away to provide more space for the
cell 100 at that point.

With such an arrangement, insertion of the cell 100
into the cell wvacuum 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 vacuum chamber 240.

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

shown. It will be seen that the voltage 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,
titani um WORSHBIBS 211 that are interconnected by al unPRilEfRYEABHEs  220.
O her non-magnetic materials can be enpl oyed, but the wuse of |ightweight
materials is beneficial as it avoids bqulng Figure 2a al so 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

|t could beysypaorked Ligat ¥€b@904@g§1$@§ E§T6E582844203é8§ro$8tﬁey el

sui tabl e p0|nt upstream of the cel his al so to inprove the

accuracy oteahe(alegmnénbmotheh91gbysESHV1§hednﬁnneigumemBﬂch t he

measur enmen nto and out of éhe superconductlgg
to

magnet mﬁl#lﬁg ré?ﬁ&a?ﬁéﬁaﬁélgn %ﬁ i iﬁEEFPSﬁSmPth FoliF8SHreRerer £F

Figure 2b11bbelér&ﬁNEQEEEEUQEthgHEQV@é b? aShaun BUbeWyhicKakhbops yacuum
housi-ngs attached. specifically, ransfer block vacuum chanmber 230,

whi ch encbesésofhéheesbRydokénstB0¢ttibe Qé@onﬂhhﬂltbpmléabenpguhddes7e, t he

hird | 80 d h f.th hi r.d d :
0000 AAL-ANE B ofhrhhe LALGSTIELLOLE L1000l ip, 99, o

mechani cal 2anr angereab aadsagent tBempasnl BiécanEtﬁmﬁWﬂhhahFhﬂére 2b) that
al T ove mounted self-aligning contacts 320. These are mounted

through the rear face 280 of the support.structure 200 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 outsidé the system through to
the electrodes cf the measurement cell and, at the same
time, allows mechanical self-alignment of the su?port
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 (és will be explained
in connection with Figures 6a and 6b below), so that the
overall alignment of the measufement 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 detectioen
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

nount ed, L§¥%?&ﬁ$8?h§ other words, there is mninal dist ﬁ%ﬁ%@mgﬁﬁ t he

i nner dia 0 e nmeasurenment cell 100, and the inner er of the
cell vacuum chanber 240. The cell 100 shares radial space with the titani um
tube 211, which is partially cut away t®0provide 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-injection) side of the neasurenent cell 100, within the cell vacuum
chanber 24GhdRef dnr ifhignnow 3)o iE durlewd,se pptd idrdhirt hermadaseywp ofer t he

measur enent_ cel | 10Q .and cel | _,vac chanmber 240 is shown. It wll be seen
that the vdi%t igeeasifh%dﬁnfedl%%fr‘hé?%. 4/ 081968 PCT/ EP2004/ 002486 19
cylindrical el ectddes dql20x14Q, i} JiQure B dhdf-amd e a8 dd 1&e from
the right as viewed in Figure 3). "Electrical contact to the ‘el ectrodes of

t he neasur @reasuxseldnt 1A 4 s Gt aual tiiteullarcadcireweid: oy & rear face which
forms a part. of t upport structure 20Q. This,rear_ face ovides a

ter i nati ons%re%%o&%qcﬁcd‘lg%ﬂaaq@ee% oqrdﬁ he 5145 'u%l}%bségpeiicﬁfrp&%%%d al so
acts as a heidghadtald (U dekeMiddy i Whigh cddrRiu g iUy edhisiel £1@| i gnidig gent act s
320. These are nmounted through the rear face 290 of the support structure

200 and aretdddptld a garigade sdid H or respommi i piats. or 4UgsBL®

nitrogen bath 450. All of these features are well known to
those skilled in the art and will not be described further.

The cell wvacuum chamber 240, support structure 200 and
multipole ion guides 50, 7C, 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 coil 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 is asymmetric so that the
length of the magnet may.be kept short on the injection
side. In particular,'it is beneficial that the distance from
the front plate to the centre of the ﬁagnetic'field is less
than 600mm.

The cell 100 {(and the cell wvacuum chambexr 240) are
mounted within a bore 460 of a cryostat in which the
superconducting magnet sits. The bore 460 has a diameter 490
which is, it will be understood, narrower than the bore 495
of the supercondﬁcting coil 410.

Figure 5 shows thé 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 sa ' | ows nechani cal self-alignnent of t
"Sey2oodfepo PR daess

structure ence the neasurenent cell 100, relative

vacuum chanber 240. The latter, in turn, can be accurately nmounted within
the magnet (as will be explained in conhkection 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
measurenent cell 100) is that the | eads may be relatively short. Mking the
det ecti on Theadsi@Ewitraghiovn)of ridm tiiperdet edthert tic t hehanmdfucaid drhe

circuits inproves.the sigpal-to-noise . ratio for ign detection. The
measuremenFEPac,g@elec 559 sd,ﬁ]r}lbr]iglf%]']r]%%c@ 1rSeIE‘am‘”(}rél% q SHE iR
preferred emodiimenigiias BN BUMastoHragend egidns Be ymgnetdL i@l d _
gener at ed b%/ithe magnet (not WO 2004/081968 PCTI EP20041002486 20 shown in
Fi gure 3) iSinaldew séprietiandiloe homsgeiedsl slaoter Yleastxidatldraigth of

80mm Refer ow-t0 . Fi . 4, henat,j.c. dr.aw -of_the neasurenment
cell 100 a'r%gdé Lﬂ%se% \o%gléet ingé W Th nceaijintsxgeupoggri ctt%lnedﬁ%at nnegtg %%%1 460 ﬁess%cf‘}%. The
super conductittg theagreinaAll d nediiges of supermeantuedndig: cadli 4ldh i hel i um

bath 420, a heat shield 430, vacuuminsulation 440 and a nitrogen bath 450.
Al of thesFFeRWmE & Wi Ickiowh ! face of the magnet which is,

as explained above, in preference geometrically asymmetric.
We deflne a ratio R which is the radio of the sectional area
within the magnet bore, 510, measured in a plane
perpendicular to the longitudinzl axis of the magnet bore,
relative to the area of the inside of the measurement cell
100 (reference numerzl 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 530 i1s shown. This supports the
system of Figure 1 (ion source, 1lon 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
nmagnet coiW@2M30818pH the vacuuminsulation 440 is a spadel/HRYOH/MEBOcoi| is
preferably noved in the direction of that space 480 so as to shorten the
di stance fromthe magnetic centre of th?Znagnet (which coincides with the
geonetric centre of the measurenent cel 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 plat eIl tic, fd i : hﬁgg The
cell 100 Ugﬁ%q?ﬁgﬁcellE%%%ﬂ%%%?ﬁ%ﬁ%g$@£% %ﬁ%ékéékégéﬁFgét [ ﬁ%@ﬁ%@% 460 of
a cryostatin m whixdcitim KSpersopskicin i qmagnetSsidsd dherborecdbbelas 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. WO 2004/ 081968
PCT/ EP2004/ 002486 21 The inner radius of the magnet (that is, the radius of
the magnet bore 490 in Figure 4) is shown at reference nuneral 511 in
Figure 5, and this is the radius of the area 510. Finally, the reference
nuneral 521 denotes the axial length between 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 cell 100 (reference nuneral 500 in
Figure 5). For systens with a nagnet inng@ di aneter | ess 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

i npl enent aCE§EM with an inner dianmeter of 55mm and a magnet bore di aneter
of 95mMm i s useéed, g6 that R = 2.983. Selecting a small R has a particul ar
benefit in conjunction with a short | ength vacuum system and nagnet, for
exanmple, there is particular benefit to having a small R and a distance 521
which is |ess-thAR BOBNRAYCTRFr &y st WiasH sPreghererAra apapetein® 11 t hat
is between 100 and 150mm R should preferably be |l ess than 2.85. Previous
systens had R, for exanple, in excess of 7. Referring finally to Figures 6a
and 6b, a high eptecnsionomasdusysteamab3emestshowgendhasesippoarts de
systemof Figure 1 (ion source, ion guides, neasurenent cell and

measur ement e@khyswgport structure) relative to the superconducting magnet
400. The structure can be noved into WO 20041081968 PCTI EP2004/ 002486 22
the roomtenperature bore of the superconducting magnet 400 in a direction

AR as see | BnFhgHr €8,62;@N6L-PR-d eReGlJe Y ré3eive 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,

from the source into the storage device;

a measurement cell having cell walls within which is, defined
a cell volume for receiving ions from the ionstorage device,

the measurement cell being arranged to be

maintained at a pressure lower than that of the ion storage

device;

ion guide means arranged between the ion storage device and
the measurement cell to guide and focus the ions from the ion
storage device into the measurement cell for mass

spectrometric analysis therein; and



CLAIMS: 1. An ion cyclotron (ICR) mass spectronmeter, conprising: an
external ion source arrangenent to generate ions to be analysed; an ion
storage device arranged 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; a
nmeasurenment cell having cell walls within ichis, defined a cell volune
for receiving ions fromthe ion storage device, the neasurenment cell being
arranged to be maintained at a pressure |ower than that of the ion storage
device; ion guide neans arranged between the ion storage device and the
nmeasur ement cefRINEtgaraeMahY, f BRESIEHY v fVrRremnENe tiog magBehgehdeli ce
into the neasurenent cell for mass spectronetric analysis therein; and 24
a magnet ass&dsl y, roasl Genpgratsuaradrriudidng aragneedwiibchechave atheom
tenperature magnet bore arranged to receive the neasurenent cell, the
magnet bore maaismgeachbongel lidi tiad mwadrsst bwher diavitlye andasgiendntatedkis;
extends in the direction of the longitudinal axis of the nagnet bore and is
generally coaxial therewith, and wherein the superconducting magnet is

arranged tougererateha fRegsetéfeht ebd Wddt il dnl ikResdthatrextestl the a
direction generally parallel with the said |ongitudinal axis of the magnet

bore, and whargiyn +1,Renbat hRisRor 0fnd Neagr&CidRalandr 68 gbnkhg:Mpopsixpore to
the sectional area of the cell volune,” each defined in“a plane
perpend'CU|th%%e%E%h, and wherein the superconducting magnet is arranged

to generate a magnetic field with field lines that extend in

a direction generally parallel with the said longitudinal

axis of the magnet bore, and wherein the ratic, R, of the

sectional area cof the magnet bore to the sectional area of

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

said longitudinal axis, is less than 4.25.

2. The mass spectrometer of claim 1, wherein the magnet bore
and the measurement cell are each generally right
cylindrical, and wherein the diameter of the magnet beore is

less than 150mm.

3. The mass spectrometer of claim 2, wherein the diameter of
the magnet bore is greater than 100mm, and wherein R is less

than 2. 85.

4, The mass spectrometer of claim 2, wherein the diameter of

the magnet bore is less than 100mm, and wherein the diameter



said longitudinal axis, is less than 4.25. 2. The mass spectroneter of claim
1, wherein the nagnet bore and the neasurenent cell are each generally
right cylindrical, and wherein the dianmeter of the magnet bore is |ess
than 150nm 3. The nass spectroneter of claim2, wherein the dianeter of

the magnet bore is greater than 100mm and wherein Ris less than 2. 85. 4.
The mass spectroneter of claim2, wherein the dianmeter of the magnet bore
is less than 100nm and wherein the diamet@ 25 of the inside of the cel
wal s that define the cell volune is at |least 48. 6mnm 5. The nass
spectronmeter of any preceding claim wherein the magnet assenbly further

i ncl udes a hoasi kjearrandedot oche exdilveratlle sbpér dehduet g oabherqlunwe
housi ng defining a housing bore which is smaller than the nmagnet bore, the

housi ng bore hei ag adaptedist cbnmecei ve t he neasurenent cell. 6. The nass
spectroneter of any preceding claim further conprising an evacuable
chanber which receives the neasurenent cell, the evacuabl e chanber being

arranged in use MkthkSstSe MBERRI 0T ahy %Q@c@a§ﬁgs@§§1ﬁ9%@feﬂ{ 2y
preceding claim wherein the axial centre of the neasurenent cell is

arranged away,CEARL LheoOSANEALL G GeNL b ot hengl echt onpanete ndhe axi al

direction. 8. e nmass spectroneter claim 7, erernt super conducti ng
magnet has an_as o .t.hat the etic centr

metric windin ma in the
direction of EREST ORGP T ST, MERSGnet P BoPE T L% T3 RIS 1 om t he
geonetric cenhre i n ) )
ousing bore which is smaller than the magnet bore, the

housing bore being adapted to receive the measurement cell.

6. The mass spectrometer of any preceding claim, further
comprising an evacuable chamber which receives the
measurement cell, the evacuable chamber being arranged in use

within the magnet bore.

7. The mass spectrometer of any preceding claim, wherein the
axial centre of the measurement cell is arranged away from
the geometric centre of the electromagnet in the axial

direction.

8. The mass spectrometer of claim 7, wherein the
superccenducting magnet has an asymmetric winding so that the
magnetic centre in the direction of the longitudinal axis of
the magnet bore is different from the geometric centre in

that direction.



that direction

26 9. The mass spectroneter of any preceding claim wherein

the superconducting magnet is arranged to generate a magnetic field which
is substantially honbgeneous over a length, in the direction of the

| ongi tudi nal axis of the magnet bore, of at |east 70mm and wherein the

l ength of the cell, in that sane direction, is |likewi se at |east 70mm 10.

The mass spectroneter of any precedi ng clai

wherein the neasurenent cel

i
has a front face defining an opening throu& which the ions are received
froman upstreamdirection, and wherein the neasurenent cell is
cantilevered or supported froma location in that said upstreamdirection.
11. The mass SpetbfoRetersRICErRIYredcedi RgYcPEARREIWAGH 6f A1 heWhemisuridifent
cell has a front face defining an opening through which the ions are

recei ved fronsapeupshdealinly mexdriain,isa anreagetlate opposetetad ndwns@ia front
face, a plurality of electrodes to generate an electric field across the
cell vol une, fasdlddet ech oi s nedrstartthie gahohagenenckudivag atlémadi, ione
external electrical contact adapted to engage with at |east one of a
correspondi ngtpewet rstppby spniractl aitd/tadindet agter osi ghal mPHOCESSI g rBEans.
12. The mass spectroneter of claim 10 or claim 11, wherein the nmeasurenent

cell is novabke 1ghati y@mk0 ddte WHRAREL t83S€BBLY¥N of the cell, in that

same direction, is likewise at least 70mm.

10. The mass spectrometer of any preceding claim, wherein the

measurement cell has a front face defining an opening through

which the ions are received from an upstream direction, and

wherein the measurement cell is cantilevered or supported

from & location in that said upstream direction.

11. The mass spectrometer of any preceding claim, wherein the

measurement cell has a front face defining an opening through

which the ions are received from an upstream direction, a

rear face opposed to the said front face, a plurality of

electrodes to generate an electric field across the cell

volume, and detector means, the rear face including at least

one external electrical contact adapted to engage with at

least one of a corresponding power supply contact and/or

detector signal processing means.

12.

The mass spectrometer of claim 10 or claim 11, wherein

the measurement cell is movable relative to the magnet

assembly.



