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COMPACT TIME-OF-FLIGHT MASS ANALYZER

TECHNICAL FIELD

000000000000000000000000000000000000000000000000000

This invention relates {0 a compact ime-of-flight mass anaiyzer for a mass

spectrometer for the determination of the chemical composition of liguid or gases.

BACKGROUND

in many domains of industrial application there 1s the need {0 measure the
chnemicai composition of a substance, in the form of a Hguid or gas, with &
compact device thal can be mntegrated inhine of production equipment or
infrastructure. For example, coating processes used in the manufacturing of
semiconguctors, oplics, and displays need accurate process conirol, which can
o0& achieved Dy measuring at high-rate, such as every fraction of a second, the
compaosition of the gas thal s delivered to the substrate in a vacuum deposition

FOCess.

Viass spectrometers are high-performance instruments that are typically used in
a laboratory o determine the chemical composition of a gas or Hguid. A Mass
spectrometer s "an mnstrument in which beams of 1Ions are separated according
o the quotient mass/charge” {1]. A mass spectrometer works by directiy
measuring the posilive or negative ions of atoms or molecuies of a supstance
creaied inside the mstrumention source. These ions are then delivered {0 2 mass
anatyzer that obiains a mass spectrum, where each atomic or molecular species
can be identified by their charactensiic spectrum represented on a calibrated

scale of mass-{o-charge ratio vs intensity.

A mass spectrometer ¢an be used to monitor the chemical composition of a
sypstance at reguiar time infervals, and therefore can pe used as a sensor for
process conirel. Mass specitrometers exist both as instruments that need o be
operated by a human operator in the 1ab and as autonomeous devices instrumenis
that can automatically analyze a substance at defined time intervais and provide
the resulls of this analysis (0 a compuler system over a network., Exampies of
such devices include ortfice inlel mass spectrometers, which use a small pinhole

o fransfer a gas sampie in vacuum, and membrane iniet mass specirometers,
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which use a membrane that Is semi-permeable {0 the gas or liguid sample being

analyzed.

There are different methods {0 separate ions by their mass-to-charge ratio. One
method i1s 1o use a guadrupoie filler that aliows oniy ons with a certain mass-1o-
charge ratio {0 pass through it and nit a detector. By scanning a certain range of
Mass, a8 quadrupoie mass specirometer can generate a mass spectrum. These
instruments can be very sensitive, but they are slow, because of the need o
perform a scan of the mass spectrum which makes them able o proguce a
spectrum every, for exampie, 10 s or {onger. in addition, 1o achieve high
sensitivity in the measurement of sampies that contains substances present in
very low or trace amounts, which reguires a capability (o measure high as well
as low signal, guadrupole mass spectrometears need 1o use gain switching, which
s very chalienging o implement in the electronics while ensurng that the
instrument’ s measurement remains guantitalive. Moreover, their manufaciunng
s chalienging, as the bars of ihe guadrupoie need precise mechanical alignment

at the level of few micrometers to achieve the desired performance.

Another method 10 separate ions by their mass-{o-charge ratio is {0 accelerate a
group of ions from a sample with substantiaily the same kinelic energy info an
ion-optical system that directs them {owards a detector. Because all the ions start
with substantially the same Kinelic energy, but have different masses, their time
of arrival at the detector will depend on their mass to charge ratio. Therefors, by
meagsunng the time of amval of the ons at the detector, using very-fast
alecironics, one can obtain a mass specirum, hence the name of ime-of-fight
mass analyzers or spectrometers for this kind of devices. Thess instruments are
very sensitive and fasi, because they usually work at kHz repstition rate, meaning
ihat they acguire thousands of specira every second, which are then summed up
inside the instrument elecironics {0 produce a spectrum every, for exampie, 0.7
or 1s, that is about ten or hundred times faster than a typical guadrupoie mass
spaectrometer. Moreover, the whole spectrum i & tme-of-flight mass
spectrometer is acquired with the same gain setling of the deteclor, thus allowing
for fast vet guaniiative and sensitive measurements. These instruments,
however, require high-performance slectronics, in particuiar when the instrument

is compact and the time of flight of the ons In the mass analyzer is short, in the
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order of few microseconds. Moreover, their performance is very sensifive o
detaiis of the design of the ion oplics of the mass analyzer. As a consequence,
time-of-flight mass spectrometers are usually large and expensive instruments
that are only found In high-end laboratories, but that are notl used online of
indusinal manufacturing eguipment for process control, whereby a compact size
s important {0 aliow for their integration inline of inaustinal manufacturing
eguipment. One the other hand, guadrupoie mass spectrometers, despife their
disadvantages, can be buill small and hence are commonty used as process

control instruments in industry.

The present invention aims at addressing the above described inconveniences.
Thereby it enables the use of fast tme-of-flight mass analyzers in felds of
industry where previcusly only guadrupoie mass spectrometers were used, thus
opening new possipilities for faster and more sensitive process and product

guality control in various domains of industrial application
SUMMARY OF THE INVENTION

in a first aspect, the mnvention provides a time-of-thght mass spectrometer
comprising a time-of-flight mass analyzer, an ion source configured 1o proguce a
divergent ion beam, an extraction region configured for an orthogonal extraction
of ions from a compensated ion beam into the tme-of-thght mass analyzer, and
transier oplics, piaced between the ion source and the extraction region, that
compensates for a divergence of the divergent ion beam 10 creates ihe
compensated on deam such that it 1s substantially parallel or focused in the

proximity of the extraction region.

in a preferred embodiment, the extraction region comprisas a push electrode and
a pull elecirode configured to bend an ions trajectory from the compensated
peam by substantially 90 degrees, and acceleration electrodes enabled o

acceleraie the ons in direction of a drifl region of the time-of-flight mass analyzer.

in a turther preferred embodiment, the transfer oplics comprises a plurality of
alectrodes arranged to enable for beam guidance {0 compensale any one of the
Hst comprising a mecnanical imperfection, and an ex-centered divergent on

peam, 10 change a direction of the divergent ion beam based on a satiing of a
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vollage applied to them, and to cut away ions from the divergent ion beam, which
are on diverging trajectories with respedct 1o focusing abilities of the transfer

optics.,

in a further preferred embodiment, the plurality of eiecirodes comprises g first
piurality of electrodes and a second plurality of electrodes arranged {0 surmound
the divergent ion beam and enabled for the beam guidance, a third plurality of
aiectrodes and a fourth plurality of electrodes, placed at opposiie sides with
respect {0 the ion peam and arranged {0 surround substiantially half of the
divergent 1on beam and enabled ¢ change the direction of the divergent ion
peam based on the setling of the vollage applied 1© them, a fifih plurality of
glectrodes, arranged as a skimmer, and enabled o cut away the ions from the
divergent ion beam, which are on diverging trajectories with respect {¢ focusing

apililies of the transier oplics.

i1 a second aspect, the invention provides a sat of acceleration elecirodes for the
acceleration of charged particles in a vacuum ion optical system, wherein each
acceleragtion elecirode comprises a conical sechion and at least an elongated ieg
protruding from the conical section, the elongated leg and any further elongated
ieg each being configured as a mechanical support and as an electncal

conneclion petween the conical secltion and an intenged source of elecinc

notential,

in a further preferred embodiment, the set of electrodes further comprises an
insutlating tube configured to house the acceleration electrodes In seguence,
wherepy successive acceleration electrodes have iegs of mncreasing iengih as
compared (0 a preceding acceleration elecircde in the seguence, and the

ncreasing tength of the legs s configured o position the conical sechions at

defermined distances among each other to oblain desired eiecirical fields
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petween successive acceleration electrodes hence providing a concentnc set of

acceieration electrodes.

in a further preferred embodiment, the legs of the acceleration electrodes are

mounted on a same support, wnich acts as a reference piane.

in a turther preferred empodiment, the support onto which the set of eiectrodes

1S mounted is a printed circuit board.

in a third aspect, the inveniion proviges a set of eleciredes configured either as
accelergtion electrodes {0 accelerale ions in an ion oplical sysiem or as
agiectrodes of a transfer oplics, each elecirode being mechanically fixed and
aiectrnicaily connected on a prinfed circuit board, whereby the printed circuit board
further supports an impiementation of noise filters in close proximity of a

mechanical fixalion of the electroges.

in & further preferred embodiment, each elecitrode s mounted on the printed

circuit board, by using legs of different length than the length of the legs of other

electrodes.

i a further preterred embodiment, at ieast a subset of the elecirodes s equipped

with its own noise filter

in a further preferred embpodiment, the elecirodes are mountied to form a

saeguence of aligned elecirodes, and each electrode 1s mounted at a certain angle

with respect {0 the previous one in the seguence.

BRIEF DESCORIPTION OF THE FIGUREDS

The mvention will be betler understood through the delailled descriplion of

preferred embpodiments, and in reference 10 the appended gures, wherein

figure 1 depicis a cross section of an orthogonal 1on injection part of the ion
source of a time-of-tlight mass analyzer, according o an exampie embodiment

of the nvention;
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figure 2 depicts two types of slectrodes of an accelerating region of the time-of-

fight mass analyzer, according o an example embodiment of the nvention;

figure Z2A iliustrates an electrode with a single thing ieg, according {o an exampie

smpodiment of the invention;

figure 28 illustrates a pluralily of electrodes mounted on a support according io

an example embodiment of the invention;

figure 3 depicts one way o mount electrodes on a printed circuit board accoraging

o the invention: and

figure 3A show a pluralily of electrodes esach similar ¢ that of figure 3, but

mounted N a similar manner as the electrodes in figure 2, according 1o an

exampie embodiment of the invention.

same references will be used throughout the figures and description to designate

same or simiar objects.

DETAILED DESURIPTION OF PREFERKED EMBODIMENTS

The present invention is relative v ion optlics ¢of a time-of-flight mass analyzer
that improve the manufacturabiiity and performance of a time-of-fight mass
spectrometer, particularly when a compact instrument is concerned. Moreover, it
discioses a way 1o couple an ion source originally designed for a guadrupole
mass analyzer with a time-of-fiight mass anaiyzer, which makes it very easy {o
repiace siow quadrupoie mass anaiyzers used in industrial process control with
a new fast ime-of-flight mass anailyzer, with minimal changes 0 the existing
interfaces between these measurement instruments and the industnal
manufacturing equipment that they are interfaced with. All these features aliow
to use fast time-of-fight mass analyzers in fields of industry where previousiy only
guadrupole mass specirometers were used, thus opening new possibilities for
taster and more sensitive process and product quality control in various domains

of indusinal apphication.

in one aspect, the present invention relates {© a device configurad to couple an
ION source originally conceaived for a quadrupole mass anaiyzer, with a time-of-
flight mass anaiyzer, which aliows {0 repiace a low-performance quadrupole

mass filter with a high-performance time-of-fight mass analyzer with minimal
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changes o said sxisting instrument, thus providing a significant ease of upgrade

of existing instruments with faster and more sensitive analyzers.

The guadrupole mass analyzer lechnoiogy requiras a continuously running 1on
source, which injects the generated 1ons under an angle of a few degreeas into
ihe guadrupcie analyzer. Hereatter, we cali such a device guadrupole ion source.
Suf having such a diverging 1on beam does not allow 1o interface an existing
guadrupoie ion source with a time-of-flight mass analyzer, because the mass
resoiution s compromised when the ions have a velocity compenent into the
direction of exiraction of the 1ons due o their givergence. A nearly parailel ion
peam i1s required for the time-of-flight mass analyzer to achieve high-resolution
mass spectra because the initial ime spread of the ions in the ion source is critical

tor the later separalion by mass.

A Known technigue to inferface a continuous ion sources, such as an eiectro-
spray ionization source, with time-of-flight mass analyzers is the s¢ cailled
orthogonat extraction, i which 1ons are introguced into the exiraction region of
the ion source of the time-~-of-fhight mass analyzer perpendicuiarly 10 the direction
of extraction. The orthogonal exiraction aliows 1o handle high on or gas density
of a continucus on source, such as an electro-spray onization source, while
preventing the operation of the mass analyzer at excessive pressure, which
constitutes a performance and a safety issue, because of the increased risk of
discharges between high-vollage elements tound in a tme-of-ilight mass
analyzer. Operating the mass analyzer at too-high pressure reduces the mean
free path of the ions fiying through said analyzer, thus reducing the sensitivity of
the instrument. Another reason (0 use orthogenal extraction i1s {0 measure I0NS
that are too fast for achieving nigh guality mass spectra with a straight ion source,
such as ions in atmosphere of a pianetary object or comet [2] 3], because in a
straight ion source it would not be possible 1o keep said fast ions and reduce their
ime spread © achieve good inial conditions for performing a high-resolution

mMass specirometric analysis.

he present invention discioses a new type of orthogonal extraction which alows
o guide the initiailly diverging ions of a guadrupoie 1on source into the extraction
region of a time-of-flight analyzer by forming the ions iNto a compensated ion

peam, which s substantially paraliel, and at the same iime obtain all the
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advantages mentioned above of an orthogonal extraction ion source. (he

nvention comprises a compination of
e & quadrupcle ion source producing a divergent ion peam,

e & region for the orthogonal extraction of ions nto the ion optics of the time-

of-flight mass analyzer, and

e & transfer optics, placed petween said ion source and said extraction
region, that compeansates for the divergence of the ion beam o create 3
peam that is nearly parallel or focused in the proximity of the extraction

reqgion.

The transter optics is a set of electrodes, which is used {0 guide the diverging ion
peam 10 the extraction region of the time-of-flight mass anailyzer and form a
nearly paraliel compensaied beam. This transter oplics electrodes aiso acts as
an electrostatic lens by geometrically focusing the ions towards the exiraction

region.

Any number of electrodes may be used to achieve the described effect of
compensation of the peam divergence, 10 a sutficient extent to create a nearly
paraliel ion beam that aliows 10 couple the quadrupcie ion source with ihe
extraction region of the time-of-fight mass analyzer and achieve a sufficient
performance or mass resolution. In a preferred embodiment as dusirated in
Fis. 1, the sel of electrodes constituting the transfer optlics, comprises five
electrodes referenced 1 {0 5. Fi(5. 1 depicts the cross section of the orthogonal
ion injection part of the ion source of the time-of-flight mass analyzer. On the right
side of Fi(s. 1, a guadrupole ion source 100 is depicited, as known from prior art,
which provides an ion beam 104, In the middile of FiG. 1, fransfer optics 101 o
interface the guadrupoie ion source 100 with time-of-flight analyzer {the time-of-
flight analyzer is not shown in FiG. 1) s visible, with its elecirodes numbered from
11c 5. The same number 1 10 & appears several times and a same number
indicates electrodes that are connected 10 the same power supply. 1 he lefi part
of Fi. 1 shows the exiraction region where the ions’ trajectory is bent by
approximately 80 degrees by means of a packpiane or push elecirode 100 and
g pull electrode 107, and the ions are then accelerated by acceleration elecirodes

102 i direction 103 of the feid-free dnft region of the time-of-flight mass
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analyzer. in the middie part of FI(. 1, the first two electrodes, referenced 1 and
2, surround the ion beam 104 and act as beam guidance 1o compensate possible
geometrical distorfions of the peam due 1o mechanical imperfections, or a non-
central ion creation. The third and fourth elecirodes, referenced 3 and 4 in FiG. 1,
surround approximately half of the ion beam 104 and are placed at opposile sides
with respect to the 1on peam 104, 50 that they can de used {o change the direction
of the ion beam 104 based on their voitage setting. The fifth electrode, referenced
Sin FiG. 1, acts as a skimmer, by cutling away ions which are on highly diverging
trajectorias for the focusing abiliies of the transter optics 101, At this point, the
ion peam 104 enters the extraction region of the mass analyzer through an
aperture 105 that 1s at the ground potential of the extraction region. Depending
on the actual configuration of the nstrument, the actual values of the voltags
applied 10 each of these elactrodes may vary. it may be positive or negative,
depending on the polarity of the ions thal are generated by the guadrupole ion
source 100, bul the voltage applied {0 these electrodes is generally set in a way
10 produce the ion beam 104 with an energy in the order of few alecironvoit (eV).
in a preferred empodiment, the electric potential applied o these electrodes is
approximatiely in the range of ~120 V to +120 V. These electrodes can have any
shape that can be demonstraled, by ion optical simuiation as if can be done with
the SIMION software or by experiments, to proeduce a beam with the desired
characteristics. FPossidle shapes of said electrodes inciuge circular, eiliptical,

square, and rectanguiar shapes, or partial sections thereof.

Vilhen exchanging a guadrupocle mass analyzer by a time-of-flight mass analyzer
one would normally not use the guadrupcle 1on source that generates a diverging
peam, and instead redesign said guadrupcle ion source (o place the region whers
the neulral gas is ionized (ionization region) N a confined space between or
within electrodes of the orthogonal part o accelerate fhe created ons
immediately and form them into a paraiiel ion peam. in contrast, the present
invention atiows to keep and operale the existing guadrupole ion source {ogether
with the time-of-flight analyzer, despite the adverse propearties of the quadrupoiea
ion source of generating a diverging ion beam. Surprisingly, the instrument s0
obtained is very stable and has a high-performance, despite using a component,

the guadrupole ion source, that was onginaily oplimized for a completely different
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instrument. Because in an existing mnstrument or product, the ion source s an
inherent part of the sample introguction system, redesigning this part represents
a substantial effort and a risk. in confrast, with the present invention both the
guadrupoie ion source and all the existing parts of the gas introguclion sysiem
siay the same and the instrument can therefore be operated in a familiar way,
without changes 1o the interfaces with the sampile introduction system, yet with
the additional performance that the time-of-flight mass analyzer can provide

compared o the guadrupole mass analyzer.

in another aspect, the present ivention relates {0 a device configured o
acceleraie ions, that, af the same time, 18 easy 10 assemble and minimizes the
capacitive coupling between electrodes, thus reducing the noise (cross-taik) of
high-freguency componeants of signais that are used or infercaepted by the device.
in a preferred empodiment, the present invention allows 1o reduce fhe noise
caused by the high-voltage pulser used (o extract the ions out of the ion source

of the time-of-thght mass analyzer.

i the time-of-flight mass analyzer, an elecinc puise is applied to an electrode in
the ion source to extract by either pushing or pulling, or both pushing and pulling,
ihe ions out of the source and accelerate them o their ime-of-fhght path for mass
spectrometrnic analysis. The electrode may for exampile be a grid when it s used
0 pull the 1ons, and nence has (o ensure that the ions can pass through when
they are accelerated towards it. Alternatively, the electrode used o pull the ions
may nave a different shape, inciuding holes, put wilh some disadvantage with
respect to the uniformity of the elecinc field that i creates. The electnic puise may
e a negative or a positive pulse, depending on the polarity of the ions that are
created by the 1on source, and typically has a haight of a few hundreds of volits
and nsing and failing time in the order of a few nanoseconds. More than one
eiectric puise may be appiied in particular instrument configurations, for exampie
two electric puises may be applied 10 push and pull the ions approximately

simulianecusiy.

the performance of a tme-of-tlight mass analyzer depends critically on the
sieepness and sharpness of the edges of the electnic pulse. ideally, the slectric
puise is a perfect square wave. in praclice, the electnic puise or puises gpplied to

the ion source of the mass analyzer typicaily have a nearly rectanguiar shape.

10
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Because a pulse with close o rectangular shape contains signal components
over almost the compiete frequency spectrum, the high-freguency parts of the
nigh~-voitage puise has the potential to propagate through the whole mass
spectromeler and cause noise. The propagation of this noise is favored by the
presence of capacitive ioads in the ion optics of the ime-of-flight mass analyzers,
pecause capacitors tend 1o be conduclive 1o high-freguency signais. This
propagation of noise is particularly cnitical for compact instrument, because the
capacity is given by the formula C=epsiion™A/d, where epsilon 1s the permittivity
of the dislectnc medium between the two surfaces, A is the area of the two
surfaces, and d s their disiance. in a large instrument, there are larger
elecirodes, bul aiso larger distances between the elecltrodes, bul because
capacity scales inearly with the area but non-linearty with the distance, it can be
expected thatl the capacity coupling of neighbonng electrodes (s more critical for
a compact nstrument, thus being one of the reasons why it 1s very difficuit to find
such compact devices on the market. Therefore, itis desirable to minimize all the
capacitive icads in the mass analyzer 10 minimize the noise and improve the

guality of the mass spectra, particuiarly when a compact 1on source is concemed.

The ion optical sysiem of the ime-of-flight mass spectrometer, or mass anaiyzer,
usually comprises a stack of singie elecitrodes that are used o creale electric
fields that accelerate ions introduced in the 1on optical system. The electrodes
may be metailic elecirodes or may be made aiso with other non-conduciive
material with a conductive coating. in particular, the accelerafion electrodes of
the ion source of the on optical system are ofien built in this way. Each of these
electrodes is usually shaped as a nearly conical section 200 (see FiG. 2) with an
outer circular crown 201 because i is easy (0 manufacture and 10 assemble in
the 1on source. Such a design is disclosed for exampie in Figure 15 of {4] and it
15 illustirated to the left side in FIG. 2. FiG. 2 depicis two types of electrodes of
the accelerating region of the time-of-flight mass analyzer. To the left in FIG. 21s
the typical design used In such nstruments, according to prior art. 1o the nght
side in FiG. 2is the structure according to the present invention. in prior ant, these
electrodes are formed and stacked on top of each other. Manufaciunng and
assembly methods inciude but are nol imited o mounting said electrodes on

threaded rods and separating them using insulator parts, or brazing said

11
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agiecirodes directly {ogether with ceramic insulalors in petween (5] [B]. All these
mechanical designs have in commoen that each pair of neighboring electroges
forms approximately parallel surfaces that are akin 1o a capacitor. This is
particularly critical pecause said acceleration electrodes lie very ciose 0 the
giectrode or elecirodes of the ion source where the pulse is applied to extract the
ions in the time-of-flight path, as shown for example in FIG.1. Therefore, these
paraliel surfaces make the instrument susceptible (0 pick up the high-freguency
component of the noise generated by the pulse or puises applied to the exiraction
region, and by minimizing the amount of parallel surfaces, as shown in the
Hlustration on the right side in FliG. 2, whiie preserving the compatibility with
manufacturing constraints  and fulfiling the requirements o©of generaiing
appropriate electric fields 1o accelerate the ions, one can significantly improve

ine performance, for exampie the sensiivity, of a time-of-fiight mass analyzer.

The present invention discioses a mechanical design which reduces the inherent
capacity between the electrodes and is at the same time very easy o assembpie.
specifically, the present invention allows 1o remove the outer circular crown, such
as outer circular crown 201, that is typicailly found in the acceleralion electrodes
used in the ion source of a time-of-flight mass analyzer, thus reducing the amount
of paraliel surfaces and the resulting capaciiive {oad of the assembly, while
SUrprisingly providing a convenient way to assempie such siectroges, particuiarly
for & small-size 1on source or a compact instrument. The outer circular crown nas
no functional role in providing a good electnic hield, but is only found there for the
purpose of ease of manufactunng and assembly of said elecirodes. According o
the present invention, such ouler circular crown can pe removed and replaced by
USIinNg an electrode with a nearly conical section shape 202 1© which at ieast a
thin iegs 20 is attached as shown (o the right of FIG. 2. {tis understood that there
may be one or more iegs 203 for each electrode, put that preferably £ 1eqQs are
used, as shown in the example llustrated in the right part of FiG. 2. In FIG. 2A
an example of an electrode with a single thing leg 203 is lusirated. Two or more
thin legs 203 may be used 1o increase mechanical stability. Returning now 1o
Fis. 2, the thin legs 203 function both as mechanical support of the conical
section 202 and as elecirical connections 1© apply {0 the electiode the desired

potential. A top circular surface 204 of the conical section 203 may be open or

12
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may pe closed with one or more grids. 1o the electrodes, sither a constant or
varying potential can pe appiied. In ihe case where the electrodes act as
extraction electrodes, a high voltage puise as described earlier can e applied {o
it

A pluralily of these electrodes, with legs 203 of increasing length from one
giectrode 10 the next, may then be sid into an insulating tube {0 provide a
concentric set of acceleration electrodes by property positioning of the conical
section 202 of the electrodes at appropnate distances, whereby appropriate
means that the position of such conical section 202 15 according 1o the one that
gives the desired elecinc field, for example as defermined with a simuiation of
the ion optics of the system. A precise positioning of the conical sections 202 of
ihe elecirodes may be obtained by using a set of electrodes with different leg
sizes, 80 that the iengih of the leq 203 determines the position of the conical
section 203 of the eiectrode when all the elecirodes are mounted on a same
support, acting as a reference plane. This s tiusirated in the exampie of FiG. 2B,
whnere 2 electrodes having different leg sizes petween each other, are mounted
on a support 300, Not only this concept aliows 10 reduce the amount of paraliel
surtaces compared to having full planar surfaces as it i1s usually done according
to prnior arl, but also it surprisingly leads 1o @ much simpiler and fast assembly of
inis element of the ion optical system, thus aliowing for mass production at very
iow cost. More specifically, it 1s nol necessary anymore {0 siack many electrodes
and nsulators on top of each other, with some of these parts being very small in
the case of a compact instrument, but it is now sutfficient to shide the slectrode

parts into the insulaling tube {0 very easily oblain a precisely aligned stacked

glectrode system.

in another aspect, ihe present invention reiates {0 a device for the filtering of any
residual noise that might be ieft in the ion optical system despite ail efforts made
(o reduce i, such as described in the previous aspect. The noise may be reduced
oy appiving noise fillers implemented on printed circult boards, which, {0 be most
effective, need to be as close a5 possibie 10 the source of the noise, that is as
ciose as possible to the electrodes inside the vacuum chamber enciosing the
tme-of-flight mass analyzer. However, connecting printed circuit poards 1o the

small electrodes of a compact time of flight analyzer is a further compiication that

13
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increases the compiexity of manufacturing and assembly, hence the cost, of the
system. Moreover, it increases the voiume of the mass anaiyzer, hence the
volume of the vacuum chamber that encloses i, hence the size and weight of the

nstrument.

The present mvention discloses an integrated design of the acceleration
aeiectrodes described in the previous aspedt, that uses a printed circuit board as
the support 300 {see Fi(s. 3), both as a structural element {o attach a tip 301 of
the thin legs 203 of the elecirodes and as an elecirical support for the
implementation of a noise filter 302. This design is shown in FIG 3, for one
electrode. FI(. 3 depicts one way to mount electrodes on the printed circuit board
300 according o the invention, including the implementation of the noise filter

302 on the same surface that acts as mechanical support for the electrode.

An arbitrary number of electrodes may be mounted on the same printed circuit
poard, by using electrodes with legs of different length, and by mounting each
subsequent eiectrode at a certain angle with respect to the previous one. One
further example embodiment, comprising 2 electrodes, similar as in Fls. 28, is
Hlustrated in Fi(. 3A, with each electrode being connectad (o a respective noise
filter 302,

The invention according to the various aspects discussed herein above may be
used {0 mount not only the acceleration electrodes, put also the extracton
alectrode of the ion source, which would pe the first of the stack of eieciroges. in
a preferred embodiment, ail the five electrodes of the 1on source, one of them
pceing the exiraction electrode, are mounted in this way. -ach or a selection of
said electrodes may be eguipped with s own fiiter, with the exception of the
extraction electrode {0 where the puise is gpplied, where the impiementaiion of
the noise filter is not appropriate. This makes it possibie to implement noise fiiters
on elecirodes of the ion source of a compact ime-of-flight mass specitromelsr as
ciose as possible to the slectrodes, thus maximizing the effectiveness of said

noise filter.
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CLAIMS

1. A set of acceleration elecirodes for the acceleration of charged particies in
a vacuum ion oplical system, wherein each acceleration elecirode
comprisaes g conical section and at least an elongated leg profruding from
the conical section, the elongaied leg and any further elongated leg each
peing configured as a mechanical support and as an elecincal connection

petween the conical section and an intended source of eleciric potential.

2. Ine set of electrodes of claim 1, further comprising
an insulating twibe configured to house the acceleration elecirodes in
sequence, whereby successive acceleralion electrodes have legs of
increasing length as compared {0 a preceding acceleration alectrode
i1t the sequence, and the increasing length of the legs s configured {o
position the conical sections at delermined distances among sach
other {0 obtain desired elecinical fields bpelween successive
acceieralion electrodes hence providing a concentric set of

acceleration electrodes.

3.  The set of electrodes of any one of claims 1 and 2, wheremn the legs of the

acceleration electrodes are mounted on a same support, wnich acts as a

reference plane.

4. The set of electrodes of claim 3, wherein the support onto which the set of

electrodes is mounted is a printed circuit board.

5. A set of slectrodes configured either as acceleration electrodes (o
gccelerate ions in an ion optical system or as elecirodes of a transter oplics,
2ach electrode being mechanically fixed and electrnically connected on a
printed circuit board, whereby the printed circuit board turther supports an
impiemeantation of noise fillers in close proximity of a mechanical fixation of

the elecirodes.
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6.  The set of slectrodes of claim 5, wherein each slectrode s mounted on the
printed circuit board, by using legs of different length than the length of the

legs of other electrodes.

7. The selof electrodes of any one of claims 5 and 6, wherein at least a subset

of the electrodes s equipped with iis own noise fiiter.

8.  1he setof elecirodes of any one of claims 5 and 6, wherein the electrodes
are mounted teo form a sequence of aligned electrodes, and each electrode
s mounted at a cerfain angle with respect 1o the previous one in the

aeguence.

9. A time-of-thght mass specirometer comprising
a ime-of-thight mass analyzer,
an ion source contigurad 1o produce a divergent 1on dbeam,
an exiraction region configured for an orthogonal extraction of ions
from a compensated ion beam into the time-of-thght mass analyzer,
and
transter optics, piaced between the ion source and the extraction
region, that compensates for a divergence of the divergent ion beam
o create the compensated ion peam such that i 1s substantially

parailel or focused in the proximity of the extraction region.

10.  The time-of-flight mass spectromeler of ciaim 8, wherein
the extraction region comprisaes a push electrode and a pull elecirods
configured o bend an ions’ trajectory from the compensated peam Dy
substantially 20 degrees, and
acceleralion electrodes enabled t0 accelerate the ions in direction of a

arift region of the time-of-tight mass analyzer.

11, The time-of-tlight mass spectrometer of any one of claims % and 10, whereain
the transfer optics comprisas
a piurahty of electrodes arranged {0 enaple for peam gquidance (o

compensate any one of the list comprising @ mechanical

17
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imperftection, and an ex-centered divergent ion beam, (o change a
direction of the divergent ion beam pased on a setling of a voltage
appiied to them, and 1o cut away ions from the divergent ion beam,
which are on diverging trajectories with respect 1o focusing abilities

of the transter oplics.

12.  The time-of-fight mass spectrometer of claim 11, wheremn the plurality of
slectrodes comprises

a first plurality of electrodes and a second piurality of slectrodes
arranged 1o surround the divergent ion deam and enabied for the
peam guidance,
a third plurality of electrodes and a tourih plurality of slectrodes,
pslaced at opposite sides with respect 1o the 10n beam and arranged
{0 surround substantially halt of the divergent ion beam and
enabled to change the direction of the divergent ion beam based
on the setiing of the voltage applied 1o them,
a fifth pluraiily of electrodes, arranged as a skimmer, and enabiled
to cut away the ions from the divergent ion beam, which are on
diverging trajectories with respect to focusing abiiilies of the

transter optics.

18
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charged particles 1n a vacuum 1on optical system, wherein
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each being configured as a mechanical support and as an
electrical connection between the conical section and an
intended source of electric potential.
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a time-of-flight mass analyzer,
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