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AN IMPROVED INTERFACE FOR MASS SPECTROMETRY APPARATUS
Field of the invention

[0001] The present invention concerns improvements in or relating to
mass spectrometry. More particularly, the invention relates to improvements to
sampling interfaces for use with mass spectrometry apparatus. In one aspect, the
present invention relates to a sampling interface for use with an inductively

coupled plasma mass spectrometer.

Background of the invention

[0002] In this specification, where a document, act or item of knowledge is
referred to or discussed, this reference or discussion is not an admission that the
’ document, act or item of knowledge or any combination thereof was at the
priority date part of common general knowledge, or known to be relevant to an

attempt to solve any problem with which this specification is concerned.

[0003] Mass spectrometers are specialist devices used to measure or
analyse the mass-to-charge ratio of charged particles for the determination of the

elemental composition of a sample or molecule.

[0004] A number of different techniques are used for such measurement
purposes. One form of mass spectrometry involves the use of an inductively
coupled plasma (ICP) for generating a plasma. The plasma vaporises and ionizes
the sample so that ions from the sample can be introduced to a mass spectrometer

for measurement/analysis.

[0005] As the mass spectrometer requires a vacuum in which to operate,
the extraction and transfer of ions from the plasma involves a fraction of the ions
formed by the plasma passing through an aperture of approximately 1Imm in size
provided in a sampler, and then through an aperture of approximately 0.5mm in
size provided in a skimmer (typically referred to as sampler and skimmer cones

respectively).

[0006] A number of problems are known to exist with prior art mass

spectrometer arrangements, which serve to reduce their measurement sensitivity.
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Various solutions have been proposed to address these problems. One such
proposal is reported by Houk et al (Simultaneous Measurement of Ion Ratios by
Inductively Coupled Plasma-Mass Spectrometry with a Twin-Quadrupole |
Instrument', Applied Spectroscopy, Vol. 48, Issue 11, pp. 1360-1366 (1994)),
where it is proposed to split a single beam of ions within an ion optics unit into
two independent and diverging ion beam streams. However, a likely deficiency
with the proposed arrangement is the high potential for ion losses to occur within
the 'splitting' mechanism, in which low energy ions are deflected away from their
intended path of travel while high energy ions impact the surrounding walls of the
mechanism. For these and other reasons, the resulting spectrometric analysis
based on this approach is unlikely to be acceptable in a commercial mass

spectrometry device.
Summary of the invention

[0007] According to a first principal aspect of the present invention there is
provided an interface for use in sampling ions in a mass spectrometer for
subsequent spectrometric analysis, the interface being capable of receiving a
quantity of ions from an ion source and forming more than one ion beam

therefrom, each ion beam being directed along a respective desired pathway.

[0008] According to one embodiment of the first aspect of the present
invention, the interface is appropriately arranged for dividing the ions at or near
the ion source into separate respective ion beams which each proceed along
respective desired pathways within the mass spectrometer. Each pathway
generally terminates with a respective ion detector unit. One significant advantage
in forming plural or multiple ion beams at or near the ion source is thought to be
that the ion beams formed tend to be more stable thereby providing an increased
level of measurement sensitivity. Arrangements of the present invention therefore
contrast prior art devices in which division of the ion beém occurs within the ion
optics arrangement, which often leads to relatively poor and unreliable

spectrometric measurements.
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[0009] In one embodiment, the interface has more than one aperture
provided therein, each aperture corresponding to a respective ion beam thus

formed.

[0010] The interface may be arranged so that two or more of the desired

pathways are substantially parallel with or to one another.

[0011] The interface may be substantially flat or curvilinear in shape. In

some embodiments the interface may be concave or convex.

[0012] The interface may be arranged so as to receive a bias voltage
potential. '
[0013] The interface may comprise one or more chargeable elements

arranged so as to be capable of having a bias voltage potential applied thereto. In
accordance with one embodiment, a single chargeable element may comprise an

electrode.

[0014] The voltage bias potential applied to the interface or to the or each

chargeable element may be negative relative to the charge at the ion source.

[0015] The or each chargeable element may be substantially flat, or it may

be curvilinear (for example, convex or concave) in shape.

[(0010] The or each chargeable element may have more than one aperture
provided therein, each aperture corresponding to a respective ion beam thus

formed.

[0017] Two or more of the desired pathways may be attenuated (using, for
example, appropriately configured ion optics units) so that the ions are directed
toward, or pass through, a respective mass analyser arrangement (which tend to

include a mass analyser unit and an associated ion detector unit).

[0018] The mass analyser units may be arranged substantially parallel to
one another so as to minimise the overall footprint and/or envelope of the
arrangement/apparatus. In such arrangements, the ion detector units are typically

configured so that they are also parallel to one another.
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[0019] - The mass analyser arrangements may comprise mass analyser units
having one or more electrostatic poles. Preferably, the mass analyser
arrangements comprise sequential multipole mass analyser units configured with,
for example, monopole, dipole, quadrupole arrangements. Such arrangements
are relatively inexpensive and small in size. However, it will be appreciated that

- the principles of the present invention could be employed with other types of |
mass analyser arrangements such as, for example simultaneous (such as, multi-
collector magnetic sector mass spectrometers (MC-ICP-MS)) or time of flight (such
as inductively coupled mass spectrometer (TOF-ICP-MS)) arrangements, despite
such arrangements tending to be expensive and larger in size. In one respect,
multi-collector mass analyser units typically have only a limited number of
collectors (detectors) and operate (to a commercially acceptable degree of

reliability) within certain isotropic mass ranges.

[0020] Using various embodiments of the present invention, mass
spectrometry apparatus can be suitably arranged so that one or more selected
mass analyser arrangements (typically including ion detector units) measure
secondary ion fluxes independently of, and/or in parallel With, other mass analyser

arrangements.

[0021] Embodiments of the present invention may therefore prdvide a
mass analyser array comprising 2 number of mass analyser units (generally with
their associated ion detector units). Preferably, the mass dnalyser units are
disposed in a substantially parallel type arrangement relative to one another. One
advantage of such arrangements is the potential reduction in spectrometric
measurement time and/or the improvement in isotropic ratio measurement

precision and accuracy.

[0022] Each of the separate ion beams may be generated by the interface at
approximately atmospheric pressure. However, it will be appreciated that the
separate ion beams may also be generated by the interface at substantially higher

or lower pressures.
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[0023] It will be appreciated that in various embodiments of the present
invention, in accordance with any of the arrangements described herein, the
division of the ion beam may be achieved at any stage along the pathway from the

ion source to the mass detector, such as for example and without limitation:

. in front of mass-analysers; and/or,

. in front of the ion optics arrangement if present; and/or,

. at the interface; and/or,

. within an ion beam manipulétor compartment such as an ion cooler or ion

thermalisation devices, and/or electrostatic collisional cell arrangements.

[0024] Thus, for the case of plasma mass spectroscopy, arrangements of
the present invention may prove beneficial by assisting in the generation of stable
multiple ion beams and which avoid, at least in part, dependence on the
conditions of the plasma which can vary during operatidn (for example in
inductively coupled mass spectrometry devices). For most cases, improved
stability of the ion beam streams, when injected into mass analyser units, serve to
irnprbve the precision of the spectrometric measurement of the elements being

analysed.

[0025] According to a further principal aspect of the present invention

there is provided a sampling interface for use with mass spectrometry apparatus,

the sampling interface being arranged so as to enable the sampling of ions in a

mass spectrometer for subsequent spectrometric analysis, the sampling interface

arranged for receiving a quantity of ions extracted from an ion source and forming
" more than one ion beam therefrom, each ion beam being directed along a

respective desired pathway.

[0026] The sampling interface may include an interface arranged in
accordance with any of the embodiments of the first principal aspect of the

present invention.
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[0027] In another embodiment, one or more of the pathways is attenuated

so as to pass through at least one collisional cell or reaction cell.

[0028] One or more of the pathways may be attenuated so as to pass

through respective mass analyser units.

[0029] In one embodiment, the sampling interface includes an interface
arranged so as to form more than one ion beam, each ion beam having a pathway

passing through a respective mass analyser unit.

[0030] The mass analyser units may be arranged substantially parallel to
one another so as to minimise the overall footprint and/or envelope of the

arrangement/apparatus.

[0031] Attenuation of the or each pathway may be performed using an ion

optics apparatus.

[0032] Two or more of the pathways may be arranged substantially parallel

to one another.

[0033] In a further embodiment, one or more of the mass analyser units

comprises a multipole mass analyser unit.

[0034] One or more of the ion beams may pass through a region
downstream of the interface which is arranged so as to minimise collisional scatter

of the ions. _ ;

[0035] In one embodiment, the sampling interface may comprise a region
downstream of the interface for accommodating a gas through which the ions may

pass.

[0036] In another embodiment, a field having a selected bias voltage
potential is provided in at least a portion of the downstream region through which

the ions may pass.

[0037] The field having a selected bias voltage potential may be provided
upstream or downstream of where the ion beam is divided into more than one

separate ion beams. In some embodiments, one field may be provided upstream
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of where the ion beam is divided, and a further substantially similar field may be

provided downstream of where the division takes place.

[0038] The bias voltage potential of the field may be a positive bias voltage
potential. ‘ i
[0039] Typically an energy component of the ions will be increased as they

pass through the field chai‘ged in this way.

[0040] The bias voltage potential of the field may be selected so as to
reduce collisional scatter caused when ions collide with particles of the gas as the

ions pass through. the field in the downstream region.

[0041) The bias voltage potential of the field may be selected in accordance
with a correlation with a change in kinetic energy of the ions due to collisions with
particles of the gas as the ions pass through the downstream region, so as to

reduce collisional scatter.

[0042] The bias voltage potential of the field may be selected such that the

| signal strength (or sensitivity) of ions which reach a detector of the mass
spectrometry apparatus is as strong as possible. Accordingly, when the signal
strength is at a maximum, the degree of collisional scatter should be at a

minimum.

[0043] - Inone embodiment, the bias voltage potential applied to the field is
a function of the loss of ion energy due to ionic collisions which occur in the

downstream region.

[0044] In another embodiment, the bias voltage potential of the field rhay
be selected in accordance with a correlation with the pressure of gas in the
downstream region, so as to reduce collisional scatter. Thus, the bias voltage
potential of the field may be arranged so as to be variable in response to variation

in the pressuré of the gas in the downstream region.

[0045] A change in the pressure of the gas in the downstream region, such

as an increase in pressure, may cause a commensurable increase in the number of
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ionic collisions which occur. Therefore, in one embodiment, a change in the bias
voltage potential applied to the field may be selected so as to be commensurable
with any change, such as an increase, in the pressure of the gas in the downstream
region. However, the commensurable increase in the number of ionic collisions
which occur as a result of an increase in gas pressure in the downstream region
may not translate to the same increase in collisional scatter of the ions. This is
because collisional scatter is generally a function of ion energy and/or the speed of

an ion prior to a collision.

[0046] Accordingly, the bias voltage potential to be applied to the field will
genefally be a function of the collisional scatter of the ions due to ionic collisions
and, in at least one emboﬁiment, may be selected so as to determine the
magnitude of the bias voltage potential which results in thé maximum possible
number of ions reaching the detector of a mass spectrometry apparatus (ie.

minimizing collisional scatter).

[0047] It will be appreciated that any magnitude of bias voltage potential
may be applied to the field.

[0048] Although other arrangements are envisaged, the downstream
region will typically be, at least in part, defined by a chamber arranged to be

sealed so that the enclosed gas or gases reside in the chamber under pressure.

[0049] In one typical embodiment, the downstream region is, or forms

part of, a collision reaction interface (CRI).

[0050] Embodiments of the first and second principal aspects of the

present invention may comprise any one or more of the following features:
[0051] . The ion source may be provided at about atmospheric pressure.

[0052] Typically the ion source will be a plasma generated by an
inductively coupled plasma (ICP), although other ion sources are envisaged within

the scope of the invention.
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[0053] In one embodiment of the above described aspécts of the
invention, the sampling interface may be arranged so as to be in electrical
communication with a voltage source, so that the bias voltage potential may be
applied to the field. The voltage source may be separate from the interface, or it

may be arranged with the interface.

[0054] In a further embodiment of the above described aépects of the
invention, the bias voltage potential of the field may be provided by a chargeable
element arranged so as to be electrically coupleable to the voltage source. In this
embodiment the chargeable element is arranged within the region so that the field
is positioned relative to the desired pathway of the ions, so that passing ions gain

energy potential from the field.

[0055] In one such embodiment, the chargeable element may have an

aperture provided therein through which ions may pass.

[0056] In another embodiment, the chargeable element may be arranged
so as to divide passing ions into more than one separate beam of ions. In such an
arrangement, the chargeable element may be arranged in a manner that is
substantially similar to the embodiments of the interface according to the first

principal aspect of the present invention.

[0057] In another embodiment, the chargeable element is arranged so as

to be electrically isolated from ground.

[0058] The chargeable element may be supported from the interface. In
one arrangement, the chargeable element is supported on the downstream side of

the interface.

[0059] The downstream region will typically be, at least in part, defined by
a chamber arrainged to be sealed so that the enclosed gas or gases reside in the

chamber under pressure.

[0060] In another typical embodiment, the chargeable element is
electrically isolated from the walls of the chamber defining the downstream

region.
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[0061] Where the downstream region is defined by a chamber, the
chargeable element will typically be supported by one or more of the chamber

walls.

[0062] The gas accommodated in the downstream region may be at least
one of helium or hydrogen as is typically known in the art, or a mixture thereof,
- Another suitable gas or mixtures of two or more other suitable gases may be

accommodated in the downstream region as desired.

[0063] In another embodiment, the sampling interface comprises an inlet

arranged for extracting ions from the ion source.

[0064] In a further embodiment, the inlet is arranged so that the extracted

ions may be divided into separate respective ion beams.

[0065] In one embodiment, the inlet may be substantially conical in shape
having an aperture provided at or near the apex of the cone. The chargeable
element may also be substantially conical in shape also having an aperture

- provided at or near the apex of the cone. In this arrangement, the apertures of”
both the inlet and the chargeable element are arranged so as to be substantially

concentric with one another.

[0066] In other embodiments, the inlet, regardless of its.shape, comprises
more than one aperture so that the extracted ions may be divided into separate
ion beams. The components downstream are therefore arranged so as to
appropriately cater for the number of ion beams divided at the inlet. For the case
where the inlet provides for the extraction of only a single beam of ions, the
chargeablé element, ‘regardless of its shape, may comprise more than one aperture
so that the ions may be dividéd' into separate ion beams. For egch of these
embodiments, the inlet or chargeable element may be substantially flat or

curvilinear in shape (ie. exhibiting concavity or convexity).

[0067] According to one embodiment, the inlet is a sampler having a

‘sampler cone, and the chargeable element is a skimmer having a skimmer cone.
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[0068] In a further embodiment, the chamber includes an inlet through
which gas or a mixture of gases may be injected into the chamber. In one
embodiment of this arrangement, the chargeable element has an inlet through

which gas may be injected into the chamber.

[0069] According to further embodiments, the chamber may include an ion

optics arrangement positioned generally downstream of the inlet and generally

upstream of the interface (or substantially between the inlet and the interface).
.Suitable ion optics arrangements may include, but are not limited to, a 'chicane' or

‘'mirror’ type ion optics arrangement.

[0070] Any of the arrangements of the sampling interface described herein
may include one or more collisional cells. The or each collisional cell may be
arranged so as to accommodate one or more reaction or collision gases such as
ammonia, methane, oxygen, nitrogen, argon, neon, krypton, xenon, helium or
hydrogen, or mixtures of any two or more of them, for reacting with ions
extracted from the plasma. It will be appreciated that the latter examples are by
no means exhaustive and that many other ‘gases, or combinations thereof, may be

suitable for use in such collisional cells.

[0071] Division of the ions into separate ion beams may occur within such
collisional cell arrangements. In some embodiments, the division may occur at

the entrance to a collisional cell.

[0072] The bias voltage potential of the field may be arranged so as to be
variable in response to variations in the pressure of the gas or gases provided in

the or each collisional cell.

[0073] The or each collisional cell may include one or more quadrupole
arrangements.
[0074) According to another principal aspect of the present invention

there is provided an interface or sampling interface according to any of the
embodiments of the above described principal aspects of the invention, wherein

the interface or sampling interface is arranged so as to be associable with at least
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one of the following mass spectrometry instrumentation: atmosphere pressure
plasma ion source (low pressure or high pressure plasma ion source can‘be used)
mass spectrometry such as ICP-MS, microwave plasma mass spectrometry (MP-MS)
or glow discharge mass spectrometry (GD-MS) or optical plasma mass
spectrometry (for example, laser induced plasma), gas chromatography mass
spectrometry (GC-MS), liquid chromatography mass spectrometry (LC-MS), and
ion chromatography mass spectrometry (IC-MS). Furthermore, other ion sources
may include, without limitation, electron ionization (EI), direct analysis in real
time (DART), desorption electro-spray (DESI), flowing atmospheric pressure
afterglow (FAPA), low temperature plasma (LTP), dielectric barrier discharge
(DBD), helium plasma ionization source (HPIS), desorption atmospheric pressure
photo-ionization (DAPPI), and atmospheric or ambient desorption ionization
(ADI). The skilled reader will appreciate that the latter list is not intended to be
exhaustive, as other developing areas of mass spectrometry may benefit from the

principles of the present invention.

[0075] According to a further principal aspect of the invention, there is
provided a mass spectrometer having a sampling interface arranged according to

any of the embodiments described above.

[0076] According to another principal aspect of the invention there is
provided an inductively coupled plasma mass spectrometer having a sampling

interface according to any of the embodiments described above.

[0077] According to a further 'principal aspect of the invention there is
provided a plasma sampling interface for plasma mass spectrometry apparatus, the
plasma sampling interface arranged so as to enable the sampling of ions from a
plasma and introduction of the ions to a mass spectrometer for subsequent
spectrometric analysis, the ions to be sampled being from a sample which has
been converted into ions in the plasma, the plasma sampling interface arranged
for receiving a quantity of ions extracted from the ion source and forming more
than one ion beam, each ion beam being directed along a respective desired

pathway.

»
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[0078] The sampling interface of this aspect may incorporate any of the
features described above.
[0079] The sampling interface may be arranged with an interface according

to embodiments.of the first principal aspect of the invention, the interface being
capable of forming more than one ion beam therefrom, each ion beam being

directed along a respective desired pathway.

[0080] The plasma sampling interface may be arranged to have a
downstream region capable of accommodating a gas through which ions received

from the plasma may pass.

[0081]) The plasma sampling interface may further comprise a field
between a sampler and the interface having a selected bias voltage potential

provided in at least a portion of the region through which the ions may pass.

[0082] In one embodiment, a skimmer is provided and arranged
downstream of the sampler. Both the sampler and skimmer are arranged so as to

enable sampling of ions from the plasma for introduction to a mass spectrometer.

[0083] The sampling interface may be further arranged so as to be in
electrical communication with a voltage source, so that the bias voltage potential
may be applied to the field. The voltage source may be separate from the

interface, or it may be arranged with the interface.

[0084] In one embodiment, the voltage potential of the field is provided by

way of a chargeable element such as a skimmer or skimmer cone.

[0085] Division of the ions into more than one separate ion beams may
occur by way of the arrangement of at least one of the chargeable element, the
skimmer, or the sampler, being arranged in accordance in substantially the same

manner as the above described interface.

[0086] The bias voltage potential of the field may be selected so as to
reduce collisional scatter caused when ions collide with particles of the gas as the

ions pass through the downstream region.
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[0087] In one embodiment, the bias voltage potential applied to the
skimmer may be selected in accordance with a correlation with a change in kinetic
energy of the ions due to collisions with particles of gas as the ions pass through

the downstream region.

[0088] In another embodiment, the bias voltage potential applied to the
skimmer may be selected so as to reduce collisional scatter caused when ions

collide with particles of the gas as the ions pass through the downstream region.

[0089] In another embodiment, the bias voltage potential applied to the
skimmer may be selected in accordance with a correlation with the pressure of the

gas in the region so as to reduce collisional scatter.

[0090] In one typical embodiment, the voltage source is arranged so that
the bias voltage potential applied to the skimmer may vary in response to variation

in the pressure of the gas in the region.

[0091] In another embodiment, the skimmer is arranged so as to be
electrically isolated from ground. The bias voltage potential applied to the

skimmer may be a positive bias voltage potential.

[0092] The skimmer may be supported from the inlet. In one arrangement

the chargeable element is supported on the downstream side of the inlet.

[0093] In one embodiment the downstream region is, at least in part,
defined by a chamber arranged to be sealed so that the enclosed gas or gases

reside in the chamber under pressure.

[0094] The skimmer may be substantially conical in shape having an
aperture prdvided at or near the apex of the cone. The sampler, if present, may
also be substantially conical in shépe and have an aperture provided at or near the
. apex of the cone. In this embodiment the apertures of the inlet and the
chargeable element are arranged so as to be substantially concentric with one

another.
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[0095] In other embodiments, the inlet, regardless of its shape, comprises
more than one aperture so that the extracted ions may be divided into separate
ion beams. The components downstream are therefore arranged so as to
appropriately cater for the number of ion beams divided at the inlet. For the case
where the inlet provides for the extraction of only a single beam of ibns, the
chargeable element, regardléss of shaping, may comprise more than one aperture
so that the ions may be divided into separate ion beams. For each of these
embodiments, the inlet or chargeable element may be substantially flat or

curvilinear in shape (ie. exhibiting concavity or convexity).

[0096] In another embodiment, the chamber is arranged adjacent a

downstream face of the skimmer.

[0097] In a further embodiment, the chamber includes an inlet through
which the gas or mixture of gases may be injected into the chamber. The skimmer
may be provided with an inlet through which gas may be injected into the

chamber.

[0098] According to further embodiments, the chamber may include an ion
optics arrangement positioned generally downstream of the skimmer. Suitable
ion optics arrangements may include, but are not limited to, a 'chicane' or 'mirror’

type ion optics arrangement.

[0099] According to a further principal aspect of the present invention
there is provided a mass spectrometer having a sampling interface arranged in

accordance with any of the above described embodiments.

[00100] According to another principal aspect of the present invention
there is provided an inductively coupled plasma mass spectrometer having a
plasma sampling interface arranged in accordance with any of the above described

embodiments.

[00101] According to a further principal aspect of the present invention,
there is provided a method for measuring a quantity of ions extracted from a

sample, the method comprising forming more than one ion beam and directing
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said more than one ion beam along a respective intended pathway to at least one

ion detector.

[00102] The method may further include direéting one or more of said
more than one ion beams so that they pass through a region arranged having a gas
through which the ions may pass‘. A field having a selected bias voltage potential is
typically provided in at least a portion of the region through which the ions may

pass.

[00103] The region may also be ‘arranged so as to accommodate a gas
through which the ion beams may pass. The gas may be one selected for its ability

to reduce or minimise collisional scatter.

[00104] The method may further include steps relating to the operation or

use of any of the above described features.
Brief description of the drawings

[00105] Embodiments of the invention will now be further explained and
illustrated, by way of example only, with reference to any one or more of the

accompanying drawings in which:

[00106] Figure 1 shows a schematic representation of one ‘arrangement of

an inductively coupled plasma mass spectrometry apparatus;

[00107] Figure 2 shows a schematic representation of an embodiment of a
mass analyser arrangement for use in a mass spectrometry apparatus arranged in

accordance with the present invention;

(00108] - Figure 3 shows a schematic representation of another embodiment
of a mass analyser arrangement for use in a mass spectrometry apparatus arranged

in accordance with the present invention;

[00109] Figure 4A shows a schematic representation of one embodiment of
a mass analyser arrangement for use in a mass spectrometry apparatus arranged in .

accordance with the present invention;
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[00110] Figure 4B shows a cross section through A -A, of the mass analyser
shown in Figure 4A;
[00111) Figure 5A shows a schematic representation of another

embodiment of a mass analyser arrangement for use in a mass spectrometry

apparatus arranged in accordance with the present invention;

[00112] Figure 5B shows a cross section through B,-B, of the mass analyser
shown in Figure 5A; '

[00113) Figures GA through 6C each show a variety of arrangements for

respective extraction lenses for use with a mass spectrometry apparatus;

[00114] Figure 7 shows a schematic representation of a further embodiment
of a mass analyser arrangement for use in a mass spectrometry apparatus arranged

in accordance with the present invention;

[00115] Figure 8 shows a schematic representation of another embodiment
of a mass analyser arrangement for use in a mass spectrometry apparatus arranged

in accordance with the present invention;

[00116] Figure 9A shows a schematic representation of yet another
embodiment of a mass analyser arrangement for use in a mass spectrometry

apparatus arranged in accordance with the present invention;

[00117] Figure 9B shows a schematic representation of a further
embodiment of a mass analyzer arrangement for use in a mass spectrometry

apparatus arranged in accordance with the present invention;

[00118] Figure 10 shows a schematic representation of an arrangement of
one embodiment of an inductively coupled plasma mass spectrometry (ICP-MS)

apparatus which may be arranged for use with the present invention;

[00119] Figure 11 shows a schematic representation of another
embodiment of an ICP-MS apparatus which may be arranged for use with the

present invention,;
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[00120] Figure 12 shows a variation of the embodiment of the ICP-MS
apparatus shown in Figure 11; '
[00121] Figure 13 shows a schematic representation of another

embodiment of an ICP-MS apparatus which may be arranged for use with the

present invention;

- [00122] Figure 14 shows a variation of the embodiment of the ICP-MS

apparatus shown in Figure 13; and,

[00123] Figure 15 shows another variation of the embodiment of the ICP-

MS apparatus shown in Figure 14.
Detailed description

[00124] For brevity, several embodiments'of the present invention will be
described with specific regard to inductively coupled mass spectrometry (ICP-MS)
apparatus. However, it will be appreciated that the substance of the described
embodiments may be readily applied to any mass spectrometry apparatus,
including those having any type of collisional atmosphere (including, but not
limited to, multi-pole collisional or reaction cells) arrangements used for selective
ion particle fragmentation, attenuation, reaction, collisional scattering,

manipulation, and redistribution with the purpose of mass-spectra modification.

[00125] Accordingly, the following mass spectrometry apparatus may
benefit from the principles of the present invention: atmosphere pressure plasma
ion source (low pressure or high pressure plasma ion source can be used) mass
spectrometry such as ICP-MS, microwave plasma mass spectrometry (MP-MS) or
glow discharge mass spectrometry (GD-MS) or optical plasma mass spectrometry
(for example, laser induced plasma), gas chromatography mass spectrometry (GC-
MS), liquid chromatography mass spectrometry (LC-MS), and ion chromatography
mass spectrometry (IC-MS). Furthermore, other ion sources may include, without
limitation, electron ionization (EI), direct é\nalysis in real time (DART), desorption
electro-spray (DESI), flowing atmospheric pressure afterglow (FAPA), low

temperature plasma (LTP), dielectric barrier discharge (DBD), helium plasma
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ionization source (HPIS), desorption atmospheric pressure photo-ionization
(DAPPI), and atmospheric or ambient desorption ionization (ADI). The skilled
reader will appreciate that the latter list is not intended to be exhaustive, as other
developing areas of mass spectrometry may benefit from the principles of the

present invention.

[00126] By way of brief explanation, in the case of ICP-MS appafatus, a
'Campargue’ type configuration plasma‘sampling interface is often utilized to
provide for the production and transfer of ions from a test sample to a mass |
spectrometer. An interface of this configuration generally consists of two
electrically grounded components: a first component generally referred to as a
sampler (or sampler cone), which is placed adjacent the plasma to serve as an
inlet for receiving ions produced by the plasma; and a second component |
commonly known as a skimmer (or skimmer cone), which is positioned
downstream of the sampler so that ions pass therethrough en-route to the mass
spectrbmeter. The skimmer generally includes an aperture through which the
ions pass. The purpose of the sampler and skimmer arrangement is to allow the
ions to pass (via respective apertures) into a vacuum environment required for
operation by the mass spectrometer. The vacuum is generally created and
maintained by a multi-stage pump arrangement in which the first stage attempts to
remove most of the gas associated with the plasma. One or more further vacuum
stages may be used to further purify the atmosphere prior to the ions reaching the
mass spectrometer. In most systems, an ion optics or extraction lens arrangément
is provided and positioned immediately downstream of the skimmer for
separating the ions from UV photons, energetic neutrals, and any further solid

particles that may be carried into the instrument from the plasma.

[00127] Typical ICP mass spectrométers have an ion beam which is
extracted from an ion source, travels along an intended pathway as a single beam,
and passes through all the mass spectrometer compartments sequentially. The
sample introduction system supplies the ion source with material to be analysed.
The ion source is the part of the mass spectrometer apparatus where ions are

formed before they are extracted into the ion optics compartment by way of an
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extractor or interface. The ions may be formed in the plasma or generated by
other known means in the art such as, for example, under the influence of other
particles (electrons, neutrals, ions, photons, chemo ionisation, etc.,) or in
presence of fields (electrostatic and/or magnetic). Ion sources may operate in
different pressure conditions, such as atmospheric, or other environments having

relatively higher or lower pressure conditions.

[00128] Most mass spectrometer deviées typically include one or more ion
optics arrangements which are configured so as to focus and move the ions into
an ion beam manipulator (if used), being any known collisional or reaction cell.
The purpose of an ion optics arrangement is to modify the ion beam by physical
and/or chemical means for specific spectroscopic needs. For example, in the ICP-
MS field, providing an 'interference' environment (one containing a specific gas or
environment which purposefully interferes with an unwanted particle or particles
known to be present in the ion beam) can improve the measurement of a specific

kind of ion which is desired to be measured.

[00129] Mass spectrometry can often benefit by using a number of mass-

analyser arrangements in sequence and ion beam manipulators of different kinds.

[00130] - Qtiadrupole mass-filters operate sequentially. The spectra is
obtained in sequence allowing only one mass-to-charge ratio (m/z) measurement |
at a time, and can therefore be time consuming when many masses are needed to
be measured. Furthermore, precise isotropic ratio measurements using such
sequential methods can be problematic when the ion source and/or sample
introduction systems oscillate or flicker, creating unstable (in time) ion beams for

subsequent measurement.

[00131] Flickering is often an instability measurement problem typically

_ associated with atmospheric pressure ion sources (such as inductively coupled
plasma, microwave plasma, or laser-induced plasma), but electrodes charging
within the interface and ion optics units can cause short and long term drift
problems which can tend to impact upon the precision of isotropic and elemental

measurements.
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[00132] There are other types of mass-analysers — simultaneous, for example
multi-collector magnetic sector mass-spectrometers (MC-ICP-MS), or time - time-
of-flight (TOF ICP-MS). Needless to say, these mass-analysers are generally more
expensive and in some cases are large in size. Multi-collectors are not capable of
covering all mass ranges, typically have only a limited number of collectors (mass

detectors), and operate within a certain isotropic mass range.

[00133] Many anticipated embodiments of the present invention

incorporate sequential multipole mass-analysers (monopole, dipole, quadrupole, ‘
etc.) which are typically relatively inexpensive and small in dimension. Therefore,

the combination of a number (N) of such devices in 'parallel' arrangements (into
mass-analyser arrays) can yield reductions in measurement time and improve

isotope ratio precision and accuracy.

L

[00134] Therefore, following from the above, Figure 1 shows é conventional
arrangement 2 of a typical mass spectrometry apparatus. Broadly, and as
foreshadowed above, the arrangement 2 firstly involves the provision of a sample ‘
6 of a substance of material in a sampler 10 for'testing by an ion detection unit 50.
The sample 6 is transferred to a subsequent compartment arranged to convert the
sample 6 into a source 15 of ions from which a quantity of ions is extracted
therefrom by a sampling interface 20. The purpose of the sampling interface 20 is
essentially to extract the quantity of ions from source 15 and provide a beam of

ions 18 having a desired pathway.

[00135] The beam of ions 18 then passes into an ion optics arrangement 25
which serves to provide focus or directioning to the ion beam 18. In some
instances, the path of the ion beam 18 at this stage may be linear. However, in
many arrangements, the ion beam 18 may be specifically directed or manipulated
s0 as to alter the direction of the pathway to cause the removal of unwanted
particles from the beam. It will be appreciated that many filtering arrangements

will be known to those skilled in the art.

[00136] The beam 18 may be directed so as to pass through a collisional or

reaction cell 30 which is arranged to provide an additional filtering mechanism by
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removing interfering ions through ion/neutral reaction. The collisional or reaction
cell 30 may comprise a specific reacting gas provided therein and pressurized so as

to filter a particle known to be present in the ion beam 18.

[00137] The beam 18 may be further directéd SO as to pass through a first
mass filter 35 arrangement which seeks to separate ions based ubon their mass-
charge ratio. Generally, quadrupole mass filter arrangements are employed which
use oscillating electric fields to stabilize or destabilize the paths of ions passing
through a radio frequency (RF) field created between four parallel rods. Only ions
in a certain range of mass-charge ratio are passed through the system at any time,
but changes to the potentials on the rods allow a wide range of m/z values to be

swept rapidly, either continuously or in a succession of discrete stages.

[00138] For the arrangement shown, on exiting the first mass filter 35, the
ion beam 18 passes through another collisional or reaction cell 30, and into a

second mass filter 45,

[00139] The second mass filter 45 is arranged adjacent the ion detector unit
50 so that, on exiting the second mass filter 45, the ion beam 18 is then directed

to the ion detector unit 50 for analysis. The skilled person will appreciate that the
arrangement in Figure 1 is generally indicative of conventional inductively coupled

plasma mass spectrometer arrangements.

[00140] Figure 2 shows a simplified embodiment of an ion sampling
arrangement 52 for use with an inductively coupled plasma mass spectrometer. In
the arrangement shown, aﬁ interface 54 is provided in which a quantity of ions is
received from an ion source (by way of ion beam 90), and two ion beams 110 and
111 are formed at the entrance to a mass analyser array 60. The interface 54 is
arranged such that each of ion beams 110 and 111 is directed along a respective
desired pathway. In the embodiment shown, the pathways of ion beams 110 and
111 enter the mass analyser array 60 by way of inlets 75 provided in a chargeable
component such as inlet lens 115, and are directed through respective mass

analyser units 65 arranged parallel to one another within the mass analyser array
- 60.
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[00141] For the embodiment shown, the inlet lens 115 is provided at an
entrance wall of the mass analyser array 60. However, it will be appreciated that
the inlet lens 115 may in itself comprise a separate component (see further
below). In each instance, the inlet lens 115 may be substantially flat or be of any

curvilinear shape (eg. convex or concave) as may be required.

[00142] The mass analyser array 60 further includes a detector array 85
comprising two detector units 86, each arranged at downstream ends of a
respective mass analyser unit 65. The mass analyser units 65 of the mass analyser
array 60 are each quadrupole mass analysers having respective sets of metallic
fringing rods 70. It will be understood that each ion beam 110 and 111 is
arranged so as to carry respective ion beams to respective detector units 86 for

measurement of the ions carried thereby.

[00143] The embodiment shown in Figure 2 shows how the flux (being
substantially large in diameter) of particles of interest (or ion beam) can be

reduced so as to enter the mass analyser array 60.

[00144] Figure 3 shows a further arrangement 56 in which the upstream
end of the mass analyser array 60 comprises a pre-entrance lens 120 arranged on
the external side of the inlet lens 115, and a post-entrance lens 125 arranged on
the internal side of the inlet lens 115. The arrangement shown illustrates a
multiple lens configuration which can be used to divide and focus the single ion
beam into respective quadrupole mass analyser units (65). In this arrangement,
isolators 105 are arranged with the mass analyser array 60 so that a voltage bias
may be applied to the inlet lens 115 in order to further energise the ions in the

passing ion beam.

[00145] Generally, the bias voltage applied to inlet lens 115 is negative
relative to the charge of the ion source. However, it will appreciated that the bias
voltage could be any negative voltage depending, at least in part, on the desired
focus characteristics required and/or the geometry or arrangement (such as
number) of the lenses used (more than one lens 115 may be employed - see for

example the arrangements shown in Figures 9A and 9B).
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[001406] Figures 4A and 4B both show an arrangement of a further
embodiment of the mass analyser array 60 having four individu‘al mass analyser
units 65 arranged parallel with one another in a 2 x 2 configuration, and through
which respective ion beams 110a, 110b, 111a, and 111b pass. The mass analyser
array 60 comprises four inlets 75 arranged on an inlet lens 115 at an upstream end
through which each of the ion beams enter their respective mass analyser units 65.
The mass analyser array 60 further includes a further embodiment of the ion
detector array 85 having four ion detector units 86 each arranged at a downstream
end of respective mass analyser units 65. In the arrangement shown, each mass

analyser array 60 is a quadrupole mass analyser having metallic fringing rods 70.

[00147] Thus, as shown in Figures 2 and 3, the forming of each respective
ion beam occurs at the entrance to the mass analyser array" 60. Therefore, in each
of the arrangements 52, 56 shown in Figures 2 and 3 respectively, the separation
of the ion beam 18 is achieved at the inlets 75 to each of the respective mass

analyser units 65. ’

[00148] Figure 5 shows a variation of the arrangement shown in Figure 4,
whereby the mass analyser units 65 each comprise metallic fringing rods 70 which
are curved and arranged to conduct or provide guidance for the ions in each of
the respective ion beams to respective mass analyser units 65. The embodiment
shown in Figure 5 retains the 2 x 2 parallel configuration of the mass analyser
array 60 shown in Figure 4, but allows the inlets 75 to be spaced much closer
together. It will be appreciated that one advantage of this arrangement is that it is
relatively easier to control the ion beam when the inlets 75 are spaced much
closer together (practically, controlling the ion beam when the inlets are spaced
further apaﬁ can add additional complexity to such arrangements). In this regard,

arrangements of this type may be operable using only a single ion optics unit.

[00149] It will be appreciated tﬁat the inlets 75 of the inlet lens 115 may be
arranged in various configurations as shown in Figures 6A to 6C. Furthermore,
and as foreshadowed above, the inlet lens 115 may be arranged so as to be
curvilinear (such as convex or concave in shape) so as to direct or focus the ion

beam in a desired manner.
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[00150] Figure 7 shows another arrangement in which the ion beam is
divided into two beams within a collisional or reaction cell 30 (sometimes referred
to as an ion cooler). The ion beam 90 passes through a particle extractor or ion
optics arrangement 25 and travels (through apertures 135 and'140) into the
éollisional or reaction cell 30, Within the collisional or reaction cell 30, the
division (100) of the ion beam 90 is influenced by a static or dynamic (in time)
electric field (other embodiments may provide a similar influence by way of
magnetic fields). However, it will be appreciated that a division using
static/dynamic electric and/or magnetic fields could be arranged to occur in any
other compartment of the mass spectrometer through which the single ion beam

90 passes.

[00151] Once the ion beam is divided (potentially into N>1 separate
beams), each individual beam exits the collisional or reaction cell 30 through
aperture 100. Both beams (110, 111) then enter the mass analyser array 60 and

travel through respective mass analyser units 65.

[00152] A similar arrangement is shown in Figure 8. The embodiment
includes many of the features typical of Campargue arrangements as they relate to
ICP-MS. Notably, the plasma is provided by way ofzi source of ions 15 and
introduced into the apparatus by way of an orifice provided in sampler cone 155.
The plasma is expanded (160) within the first chamber 165 (generally configured
as a vacuum chamber) where it passes through orifice 195 of skimmer cone 175.
The plasma expands (180) into a second chamber 185 (generally configured as a
further vacuum chamber) once it has passed through orifice 195 and engages with
extraction lens 190 provided with a DC voltage bias so as to assist in the extraction
of the ions from the plasma. The resulting ion beam (single beam) 90 then enters

the ion optics unit 205.

[00153] As previously stated, typical plasma mass-spectrometers consist of
an interface and extraction lens and ion optics units arranged to transport only a
single ion beam. The division (215) of the ion beam (90) may occur within an
electrostatic collisional or reaction cell 210 following routing through the first

chamber 165 and ion optics unit 205. This may happen because the single beam
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diffuses within the cell, loses energy and could be subject to extraction (or
pushing) forces established by the electrostatic field coming from the electrostatic
cell itself or from an external ion optical element. In this fegard, the embodiment
shown benefits from the inclusion of an ion optical element 230 which assists in

. the extraction of the ions from the electrostatic collisional or réaction cell 210
(similar to lens 115) ~ this generally occurs while a voltage is applied to the cell so
that ions are effectively repelled therefrom. Upon exiting from the electrostatic
collisional or reaction cell 210 the divided ion beams (each 220) pass through
respective quadrupole mass analyser units (not shown) enroute to the mass

detector array (also not shown).

[00154] Thus, the splitting of the ion beam may occur at any stage in the
pathway from the ion source to the mass detector array. For the case of ICP-MS,
the most practical means of achieving this is to consider the source of ions when
operating at any given pressure. For example, ICP-MS instruments can have ICP
operating at atmospheric pressure, but lower or higher pressures could also be
beneficial to the performance of the instrument, ie. plasma created in a separate
sealed compartment with controlled pressure. This could also'be arranged for
micro-wave plasma, glow discharge plasma, and laser induced plasma source

mass-spectrometers, all of which are not limited to atmospheric pressure.

[00155] .  Figure 9 shows yet another arrangement of a preferred .
embodiment which retains many of the features shown in Figure 7 and Figure 8.
In the arrangement shown, the plasma jet encounters the curved embodiments of
lenses 115 which provide multiple ion beams which are focused into an
electrostatic collisional or reaction cell 2\10 (or sometimes referred to-as an ion
cooler). The dual ion beams exit the electrostatic collisional or reaction cell 210
and- enter respective mass analyser units 65 by way of inlets 75, and are guided
between metallic fringing rods 70 (configured to be substantially curved in the
arrangements shown in both Figures 9A and 9B) toward ion detector units 86 of

the ion detector array 85 (all shown to be housed in a third vacuum chamber).

[00156] Therefore, the single incoming ion beam can be divided after the

skimmer cone 175 using an extraction process involving one or more lenses 115
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(two curved lenses 115 are included in the arrangements shown in Figure 9A and
Figure 9B). The ion beams may travel into the collisional or reaction cell while
either travelling parallel (shown in Figure 9B) td one another, or in a manneér
which causes each beam to cross their respective trajectories (shown in Figure 9A).
When ions enter the collisional or reaction cell 210 they may undergo
chemical/physical reactions with another substance (molecules, ions, electrons,
photons) in order to modify the initial spectra. For the case of ICP-MS this may be
needed in order to reduce interferences, but in, for example, molecular MS, it may

be needed for ion fragmentation or ion-molecular association reactions.

[00157] The arrangement shown in Figure 9B could be configured so that
the collisional or reaction cell 210-is replaced by a compartment housing an ion.
optics arrangement (such as for example one or more‘ iron mirrovr
deflector/reflector device(s)), through which the ion beams flow substantially

parallel relative to one another.

[00158] It would be readily appreciated by the skilled person that other
embodiments of the arrangements shown in Figures 9A and 9B could be realized
by the collisional or reaction cell 210 being replaced by a number of different
components, the purpose of which being to reduce the presenée of unwanted

particles so as to maximize the signal strength of each respective ion beam.

[00159] In view of the above, it will be appreciated that the division of the
ion beam, or the flux containing the particles of interest, could be achieved at any
stage along the pathway from the ion source to the mass detector, such as for

example and without limitation:

. in front of 2 mass-analyser unit; and/or,

o in front of the ion optics arraﬁgement if present; aﬁd/or,

‘e at the interface or sampler units; and/or

e within an ion beam manipulator cOmpartinent such as an ion cooler or ion

thermalisation devices, and/or electrostatic collisional cell arrangements.
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[00160] Embodiments of the present invention shown and described herein
serve to strengthen the ion beam so as to increase measurement sensitivity of the

" ions at the ion detector unit. However, it will be appreciated that other
embodiments of the present invention may be arranged so as to further reduce the
degree of collisional scatter. In this regard, embodiments of the present invention
discussed above may be arranged so as to exploit the substance of various
arrangements described and shown in Australian provisional application no
2010905248, the contents of which are incorﬁorated herein by reference. It will
therefore be appreciated that the concept of dividing a single ion beam into
multiple ion beams can be combined with the concept of providing a region,
through which the ion beams may pass (ie. the single ion beam or stream or any"
one or more of the divided ion beams or streams), having a selected bias voltage
potential arranged to energise the ions in the or each respective passing ion beam
in order to improve the performance of the measurement sensitivity of the ions at

the ion detector unit.

[00161] The following discussion serves to describe a number of
embodiments of sampling interface arrangements in which a field having a
selected bias voltage potential is provided in at least a portion of the downstream

region through which the ions beams (single or multiple) may pass.

[00162] Figure 10 shows one embodiment of a sampling interface 402 as
configured using a two aperture ICP-MS 'Campargue’ interface arrangement for
use with an ICP-MS device. An inductively coupled plasma (ICP) torch 410 is
provided in order to produce a plasma field 414. During operation, a test sample
418 is introduced into the plasma field 414 where the sample is vaporised and
converted into ions for analysis by mass spectrometer detector 406. It will be
appreciated that the method of producing the ions will depend upon the type of
mass spectrometry instrumentation considered, however, for present purposes,
the ions emanate from the plasma. It will be appreciated that various methods of
producing test sample 418 are known in the art and will not be discussed further

herein.
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[00163] Tons from test sample 418 are sampled from the plasma field 414 by
sampling interface 402. For the embodiment shown in Figure 10, the sampling
intérface 402 includes an inlet such as, in the case of an ICP-MS arrangement, a
sampler 422 (or sometimes referred to in the art as a sampler cone) arranged
adjacent the plasma torch 410 for receiving ions from the plasma field 414. The
s:impler 422 is arranged for x:eceiving a quantity of ions from plasma field 414. At
a predetermined stage within the sampling interface 402, the plasma field, or
incoming single beam of ions, may be divided into more than ion separate ion
beam. From the point of division, each ion beam is then directed along a
respective desired pathway so as to carry the respective ion beams to a respective
detector unit. As foreshadowed above, the division of the ions may occur at any
stage along the intended pathway enroute to the mass spectrometer detector 406

(or ion detector).

[00164] For convenience, only a single ion beam is shown in Figures 10 to
15 but it will be appréciated that embodiments of the arrangements shown may be
realized whereby one or more further ion beams may be formed in parallel
configurations or configurations where the trajectories of the respective ion beams
may cross. The purpose of the embodiments in Figures 10 to 15 is to illustrate the
concept of there being provided one or more regions downstrs:am of the ion
source, each region having a field having a selected voltage potential through
which ions may pass. It will be appreciated that one or more divided ion beams

may pass, either together or separately, through one or more of such regions.

[00165] The plasma field 414, initially at atmospheric pressure, expands as a
plaéma expansion jet 433 within a first vacuum chamber 432 (typical pressure

being in the order of from 1-10 Torr).

[00166] A region (hereinafter collisional region 430), ‘provided within a
second chamber 435 downstream of the sampler 422, accommodates a gas
(hereinafter collisional gas 434) through which the ions pass. At least a portion of
the collisional region 430 is arranged so as to provide a field having a selected bias
voltage potential through which the ions may pass. This arrangement allows an |

energy component of the ions to be increased as they pass through the field. For
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the embodiment shown in Figure 10, the bias voltage potential of the ficld is
provided by way of a chargeable element such as a skimmer 426 (in the case of an
ICP-MS arrangement) being arranged in electrical communication with a voltage

source 438.

[00167] Skimmer 426 (or sometimes referred to in the art as a skimmer
cone) is generally positioned downstream of the sampler 422. Sampler 422 and
skimmer 426 are arranged relative to one another so as to enable sampling of the
ions from the plasma field 414 for introduction to mass spectrometer detector
406. The distance between respective apertures 423, 427 of the sampler 422 and
the skimmer 426 can be between 5-30mm. Skimmer 426 is arranged so that it is
isolafed from the sampling interface 402 and allowed to 'float' by way of an

isolating assembly 428 using isolators 446.

[00168] The voltage potential applied to the skimmef 4206 is selected in
accordance with a correlation with the kinetic energy losses suffered by the ions
caused by the effects of collisional scattering as the ions pass into the collisional
region 430. The collisional gas 434 is selected based on its suitability for removing
unwanted particles from the ion beam such as polyatomic ions in the passing
plasma region 448. Using this arrangement, kinetic energy losses of the ions (as a
result of the collisions with the gas particles) can be compénsated for by the
application of the bias voltage potential to the skimmer 426 thereby serving to
increase an energy component of the ions. In one embodiment, the higher the
pressure of the gas provided in the collisional region 430, the higher the bias
voltage potential to be applied to skimmer 426 in order to give the ions sufficient
energy to minimise collisional scatter in the event of collisions with the gas
particles. This arrangement has been‘ found to improve the signal-to-noise ratio of
the mass spectrometer results in the order of > 10 times that compared with
conventional ICP-MS sampler interface arrangements. Therefore, using the
arrangement of the present invention, suitable collisional gases may be introduced
and maintained in the collisional region 430 at higher pressures (thereby
increasing the removal rate of unwanted particles) while reducing the rate of

scatter of incoming and available ions. The remaining ions are extracted by
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extraction lens 442 and directed to the mass spectrometer detector 406 for

analysis.

[00169] Skimmers 426, as used in typical ICP-MS configured mass
spectrometers, are generally constructed from metal and arranged to be
electrically associated with a metallic vacuum chamber. This ensures the skimmer
426 is constantly grounded at substantially zero (0) voltage potential. However, in
accordance with the present invention, applying a bias voltage potential to the
skimmer 426 provides the additional energy potential to the ions extracted from
the plasma. For exaﬁxple, if the kinetic energy loss within the collisional region
430 is found to be in the order of 25 electron Volts (eV), this loss can bc
compensated for by appiying a voltage potential of around +25 Volts (V) to the
skimmer 426. In cases where a quadrupole mass analyser is incorporated
downstream of the skimmer 426, further benefits in addition to the reduction of
collisional scatter may also be realized. In such cases, the quadrupole mass-
analyser does not need to be offset (in this case by a voltage potential of -25V) in
order to assist with the transfer of ions (having reduced kinetic energy). Instead,
the potential of the masslanalyser can be maintained at a substantially normal
(zero) voltage potential thereby simplifying the operation of the apparatus.
Therefore, there is no need to adjust the quadrupole voltage bias (as would
normally be required) in order to assist with the transport of the ions through the

quadrupole mass analyser.

[00170] In the case of a conventional ICP-MS cohﬁguration, when a
collisional or reactive gas is used in a CRI atmosphere, a reduction in sensitivity
due to collisional scatter can be observed to be in the order of from 10-100 times
during operation. However, the application of a bias voltage potential to the
skimmer, as arranged in accordance with present invention, is thought to have the
potential to reduce the energy losses of the ion beam resulting in an improvement
in signal sensitivity in the order of from 10 to 50 times. It will be appreciated that

any magnitude of voltage potential may be applied to the skimmer 426.

[00171] The use of collisional cells in conventional ICP-MS devices has been

found to increase the signal-to-noise ratio of the ion beam by >10 times compared
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with arrangements where they are absent. For mass spectrometry instrumentation
devices incorporating collisional cells, application of a bias voltage potential to the
skimmer has also been found to be advantageous as the collisional cell typically
operates in a relatively high pressure environment where ion kinetic energy losses
can be substantial — up to 200eV per ion. Such collisional cells generally include
quadrupole mass analysers or similar arranged therewith. This therefore means
that ions passing through such collisional cell arrangements need to be extracted
using negatively charged ion extraction lenses installed behind the collisional cell,
and a large negative bias voltage potential applied to the quadrupole mass-
analyser. However, in accordance with the present invention, the kinetic energy
losses of the ions can be compensated for, or controlled to a reasonable degree, if
a similar bias voltage potential (proportional to that which the collisional cell
consumes) is applied to the skimmer thereby increasing the initial energy state of
the ions in the ion beam (for example, up to in the order of +200eV per ion).

This has been found to improve the signal sensitivity in the order of between 10-

100 times.

[00172] ~ In view of the above, and without being bound by preliminary
results, it will be appreciated that a correlation is thought to exist between the
pressure of the collisional gas 434 in the collisional region 430 (or the collisional
cell), and the bias voltage potential to be applied to the skimmer 426. In this
regard, it may be appreciated that the lower the pressure in the collisional region
430 (indicative of less collisionél scatter), the lower the bias voltage potential
required to be applied to the skimmer 426. Moreover, the highér the pressure in
the collisional region 430 (indicate of increased collisional scatter), the more bias
voltage potential might be required to be applied to the skimmer 426. For
example, an increase in the pressure of the gas in the downstream region may
cause a commensurable increase in the number of ionic collisions which occur.
Therefore, in one embodiment, an increase in bias voltage potential applied to the
skimmer 426 may be selected so as to be commensurable with the increase in the
pressure of the gas in the downstream region. However, the commensurable

increase in the number of ionic collisions (as a result of the increase in gaseous
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pressure in the downstream region) may not translate to the same increase in
collisional scatter of the ions. This is because collisional scatter is generally a
function of ion energy and/or the speed of an jon prior to a collision. Accordingly,
the bias voltage potential to be applied to the skimmer 426 is generally a function
of the collisional scatter of the ions due to ionic collisions and may be selected
experimentally (discussed further below) so as to determine the magnitude of the
bias voltage potential which results in the maximum possible number of ions

reaching the spectrometer detector 406.

[00173] The magnitude of the bias voltage potential applied to the skimmer
426 (or multiple skimmers as discussed below and shown in the embodiment
presented in Figure 15) is generally determined experimentally by reference to the
collisional pressure recorded in the second chamber 435 (or collisional pressure
in the collisional cell when included in the arrangement), and the resulting signal
sensitivity or strength of the ion beam received by the mass spectrometer. One
method of determining the optimum level of bias voltage potential to be applied
to the skimmer 426 is by first, in the absence of any bias voltage potential applied
to the skimmer 426, removing any collisional gas from the ion beam path and
observing the signal sensitivity of the device. This provides an initial point of
reference. Then, by introducing the desired collisional gas 434 into the collisional
region 430, the signal sensitivity can be monitored as the bias voltage potential
applied to the skimmer 426 is slowly increased. With increases in applied bias
voltage potential to the skimmer 426, the signal sensitivity can be shown to
improve. However, it has been found that a turning point will be reached where
further increases in bias voltage potential serve to reduce the signal sensitivity, ie.
energising the ions too much causing loss of focusing of the ion beam.
Accordingly, a bias voltage potential commensurate with the 'turning point' will be
a likely reflection of the optimum bias voltage potential to be applied to the
skimmer 426. Furthermore, it may be that a bias voltage potential level selected
within a range or band of voltage levels may prove optimal depending on the

specific sampling interface arrangement used. It will also be appreciated that the
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optimum voltage levels (or band of voltage levels) may differ between sample ions

and therefore may be characteristic of certain types of elements.

[00174] Depending on the nature of the sample ions, the relationship
between the pressure of the gas in the collisional region 430 and the bias voltage
potential to be applied to the skimmer 426 may be linear or non-linear, and may
further depend on other factors such as, for example, the ion and collisional gas
properties, and any relevant chemistry such as the ion energy, collisional, and
vibrational properties. It will be appreciated that these factors are not intended to
be exhaustive and that other factors may further complicate the nature of the
relationship between the pressure of the gas in the collisional region 430 and the

applied bias voltage potential.

[00175] - Other means may also be used for determining the optimum level
of the bias voltage potential. Pressure sensors (such as any suitable form of

- pressure transducer having sufficient sensitivity to acknowledge pressure due to
colliding ions) may be located at locations throughout the collisional region 430
and arranged to transmit pressure data to a processing unit (not shown) suitably
programmed to process the data and automatically adjust the applied bias voltage
potential when required. The processing unit may also be arranged to receive
data relating to the signal sensitivity of the device. Therefore, when provided with
these data inputs, the process of determining the optimum bias voltage potential
can be readily automated. It will be appreciated that similar pressure sensor and
data processing arrangements may be provided in collisional cells for monitdring

and/or estimating collisional activity.

(00176] Plasma sampling interface arrangements in accordance with the
present invention may.be used with various ICP-MS configurations as exemplified
in the embodiments shown in each of Figures 11 to 15 which are discussed in

detail below.

[00177] Figure 11 shows a sampling interface 440 arranged in accordance
with the present invention. For the arrangement shown, the sampling interface

440 is configured with a two aperture ICP-MS 'Campargue' interface arrangement
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similar to that shown in Figure 10. As will be clear from Figure 11, the sampling
interface 440 shares a similar arrangement of components with the embodiment

of the sampling interface 402 shown in Figure 10.

[00178] As the ions pass through the aperture 427 provided in the skimmer
420, they enter the collisional region 430 defined by the second vacuum chamber
435 within which the collisional gas 434 is held. Ions which are not affected by
scatter due. to collision with the gas particles pass into an ion optics chamber 465
contained within a first pumping compartment 510. The ion optics chamber 465
assists with the separation from the ions of any UV photons, cnérgetic neutrals or
any solid particles that may have been carried into the instrument from the ICP,
and which inadvertently avoided collision with the particles of the collisional gas
434. For the embodiment shown, the ion optics chamber 465 is arranged as an off
axis configuration which acts to 'bend’ the ion beam in a 'chicane' like manner.
Such lens arrangements used may comprise the.Omega lens (Agilent 7700 ICP-MS
or the chicane lens (Thermo ICP-MS) ion optics arrangement). lon optic
arrangements of this nature seek to ensure that non-charged particles do not

| follow the charged ions and are removed from the ion beam (for example by

colliding with an internal surface of the ion optics chamber 465).

[00179] From the ion optics chamber 465, the ion beam is directed through
a gate valve 470 to a further collisional atmosphere provided within a cdllisional :
cell 485 (typically also referred to in the art as collisional cells, ion fragmentation
cells, or ion manipulation cells), contained within a second pumping
compartment 515. Collisional cells typically hold one or more pressurized gases
such as ammonia, methane, oxygen, nitrogen, argon, neon, krypton, xenon,
helium or hydrogen which reacts with the ions as an additional means of
eliminating unwanted residual interfering particles. The gas(es) are introduced
into the collisional cell 485 by way of inlet_b 480. Collisional cell 485 may be
arranged to either hold one of the gases or a combination of two or more. It will
be appreciated that the latter mentioned gases are by no means exhaustive and
that many other gases, or combinations thereof, may be suitable for use in such

collisional cells.
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[00180] From collisional cell 485, the ion beam passes through a differential
pumping aperture 490, held within a third pumping chamber 520, toward a mass
analyser arrangement (in this instance a quadrupole mass analyser arrangement)
492. The quadrupole mass analyser arrangement 492 comprises a first set of rods
(quadrupole fringing rods 495), and a second set of rods (quadrupole main rods
500) located downstream of the quadrupole fringing rods 495. In this instance,
the sets of quadrupole fringing 495 and main rods 500 each comprise four (4)
rods arranged parallel to one another having their respective axes arranged
parallel with the direction of travel of the ion beam. The function of the
quadrupole mass analyser arfangerhent 492 is to filter the ions in the ion beam
based on their mass-to-charge ratio (m/z). For the quadrupole mass analyser
arrangement 492 shown, sample ions are separated based on their stability of their
trajectories in the oscillating electric fields that are applied to the rods. The
remaining ions (charged ions) are then directed toward a mass spectrometer

detector unit 505 for analysis. )

[00181] Figure 12 shows an embodiment of a sampling interface 443

- arranged in accordance with the present invention. As will again be clear from
Figure 12, the sampling interface 443 is a variation of the embodiment shown in
Figure 8 providing the ion optics chamber 465 being arranged to reside within the
second pumping chamber 515 downstream of the collisional cell 485 (now in the

first pumping chamber 510).

[00182] Figure 13 shows an embodiment 6f a sampling interface 472 also
arranged in accordance with the present invention. Similarly, many of the
coinponents shown are shared with the embodiments shown in Figures 13 to 15,
however a modified skimmer 426 is provided having an inlet 444 which is
arranged to inject the collisional gas (such as helium or hydrogen) into the plasma
field 433 at or near the aperture 427 of the skimmer 426. It will be appreciated
that such collisional gases may be injected into the chamber atmosphere at any

suitable and desirable location within the interface.

[00183] An additional difference, as compared with the embodiment of the

plasma sampling interface 474 shown in Figure 14, is the incorporation of an ion
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'mirror' lens 525 arranged to redirect the ion beam toward the quadrupole mass
analyser 492 which is positioned in an off-axis relationship relative to the direction
of travel of the ion beam from the skimmer 426. As the ion beam travels
downstream from the skimmer 426, the ion mirror lens 525 is arranged having a
set of electrodes configured to direct the charged particles in the ion beam to
follow a different path to the accompanying non-charged particles. The electrodes
in the ion mirror lens 525 may be arranged so that the ion beam can be diverted
(reflected) through a substantial angle, for example 90 degrees (as shown in
Figure 13). As such, any photons or energetic neutrals that originally
accompanied the ion beam as it emerged from the skimmer 426 continue in their
original direction and are removed from the ion beam. It will be appreciated that
arrangements of this nature can be advantageous in that the electrodes can be
configured so that a degree of control can be exercised over the direction of travel
of the ion beam. For example, the ion beam can be steered from side to side (ie.
into or out of the plane of the drawing) by applying a voltage differential to
opposite electrodes of the ion mirror 525. Further reference in this regard is
madé to US patent 6,614,021 which is incorporated herein by reference. Use of
the ion mirror lens 525 has been shown to increase the signal sensitivity of mass

spectrometry devices.

[00184] Figure 14 shows an embodiment of a sampling interface 474
arranged in accordance with the present invention. As will be clear from Figure
14, the arrangement is s_ubstamially similar to that shown in Figure 13, however it
will be noted that the sampling interface 474 includes collisional cell 485 arranged
intermediate the extraction lens 442 and the ion mirror lens 525. A further
difference is the provision of a second collisional cell 478 which is positioned
intermediate the ion mirror 525 and the entry into the quadrupole mass analyser
492. It will be appreciated that the second collisional cell 478 provides a further
means of filtering any remaining interfering particles that may have been
inadvertently diverted with the ion beam by the ion mirror lens 525. The second
collisional cell 478 is arranged to receive a collisional gas via inlet 479. Although

the second collisional cell 478 is provided for further refinement of the ion beam,
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it will be appreciated that arrangements could be realized in which it is the only
collisional cell provided, ie. collisional cell 485 may be omitted in favour of the
second collisional cell 478. The skilled person will further appreciate that the
gases held within collisional cells 485 and 478 may be the same type of gas,

different gases, or comprise a combination of one or more suitable gases.

[00185] Figure 15 shows an embodiment of a sampling interface 476
arranged in accordance with the present invention. In this embodiment, a second
skimmer 540 has been included and positioned intermediate skimmer 426 and the
extractions lens 442. A further voltage source 550 is provided so that a bias

voltage potential may be suitably applied to the second skimmer 540.

[00186] - The inclusion of the second skimmer 540 affords a further stage in
which the ion beam may be refined by removing any unwanted particles. It will be
seen that a further plasma expansion region 545 forms immediately downstream
of the second skimmer 540 as the plasia passes en-route to a further collisional
region 430'. In addition, the second skimmer 540 is also arranged to 'float' so that
a bias voltége potential may be applied thereto in order to re-energise the sample
ions as they pass from skimmer 426. It will be appreciated that additional
skimmers may be provided and arranged in an appropriate series configuration so
as to further refine the ion beam as required. Furthermore, with reference to the
skimmer 426 arrangement shown in Figures 13 and 14, it will be appreciated that
both skimmers 426 and 540 could also be modified so that a suitable gas may be

injected from the periphery of respective apertures into the passing ion beam.

[00187] The word ‘comprising’ and forms of the word ‘comprising’ as used
in this description‘ and in the claims does not limit the invention claimed to
exclude any variants or additions. Modifications and improvements to the
invention will be reé.dily apparent to those skilled in the art. Such modifications

and improvements are intended to be within the scope of this invention.
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The claims defining the invention are as follows:

1.

An interface for use in sampling ions in a mass spectrometer for subsequent
spectrometric analysis, the interface being capable of receiving a quantity of
ions from an ion source and forming more than one ion beam therefrom,

each ion beam being directed along a respective desired pathway.

An interface according to claim 1, wherein the interface is appropriately
arranged for dividing the ions at or near the ion source into separate:
respective ion beams which each proceed along respective desired

pathways within the mass spectrometer.

An interface according to claim 1 or claim 2, wherein the interface has more

than one aperture provided therein, each aperture corresponding to a

respective ion beam so formed.

An interface according to any one of the preceding claims, wherein the
interface is arranged so that two or more of the desired pathways are

substantially parallel with or to one another.

An interface according to any one of the preceding claims, wherein the

interface is either substantially flat or curvilinear in shape.

An interface according to any one of the preceding claims, wherein the

interface is arranged so as to receive a bias voltage potential.

An interface according to any one of the preceding claims, wherein the
interface comprises one or more chargeable elements arranged so as to be

capabfe of having a bias voltage potential applied thereto.

An interface according to claim 7, wherein the bias voltage potential
applied to the interface or to the or each chargeable element is negative

relative to the charge at the ion source.

An interface according to claim 7 or claim 8, wherein the or each

chargeable element is either substantially flat, or curvilinear in shape.
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14.

15.

16.
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An interface according to any one of claims 7 to 9, wherein the or each
chargeable element comprises more than one aperture provided therein,

each aperture corresponding to a respective ion beam so formed.

An interface according to any one of the preceding claims, wherein two or
more of the desired pathways are attenuated so that the ions are directed

toward, or pass through, a respective mass analyser arrangement.

A sampling interface for use with mass spectrometry apparatus, the
sampling interface being arranged so as to enable the sampling of ions in a

mass spectrometer for subsequent spectrometric analysis, the sampling

-interface arranged for receiving a quantity of ions extracted from an ion

source and forming more than one ion beam therefrom, each ion beam

being directed along a respective desired pathway.

A sampling interface according to claim 12, wherein one or more of the

pathways is attenuated so as to pass through:
6)) at least one collisional cell or reaction cell; and/or
(i)  a respective mass analyser unit.

A sampling interface according to claim 12 or claim 13, wherein the
sampling interface includes an interface arranged so as to form more than
one ion beam, each ion beam having a pathway passing through a

respective mass analyser unit.

An interface according to any one of claims 1 to 11, or a sampling interface
according to any one of claims 12 to 14, wherein one or more of the jon
beams pass through a region downstream of the interface which is arranged
so as to minimise collisional scatter of the ions, the region being arranged

for accommodating a gas through which the ions may pass.

An interface or a sampling interface according to claim 15, wherein a field
having a selected bias voltage potential is provided in at least a portion of

the downstream region through which the ions may pass.



WO 2013/134833 PCT/AU2013/000271

17.

18.

19.

20.

21.

22.
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An interface or a sampling interface according to claim 16, wherein the field
having a selected bias voltage potential is provided upstream or
downstream of where the ion beam is divided into more than one separate

ion beams.

An interface or a sampling interface according to claim 16 or claim 17,
wherein the bias voltage potential of the field is selected so as to reduce
collisional scatter caused when ions collide with particles of the gas as the

ions pass through the field in the downstream region.

An interface or a sampling interface according to any one of claims 16 to 18,
wherein the bias voltage potential of the field is selected in accordance with
a correlation with a change in kinetic energy of the ions due to collisions

with particles of the gas as the ions pass through the downstream region, so

as to reduce collisional scatter.
i

An interface or a sampling interface according to any one of claims 16 to 19,
wherein the bias voltage potential of the field is provided by a chargeable
element arranged so as to be electrically coupleable to a voltage source, the
chargeable element being arranged within the region so that the field is
positioned relative to the desired pathway of the ions so that passing ions

gain energy potential from the field.

An interface or a sampling interface according to claim 20, wherein the
chargeable element is arranged so as to divide passing ions into more than

one separate beam of ions.

A plasma sampling interface for plasma mass spectrometry apparatus, the
plasma sampling interface arranged so as to enable the sampling of ions
from a plasma and introduction of the ions to a mass spectrometer for
subsequent spectrometric analysis, the ions to be sampled being from a
sample which has been converted into ions in the plasma, the plasma
sampling interface arranged for receiving a quantity of ions extracted from
the ion source and forming more than one ion beam, each ion beam being

directed along a respective desired pathway.
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23. A method of measuring a quantity of ions extracted from a sample, the
method comprising forming more than one ion beam and directing said
more than one ion beam along a respective.intended pathway to at least

one ion detector.

24. A method according to claim 23, the method further including directing
one or more of said more than one ion beams so that they pass through a
region arranged having a gas through which the ions may pass, the field
having a selected bias voltage potential provided in at least a portion of the

‘region through which the ions may pass.
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