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Description

TECHNICAL FIELD OF THE INVENTION

[0001] The invention relates to differential ion mobility analysis and to mass spectrometers and in particular to the use
of differential mobility spectrometry with mass spectrometry.

BACKGROUND OF THE INVENTION

[0002] Differential ion mobility spectrometry (DMS) is a technique based on the principles of ion mobility spectrometry
(IMS). In IMS, ions are guided by an axial uniform electric field through a gas medium at constant pressure. The combined
action of the driving force of the electric field accelerating the charged species and the damping force introduced by
collisions between ions and the gas molecules results in an average drift velocity of the ions in the direction of the applied
electric field.
[0003] Ion mobility is defined as the ratio of the average drift velocity of an ion group injected into the IMS cell over
the applied electric field, K=uAV /E. Therefore, the drift time of an ion through a given length is determined by the applied
electric field and the mobility; the latter reflects the ion’s collision cross section as well as the nature of the interactions
between ions and the molecules comprising the gas medium. Ions having different collision cross sections, and depending
on the nature of the interaction with the gas medium, will resolve into groups drifting with different average velocities
through the cell. Separation in IMS relies primarily on variations in the volume/charge ratio of the ions.
[0004] Recent developments in IMS have been mainly driven by applications involving the structural elucidation of
macromolecules in conjunction with the determination of their molecular masses using mass spectrometry (MS). Addi-
tional features that establish IMS as an indispensible tool in the analysis of complex samples is the separation of isobaric
forms of compounds (that is, compounds having the same m/z ratio) and also the enhancement of the signal-to-noise
ratio observed in a mass spectrum.
[0005] In so-called hyphenated IMS-MS instruments, the ion mobility drift cell is attached to the front-end of the mass
spectrometer, externally to the mass spectrometer’s vacuum enclosure, and operated at ambient pressure. Consequent-
ly, mobility separation is limited to ions generated in atmospheric pressure ionization sources. Atmospheric pressure
IMS suffers from low efficiency of transmission of ions into the mass spectrometer’s vacuum enclosure because diffusion
causes expansion of the ion beam, which adversely affects sampling efficiency at the MS interface as ions must pass
through a small aperture, typically 0.2 to 0.5 mm diameter.
[0006] Despite the fact that diffusion becomes more dominant at lower pressures and ion losses can become significant,
ion optical devices can be inserted after the IMS device to re-gather ions. This has permitted the development of low
pressure and vacuum IMS, which has considerably extended the range of IMS instruments and techniques available
for the analysis of complex mixtures. Intermediate pressure IMS cells are compatible with virtually any vacuum ion
source, in addition to available atmospheric pressure ionization sources. Separation of ions based on ion mobility has
been performed at pressures as low as 13.3Pa (0.1 mtorr). As with ambient pressure IMS, the ions exiting the IMS drift
cell and ion optics can be delivered to the front-end of a mass spectrometer.
[0007] Ion mobility, K, varies non-linearly with variations on the applied electric field and pressure. This dependence
is usually approximated by a series expansion of the mobility K in even powers of the parameter E/N where E is the
electric field and N is the number gas density per Eq. (I) [E.A Mason, E.W. McDaniel, Transport Properties of Ions in
Gases; Wiley, 1988] : 

[0008] The ion mobility at the zero field limit, K(0), is used to define the threshold below which the value of the average
drift velocity scales linearly with electric field, that is, the ion mobility K(0) is constant and velocity is directly proportional
to electric field, uAV = K(0) E. Drift cells operated at atmospheric pressure are usually operated below the zero field limit
and the electric field gradient required to guide ions through the gas is greater as compared to drift cells operated at
reduced pressures where the value of E/N may extend into the non-linear range of K. Ions are categorized using Eq. (I)
and the corresponding mobility coefficients, or alpha coefficients, which determine the dependence of K on E/N. For A-
type ions α 2>0, α 4>0 and mobility increases with E/N. The effect is reversed for C-type ions where the mobility decreases
with E/N and α 2<0, α 4<0. A more complex behavior is obtained for B-type ions where α 2>0, α 4<0. The Townsend
unit, Td, has been introduced to depict that the fundamental character of ion-molecule interactions in ion mobility is
revealed by the dependence of K on the ratio of parameters E/N, where, 1 Td = 10-21 Vm2.
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[0009] Several techniques for separating ions based on the mobility properties of ionic species have been developed
since the early work performed on drift cell IMS. In particular, differential mobility spectrometry (DMS) [I.A. Buryakov, et
al, Int. J. Mass Spectrom. Ion Processes 1993, 128, 143], also known as field asymmetric ion mobility spectrometry
(FAIMS) [R.W. Purves, et al, Rev. Sci. Instrum. 1998, 69, 4094], relies on the dependency of the ion mobility, K, on the
applied electric field and number gas density, E/N. In contrast to IMS, the ions in DMS are entrained in a gas stream
and oscillate in the presence of a periodic asymmetric waveform that alternates between a high-field and a reversed
low-field. The electric field is applied perpendicularly to the direction of gas flow. Ions experience an average net dis-
placement per waveform cycle depending on the differences between high- and low-mobility. This results in the ions
drifting progressively off-axis and discharging on electrodes confining gas flow. The displacement can be compensated
by a DC voltage and ions of a given mobility dependence can be transmitted successfully through the device. A spectrum
is generated by scanning the compensation voltage at fixed amplitude and waveform frequency and collecting the
transmitted ions either by using an electrometer or introducing them into the front end of a mass spectrometer.
[0010] Two principal DMS systems have been developed, depending on their ability to focus ions in the direction
transverse to the gas flow. In the first type, ions are carried by gas flow confined between two concentric cylinders of
different radii in a coaxial arrangement. The asymmetric waveform and the compensation voltage are usually applied
to the inner electrode. The logarithmic field established between the two cylindrical electrodes has the ability to focus
ions transversally and maintain high transmission at increased waveform amplitudes [R. Guevremont, R.W. Purves,
Rev. Sci. Instrum. 1999, 70, 1370]. In the second configuration ions are forced to oscillate between two parallel plates,
one of which carries the asymmetric periodic waveform and the compensation voltage while the opposite electrode is
maintained at ground potential. The dipole field formed between the plates has no focusing properties and the number
of ions lost on the electrodes is approximately proportional to the amplitude of the asymmetric waveform. Transmission
through such a dipole field is possible for all types of ions, the types being categorized depending on the type of the
non-linear dependence of K on E/N, in contrast to the cylindrical design where transportation becomes selective, that
is, ions of a certain type can only be transmitted for a given waveform.
[0011] The present inventors have found that the performance and applications of DMS so far is limited due to a
number of disadvantages associated with this relatively new technology. In particular, unlike IMS, the DMS devices
described in the literature have been exclusively operated at ambient or sub-ambient pressures and interfaced externally
to the vacuum enclosure of a mass spectrometer.
[0012] Generally, the pumping rate provided by the inlet of the MS (e.g. a capillary or critical orifice) is in the region
of 0.001m3min-1(1L min-1), which has been found to be a convenient rate for pumping air slowly through the gap between
the plates of a DMS or a FAIMS device. This provides the necessary laminar flow conditions for separation to occur.
[0013] Nevertheless, a disadvantage of operating at a fixed flow rate is that the predetermined residence time of the
ions through the DMS cannot be easily adjusted for enhancing instrument performance. This is particularly true in the
case where the separation gap between the DMS electrodes is also fixed. Operating the DMS at ambient or near ambient
pressure and establishing high-field conditions (~10-19Vm2, ~100Td) sufficient for inducing separation requires the min-
imum possible separation distance between the electrodes, which in turn limits the sampling efficiency of the system
and compromises sensitivity. In particular, sampling by a MS of electrosprayed ions through the narrow gap of a DMS
device becomes problematic. Furthermore, it is demonstrated experimentally that the transmitted ion current cannot
exceed -10 pA, which is significantly lower than the ion current generated in an electrospray ionization source [Shvartsburg
et al, J. Am. Soc Mass Spectrom. 2005, 16, 2-12]. In summary, the number of ions available for analysis in the MS is
much lower because of ion losses and restrictions on ion flow caused by the DMS.
[0014] To date, DMS devices are coupled to atmospheric pressure "soft" ionization sources, and in particular to the
electrospray ionization source operated at relatively low flow rates ~1.0 x 10-9m3min-1(1 mL min-1). This limitation is
mainly imposed by the formation of bigger droplets when spraying at the higher flow rates, which, unless sufficient
evaporation is allowed to occur, can significantly degrade the performance of the DMS. Since operation of such devices
at ambient conditions are incapable of attaining the desired performance, accommodation of such high flow rates required
for high throughput LC MS analysis using DMS as the front-end in MS platforms remains a goal.
[0015] Furthermore, the operation of a DMS device at ambient pressure is restricted to clean samples and liquid
chromatography (LC) buffers not containing involatile salts. The direct analysis of "dirty" samples such as biological
fluids can quickly compromise the DMS performance. Robust ionization sources have been developed to tolerate these
types of samples, together with the involatile buffers used in aiding LC separations, however, they remain incompatible
with the DMS interface to the MS.
[0016] Another limitation of the current DMS technology is the poor resolution, measured by the peak width in terms
of the compensation voltage, which is limited to -20 and appears to be significantly lower than that obtained in drift cell
IMS. Methods to improve resolution are compromised by the narrow range of E/N at which DMS has been operated to date.
[0017] In a FAIMS device described in US 2003/0020012, parent ions generated from a sample undergo mass analysis
in the normal way and then fragment ions produced by a collision cell are subjected to FAIMS separation. This requires
the pressure in the FAIMS device to be compatible with the collision cell operating pressure. Specifically, parent ions
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are selectively transmitted through a first mass analyzer in a low pressure chamber, injected into a collision cell operating
in a second pressure chamber operating at increased pressure (which second pressure chamber is located within the
low pressure chamber) wherein fragmentation of the parent ions occurs in a collision cell.
[0018] Subsequently, the fragment ions are filtered by a FAIMS device prior to injection of the ions from the second
pressure chamber back into the low pressure chamber for the second stage of mass analysis.
[0019] This geometry is intended only to separate fragment ions with equal ratios of m/z (isobaric ions) which would
otherwise appear as a single spectral line when measured in the second mass analyzer. The pressure range established
in the FAIMS device is therefore limited by the operational pressure of the collision cell. Indeed, the dedicated collision
gas supply provided to the second pressure chamber dictates the pressure of the FAIMS device. Accordingly, a range
of operating pressures is not available and hence the range of accessible E/N ratios is narrow.
[0020] In another DMS arrangement described by E.G. Nazarov et al, Anal in Chem. 2006, 78, 7697 , ions are trans-
ported through a planar electrode system where pressure within the DMS may be adjusted by means of a system of
flow controllers, needle valves and a miniature pump. The DMS is situated externally to a mass spectrometer and ions
transported successfully through the gap between the planar electrodes are deflected by a DC bias into a 2 mm inlet
hole and toward the inlet orifice of the mass spectrometer. Using this system the effect of pressure was investigated in
the range of 40,530-157,053Pa (0.4 - 1.55 atm (405 - 1570.5 mbar)). A pressure of 60,795-81,060Pa (0.6 - 0.8 atm)
was found to provide reduced dimerisation and high resolution. The present inventors have observed that transportation
of the ions from the DMS to the mass spec relies to a great extent on gas flow and reducing the pressure differential
across the MS interface has a significant effect on sensitivity. Thus, lowering the pressure below that studied by Nazarov
et al would have an adverse affect on transport efficiency of the ions from the DMS through the inlet capillary or orifice
of the MS.
[0021] Thus, at present, DMS and FAIMS devices are operated at and/or near ambient pressure and the value of E/N
is limited to ~10-19Vm2 (100 Td), which corresponds to -1220 V across a 0.5 mm gap at ~101,325Pa mbar (1 atm =
1013.25 mbar) and 300 K. At these pressures breakdown events impose an upper limit to the amplitude of the waveform
and therefore restrict the accessible range of the ratio E/N. Furthermore, ion transport from the DMS to the MS is inefficient.

SUMMARY OF THE INVENTION

[0022] At its most general, the present invention proposes that a DMS device (e.g. one employing an asymmetric
waveform for filtering ions) should be located in the initial pumping stage of a mass spectrometer housing. Furthermore,
one proposal is that particular pressure and waveform frequencies should be applied to the DMS device to achieve good
resolving power and ion transmission. Furthermore, a disclosure in the present document is that a multipole DMS device
should be used and a dipole field should be used in combination with a higher order field applied to the multipole to
achieve radial focusing of ions.
[0023] In a first aspect, the present invention provides an ion analysis apparatus comprising:

an ionization source for generating ions from a sample; and
an ion detector;
wherein in use ions travel along an ion optical axis from the ionization source to the ion detector, the apparatus
further comprising:

a vacuum enclosure including

a first vacuum region containing differential ion mobility means; and
a second vacuum region containing a mass analyzer;

pumping means configured to provide a pressure in the second vacuum region that is lower than the pressure
in the first vacuum region;
an ion inlet connecting the ionization source to the first vacuum region,
wherein the first vacuum region is located before the second vacuum region on the ion optical axis such that
in use ions generated from the sample undergo differential ion mobility analysis before mass analysis,
and wherein in use the first vacuum region including the differential ion mobility means is at a pressure in the
range 2kPa to 40 kPa and the differential ion mobility means is driven by an asymmetric waveform having a
frequency in the range 20kHz to 25MHz; and wherein an apparatus includes gas flow means for establishing
a flow of gas into the first vacuum region so as to provide a gas medium for the differential ion mobility means.

[0024] The term "ion optical axis" as used herein will be familiar to the skilled person and pertains to the path taken
by ions during their transit through the apparatus. The ion path (ion optical axis) can be partly or entirely linear or partly
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or entirely curved.
[0025] As discussed below, in embodiments, the apparatus includes a waveform generator to generate the asymmetric
waveform, i.e. configured to apply an asymmetric waveform to the differential ion mobility means, e.g. to at least one
electrode of the differential ion mobility means. Preferred features of the waveform generator and the differential ion
mobility means are discussed herein.
[0026] Operation of a DMS at the reduced pressures encountered in these regions of the MS (i.e. in the first vacuum
region, also referred to herein as the DMS region) can extend the range of E/N values considerably compared to
conventional DMS devices operated externally to the vacuum chamber, without the complication of having to transport
ions through the inlet capillary or orifice of a MS vacuum interface by distorting gas flow.
[0027] In addition, as indicated by the Paschen curve discussed below, higher E/N values can be achieved at reduced
pressure before initiating a breakdown.
[0028] Furthermore, the lower pressure means that the amplitude of the waveform can be reduced substantially, which
allows the waveform to operate at much greater frequencies since power is proportional to voltage and frequency, P∞V2f.
Asymmetric waveforms operated at higher frequencies enhance transmission since the amplitude of oscillation of the
ions, hence the number of ions discharging on the boundary electrodes, is minimized. Lower voltage and therefore lower
power consumption becomes particularly beneficial when employing a rectangular asymmetric waveform, for example
as generated by high-voltage high-frequency switches.
[0029] Another advantage of performing differential mobility separation of ions within the vacuum enclosure of a mass
spectrometer is to make use of the high speed gas expansion of the gas released through the inlet orifice or capillary
of the MS into the vacuum enclosure. It is then possible to shape the gas flow by appropriate means and suitably filter
ions faster compared to the filtering performed at ambient or sub-ambient pressures.
[0030] A particular advantage of performing differential mobility spectrometry of ions in the first pumping stages of a
mass spectrometer is to allow for complete desolvation of charged droplets and adduct ions, formed for example in an
electrospray ionization (ESI) source, as they are transported through the heated inlet capillary of the MS. To those skilled
in the art of ESI DMS or ESI FAIMS operated at- or near-ambient conditions, it is known that adduct ions transported
through the DMS channel undergo dissociation as they enter the MS and can complicate the differential mobility spectra
considerably reducing the effectiveness of the overall analysis.
[0031] A yet further advantage is that performing differential mobility separation in the vacuum enclosure of a MS prior
to mass analysis practically eliminates the need for re-designing the ionization source and allows for existing external
ion source configurations to be utilized.
[0032] The combination of the specified pressure and frequency ranges defined above have been found to provide
particularly good results. The present inventors have found that these pressure and frequency ranges provide effective
operating conditions for the differential ion mobility means as defined herein. In embodiments, both good resolving power
and ion transmission can be achieved by selection of pressure and frequency within the specified ranges. In contrast,
the present inventors have found that pressures and frequencies out side these ranges results in one or both of resolving
power and ion transmission becoming unacceptable.
[0033] Embodiments described herein demonstrate the arrangement and configuration of a DMS device in the context
of the mass analyzer-containing apparatus for optimum transmission of the filtered ions, combined with controllable
resolving power. This makes the apparatus useful for a variety of applications. For example, in a high resolving power
mode, a compensation voltage may be scanned resulting in a high quality spectrum of differential mobility. In another
application a lower resolution may be employed to select for transmission one group of ions and exclude other groups
of ions. For example, this can advantageously be applied to exclude solvent cluster ions. In the latter case the DMS can
act to enhance the performance of the mass analyser. Thus, embodiments provide an apparatus comprising a mass
analyser and a DMS device that is effective in the filtering or selecting of ions according to their differential mobility.
[0034] A particularly preferred pressure range is 0.01 kPa to 40kPa, more preferably 0.01 kPa to 20 kPa (0.1 mbar to
200 mbar), more preferably 0.1 kPa to 20 kPa (1 mbar to 200 mbar), and most preferably 0.5 kPa to 5 kPa (5mbar to
50 mbar).
[0035] Suitably the apparatus comprises pressure control means configured to provide the desired pressure. For
example, such pressure control means may be the pumping means and/or gas flow means as described herein.
[0036] A particularly preferred frequency range is 0.5MHz to 20MHz, more preferably 0.1 MHz to 20MHz, more pref-
erably 0.25MHz to 15MHz, more preferably 0.3MHz to 10MHz, and most preferably 0.4MHz to 8MHz.
[0037] In embodiments, the apparatus includes a frequency controller and the frequency controller is configured to
provide the frequency ranges referred to herein. Suitably the apparatus comprises a waveform generator, as discussed
in more detail below, and preferably the waveform generator is configured to produce the frequency ranges referred to
herein. In such cases, the waveform generator can perform the function of the frequency controller. In embodiments
wherein a digital waveform (see below) is used, e.g. as provided by a digital waveform generator, the frequency can be
controlled by the digital waveform generator.
[0038] The present inventors have noted that the electric field to number density of the gas medium (E/N) at which
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the DMS device can operate is limited by electrical breakdown limitation to approximately 10-19Vm2 (100 Td), at atmos-
pheric pressure. At the reduced pressures referred to herein the range can be extended, to, for example, 5x10-19Vm2

(500 Td)without risk of electrical breakdown. Such extension of (E/N) can be used to improve analytical performance,
and/or it may be used to lower the applied voltage. Suitably this permits a reduction in the complexity, size and cost of
the asymmetric waveform generator.
[0039] The present inventors have found that improved performance can be achieved by operating in specific frequency
ranges of the asymmetric waveform and in specific pressure ranges. In particular, embodiments provide good analytical
performance in combination with good transmission characteristics.
[0040] The pressure and frequency ranges defined herein have been derived by the present inventors from their
studies of the resolving power and ion transmission at different pressures and frequencies. Extensive simulations carried
out by the present inventors have resulted in an understanding of the "working region" of pressure and frequency which
provides effective performance.
[0041] In particular, the present inventors have observed, from their simulations and modeling experiments, that there
is a high frequency boundary that arises because of the time taken for a population of ions to reach a steady state drift
velocity following a change in the asymmetric waveform, for example from high to low field conditions. It has been found
that resolving power deteriorates markedly if the time taken to reach steady state drift velocity is long with respect to the
time in which the waveform is in a particular state (e.g. a high or low field state). This gives rise to an upper limit on
waveform frequency. In particular, it has been found that at frequencies above those specified herein, the resolving
power is poor.
[0042] A lower frequency boundary or limit has also been deduced by the present inventors. It has been observed
that if the frequency is too low, the amplitude of oscillation of the ion becomes too great and ion losses significant. In
particular, at frequencies below those specified herein, ion transmission is poor.
[0043] As for the high pressure boundary, the present inventors have observed that in order to maintain the E/N value
in a range that exploits advantages of vacuum DMS, namely the ion mobility K(E/N) being in the non-linear region, the
applied voltage must be increased in proportion to pressure. Above a particular pressure, the voltage is high enough to
cause voltage breakdown of the gas.
[0044] As regards the low pressure limit boundary, the present inventors have found that the gas flow must be sufficiently
laminar for efficient transportation of ions through the DMS channel. In particular, at pressures below those specified
herein, ion transmission is poor or non-existent.
[0045] These pressure and frequency boundaries together define a "working region". In embodiments operating within
this working region, both good resolving power and ion transmission have been achieved.
[0046] Furthermore, in some cases, the present inventors have found that, for a given pressure, the effective range
of frequencies is constrained, and vice versa.
[0047] Thus, a device that is operated with a given analytical gap, d, may be operated to select a particular ion from
ions transmitted with a range of mobility values by changing the frequency of the asymmetric waveform, to move between
different operating regions of low, medium and high mobility.
[0048] Suitably the frequency of the asymmetric waveform, for example a digitally driven waveform (see below), is
changed in use. In particular, preferably the frequency is changed between different operating regions of low, medium
and high mobility. Thus, in embodiments, the apparatus includes a waveform generator that is a variable waveform
generator, suitably adapted or configured to change the waveform, suitably the frequency of the waveform, in use. Such
embodiments provide greater flexibility than prior art devices, where an asymmetric waveform is generated by a fixed
frequency generator.
[0049] In other embodiments, the frequency of the waveform is adjusted between experiments, for example to be
tailored to a particular sample.
[0050] Typical values for the analytical gap, d, of the differential ion mobility means are in the range 1 mm to 25mm,
preferably 2mm to 20mm, and more preferably 5mm to 15mm.
[0051] The present inventors have observed that for different values of d, the pressure and/or frequency values can
be tailored to optimize performance.
[0052] Suitably, for very small values of d, for example 1mm to <2.5mm, especially where d is about 2mm, a pressure
range of 0.7kPa to 27kPa and/or a frequency range of 0.3MHz to 20MHz is/are preferred. More preferably the ranges
are 2kPa to 10.5kPa and/or 1.5MHz to 5MHz. A particularly effective pressure is about 5.9kPa and a particularly effective
frequency about 2.5MHz.
[0053] Suitably, for small values of d, for example 2.5mm to <7.5mm, especially 4mm to 6mm, and especially where
d is about 5mm, a pressure range of 0.4kPa to 13.2kPa and/or a frequency range of 0.2MHz to 10MHz is/are preferred.
More preferably the ranges are 0.5kPa to 6.6kPa and/or 0.6MHz to 2.5MHz. A particularly effective pressure is about
2.6kPa and a particularly effective frequency about 1 MHz.
[0054] Suitably, for medium values of d, especially in the range 7.5mm to <15mm, especially 9mm to 13mm, especially
9mm to 11mm, and especially where d is about 10mm, a pressure range of 0.2kPa to 10.5kPa and/or a frequency range
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of 0.05MHz to 6MHz is/are preferred. More preferably the ranges are 0.2kPa to 4.6kPa and/or 0.3MHz to 1.5MHz. A
particularly effective pressure is about 1.3kPa and a particularly effective frequency about 0.5MHz.
[0055] Suitably, for large values of d, especially in the range 15mm to ≤25mm, especially 17mm to 23mm, especially
18mm to 22m, and especially where d is about 20mm, a pressure range of 0.008kPa to 6.6kPa and/or a frequency range
of 0.03MHz to 5MHz is/are preferred. More preferably the ranges are 0.008kPa to 3.3kPa and/or 0.15MHz to 1 MHz. A
particularly effective pressure is about 0.7kPa and a particularly effective frequency about 0.3MHz.
[0056] In embodiments, the pressure and frequency are selected from: (a) 0.7kPa to 27kPa and 0.3MHz to 20MHz;
(b) 0.4kPa to 13.2kPa and 0.2MHz to 10MHz; (c) 0.2kPa to 10.5kPa and 0.05MHz to 6MHz; and (d) 0.008kPa to 6.6kPa
and 0.03MHz to 5MHz.
[0057] In embodiments, the pressure and frequency are selected from: (a) 2kPa to 10.5kPa and 1.5MHz to 5MHz; (b)
0.5kPa to 6.6kPa and 0.6MHz to 2.5MHz; (c) 0.2kPa to 4.6kPa and 0.3MHz to 1.5MHz; and (d) 0.008kPa to 3.3kPa and
0.15MHz to 1 MHz.
[0058] Preferably the asymmetric waveform applied to the differential ion mobility means is a digital waveform, i.e. the
differential ion mobility means is provided with a digitally driven asymmetric waveform. In practice a high voltage (suitably
a time-varying rectangular wave voltage) is applied to the differential ion mobility means in response to a low voltage
signal waveform. References herein to applying or providing a digital waveform to the differential ion mobility means
should therefore be understood to include applying or providing a high voltage that is generated in response to a signal
waveform. A digital waveform (digitally driven waveform) and the resultant voltage is familiar to the skilled reader and
is characterized in that the high voltage is switched between two voltage levels (high and low voltage levels), wherein
the switching is provided by switching means, which are driven by the low voltage and current digital circuit control
means. Suitably such low voltage signal is provided by Direct Digital Synthesis method (DDS).
[0059] WO02/50866, describes suitable digital drive methods and apparatus (for example in Figure 1 of WO02/50866).
It describes a high voltage switch circuit that comprises two switch blocks which are in series connection between a high
voltage source and a low voltage source; the two switch blocks are controlled by the low voltage digital signal to be
alternatively conducted or cut off, so as to enable the high voltage switch circuit to switch between the high voltage and
the low voltage to generate a high voltage rectangular wave; controlled by the digital signal to be simultaneously conducted
or cut off. Such a system provides the capability to adjust the operating frequency over a wide range. Whilst the apparatus
disclosed in WO02/50866 is unrelated to the DMS-MS system of the present invention, the present inventors have
surprisingly found that it can be particularly effective when applied to the low pressure DMS-MS device of the present
invention operating within specific regions of pressure and frequency space. The digital drive method provides this
flexibility, in particular cases where it is necessary to apply the transmitting and separating signals to common electrodes.
[0060] Suitably the apparatus includes a waveform generator adapted to create a digital control signal (digital wave-
form). Such a waveform generator is also referred to herein as a digital waveform generator. Suitably the apparatus
includes voltage switching means for generating a time-varying rectangular wave in response to digital waveform. The
voltage switching means can be part of the waveform generator (digital waveform generator).
[0061] Suitably the apparatus includes duty cycle varying means for varying the duty cycle of the rectangular wave
voltage. In embodiments the duty cycle varying means is said waveform generator (digital waveform generator).
[0062] It has been found that provision of a digital waveform results in further improvements in performance. In par-
ticular, the combination of a digital waveform with the frequencies and reduced pressures specified herein has been
found to give surprisingly good resolving power and ion transmission. A particular advantage of employing a digital drive
method is improved flexibility of operation. For example, a greater range of frequencies is accessible.
[0063] Suitably the (digital) waveform generator is adapted to produce different (e.g. a range of) frequencies, i.e. the
waveform generator is a variable frequency waveform generator such that, for example, the frequency of rectangular
wave voltage generated in response to the waveform can be varied, suitably within the frequency ranges disclosed herein.
[0064] A further advantage of a digital drive is that very rapid (suitably substantially instantaneous) switching between
different waveforms can be achieved. Examples of such switching are discussed herein.
[0065] A yet further advantage of a digital waveform is a flexible duty cycle, in particular the possibility of achieving a
high duty cycle. A high duty cycle can provide a greater difference between the high and low field levels and, in combination
with an extended E/N, the greater difference in mobility between high and low field cases can be exploited. Suitably the
(digital) waveform generator is adapted to produce different (e.g. a range of) duty cycles. As explained above, suitably
the duty cycle of a rectangular wave voltage generated in response to a low voltage digital waveform can be varied.
[0066] Suitably the apparatus includes waveform switching means to switch between a first waveform and a second
waveform. For example, this may permit switching between a first waveform where there is transmission of ions with a
wide range of mobilities and a second waveform where ions are separated according to their differential mobility. Typically,
this is achieved by selecting a first waveform having a rectangular waveform and a second waveform having a square
waveform.
[0067] In embodiments, the waveform switching means is the waveform generator. Thus, preferably the waveform
generator is configured so that the waveform can be switched. For example, the waveform generator is switchable from
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a first waveform to a second waveform (which second waveform is different from the first waveform).
[0068] In a particularly preferred embodiment, the waveform is switchable between a first waveform that has a duty
cycle of 50% and a second waveform that has a duty cycle that is not 50% (e.g. more than or less than 50%). Suitably
this permits switching between an ion transmission mode and an ion separation mode.
[0069] Suitably the waveform generator is configured to change the duty cycle, preferably in the range 0.05 to 0.5, to
effect separation of ions, particularly ions with different high field mobility.
[0070] As discussed in more detail herein, a further advantage of operating a digital drive method is the duty cycle
flexibility of the asymmetric waveform, in combination with the extended (E/N). The extended range of E/N provides for
greater difference in the mobility between the high and low field case. Such differences are only exploited when the duty
cycle is large, i.e. the high duty cycle provides greater difference between the high and low field application.
[0071] The apparatus includes gas flow means for establishing a flow of gas into the first vacuum region so as to
provide a gas medium for the differential ion mobility means. The gas flow means is preferably part of the gas inlet
system described herein. Suitably the gas flow is associated with ionization source. Accordingly, it is particularly preferred
that the apparatus includes gas flow means for establishing a flow of gas from the ionization source through the ion inlet
into the first vacuum region so as to provide a gas medium for the differential ion mobility means. Conveniently, this
might be achieved by utilizing the gas flow from the ionization source. Thus, in embodiments, the ionization source
comprises ionization source gas flow means which provide the said flow of gas.
[0072] In embodiments, the gas flow provided by the gas flow means carries the ions through the apparatus, particularly
through the differential ion mobility means, along the ion optical axis.
[0073] The gas provided by the gas flow means can be the same as or different from the gas in the ionization source.
Suitably it is different. The gases can have different compositions (e.g. different amounts of the same type of gas) or be
different types of gas. In such embodiments, the gas flow means is preferably not associated with the ionization source.
[0074] Alternatively or additionally the apparatus includes ion transport electric field means which in use provide an
electric field that urges the ions through the apparatus, especially through the differential ion mobility means. Suitably
the said electric field is longitudinal, that is it is substantially aligned with the ion optical axis (i.e. in the direction of ion
travel). A "segmented electrode" DMS of the type discussed herein (with a plurality of electrodes arranged sequentially
in the longitudinal direction) may be used to provide the desired longitudinal electric field
[0075] In embodiments, the said electric field is superposed on the differential ion mobility electric field provided by
the differential ion mobility means.
[0076] Thus, in embodiments the differential ion mobility means is provided with an axial electric field for the purpose
of driving ions through the DMS. The axial electric field may be established by various means that are known in the art
of transport ions guides. For example, by the use of an auxiliary resistive, segmented or inclined rod set, or by resistive
coating means of main rods, or by segmentation of main rods.
[0077] The use of an electric field to drive ions through the mobility cell has the advantage that the DMS can be
operated in a stationary gas flow, or a small counter gas flow.
[0078] In embodiments the DMS device may be effectively de-coupled from an atmospheric pressure interface region.
In other embodiments it can used for sub-ambient pressure ion sources or intermediate pressure Maldi ion source.
[0079] This embodiment may be employed, for example, when it is desirable that the mass analyser accepts ions
simultaneously in a wide m/z range with uniform efficiency with respect to the m/z value of the ions. Examples of such
a mass analysers are an ion trap mass analyser, Time-of-Flight (ToF) and Trap-ToF analysers. Decoupling the DMS
device from the ion inlet means that is it possible to use in the first vacuum region a device which is designed for delivering
ions over a wide m/z values.
[0080] In this case when the DMS device is operated in a transmission mode, the mass analyser will analyse all ions.
In this way, the DMS may be located in the vacuum compartment of a mass analyser and operated at a pressure that
is optimal for DMS performance and in the absence of strong gas dynamic effects. This suitably avoids the complicated
task of designing a DMS cell to operate in the presence of strong gas dynamic effects.
[0081] A further advantage is that ion focusing means as described herein may be operated at a pressure which is
optimal for maximum ion transmission. A yet further advantage is that the alternative gas types may be introduced to
the DMS independently of the gas employed in the ionization source (e.g. API) interface. As noted above, the ionization
source can be located either externally to the vacuum enclosure or within the vacuum enclosure.
[0082] Any ionization source can be used. The ionization source can be an ambient pressure ionization source, an
intermediate pressure ionization source or a vacuum ionization source.
[0083] In the case of ionization source being located externally to the vacuum chamber, suitably the ionization source
is selected from electrospray ionization (ESI), desorption electrospray ionization (DESI), chemical ionization (CI), at-
mospheric pressure ionization (API), atmospheric pressure MALDI and Penning ionization.
[0084] In certain embodiments, the ionization source is located in an ionization source vacuum chamber in the vacuum
enclosure. In such embodiments, the ionization source is a matrix assisted laser desorption ionization (MALDI) source,
preferably an intermediate pressure MALDI source or high vacuum MALDI.
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[0085] In embodiments, the ionization source vacuum chamber comprises a gas inlet, which gas inlet suitably provides
the flow of gas to the first vacuum region as discussed herein.
[0086] Suitably the first vacuum region includes first and second compartments. That is, the first vacuum region in
which DMS analysis occurs may be divided into two compartments. Typically each compartment is a conventional
vacuum compartment and is pumped in the normal way. Ion transit between the compartments is suitably via an appro-
priate aperture or orifice (e.g. a skimmer) in the wall separating the compartments.
[0087] In some embodiments, there are more than two vacuum compartments in the first vacuum region, for example
three or four.
[0088] The pressure in the first and second compartments can be substantially the same or different. Preferably the
pressure in the first compartment is greater than the pressure in the second compartment. In such embodiments, it is
preferred that the pumping means is configured to provide a pressure in the first compartment that is higher than the
pressure in the second compartment. Suitably the pumping means allows the pressure in each of the first and second
compartments to be adjusted independently.
[0089] Suitably the apparatus includes a gas inlet system to provide gas to the vacuum enclosure (e.g. to the first
and/or second vacuum region; to the first and/or second vacuum compartment). Preferably the gas inlet system is
configured to allow independent adjustment of the gas flow into the first and second compartments. It is particularly
preferred that the pumping means and gas inlet means provide independent adjustment of pressure in the first and
second compartments.
[0090] However, it is also possible to operate the apparatus with the first compartment at a lower pressure than the
second compartment.
[0091] Where there the first vacuum region (the DMS region) comprises first and second vacuum compartments, the
differential ion mobility means is preferably located in the first compartment.
[0092] In other arrangements, the differential ion mobility means is located in the second compartment.
[0093] In further embodiments, the differential ion mobility means has an ion entrance and an ion exit, wherein the
differential ion mobility means is located such that the ion entrance is in the first compartment and the ion exit is in the
second compartment. That is, suitably the differential ion mobility means extends into both vacuum compartments. This
has the advantage that control of pressure in the first and second vacuum compartments can be used to adjust gas flow
through the differential ion mobility means.
[0094] The first vacuum region (DMS region) can include components in addition to the differential ion mobility means.
For example, ion optical focusing means can be located in the first vacuum region, suitably before or after the differential
ion mobility means. Ion optical focusing means may be a multipole, ion funnel, or quadrupole array device.
[0095] In embodiments, the first vacuum region includes ion optical focusing means located before the differential ion
mobility means.
[0096] In the case of the first vacuum region comprising first and second vacuum compartments, suitably the first
compartment includes ion optical focusing means. Suitably, independently of the first vacuum compartment, the second
compartment includes ion optical focusing means.
[0097] In embodiments, the second vacuum region (MS region) can include components in addition to the mass
analyzer. For example the second vacuum region may include a collisional cooling cell, suitably located before the mass
analyzer on the ion optical axis.
[0098] The second vacuum region (MS region) may comprise two or more vacuum compartments. In such arrange-
ments, the mass analyzer is located in one of the vacuum compartments (the MS vacuum compartment). Suitably the
mass analyzer is located in the last of the vacuum compartments (that is, the last vacuum compartment along the ion
optical axis).
[0099] Preferably the apparatus includes, in the first vacuum region, gas flow modifying means associated with the
ion inlet, which gas flow modifying means is configured to reduce the turbulence of gas flow into the first vacuum region.
Suitably the gas flow modifying means is configured to provide in use a substantially laminar gas flow to the differential
ion mobility means.
[0100] Suitably the ion inlet has an exit portion in the first vacuum region and the gas flow modifying means is connected
to or adjacent the ion inlet exit portion and is spaced from the differential ion mobility means.
[0101] The skilled reader is able to select an appropriate shape for the gas flow modifying means and particularly
preferred is a substantially conical member.
[0102] In embodiments, suitably the ion inlet is selected from a capillary and an orifice. In arrangements wherein the
ionization source is located externally to the vacuum enclosure, the ion inlet provides an ion path from the exterior of
the vacuum enclosure to the first vacuum region.
[0103] The differential ion mobility means can be any appropriate device known to the skilled person. Indeed, an
advantage of the present invention is that a conventional DMS cell can be readily modified so as to operate within the
first vacuum region. The performance of a DMS cell can be enhanced by altering the nature of collisions as pressure
and voltage is reduced.
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[0104] Suitably the differential ion mobility means (e.g. DMS cell) comprises an electrode arrangement selected from:

(a) two planar parallel electrodes;
(b) two concentric cylindrical electrodes; and
(c) a multipole wherein a plurality of elongate electrodes are arranged circumferentially around a common axis, with
the longitudinal axes of the electrodes being parallel.

[0105] A multipole is particularly preferred. Suitably the common axis of the multipole is the ion optical axis. Suitably
the electrodes are arranged symmetrically around the common axis. Suitably the multipole has a circular cross section.
Suitably, each electrode of the multipole is curved to accommodate the circumferential arrangement.
[0106] Preferably the differential ion mobility means comprises a waveform generator as described herein, configured
to apply an asymmetric waveform to at least one electrode of the multipole. In this way, an alternating electric field is
established between the electrodes. As discussed above, it is preferred that the waveform generator is configured to
apply a digital waveform to at least one electrode of the multipole (suitably a voltage in response to the waveform).
[0107] Suitably the apparatus includes dipole field means for generating a dipole field with the multipole.
[0108] It is preferred that the dipole field means is the waveform generator, such that the waveform generator is
configured to provide a dipole field within the multipole (i.e. within the space defined by the electrodes of the multipole).
In practice, as discussed above, a voltage in response to the waveform is applied to the multipole.
[0109] It is further preferred that the waveform generator is configured to provide an additional field, suitably a higher
order field (for example a quadrupole field), within the multipole. It is preferred that a higher order field is superimposed
on the dipole field. Thus, suitably, a higher order field and dipole field are applied within the space defined by the
electrodes of the multipole.
[0110] The multipole is suitably selected from a quadrupole (n = 4), hexapole (n = 6), octapole (n = 8) and dodecapole
(n = 12). However, any value of n in the range of 4 to 12 is suitable.
[0111] A preferred embodiment of a multipole is a dodecapole (12-pole), for example as shown in the Figures 2 and 3.
[0112] A suitable (inscribed) radius is 1 mm to 10mm (d = 2mm to 20mm). A suitable length is 20mm to 150mm.
[0113] In a preferred embodiment such as the one shown in Figures 2 and 3, the (inscribed) radius is about 2.5 mm
(d=5 mm) and the length is about 70 mm.
[0114] Suitably the apparatus includes additional voltage means that superimposes an additional voltage on to at least
one of the electrodes of the differential ion mobility means (DMS) to effect focusing of selected ions in the radial direction
towards the central longitudinal axis of the DMS. Thus, radial confinement can be achieved.
[0115] Preferably the additional voltage means provides an additional field within the multipole such that the additional
field effects radial focusing of the ions. Suitably the additional voltage is controlled by a waveform generator as disclosed
herein. For example, the signal produced by the waveform generator is used to control the voltage applied to the DMS.
In embodiments, a common voltage source is used to apply the "normal" DMS voltage and the additional voltage.
[0116] Suitably the apparatus, preferably the waveform generator, is configured to provide a (i) dipole field and (ii) a
higher order field within the multipole. Suitably the higher order field is a quadrupole (n=4) or higher field. In embodiments
the higher order field is selected from n = 4 to 12. The upper limit on the order is the number of electrodes, such that n
is less than or equal to the number of electrodes.
[0117] Typically the higher order field and the dipole field are applied simultaneously, suitably at the same waveform
frequency and duty cycle. Suitably the higher order field is superimposed on the dipole field. However, in embodiments,
the higher order field can be switched off independently of the dipole field such that only the dipole field is applied. For
example, this might be used to achieve selective radial focusing of only certain ions and/or to permit the multipole to be
operated in a non-focusing mode.
[0118] In embodiments, the multipole is switchable between focusing and non-focusing modes of operation (i.e. high
order field on and higher order field off). Suitably this can be achieved by a waveform generator that is switchable
between focusing and non-focusing modes.
[0119] Preferably, the higher order field comprises an (asymmetric) RF component and a DC component.
[0120] In embodiments, the DC signal is provided by a DC power supply, which is typically a separate power supply
from the power supply for the RF signal.
[0121] More generally, preferably the differential ion mobility means can be switched off (no potential applied to the
electrodes) independently of the rest of the apparatus, particularly independently of the mass analyzer. Suitably this
would permit the apparatus to be used as a conventional mass spectrometer.
[0122] In embodiments, the differential ion mobility means comprises a plurality of electrodes arranged in the longi-
tudinal direction. This sort of "segmented electrode" permits ion transport through the DMS by action of an electric field
(additionally or alternatively to gas flow) as discussed herein.
[0123] Suitably the apparatus includes compensation voltage means, which in use applies a compensation voltage
to at least one electrode of the differential ion mobility means.
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[0124] Typically, the apparatus includes control means for operating the differential ion mobility means, suitably for
controlling the waveform generator.
[0125] Preferably the pumping means includes at least one vacuum pump connected to the first vacuum region and
at least one vacuum pump connected to the second vacuum region. Suitably, in order to achieve the low pressures
required in the MS vacuum region, a turbomolecular pump is connected to the MS vacuum region.
[0126] Preferably the pumping means includes, for at least some of the vacuum pumps, a restriction located between
the vacuum pump and the vacuum region. In embodiments, each restriction independently comprises a valve.
[0127] Suitably the pumping means and/or gas flow means (e.g. gas flow from the ionization source) are configured
to provide the pressures in the first vacuum region referred to herein. Preferably the pumping means and ionization
source are configured to provide a pressure in the first vacuum region of 0.005 kPa to 40 kPa (0.05 mbar to 400 mbar),
preferably 0.1 kPa to 20 kPa (1 mbar to 200 mbar).
[0128] Preferably the pumping means and ionization source are configured to provide a pressure in the second vacuum
region of less than 10-4 kPa (10-3 mbar).
[0129] Preferably the first vacuum region is connected to the second vacuum region only by a single orifice.
[0130] Any mass analyzer can be employed, which mass analyzer can be selected by the skilled reader. Preferably
the mass analyzer is selected from a quadrupole filter, time of flight analyzer (TOF), linear RF ion trap and electrostatic
ion trap.
[0131] Suitably the apparatus is a mass spectrometer, preferably a TOF mass spectrometer.
[0132] Whilst the second vacuum region may comprise more than one mass analyzer, it is preferred that the apparatus
includes only a single mass analyzer.
[0133] In other embodiments, the apparatus comprises a hybrid or tandem MS. In particular, the apparatus preferably
includes, after the said mass analyzer, a further mass analyzer. Such arrangements can be configured so that the first
mass analyzer selects ions of interest, which selected ions may then fragmented, with the resultant fragment or daughter
ions being analyzed by the second mass analyzer.
[0134] The present application discloses a mass spectrometer comprising
an ionization source,
a vacuum enclosure having first and second vacuum regions, the first vacuum region comprising an ion inlet through
which ions from the ionization source are introduced into the first vacuum region,
differential ion mobility means located in the first vacuum region, and
a mass analyzer located in the second vacuum region, such that in use ions travel along an ion optical from the ionization
source through the first vacuum region to the mass analyzer, such that in use ions generated from the sample undergo
differential ion mobility analysis before mass analysis,
and wherein in use the first vacuum region including the differential ion mobility means is at a pressure in the range
0.005kPa to 40 kPa and the differential ion mobility means is driven by an asymmetric waveform having a frequency in
the range 20kHz to 25MHz.
[0135] The present application discloses a method of using the apparatus and spectrometer described herein to
analyze ions.
[0136] In a further aspect, the present invention provides a method of analyzing ions, which method comprises the
steps of:

(a) generating ions from a sample in an ionization source;
(b) delivering the ions through an ion inlet into a first vacuum region of a vacuum enclosure;
(c) in the first vacuum region, prior to mass analysis of the ions, conducting differential ion mobility analysis of the ions;
(d) after differential ion mobility analysis, delivering the ions to a second vacuum region of the vacuum enclosure; and
(e) in the second vacuum region conducting mass analysis of the ions; and wherein in use the first vacuum region
including the differential ion mobility means is at a pressure in the range 2kPa to 40kPa and the differential ion
mobility means is driven by an asymmetric waveform having a frequency in the range 20KHz to 25KHz; and wherein
the method includes establishing a flow of gas into the first vacuum region so as to provide a gas medium for the
said differential ion mobility analysis.

[0137] Thus, in the method of this aspect, the ions produced from the ionization source are conveyed to a first region
of the vacuum enclosure of the apparatus where they are subjected to DMS analysis under the specified conditions,
followed by transit to a second region of the vacuum enclosure where they undergo mass analysis.
[0138] Preferably step (b) includes providing a flow of gas from said ion source into said first vacuum region such that
the differential ion mobility analysis occurs in the gas.
[0139] Suitably the flow of gas is modified in the first vacuum region to reduce the turbulence of the flow of gas prior
to differential ion mobility analysis. Preferably differential ion mobility analysis occurs in a substantially laminar flow of gas.
[0140] Alternatively or additionally, and as discussed above, the ions may be transported through the differential ion
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mobility means by operation of an electric field (suitably a longitudinal electric field). In such arrangements, preferably
there is substantially no gas flow through the differential ion mobility means (for example a static gas environment).
[0141] In embodiments, the ions are focused prior to and/or after differential ion mobility analysis.
[0142] As discussed herein, suitably ion differential analysis occurs at a pressure of 0.01 kPa to 40 kPa (0.1 mbar to
400 mbar), preferably 0.1 kPa to 20 kPa (1 mbar to 200 mbar).
[0143] As also discussed herein, preferably mass analysis occurs at a pressure of less than 10-4 kPa (10-3 mbar).
[0144] The optional and preferred features associated with the first aspect also apply to this aspect.
[0145] The present application discloses an ion analysis apparatus comprising:

an ionization source for generating ions from a sample; and
an ion detector;
wherein in use ions travel along an ion optical axis from the ionization source to the ion detector, the apparatus
further comprising:

a vacuum enclosure including

a first vacuum region containing differential ion mobility means; and
a second vacuum region containing a mass analyzer;

pumping means configured to provide a pressure in the second vacuum region that is lower than the pressure
in the first vacuum region;
an ion inlet connecting the ionization source to the first vacuum region,
the first vacuum region being located before the second vacuum region on the ion optical axis such that in use
ions generated from the sample undergo differential ion mobility analysis before mass analysis,
wherein the differential ion mobility means comprises a multipole wherein a plurality of elongate electrodes are
arranged circumferentially around a common axis, with the longitudinal axes of the electrodes being parallel,
and wherein the apparatus includes a waveform generator configured to provide (i) a dipole field and (ii) a higher
order field within the multipole.

[0146] As described herein, this arrangement has been found to provide radial focusing of the ions.
[0147] Suitably the common axis is the ion optical axis.
[0148] Typically the higher order field and the dipole field are applied simultaneously within the multipole. Suitably the
higher order field is superimposed on the dipole field. For example, a higher order field can be applied within the space
defined by the electrodes of the multipole.
[0149] Preferably the higher order field is a quadrupole field.
[0150] The present application discloses a method of analyzing ions, which method comprises the steps of:

(a) generating ions from a sample in an ionization source;
(b) delivering the ions through an ion inlet into a first vacuum region of a vacuum enclosure;
(c) in the first vacuum region, prior to mass analysis of the ions, conducting differential ion mobility analysis of the ions;
(d) after differential ion mobility analysis, delivering the ions to a second vacuum enclosure; and
(e) in the second vacuum region conducting mass analysis of the ions;

wherein step (c) includes conducting differential ion mobility analysis with a multipole comprising a plurality of elongate
electrodes arranged circumferentially around a common axis, with the longitudinal axes of the electrodes being parallel,
and wherein step (c) includes applying (i) a dipole field and (ii) a higher order field within the multipole.
[0151] The present application discloses an ion analysis apparatus comprising:

an ionization source for generating ions from a sample; and
an ion detector;
wherein in use ions travel along an ion optical axis from the ionization source to the ion detector, the apparatus
further comprising:

a vacuum enclosure including

a first vacuum region containing differential ion mobility means; and
a second vacuum region containing a mass analyzer;
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pumping means configured to provide a pressure in the second vacuum region that is lower than the pressure
in the first vacuum region;
an ion inlet connecting the ionization source to the first vacuum region,
wherein the first vacuum region is located before the second vacuum region on the ion optical axis such that
in use ions generated from the sample undergo differential ion mobility analysis before mass analysis.

[0152] The advantages of such an arrangement are discussed above in respect of the first aspect.
[0153] The present application discloses a method of analyzing ions, which method comprises the steps of:

(a) generating ions from a sample in an ionization source;
(b) delivering the ions through an ion inlet into a first vacuum region of a vacuum enclosure;
(c) in the first vacuum region, prior to mass analysis of the ions, conducting differential ion mobility analysis of the ions;
(d) after differential ion mobility analysis, delivering the ions to a second vacuum region of the vacuum enclosure; and
(e) in the second vacuum region conducting mass analysis of the ions.

[0154] The present application discloses a differential ion mobility cell (DMS cell) comprising a plurality of electrodes
arranged sequentially in the direction of ion travel. Typically the DMS cell is elongate and the direction of ion travel
corresponds to the longitudinal axis of the cell. It is therefore preferred that the plurality of electrodes are arranged
sequentially in the direction of the longitudinal axis. Suitably the DMS cell includes ion transport electric field means
which in use provide a voltage to the said plurality of electrodes so as to produce an electric field that urges the ions
through the DMS cell.
[0155] This sort of "segmented electrode" permits ion transport through the DMS by action of an electric field (addi-
tionally or alternatively to gas flow) as discussed herein.
[0156] The present application discloses a differential ion mobility cell (DMS cell) comprising a plurality of electrodes
and ion transport electric field means which in use provides a voltage to the said plurality of electrodes so as to produce
an electric field that urges the ions through the DMS cell.
[0157] The present application discloses an ion analysis spectrometer comprising a DMS cell as described herein.
Suitably the spectrometer is a mass spectrometer and the DMS cell is located in a vacuum compartment of the mass
spectrometer.
[0158] Optional features associated with a method or use may apply to a product, and vice versa.

BRIEF DESCRIPTION OF THE DRAWINGS

[0159] Embodiments of the invention and information illustrating the advantages and/or implementation of the invention
are described below, by way of example only, with respect to the accompanying drawings in which:

Figure 1 shows a schematic diagram of a simplified DMS geometry illustrating ion motion dictated by variations of
an asymmetric periodic waveform, including "sawtooth" compensation voltage;

Figure 2 shows electrode arrangements for performing differential mobility spectrometry;

Figure 3 shows a dodecapole arrangement of electrodes and normalized voltages and equipotentials for a dipole field;

Figure 4 shows a logarithmic plot of E/N in units of Td vs pressure in units of mbar;

Figure 5 shows a DMS-MS of the prior art attached externally to the vacuum enclosure of a mass spectrometer;

Figure 6 is a schematic diagram of a preferred embodiment of the present invention wherein the DMS device is
installed in the first pumping stage of the MS;

Figure 7 is a schematic diagram of a conical gas shaper for establishing appropriate gas flow conditions through a
dodecapole DMS arrangement;

Figure 8 is a schematic diagram of another preferred embodiment of the present invention wherein the DMS device
extends between first and second vacuum compartments of the MS;

Figure 9 is a schematic diagram of yet another preferred embodiment of the present invention wherein the DMS
device is in a first pumping stage of the MS and the ionization source is accommodated in an ionization source
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vacuum chamber integral with the vacuum enclosure of the MS;

Figure 10 is a schematic diagram of a yet further embodiment, wherein the DMS cell is in a second pumping stage
of the MS and the ionization source is connected to the capillary inlet of the MS;

Figure 11 is a DMS spectrum obtained with a dodecapole DMS geometry of Figures 2 and 3, with 5 mm diameter,
at 3999Pa (30 Torr);

Figures 12a and 12b show a dodecapole DMS cell and the voltages applied to each electrode; 12a shows the dipole
field (RF or DC) and 12b shows the quadrupole field (RF or DC); and

Figures 13a and 13b are DMS spectra obtained with a combination of dipole and quadrupole fields.

DETAILED DESCRIPTION OF EMBODIMENTS AND EXPERIMENTS

[0160] Referring to Figure 1, shown are basic principles and the mechanism for DMS separation based on the non-
linear ion mobility dependence on electric field and pressure. Ions are entrained in a gas stream 1 established between
two electrodes 2. The high frequency asymmetric waveform 3 is applied to one of the two electrodes. Superimposed to
the waveform is a slow compensation dc voltage 4. The frequency of the asymmetric waveform usually spans between
a few hundreds of KHz to ~1 MHz, while that of the "sawtooth" DC ramp 4 is < 1 Hz. The amplitude of the asymmetric
waveform when the DMS is operated at ambient pressure is limited by the breakdown limit of the gas flowing within a
given electrode geometry and for a parallel plate DMS system the electric field does not generally exceed 3 KV mm-1.
[0161] Still referring to Figure 1, separation of ions is possible using waveforms substantially different than the pure
rectangular waveform. A family of waveforms based on quasi-sinusoidal variations of the voltage as a function of time
are widely used; these are the bi-sinusoidal, the clipped sinusoidal or other substantially rectangular waveforms. Asym-
metric waveforms are designed so that the area of the positive pulse matches that of the negative pulse, A1=A2. For
this particular arrangement of time-dependent electric fields, an ion with no mobility dependence on variations in electric
field and pressure will therefore be transmitted at zero compensation voltage. The waveform is characterized by its duty
cycle 5, usually defined as the width of the short positive pulse TH over the waveform period T. There exist optimum
duty cycles for separating certain types of ions. For example the type A and C ions are best separated in the DMS
spectrum when the duty cycle is ~0.33. B type ions exhibit a more complex behavior and having the ability to vary the
duty cycle during the course of an experiment is essential for enhancing instrument performance.
[0162] Also shown in Figure 1 are a stable ion trajectory 6 transmitted successfully through the system and a second
ion trajectory hitting the top DMS electrode 7. Successful transportation of the lost ion 7 would require the appropriate
compensation voltage to be applied to the DMS electrode to compensate for the small average displacement dx 8
introduced per waveform cycle. By scanning the compensation voltage, ions with different non-linear mobility depend-
encies on electric field and pressure are successively transported through the DMS gap and can either be collected on
a plate connected to an electrometer, or monitored by a mass spectrometer 9 (not shown).
[0163] Figure 2 illustrates several possible electrode configurations for constructing a DMS device. The most commonly
used configurations are the planar or parallel-plate system 20 and the axial arrangement of two concentric cylinders
with different radii 22. Other configurations involve multipole systems of electrodes arranged coaxially about a central
axis. In this example two different dodecapole geometries are shown, 24 and 26. A dipole field can be generated using
such multipoles by applying a voltage Vto each electrode according to the relationship V=Vo cos(nθ/2), where n is the
order of the field where in the case of a dipole n=2, θ is the angle of the electrodes as they are arranged about the axis
of the system and Vo is the input voltage, which defines the strength of the dipole field for a given inscribed radius. A
normalized dipoe field together with equipotential lines 30 for a dodecapole system 32 is shown in Figure 3. Higher-
order fields can be introduced using the same equation, for example, a quadrupole field (n=4) can be superimposed to
the dipole field to provide focusing, similarly to the case of a cylindrical FAIMS arrangement.
[0164] Figure 4 shows the range of the values for E/N for a 5 mm separation distance between two parallel plate-
electrodes as the pressure is reduced for a pressure range of 100-10,000Pa (1-100 mbar). For example, at a pressure
of 100Pa (1 mbar), and for 25 V across 5 mm, the value of ElN is ~2x10-19Vm2 (200 Td), well above those achieved at
ambient pressure. As mentioned above, the power consumption is significantly lower and much higher frequencies can
be used, enhancing transmission through the DMS channel. The Paschen curve predicts an upper limit of ~125 V for a
spacing of 5 mm at ~100Pa (1 mbar) for breakdown to occur. The corresponding value for E/N is ~10-18Vm2 (1000 Td).
[0165] Figure 5 shows a prior art apparatus 50 where a planar DMS 52 is attached externally to the front end of a
mass spectrometer. Ions are electrosprayed 54 at the front end of the DMS and carried by gas flow 56 through the DMS
channel where the high frequency asymmetric waveform and a slow sawtooth compensation voltage are applied to the
planar electrodes 58. Two detector-plates 60 are situated to the rear end of the DMS for monitoring ion current transmitted
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through the device. A circular aperture 62 on one of the detector-plates allows for the ions to enter the MS through an
inlet capillary 64, which also provides the necessary slow pumping of the gas through the DMS channel. A typical flow
rate for an inlet capillary at the MS vacuum interface is ~0.00/m3min-1 (1 L min-1), which pre-defines the residence time
of the gas in the DMS. Ions enter the first pumping stage 66 of the MS maintained at pressure P1 by a vacuum pump
68 and are guided by a intermediate pressure RF lens 70 through a skimmer or an aperture 72 into the second vacuum
chamber 74 maintained at a lower pressure P2 by a turbo-molecular pump. Further cooling is introduced by collisions
with the gas molecules as the ions traverse the multipole device 76 and focused through a final aperture 78 into the
mass analyzer chamber 80 maintained at high vacuum conditions by an additional vacuum pump 82. Mass analysis in
this example is performed using a quadrupole mass filter 84 and a mass spectrum is generated by monitoring ions by
a detector, usually an electron multiplier 86.
[0166] A preferred embodiment of the present invention where a DMS is installed in the first pumping stage of a mass
spectrometer is illustrated in the schematic diagram of Figure 6. In the illustrated DMS-MS apparatus 100, ions are
generated in the atmospheric ionization (API) source region 102 and introduced into the first pumping stage of the
instrument 104 through the inlet capillary 106. The pressure P1 in the first vacuum chamber of the instrument is maintained
by a rotary pump 108 and restriction 110 at pressures ~100Pa (1 mbar), as indicated by a tubulated pressure gauge
112. Pumping is also provided through the skimmer or aperture 114 connecting the first 104 and second 116 vacuum
chambers. Pressure in chamber 104 is controlled by the restriction 110 installed in the pumping line connected to rotary
pump 108.
[0167] Ions and ambient gas, preferably purified N2 used to provide the supporting atmosphere in the ionization source
region 102, are introduced at a flow rate of ~0.001 m3min-1 (1 L min-1), which is a typical value for the pumping speed
of an inlet capillary with an inner diameter of 0.5 mm and a length of ~10 mm. In the particular case of an electrospray
ionization source, desolvation of droplets and adduct ions is provided by operating the inlet capillary at increased tem-
peratures ranging from ambient conditions to 523.15k (250 °C). On entering the vacuum, ions and neutral particles form
a jet and a conical- or bell-shaped lens 118 is used for shaping and directing the gas flow into a set of elongated electrodes
comprising the DMS device 120. Ion losses encountered in the area a few mm past the entrance to the vacuum chamber
where a standing barrel shock wave is formed by the supersonic jet expanding in vacuum can be minimized by directing
and partially confining the gas flow through the electrodes of the DMS 120. Substantially laminar flow conditions can be
established to transport the ions through the DMS and guiding those ions toward the subsequent ion optical focusing
element 122.
[0168] The first vacuum chamber is pumped to a certain extent through the DMS electrodes 120, which allows to
control the gas flow by the restriction valve 110. The ion optical focusing element 122, which can be an ion funnel or a
q-array type device, receives ions spread over a broad area and confines ion motion delivering a confined ion beam to
enter through the skimmer or aperture 114 into the second vacuum chamber 116 maintained at a lower pressure P2 by
a turbo-molecular pump 124, as measured by a second tubulated gauge 126. An octapole or any other multipole device
128 operated at pressures of -0.1 Pa (10-3 mbar) is used for collisional cooling and further focusing the ion beam through
an aperture 130 into the third vacuum chamber 132 connected to an additional vacuum pump 134 and accommodating
the mass analyzer 136, and means for detecting mass analyzed ions 138.
[0169] Figure 7 shows a simplified schematic diagram of an inlet capillary 150 and a conical-shaped element 152 for
confining the shock wave and directing the gas toward a dodecapole DMS device 154. A smooth transition of the gas
entering the vacuum is achieved by matching the entrance diameter of the conical gas flow shaper to that of the inlet
capillary and the exit diameter to that of the cylindrical dodecapole.
[0170] Figure 8 shows yet another preferred embodiment, being an apparatus 160 comprising a DMS device accom-
modated in the vacuum chamber of a mass spectrometer. In this example ions generated in the API source 162 are
sampled by the inlet capillary 164 and introduced to the first pumping stage 166 of the MS maintained at pressure P1
by a vacuum pump 168 pumping through a restriction 170. Ions enter an ion funnel type device 172 and guided by an
additional lens 174 into the DMS 176. The DMS electrodes extend between the first vacuum stage 172 and the second
vacuum stage 178 maintained at a pressure P2 lower than pressure P1 by a vacuum pump. In this preferred embodiment,
the same vacuum pump 168 through a second restriction 180 pumps both chambers. By adjusting restrictions 168 and
180, and monitoring pressures using pressure gauges 182 and 184, the pressure differential P1-P2 can be optimized
for transporting ions through the DMS channel using gas flow. Filtered ions are then guided by a second ion funnel type
device 186 and through the skimmer or aperture 188 into the consecutive third vacuum chamber 190 maintained at
pressure of P3 by a turbo-molecular pump 192. The pressure in the chamber is monitored by a pressure gauge 194 and
ions are collisionally cooled in the octapole 196 and focused through an aperture 198 into the mass analyzer chamber
200 maintained at high vacuum pressure P4 by a turbo-molecular pump 202. In this example, pressure is monitored by
a hot cathode gauge 204, ions are mass analyzed by a mass filter 206 and collected by a detector 208.
[0171] Figure 9 shows yet another preferred embodiment, being an apparatus 250 comprising a DMS operated at
reduced pressures and accommodated in the initial pumping stage of a mass spectrometer. Ions are generated by laser
desorption ionization, preferably matrix-assisted laser desorption ionization (MALDI) source, where a pulse of laser light
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252 is directed through a window 253 onto a target plate 254 carrying the sample to be analyzed. The sample plate 254
is enclosed in a small vacuum compartment 256 where gas is admitted through gas inlet 258 at the rear end to establish
a pressure P1.
[0172] Ions are focused by a lens 260 into the DMS 262 situated in a second vacuum compartment 264 maintained
at pressure P2 by a vacuum pump 266. Pressure is monitored by a pressure gauge 268 and can be adjusted by controlling
gas flow rate through the inlet 258 and the restriction 270 imposed on the pump 266. Gas can be forced to flow from
first to second vacuum compartment by increasing pressure P1 relative to P2. Ions are transported through the DMS
channel either by gas flow or by a weak longitudinal electric field established by segmenting the DMS electrodes 272
and applying a dc-offset to each of the DMS electrodes separately. The additional weak dc-field superimposed to the
asymmetric waveform may also separate ions along the axial direction. Ions are passed through a lens 274 and a
skimmer 276 into the consecutive second vacuum chamber 278 maintained at low pressure by a vacuum pump 280
while pressure is monitored by a gauge 282. An ion funnel 284 focuses ions through a second skimmer or aperture 286
into another vacuum compartment 288 maintained at lower pressure by a vacuum pump 290 where ions are cooled as
they travel through an ion guide 292 and finally focused through an aperture into the mass analyzer chamber 294.
[0173] Figure 10 shows yet another preferred embodiment, being an apparatus 300 comprising a DMS accommodated
in the vacuum chamber of a mass spectrometer. Ions generated in a API source 302 are sampled by an inlet capillary
304 into the first pumping stage of a mass spectrometer 306 maintained by a vacuum pump 308 at pressure P1. A
restriction 310 is used to adjust the level of pressure as indicated by the pressure gauge 312. Ions focused by an ion
funnel 314 and through a skimmer 316 are introduced into the channel 318 of a segmented DMS 320 accommodated
in a second vacuum chamber 322 maintained at pressure P2 by a vacuum pump 324. Pressure is monitored by a pressure
gauge 326 and pressure levels can be adjusted by adjusting restriction 310. Ions transported successfully through the
DMS pass through an aperture 328 and enter a consecutive vacuum compartment 330 housing an octapole device 332
for collisionally cooling ions. Pressure is maintained by a turbo-molecular pump 334 and levels are monitored by a gauge
336. Ions are then passed onto the mass analyzer region 338. When it is desired to transmit ions without filtering using
the DMS, the asymmetric waveform may be removed and instead applied is a radially confining RF voltage, to simply
transmit a wide range of m/z and independent of their mobility.
[0174] With reference to Figure 11, ion simulations according to differential mobility showing separation of ions were
conducted for the dodecapole geometry. Throughout these simulations the axial gas flow through the device was set to
100 ms-1 and the ion residence time was approximately 0.7 ms. The dipole field was applied along the X axis and the
pressure was set at 3999Pa (30 Torr). The voltage was applied to attain an E/N value of ~ 2.5x10-19Vm2 (250 Td). Figure
11 shows an example of separation of two model ions, C3H7

+ and C3H5
+, in the device, the plot being generated by

applying the asymmetric waveform to generate the alternating dipole at a frequency of 1 MHz and scanning the com-
pensation voltage. Baseline separation is obtained and ions are - 2V wide at full-width half maximum. Transmission is
approximately 65%.
[0175] The effect of superimposing a quadrupole field on the transmission and resolution is discussed below, with
reference to Figures 12 and 13.
[0176] Figure 12a shows voltage ratios used to generate a standard dipole field, which can be applied as RF and/or
DC compensating field for the case of the dodecapole geometry.
[0177] Within the analytical space, this field corresponds to a dipole field that is generated in the planar DMS where
in use ions oscillate along the X direction.
[0178] Figure 12b shows the voltage ratios used to generate a quadrupole field in the analytical space of the DMS.
Such a field may be superimposed onto the said dipole field already described by adjusting the amplitude of the waveforms
applied to each electrode accordingly.
[0179] By combining, that is superimposing, the fields shown in Figures 12a and 12b the transmission of ions improves,
as the confining quadrupole field confines those ions which are selected according to their differential mobilities by dipole
asymmetric RF and DC compensating dipole fields.
[0180] Radial focusing is achieved only by applying an additional DC quadrupole field in addition to the RF quadrupole
field and carefully adjusting the relative amplitudes. The amplitude of the RF and DC quadrupole fields is considerably
lower compared to the magnitude of the dipole. It should noted that the negative high voltage is along X direction, and
the positive high voltage pulse of the rectangular waveform is applied along the Y direction.
[0181] Efficient focusing can be demonstrated by simulation and the results are shown in Figures 13a and 13b. In
attaining the DMS spectrum of Figure 13a the following voltages were applied: RF dipole VH=600, VL=-257.14, and for
the RF quadrupole VH=40, VL=-17.14, for the DC quadrupole VQ=5. These conditions provide high transmission over a
wide range of compensating voltages, however, resolution is reduced.
[0182] By reducing the strength of the quadrupole field to: RF quadrupole VH=20, VL=-8.57 and DC quadrupole VQ=3,
resolution is maintained while transmission has been improved by ~20% compared to that of a pure dipole field, as
shown in Figure 13b.
[0183] Thus, the superposition of a quadrupole field can enhance the transmission without degradation of resolving
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power, or alternatively, the strength of the quadrupole field may be increased to enhance transmission further and to
controllable reduce the resolution. This latter facility is useful when the DMS is operated as a noise reduction device.
[0184] Further simulations have been performed to investigate the effect of operating pressures and waveform fre-
quencies on transmission and resolution of the DMS.

Low pressure

[0185] Simulations at 1 Pa (0.01 mbar) and a multipole geometry with inscribed radius of 2.5mm indicate that the
number of collisions during one waveform period is insufficient and diffusion is pronounced. Transmission of ions through
the DMS channel is practically zero. Increasing the pressure by one order of magnitude, that is 10Pa (0.1 mbar), has a
significant impact on the performance of the DMS. Simulations results using the two model ions discussed above indicate
that transmission is ~5%, sufficient for demonstrating ion separation in the DMS. Pressures above 10Pa (0.1 mbar)
appear mostly appropriate for reducing diffusion and enhancing transmission. Also, it must be noted that diffusional
effects can only be counterbalanced using higher-order fields at pressures above 10Pa (0.1 mbar).

Low frequency

[0186] Further simulation analysis of the DMS operation at a pressure of 1,000Pa (10 mbar) indicates that for the case
of the two model ions examined above, reducing frequency from 1 MHz to 10 KHz has a significant impact on ion
transmission. The amplitude of ion oscillation can be wide compared to the dimensions of the device (e.g. as high as 2
mm) and ion losses on the DMS electrodes become severe, simulation shows transmission <1%. The amplitude of ion
oscillation must be maintained small compared to the dimensions of the analytical space. For example, the amplitude
of ion oscillation at 1 MHz for both model ions examined above is -0.5 mm, that is, one order of magnitude smaller than
the 5 mm analytical space used in the calculations.

High frequency

[0187] The useful operating area of the DMS in terms of frequency is limited by the transit times of the ions, as described
above. Further simulation studies demonstrate that despite enhancing transmission to >80%, ion separation becomes
poor, such that there is no observed separation of the C3H7

+ and C3H5
+ ions when operating at 25MHz.

Claims

1. An ion analysis apparatus (100) comprising:

an ionization source (102) for generating ions from a sample; and
an ion detector (138);
wherein in use ions travel along an ion optical axis from the ionization source (102) to the ion detector (138),
the apparatus further comprising:

a vacuum enclosure including

a first vacuum region (104) containing differential ion mobility means; and
a second vacuum region (132) containing a mass analyzer;

pumping means (124) configured to provide a pressure in the second vacuum region (132) that is lower
than the pressure in the first vacuum region (104);
an ion inlet (106) connecting the ionization source (102) to the first vacuum region (104),
wherein the first vacuum region (104) is located before the second vacuum region (132) on the ion optical
axis such that in use ions generated from the sample undergo differential ion mobility analysis before mass
analysis;
and wherein in use the first vacuum region (104) including the differential ion mobility means is at a pressure
in the range 2kPa to 40kPa and the differential ion mobility means is driven by an asymmetric waveform
having a frequency in the range 20kHz to 25MHz;
and wherein the apparatus includes gas flow means for establishing a flow of gas into the first vacuum
region (104) so as to provide a gas medium for the differential ion mobility means.
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2. An ion analysis apparatus according to claim 1, wherein the frequency is in the range 1.5MHz to 5MHz.

3. An ion analysis apparatus according to claim 1 or claim 2, wherein the analytical gap, d, of the differential ion mobility
means is in the range 1 mm to 15mm.

4. An ion analysis apparatus according to any one of the preceding claims, wherein the gas provided by the gas flow
means is different from the gas in the ionization source (102).

5. An ion analysis apparatus according to any one of the preceding claims, wherein the asymmetric waveform applied
to the differential ion mobility means is provided by a digital waveform generator.

6. An ion analysis apparatus according to any one of the preceding claims, wherein the apparatus includes a waveform
generator configured to apply the asymmetric waveform to at least one electrode of the differential ion mobility
means; and waveform switching means to switch between a first waveform and a second waveform and optionally
the waveform is switchable between a first waveform that has a duty cycle of 50% and a second waveform that has
a duty cycle that is not 50%.

7. An ion analysis apparatus according to claim 6, wherein the waveform is switchable between an ion transmission
mode and an ion separation mode.

8. An ion analysis apparatus according to claim 6 or claim 7, wherein the apparatus is configured to change the duty
cycle of the waveform in the range 0.05 to 0.5.

9. An ion analysis apparatus according to any one of the preceding claims, wherein the apparatus includes ion transport
electric field means which in use provide an electric field that urges the ions through the differential ion mobility
means and optionally the second vacuum region (132) includes a collisional cooling cell located before the mass
analyzer.

10. An ion analysis apparatus according to any one of the preceding claims, wherein the apparatus includes, in the first
vacuum region (104), gas flow modifying means associated with the ion inlet (106), which gas flow modifying means
is configured to provide in use a substantially laminar gas flow to the differential ion mobility means.

11. An ion analysis apparatus according to any one of the preceding claims, wherein the differential ion mobility means
comprises an electrode arrangement selected from:

(a) two planar parallel electrodes;
(b) two concentric cylindrical electrodes; and
(c) a multipole wherein a plurality of elongate electrodes are arranged circumferentially around a common axis,
with the longitudinal axes of the electrodes being parallel.

12. An ion analysis apparatus according to claim 11, wherein the differential ion mobility means comprises a multipole
and wherein the apparatus includes a waveform generator configured to provide (i) a dipole field and (ii) a higher
order field within the multipole.

13. An ion analysis apparatus according to any one of the preceding claims, wherein in use the pressure in the second
vacuum region (132) is less than 10-4 kPa.

14. An ion analysis apparatus according to any one of the preceding claims, wherein the mass analyzer is selected
from a quadrupole filter, time of flight analyzer (TOF), linear RF ion trap and electrostatic ion trap.

15. A method of analyzing ions, which method comprises the steps of:

(a) generating ions from a sample in an ionization source (102);
(b) delivering the ions through an ion inlet (106) into a first vacuum region (104) of a vacuum enclosure;
(c) in the first vacuum region (104), prior to mass analysis of the ions, conducting differential ion mobility analysis
of the ions;
(d) after differential ion mobility analysis, delivering the ions to a second vacuum region (132) of the vacuum
enclosure; and
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(e) in the second vacuum region (132) conducting mass analysis of the ions; and wherein in use the first vacuum
region (104) including the differential ion mobility means is at a pressure in the range 2kPa to 40kPa and the
differential ion mobility means is driven by an asymmetric waveform having a frequency in the range 20kHz to
25MHz;

and wherein the method includes establishing a flow of gas into the first vacuum region (104) so as to provide a gas
medium for the said differential ion mobility analysis.

Patentansprüche

1. Ionenanalysevorrichtung (100), die Folgendes umfasst:

eine Ionisationsquelle (102) zum Erzeugen von Ionen aus einer Probe; und
einen Ionendetektor (138);
worin Ionen bei der Verwendung entlang einer optischen Ionenachse ausgehend von der Ionisationsquelle
(102) zum Ionendetektor (138) wandern, wobei die Vorrichtung ferner Folgendes umfasst:

ein Vakuumgehäuse, einschließlich

einer ersten Vakuumregion (104) mit einem Differenzialionenmobilitätsmittel;
und
einer zweiten Vakuumregion (132) mit einem Masseanalysator;

ein Pumpmittel (124), das konfiguriert ist, einen Druck in der zweiten Vakuumregion (132) bereitzustellen,
der niedriger ist als der Druck in der ersten Vakuumregion (104);
einen Ioneneinlass (106), der die Ionisationsquelle (102) mit der ersten Vakuumregion (104) verbindet,
worin sich die erste Vakuumregion (104) auf der optischen Ionenachse vor der zweiten Vakuumregion
(132) befindet, so dass Ionen, die aus der Probe erzeugt wurden, im Betrieb vor der Masseanalyse eine
Differenzialionenmobilitätsanalyse durchlaufen;
und worin die erste Vakuumregion (104), einschließlich des Differenzialionenmobilitätsmittels, bei Betrieb
einen Druck im Bereich von 2 kPa bis 40 kPa aufweist und worin das Differenzialionenmobilitätsmittel von
einer asymmetrischen Wellenform mit einer Frequenz im Bereich von 20 kHz bis 25 MHz angesteuert wird;
und worin die Vorrichtung ein Gasströmungsmittel zum Herstellen einer Strömung von Gas in die erste
Vakuumregion (104) umfasst, so dass ein Gasmedium für das Differenzialionenmobilitätsmittel bereitgestellt
wird.

2. Ionenanalysevorrichtung nach Anspruch 1, worin die Frequenz im Bereich von 1,5 MHz bis 5 MHz liegt.

3. Ionenanalysevorrichtung nach Anspruch 1 oder Anspruch 2, worin der Analysespalt, d, des Differenzialionenmobi-
litätsmittels im Bereich von 1 mm bis 15 mm liegt.

4. Ionenanalysevorrichtung nach einem der vorangegangenen Ansprüche, worin das Gas, das durch das Gasströ-
mungsmittel bereitgestellt wird, ein anderes ist als das Gas in der Ionisationsquelle (102).

5. Ionenanalysevorrichtung nach einem der vorangegangenen Ansprüche, worin die asymmetrische Wellenform, die
auf das Differenzialionenmobilitätsmittel angewandt wird, durch einen digitalen Wellenformerzeuger bereitgestellt
wird.

6. Ionenanalysevorrichtung nach einem der vorangegangenen Ansprüche, worin die Vorrichtung einen Wellenformer-
zeuger umfasst, der konfiguriert ist, die asymmetrische Wellenform zumindest auf eine Elektrode des Differenzia-
lionenmobilitätsmittels anzuwenden; und ein Wellenformschaltmittel umfasst, um zwischen einer ersten Wellenform
und einer zweiten Wellenform umzuschalten und gegebenenfalls ist die Wellenform zwischen einer ersten Wellen-
form, die einen Arbeitszyklus von 50 % aufweist und einer zweiten Wellenform, die einen Arbeitszyklus aufweist,
der nicht 50 % beträgt, umschaltbar ist.

7. Ionenanalysevorrichtung nach Anspruch 6, worin die Wellenform zwischen einem Ionenübertragungsmodus und
einem Ionentrennungsmodus umschaltbar ist.
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8. Ionenanalysevorrichtung nach Anspruch 6 oder Anspruch 7, worin die Vorrichtung konfiguriert ist, den Arbeitszyklus
der Wellenform im Bereich von 0,05 bis 0,5 zu verändern.

9. Ionenanalysevorrichtung nach einem der vorangegangenen Ansprüche, worin die Vorrichtung ein elektrisches Feld-
mittel zum Ionentransport umfasst, das bei Betrieb ein elektrisches Feld erzeugt, das die Ionen durch das Differen-
zialionenmobilitätsmittel zwangsbewegt und gegebenenfalls umfasst die zweite Vakuumregion (132) eine Kollisi-
onskühlzelle, die sich vor dem Masseanalysator befindet.

10. Ionenanalysevorrichtung nach einem der vorangegangenen Ansprüche, worin die Vorrichtung in der ersten Vaku-
umregion (104) ein Gasströmungsmodifikationsmittel, zugehörig zu dem Ioneneinlass (106) umfasst, wobei das
Gasströmungsmodifikationsmittel konfiguriert ist, bei Betrieb einen im Wesentlichen laminaren Gasstrom zum Dif-
ferenzialionenmobilitätsmittel bereitzustellen.

11. Ionenanalysevorrichtung nach einem der vorangegangenen Ansprüche, worin das Differenzialionenmobilitätsmittel
eine Elektrodenanordnung umfasst, die aus Folgenden ausgewählt ist:

(a) zwei planaren parallelen Elektroden;
(b) zwei konzentrisch-zylindrischen Elektroden; und
(c) einem Multipol, worin eine Vielzahl von länglichen Elektroden rund um eine gemeinsame Achse angeordnet
ist, wobei die Längsachsen der Elektroden parallel sind.

12. Ionenanalysevorrichtung nach Anspruch 11, worin das Differenzialionenmobilitätsmittel einen Multipol umfasst und
worin die Vorrichtung einen Wellenformerzeuger umfasst, der konfiguriert ist, (i) ein Zweipolfeld und (ii) ein Feld
höherer Ordnung innerhalb des Multipols bereitzustellen.

13. Ionenanalysevorrichtung nach einem der vorangegangenen Ansprüche, worin der Druck in der zweiten Vakuum-
region (132) bei Betrieb geringer ist als 10-4 kPa.

14. Ionenanalysevorrichtung nach einem der vorangegangenen Ansprüche, worin der Masseanalysator aus einem
Vierpolfilter, Laufzeitanalysator (TOF), linearer RFlonenfalle und elektrostatischer Ionenfalle ausgewählt ist.

15. Verfahren zum Analysieren von Ionen, wobei das Verfahren die folgenden Schritte umfasst:

(a) Erzeugen von Ionen aus einer Probe in einer Ionisationsquelle (102);
(b) Einbringen der Ionen durch einen Ioneneinlass (106) in eine erste Vakuumregion (104) eines Vakuumbe-
hälters;
(c) Durchführen einer Differenzialionenmobilitätsanalyse der Ionen in der ersten Vakuumregion (104) vor der
Masseanalyse der Ionen;
(d) Einbringen der Ionen in eine zweite Vakuumregion (132) des Vakuumbehälters nach der Differenzialionen-
mobilitätsanalyse; und
(e) Durchführen der Masseanalyse der Ionen in der zweiten Vakuumregion (132);

und worin die erste Vakuumregion (132), einschließlich des Differenzialionenmobilitätsmittels, bei Betrieb einen
Druck im Bereich von 2 kPa bis 40 kPa aufweist und wobei das Differenzialionenmobilitätsmittel von einer asym-
metrischen Wellenform mit einer Frequenz im Bereich von 20 kHz bis 25 MHz angesteuert wird;
und worin das Verfahren das Herstellen eines Gasstroms in die erste Vakuumregion (104) umfasst, um ein Gas-
medium für die Differenzialionenmobilitätsanalyse bereitzustellen.

Revendications

1. Appareil d’analyse ionique (100) comprenant :

une source d’ionisation (102) pour générer des ions à partir d’un échantillon ; et
un détecteur d’ions (138) ;
dans lequel, en utilisation, les ions se déplacent le long d’un axe optique d’ions de la source d’ionisation (102)
vers le détecteur d’ions (138), l’appareil comprenant en outre :
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une enceinte sous vide comprenant :

une première région de vide (104) contenant des moyens de mobilité ionique différentielle ; et
une deuxième région de vide (132) contenant un analyseur de masse ;

des moyens de pompage (124) configurés pour fournir une pression dans la deuxième région de vide (132)
qui est inférieure à la pression dans la première région de vide (104);
une entrée d’ions (106) reliant la source d’ionisation (102) à la première région de vide (104),
dans lequel la première région de vide (104) est située avant la deuxième région de vide (132) sur l’axe
optique d’ions de sorte que, en utilisation, les ions générés par l’échantillon subissent une analyse de
mobilité ionique différentielle avant une analyse de masse ;
et dans lequel, en utilisation, la première région de vide (104) comprenant les moyens de mobilité ionique
différentielle est à une pression dans la plage de 2 kPa à 40 kPa et les moyens de mobilité ionique diffé-
rentielle sont commandés par une forme d’onde asymétrique ayant une fréquence dans la plage de 20 kHz
à 25 MHz ;
et dans lequel l’appareil comprend des moyens d’écoulement de gaz pour établir un écoulement de gaz
dans la première région de vide (104) de manière à fournir un milieu gazeux pour les moyens de mobilité
ionique différentielle.

2. Appareil d’analyse ionique selon la revendication 1, dans lequel la fréquence est dans la plage de 1,5 MHz à 5 MHz.

3. Appareil d’analyse ionique selon la revendication 1 ou la revendication 2, dans lequel l’espace analytique, d, des
moyens de mobilité ionique différentielle est dans la plage de 1 mm à 15 mm.

4. Appareil d’analyse ionique selon l’une quelconque des revendications précédentes, dans lequel le gaz fourni par
les moyens d’écoulement de gaz est différent du gaz dans la source d’ionisation (102).

5. Appareil d’analyse ionique selon l’une quelconque des revendications précédentes, dans lequel la forme d’onde
asymétrique appliquée aux moyens de mobilité ionique différentielle est fournie par un générateur de forme d’onde
numérique.

6. Appareil d’analyse ionique selon l’une quelconque des revendications précédentes, dans lequel l’appareil comprend
un générateur de forme d’onde configuré pour appliquer la forme d’onde asymétrique à au moins une électrode des
moyens de mobilité ionique différentielle ; et des moyens de commutation de forme d’onde pour commuter entre
une première forme d’onde et une deuxième forme d’onde et, en option, la forme d’onde peut être commutée entre
une première forme d’onde qui a un rapport cyclique de 50 % et une deuxième forme d’onde qui a un rapport cyclique
qui n’est pas de 50 %.

7. Appareil d’analyse ionique selon la revendication 6, dans lequel la forme d’onde peut être commutée entre un mode
de transmission d’ions et un mode de séparation d’ions.

8. Appareil d’analyse ionique selon la revendication 6 ou la revendication 7, dans lequel l’appareil est configuré pour
modifier le rapport cyclique de la forme d’onde dans la plage de 0,05 à 0,5.

9. Appareil d’analyse ionique selon l’une quelconque des revendications précédentes, dans lequel l’appareil comprend
des moyens de champ électrique de transport d’ions qui fournissent, en utilisation, un champ électrique qui pousse
les ions à travers les moyens de mobilité ionique différentielle et, en option, la deuxième région de vide (132)
comprend une cellule de refroidissement par collisions située avant l’analyseur de masse.

10. Appareil d’analyse ionique selon l’une quelconque des revendications précédentes, dans lequel l’appareil comprend,
dans la première région de vide (104), des moyens de modification d’écoulement de gaz associés à l’entrée d’ions
(106), lesquels moyens de modification d’écoulement de gaz sont configurés pour fournir, en utilisation, un écou-
lement de gaz sensiblement laminaire aux moyens de mobilité ionique différentielle.

11. Appareil d’analyse ionique selon l’une quelconque des revendications précédentes, dans lequel les moyens de
mobilité ionique différentielle comprennent un agencement d’électrodes sélectionné parmi :

(a) deux électrodes parallèles planes ;
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(b) deux électrodes cylindriques concentriques ; et
(c) un multipôle dans lequel une pluralité d’électrodes allongées sont agencées circonférentiellement autour
d’un axe commun, les axes longitudinaux des électrodes étant parallèles.

12. Appareil d’analyse ionique selon la revendication 11, dans lequel les moyens de mobilité ionique différentielle
comprennent un multipôle, et dans lequel l’appareil comprend un générateur de forme d’onde configuré pour fournir
(i) un champ de dipôle et (ii) un champ d’ordre supérieur dans le multipôle.

13. Appareil d’analyse ionique selon l’une quelconque des revendications précédentes, dans lequel, en utilisation, la
pression dans la deuxième région de vide (132) est inférieure à 10-4 kPa.

14. Appareil d’analyse ionique selon l’une quelconque des revendications précédentes, dans lequel l’analyseur de
masse est sélectionné parmi un filtre quadripolaire, un analyseur de temps de vol (TOF), un piège à ions RF linéaire
et un piège à ions électrostatique.

15. Procédé d’analyse d’ions, lequel procédé comprend les étapes

(a) de génération d’ions à partir d’un échantillon dans une source d’ionisation (102) ;
(b) de distribution des ions à travers une entrée d’ions (106) dans une première région de vide (104) d’une
enceinte sous vide ;
(c) dans la première région de vide (104), avant une analyse de masse des ions, d’exécution d’une analyse de
mobilité ionique différentielle des ions ;
(d) après l’analyse de mobilité ionique différentielle, de distribution des ions à une deuxième région de vide
(132) de l’enceinte sous vide ; et
(e) dans la deuxième région de vide (132), d’exécution d’une analyse de masse des ions ;

et dans lequel, en utilisation, la première région de vide (104) comprenant les moyens de mobilité ionique différentielle
est à une pression dans la plage de 2 kPa à 40 kPa et les moyens de mobilité ionique différentielle sont commandés
par une forme d’onde asymétrique ayant une fréquence dans la plage de 20 kHz à 25 MHz ;
et dans lequel le procédé comprend l’établissement d’un écoulement de gaz dans la première région de vide (104)
de manière à fournir un milieu gazeux pour ladite analyse de mobilité ionique différentielle.
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