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(57) ABSTRACT 

A method for selectively transmitting ions using a FAIMS 
device is disclosed. A ?rst analyzer region is de?ned by a 
space betWeen ?rst and second spaced apart electrodes. A 
second analyser region is provided in operational commu 
nication With the ?rst analyzer region. Ions are provided to 
the ?rst analyzer region. The ions are coupled from the ?rst 
analyser region to the second analyzer region. An asymmet 
ric Waveform is used to generate an electric ?eld Within the 
?rst analyser region and a compensation voltage is applied 
to prevent some ions from exiting the analyser region. 
Conditions are provided Within the second analyzer region 
for effecting a second different separation of ions therein. 
Finally, the separated ions are trapped to accumulate ions 
Within a trapping region thereof. 
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TANDEM FAIMS/ION-TRAPPING APPARATUS 
AND METHOD 

FIELD OF THE INVENTION 

[0001] The present invention relates to an apparatus and 
method for separating ions, more particularly the present 
invention relates to an apparatus and method for separating 
ions based on the ion focusing principles of high ?eld 
asymmetric Waveform ion mobility spectrometry (FAIMS). 

BACKGROUND OF THE INVENTION 

[0002] High sensitivity and amenability to miniaturiZation 
for ?eld-portable applications have helped to make ion 
mobility spectrometry (IMS) an important technique for the 
detection of many compounds, including narcotics, explo 
sives, and chemical Warfare agents as described, for 
example, by G. Eiceman and Z. Karpas in their book entitled 
“Ion Mobility Spectrometry” (CRC, Boca Raton, 1994). In 
IMS, gas-phase ion mobilities are determined using a drift 
tube With a constant electric ?eld. Ions are gated into the 
drift tube and are subsequently separated in dependence 
upon differences in their drift velocity. The ion drift velocity 
is proportional to the electric ?eld strength at loW electric 
?eld strength, for example 200 V/cm, and the mobility, K, 
Which is determined from experimentation, is independent 
of the applied electric ?eld. Additionally, in IMS the ions 
travel through a bath gas that is at suf?ciently high pressure 
such that the ions rapidly reach constant velocity When 
driven by the force of an electric ?eld that is constant both 
in time and location. This is to be clearly distinguished from 
those techniques, most of Which are related to mass spec 
trometry, in Which the gas pressure is suf?ciently loW that, 
if under the in?uence of a constant electric ?eld, the ions 
continue to accelerate. 

[0003] E. A. Mason and E. W. McDaniel in their book 
entitled “Transport Properties of Ions in Gases” (Wiley, NeW 
York, 1988) teach that at high electric ?eld strength, for 
instance ?elds stronger than approximately 5,000 V/cm, the 
ion drift velocity is no longer directly proportional to the 
applied ?eld, and K becomes dependent upon the applied 
electric ?eld. At high electric ?eld strength, K is better 
represented by Kh, a non-constant high ?eld mobility term. 
The dependence of Kh on the applied electric ?eld has been 
the basis for the development of high ?eld asymmetric 
Waveform ion mobility spectrometry (FAIMS), a tern used 
by the inventors throughout this disclosure, and also referred 
to as transverse ?eld compensation ion mobility spectrom 
etry, or ?eld ion spectrometry. Ions are separated in FAIMS 
on the basis of a difference in the mobility of an ion at high 
?eld strength, Kh, relative to the mobility of the ion at loW 
?eld strength, K. In other Words, the ions are separated 
because of the compound dependent behavior of Kh as a 
function of the applied electric ?eld strength. FAIMS offers 
a neW tool for atmospheric pressure gas-phase ion studies 
since it is the change in ion mobility, and not the absolute ion 
mobility, that is being monitored. 

[0004] The principles of operation of FAIMS using ?at 
plate electrodes have been described by I. A. Buryakov, E. 
V. Krylov, E. G. NaZarov and U.Kh. Rasulev in a paper 
published in the International Journal of Mass Spectrometry 
and Ion Processes; volume 128 (1993), pp. 143-148, the 
contents of Which are herein incorporated by reference. The 
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mobility of a given ion under the in?uence of an electric 
?eld is expressed by: Kh=K(1+f(E)), Where Kh is the mobil 
ity of an ion at high electrical ?eld strength, K is the 
coef?cient of ion mobility at loW electric ?eld strength and 
f(E) describes the functional dependence of the ion mobility 
on the electric ?eld strength. Ions are classi?ed into one of 
three broad categories on the basis of a change in ion 
mobility as a function of the strength of an applied electric 
?eld, speci?cally: the mobility of type Aions increases With 
increasing electric ?eld strength; the mobility of type C ions 
decreases; and, the mobility of type B ions increases initially 
before decreasing at yet higher ?eld strength. The separation 
of ions in FAIMS is based upon these changes in mobility at 
high electric ?eld strength. Consider an ion, for example a 
type A ion, Which is being carried by a gas stream betWeen 
tWo spaced-apart parallel plate electrodes of a FAIMS 
device. The space betWeen the plates de?nes an analyZer 
region in Which the separation of ions occurs. The net 
motion of the ion betWeen the plates-is the sum of a 
horiZontal x-axis component due to the ?oWing stream of 
gas and a transverse y-axis component due to the electric 
?eld betWeen the parallel plate electrodes. The term “net 
motion” refers to the overall translation that the ion, for 
instance said type A ion, experiences, even When this 
translational motion has a more rapid oscillation superim 
posed upon it. Often, a ?rst plate is maintained at ground 
potential While the second plate has an asymmetric Wave 
form, V(t), applied to it. The asymmetric Waveform V(t) is 
composed of a repeating pattern including a high voltage 
component, V1, lasting for a short period of time t2 and a 
loWer voltage component, V2, of opposite polarity, lasting a 
longer period of time t1. The Waveform is synthesiZed such 
that the integrated voltage-time product, and thus the ?eld 
time product, applied to the plate during each complete cycle 
of the Waveform is Zero, for instance V1t2+V2t1=0; for 
example +2000 V for 10 us folloWed by —1000 V for 20 us. 
The peak voltage during the shorter, high voltage portion of 
the Waveform is called the “dispersion voltage” or DV in this 
disclosure. 

[0005] During the high voltage portion of the Waveform, 
the electric ?eld causes the ion to move With a transverse 

y-axis velocity component v1=KhEhigh, Where Ehigh is the 
applied ?eld, and Kh is the high ?eld ion mobility under 
ambient electric ?eld, pressure and temperature conditions. 
The distance traveled is d1=v1t2=KhEhight2, Where t2 is the 
time period of the applied high voltage. During the longer 
duration, opposite polarity, loW voltage portion of the asym 
metric Waveform, the y-axis velocity component of the ion 
is v2=KE1OW, Where K is the loW ?eld ion mobility under 
ambient pressure and temperature conditions. The distance 
traveled is d2=v2t1=KE1OWt1. Since the asymmetric Wave 
form ensures that (V1t2)+(V2t1)=0, the ?eld-time products 
Ehight2 and EIOWt1 are equal in magnitude. Thus, if Kh and K 
are identical, d1 and d2 are equal, and the ion is returned to 
its original position along the y-axis during the negative 
cycle of the Waveform, as Would be expected if both portions 
of the Waveform Were loW voltage. If at Ehigh the mobility 
Kh>K, the ion experiences a net displacement from its 
original position relative to the y-axis. For example, positive 
ions of type Atravel farther during the positive portion of the 
Waveform, for instance d1>d2, and the type A ion migrates 
aWay from the second plate. Similarly, positive ions of type 
C migrate toWards the second plate. 
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[0006] If a positive ion of type A is migrating away from 
the second plate, a constant negative dc voltage can be 
applied to the second plate to reverse, or to “compensate” 
for, this transverse drift. This dc voltage, called the “com 
pensation voltage” or CV in this disclosure, prevents the ion 
from migrating toWards either the second or the ?rst plate. 
If ions derived from tWo compounds respond differently to 
the applied high strength electric ?elds, the ratio of Kh to K 
may be different for each compound. Consequently, the 
magnitude of the CV necessary to prevent the drift of the ion 
toWard either plate is also different for each compound. 
Thus, When a mixture including several species of ions is 
being analyZed by FAIMS, only one species of ion is 
selectively transmitted for a given combination of CV and 
DV. The remaining species of ions, for instance those ions 
that are other than selectively transmitted through FAIMS, 
drift toWards one of the parallel plate electrodes of FAIMS 
and are neutraliZed. Of course, the speed at Which the 
remaining species of ions move toWards the electrodes of 
FAIMS depends upon the degree to Which their high ?eld 
mobility properties differ from those of the ions that are 
selectively transmitted under the prevailing conditions of 
CV and DV. 

[0007] An instrument operating according to the FAIMS 
principle as described previously is an ion ?lter, capable of 
selective transmission of only those ions With the appropri 
ate ratio of Kh to K. In one type of experiment using FAIMS 
devices, the applied CV is scanned With time, for instance 
the CV is sloWly ramped or optionally the CV is stepped 
from one voltage to a next voltage, and a resulting intensity 
of transmitted ions is measured. In this Way a CV spectrum 
shoWing the total ion current as a function of CV, is 
obtained. It is a signi?cant limitation of early FAIMS 
devices, Which used electrometer detectors, that the identity 
of peaks appearing in the CV spectrum are other than 
unambiguously con?rmed solely on the basis of the CV of 
transmission of a species of ion. This limitation is due to the 
unpredictable, compound-speci?c dependence of Kh on the 
electric ?eld strength. In other Words, a peak in the CV 
spectrum is easily assigned to a compound erroneously, 
since there is no Way to predict or even to estimate in 
advance, for example from the structure of an ion, Where that 
ion should appear in a CV spectrum. In other Words, 
additional information is necessary in order to improve the 
likelihood of assigning correctly each of the peaks in the CV 
spectrum. For example, subsequent mass spectrometric 
analysis of the selectively transmitted ions greatly improves 
the accuracy of peak assignments of the CV spectrum. 

[0008] In US. Pat. No. 5,420,424 Which issued on May 30 
1995, B. L. Carnahan and A. S. Tarassove disclose an 
improved FAIMS electrode geometry in Which the ?at plates 
that are used to separate the ions are replaced With concen 
tric cylinders, the contents of Which are herein incorporated 
by reference. The concentric cylinder design has several 
advantages, including higher sensitivity compared to the ?at 
plate con?guration, as Was discussed by R. W. Purves, R. 
Guevremont, S. Day, C. W. Pipich, and M. S. Matyj asZcZyk 
in a paper published in RevieWs of Scienti?c Instruments; 
volume 69 (1998), pp 4094-4105. The higher sensitivity of 
the cylindrical FAIMS is due to a tWo-dimensional atmo 
spheric pressure ion focusing effect that occurs in the 
analyZer region betWeen the concentric cylindrical elec 
trodes. When no electrical voltages are applied to the 
cylinders, the radial distribution of ions should be approxi 
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mately uniform across the FAIMS analyZer. During appli 
cation of DV and CV, hoWever, the radial distribution of ions 
is not uniform across the annular space of the FAIMS 
analyZer region. Advantageously, With the application of an 
appropriate DV and CV for an ion of interest, those ions 
become focused into a band betWeen the electrodes and the 
rate of loss of ions, as a result of collisions With the FAIMS 
electrodes, is reduced. The ef?ciency of transmission of the 
ions of interest through the analyZer region of FAIMS is 
thereby improved as a result of this tWo-dimensional ion 
focusing effect. 

[0009] The focussing of ions by the use of asymmetric 
Waveforms has been discussed above. For completeness, the 
behavior of those ions that are not focussed Within the 
analyZer region of a cylindrical geometry FAIMS is 
described here, brie?y. As discussed previously, those ions 
having high ?eld ion mobility properties that are other than 
suitable for focussing under a given set of DV, CV and 
geometric conditions Will drift toWard one or another Wall of 
the FAIMS device. The rapidity With Which these ions move 
toWards the Wall depends on the degree to Which their Kh/K 
ratio differs from that of the ion that is transmitted selec 
tively under the prevailing conditions. At the very extreme, 
ions of completely the Wrong property, for instance a type A 
ion versus a type C ion, are lost to the Walls of the FAIMS 
device very rapidly. 

[0010] The loss of ions in FAIMS devices should be 
considered one more Way. If an ion of type A is focussed, for 
example at DV 2500 volts, CV —11 volts in a given geom 
etry, it Would seem reasonable to expect that the ion is also 
focussed if the polarity of DV and CV are reversed, for 
instance DV of —2500 volts and CV of +11 volts. This, 
hoWever, is not observed and in fact the reversal of polarity 
in this manner creates a mirror image effect of the ion 
focussing behavior of FAIMS. The result of such polarity 
reversal is that the ions are not focussed, but rather are 
extremely rapidly rejected from the device,. The mirror 
image of a focussing valley, is a hill-shaped potential 
surface. The ions slide to the center of the bottom of a 
focussing potential valley (2 or 3-dimensions), but slide off 
of the top of a hill-shaped surface, and hit the Wall of an 
electrode. This is the reason for the existence, in the cylin 
drical geometry FAIMS, of the independent “modes” called 
1 and 2. Such a FAIMS instrument is operated in one of four 
possible modes: P1, P2, N1, and N2. The “P” and “N” 
describe the ion polarity, positive (P) and negative The 
Waveform With positive DV, Where DV describes the peak 
voltage of the high voltage portion of the asymmetric 
Waveform yields spectra of type P1 and N2, Whereas the 
reversed polarity negative DV, Waveform yields P2 and N1. 
The discussion thus far has considered positive ions but, in 
general, the same principles apply to negative ions equally. 

[0011] A further improvement to the cylindrical FAIMS 
design is realiZed by providing a curved surface terminus of 
the inner electrode. The curved surface terminus is continu 
ous With the cylindrical shape of the inner electrode and is 
aligned co-axially With an ion-outlet ori?ce of the FAIMS 
analyZer region. The application of an asymmetric Wave 
form to the inner electrode results in the normal ion 
focussing behavior described above, except that the ion 
focussing action extends around the generally spherically 
shaped terminus of the inner electrode. This means that the 
selectively transmitted ions cannot escape from the region 
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around the terminus of the inner electrode. This only occurs 
if the voltages applied to the inner electrode are the appro 
priate combination of CV and DV as described in the 
discussion above relating to 2-dimensional focussing. If the 
CV and DV are suitable for the focussing of an ion in the 
FAIMS analyZer region, and the physical geometry of the 
inner surface of the outer electrode does not disturb this 
balance, the ions Will collect Within a three-dimensional 
region of space near the terminus. Several contradictory 
forces are acting on the ions in this region near the terminus 
of the inner electrode. The force of the carrier gas ?oW tends 
to in?uence the ion cloud to travel toWards the ion-outlet 
ori?ce, Which advantageously also prevents the trapped ions 
from migrating in a reverse direction, back toWards the 
ioniZation source. Additionally, the ions that get too close to 
the inner electrode are pushed back aWay from the inner 
electrode, and those near the outer electrode migrate back 
toWards the inner electrode, due to the focusing action of the 
applied electric ?elds. When all forces acting upon the ions 
are balanced, the ions are effectively captured in every 
direction, either by forces of the ?oWing gas, or by the 
focussing effect of the electric ?elds of the FAIMS mecha 
nism. This is an example of a three-dimensional atmospheric 
pressure ion trap, as disclosed in a copending PCT applica 
tion in the name of R. Guevremont and R. Purves, the 
contents of Which are herein incorporated by reference. 

[0012] Ion focusing and ion trapping requires electric 
?elds that are other than constant in space, normally occur 
ring in a geometrical con?guration of FAIMS in Which the 
electrodes are curved, and/or are not parallel to each other. 
For example, a non-constant in space electric ?eld is created 
using electrodes that are cylinders or a part thereof; elec 
trodes that are spheres or a part thereof; electrodes that are 
elliptical spheres or a part thereof; and, electrodes that are 
conical or a part thereof. Optionally, various combinations 
of these electrode shapes are used. 

[0013] As discussed above, one previous limitation of the 
cylindrical FAIMS technology is that the identity of the 
peaks appearing in the CV spectra are not unambiguously 
con?rmed due to the unpredictable changes in Kh at high 
electric ?eld strengths. Thus, one Way to extend the capa 
bility of instruments based on the FAIMS concept is to 
provide a Way to determine the make-up of the CV spectra 
more accurately, such as by introducing ions from the 
FAIMS device into a mass spectrometer for mass-to-charge 
(m/Z) analysis. Advantageously, the ion focusing property of 
cylindrical FAIMS devices acts to enhance the ef?ciency for 
transporting ions from the analyZer region of a FAIMS 
device into an external sampling ori?ce, for instance an inlet 
of a mass spectrometer. This improved ef?ciency of trans 
porting ions into the inlet of the mass spectrometer is 
optionally maximized by using a 3-dimensional trapping 
version of FAIMS operated in nearly trapping conditions. 
Under near-trapping conditions, the ions that have accumu 
lated in the three-dimensional region of space near the 
spherical terminus of the inner electrode are caused to leak 
from this region, being pulled by a How of gas toWards the 
ion-outlet ori?ce. The ions that leak out from this region do 
so as a narroW, approximately collimated beam, Which is 
pulled by the gas ?oW through the ion-outlet ori?ce and into 
a small ori?ce leading into the vacuum system of a mass 
spectrometer. 
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[0014] Additionally, the resolution of a FAIMS device is 
de?ned in terms of the extent to Which ions having similar 
mobility properties as a function of electric ?eld strength are 
separated tinder a set of predetermined operating conditions. 
Thus, a high-resolution FAIMS device transmits selectively 
a relatively small range of different ion species having 
similar mobility properties, Whereas a loW-resolution 
FAIMS device transmits selectively a relatively large range 
of different ion species having similar mobility properties. 
The resolution of FAIMS in a cylindrical geometry FAIMS 
is compromised relative to the resolution in a parallel plate 
geometry FAIMS because the cylindrical geometry FAIMS 
has the capability of focusing ions. This focusing action 
means that ions of a Wider range of mobility characteristics 
are simultaneously focused in the analyZer region of the 
cylindrical geometry FAIMS. A cylindrical geometry 
FAIMS With narroW electrodes has the strongest focusing 
action, but the loWest resolution for separation of ions. As 
the radii of curvature are increased, the focusing action 
becomes Weaker, and the ability of FAIMS to simulta 
neously focus ions of similar high-?eld mobility character 
istics is similarly decreased. This means that the resolution 
of FAIMS increases as the radii of the electrodes are 
increased, With parallel plate geometry FAIMS having the 
maximum attainable resolution. 

[0015] Note that, While the above discussion refers to the 
ions as being “captured” or “trapped”, in fact, the ions are 
subject to continuous ‘diffusion’. Diffusion alWays acts 
contrary to focussing and trapping. The ions alWays require 
an electrical, or gas ?oW force to reverse the process of 
diffusion. Thus, although the ions are focused into an 
imaginary cylindrical Zone in space With almost Zero thick 
ness, or Within a 3-dimensional ion trap, in reality it is Well 
knoWn that the ions are actually dispersed in the vicinity of 
this idealiZed Zone in space because of diffusion. This is 
important, and should be recogniZed as a global feature 
superimposed upon all of the ion motions discussed in this 
disclosure. This means that, for example, a 3-dimensional 
ion trap actually has real spatial Width, and ions continu 
ously leak from the 3-dimensional ion trap, for several 
physical, and chemical reasons. Of course, the ions occupy 
a smaller physical region of space if the trapping potential 
Well is deeper. 

[0016] It is signi?cant limitation of the prior art FAIMS 
device that, When operated in a mode for trapping ions 
Within a 3-dimensional region of space, there is a ?nite 
loading of the trap that can be achieved. Ions in excess of the 
loading limit begin to spill out of the trapping ?elds and Will 
be lost. This limitation of the prior art FAIMS device is 
particularly problematic in those cases When several ion 
species have appropriate mobility properties to be trapped 
during a same overlapping period of time. In other Words, 
the number of analyte ions in the trap is smaller, due to the 
presence of trapped background ions, Which reduces the 
instrument sensitivity and increases the detection limit of the 
analyte ions. 

[0017] Of course, other apparatus for trapping ions are 
knoWn in the prior art. For instance, one type of an ion trap 
mass spectrometer is an radio-frequency (rf) quadrupole ion 
trap (ITMS), a device operating at loW pressure, With the 
capability of trapping ions for storage. This device is option 
ally used as a mass analyZer, by electrically causing the ions 
Within the trap to successively, as a function of their mass 
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to-charge ratio (m/Z), become unstable and be ejected from 
the trap. Despite the versatility of the ITMS, it also has a 
very signi?cant limitation. Since the strength of the trapping 
forces inside the ITMS is limited, if the trap contains a large 
number of ions, the space-charge ion-ion repulsion forces 
Will overcome the trapping action, and the ions Will be lost. 
This limitation is most severe if a minor component is to be 
detected in the presence of large numbers of ions that are 
other than of particular interest. Other types of ion trap mass 
spectrometers include, but are not limited to Fourier Trans 
form Ion Cyclotron Resonance (FT-ICR) mass spectrom 
eters and Penning ion trap mass spectrometers. 

[0018] In a typical experiment, the compounds of a sample 
are ioniZed inside of the ITMS using an electron beam 
ioniZer, for eXample. Since this form of ioniZation is not 
compound selective, ions from many of the components of 
the sample are formed. If the sample is composed of some 
compounds in high concentration, and a compound of inter 
est is at trace levels, then the ratio of the number of 
background ions relative to the analyte compound is very 
high. The space-charge effects in the ITMS are usually 
experimentally minimized by reducing the ioniZation time, 
and hence the total number of ions Which must reside in the 
ITMS. Of course, this Works very Well, but unfortunately the 
ITMS suffers from a loss of sensitivity if this approach is 
used. If the ioniZation time is shortened the ratio of back 
ground ions to the analyte ions is not altered, but the 
numbers of both of these ions is simply reduced. The net 
result is that the signal for the compound of interest is 
decreased. Normally therefore, the detection limit for the 
compound of interest is increased as the number of the ions 
of interest decreases. 

[0019] It Would be advantageous to provide a method and 
an apparatus for selectively transmitting an analyte ion prior 
to their introduction into an ion trapping device, for eXample 
one of an ion trapping FAIMS and an ITMS. Advanta 
geously, pre-separating the analyte ion from the background 
ions greatly increases the dynamic sensitivity range of ion 
trapping devices. 

OBJECT OF THE INVENTION 

[0020] In order to overcome these and other limitations of 
the prior art, it is an object of the present invention to 
provide an apparatus for separating ions having a relatively 
increased sensitivity toWard a predetermined analyte ion. 

[0021] In order to overcome these and other limitations of 
the prior art, it is an object of the present invention to 
provide an apparatus for separating ions in Which ions that 
are other than of interest are selectively rejected Within a ?rst 
analyZer region of a tandem arrangement including tWo 
analyZers. 

SUMMARY OF THE INVENTION 

[0022] In accordance With the invention there is provided 
a method for trapping ions comprising the steps of: 

[0023] a) providing a ?rst analyZer region de?ned by 
a space betWeen ?rst and second spaced apart elec 
trodes, the ?rst analyZer region being in communi 
cation With a ?rst ion inlet and a ?rst ion outlet, the 
?rst ion inlet for receiving ions for introduction into 
the ?rst analyZer region, the ?rst ion outlet for 
providing ions from the ?rst analyZer region; 
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[0024] b) providing a ?rst asymmetric Waveform and 
a ?rst direct-current compensation voltage, to at least 
one of the ?rst and second electrodes, to form an 
electric ?eld therebetWeen, the ?rst asymmetric 
Waveform for effecting a difference in net displace 
ment betWeen the ions in the time of one cycle of the 
applied ?rst asymmetric Waveform; 

[0025] c) setting the ?rst compensation voltage for 
effecting a ?rst separation of the ions to selectively 
transmit a ?rst subset of the ions Within the ?rst 
analyZer region; 

[0026] d) providing ions to the ?rst analyZer region; 

[0027] e) coupling ions from the ion outlet of the ?rst 
analyZer region to a second analyZer; and, 

[0028] f) trapping the selectively transmitted second 
subset of the ions With the second analyZer to accu 
mulate ions Within a trapping region thereof. 

[0029] In accordance With the invention there is provided 
an apparatus for trapping ions comprising: 

[0030] a) a ?rst analyZer comprising at least tWo 
spaced apart electrodes de?ning a ?rst analyZer 
region therebetWeen; 

[0031] b) an ion source for providing ions to the ?rst 
analyZer region; 

[0032] c) a voltage source for providing an asymmet 
ric Waveform and a direct-current compensation 
voltage to at least one of the tWo electrodes of the 
?rst analyZer, to form an electric ?eld therebetWeen, 
the asymmetric Waveform for in use effecting a 
difference in net displacement betWeen the ions in 
the time of one cycle of the applied asymmetric 
Waveform and the compensation voltage for, in use, 
effecting a ?rst separation of the ions by selectively 
transmitting a ?rst subset of the ions Within the ?rst 
analyZer region; 

[0033] d) a second analyZer for trapping ions, the 
second analyZer comprising at least tWo spaced apart 
electrodes de?ning a second analyZer region ther 
ebetWeen, the second analyZer region in ?uid com 
munication With the ?rst analyZer region for in use 
receiving ions from the ?rst analyZer region; and, 

[0034] e) a voltage source for providing at least a 
temporally varying voltage to at least one of the tWo 
electrodes of the second analyZer, to form an electric 
?eld therebetWeen, the electric ?eld for in use trap 
ping ions from the ?rst subset of the ions Within the 
second analyZer region; 

[0035] Wherein in use the ion source is operated for a 
longer continuous period of time relative to an operation of 
a same ion source interfaced to an apparatus having a single 
analyZer. 

BRIEF DESCRIPTION OF THE DRAWINGS 

[0036] FIG. 1 shoWs three possible examples of changes 
in ion mobility as a function of the strength of an electric 
?eld; 
[0037] FIG. 2a illustrates the trajectory of an ion betWeen 
tWo parallel plate electrodes under the in?uence of the 
electrical potential V(t); 
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[0038] 
by V(t); 
[0039] FIG. 3a is a schematic diagram showing an 
ensemble of ions Within a potential Well of a prior art 
ion-trapping device; 
[0040] FIG. 3b shoWs a hypothetical detector response 
following the detection of the trapped ions shoWn in FIG. 
3a; 
[0041] FIG. 4a is a schematic diagram shoWing an 
ensemble of ions Within a potential Well of an ion-trapping 
device according to the present invention, the ions produced 
during a relatively brief ioniZation period; 

[0042] FIG. 4b shoWs a hypothetical detector response 
folloWing the detection of the trapped ions shoWn in FIG. 
4a; 
[0043] FIG. 5a is a schematic diagram shoWing an 
ensemble of ions Within a potential Well of an ion-trapping 
device according to the present invention, the ions produced 
during a relatively longer ioniZation period than for FIG. 4a; 

[0044] FIG. 5b shoWs a hypothetical detector response 
folloWing the detection of the trapped ions shoWn in FIG. 
5a; 

FIG. 2b shoWs an asymmetric Waveform described 

[0045] FIG. 6 shoWs an apparatus according to a ?rst 
preferred embodiment of the present invention; 

[0046] FIG. 7 shoWs an apparatus according to a second 
preferred embodiment of the present invention; 

[0047] FIG. 8 shoWs an apparatus according to a third 
preferred embodiment of the present invention; 

[0048] FIG. 9 shoWs an apparatus according to a fourth 
preferred embodiment of the present invention. 

DETAILED DESCRIPTION OF THE 
INVENTION 

[0049] Referring to FIG. 1, shoWn are three possible 
examples of the change in ion mobility properties With 
increasing electric ?eld strength, as Was discussed previ 
ously. The separation of ions in FAIMS is based upon a 
difference in these mobility properties for a ?rst ion relative 
to a second ion. For instance, a ?rst type A ion having a loW 
?eld mobility K1)10W is not separated in a FAIMS device 
from a second type A ion having a second different loW ?eld 
mobility KZJOW, if under the in?uence of high electric ?eld 
strength, the ratio KLhigh/KMOW is equal to the ratio Klmgh/ 
KZJOW. Interestingly, hoWever, this same separation is 
achieved using conventional ion mobility spectrometry, 
Which is based on a difference in ion mobilities at loW 
applied electric ?eld strength. 

[0050] Referring to FIG. 2a, shoWn is a schematic dia 
gram illustrating the mechanism of ion separation according 
to the FAIMS principle. An ion 1, for instance a positively 
charged type A ion, is carried by a gas stream 2 ?oWing 
betWeen tWo spaced apart parallel plate electrodes 3 and 4. 
One of the plates 4 is maintained at ground potential, While 
the other plate 3 has an asymmetric Waveform described by 
V(t), applied to it. The peak voltage applied during the 
Waveform is called the dispersion voltage (DV), as is shoWn 
in FIG. 2b. Referring still to FIG. 2b, the Waveform is 
synthesiZed so that the electric ?elds during the tWo periods 
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of time thigh and t10W are not equal. If Kh and K are identical 
at high and loW ?elds, the ion 1 is returned to its original 
position at the end of one cycle of the Waveform. HoWever, 
under conditions of suf?ciently high electric ?elds, Kh is 
greater than K and the distances traveled during thigh and t10W 
are no longer identical. Within an analyZer region de?ned by 
a space 120 betWeen the ?rst and second spaced apart 
electrode plates, 3 and 4, respectively, the ion 1 experiences 
a net displacement from its original position relative to the 
plates 3 and 4, as illustrated by the dashed line 5 in FIG. 2a. 

[0051] If a type A ion is migrating aWay from the upper 
plate 3, a constant negative dc compensation voltage CV is 
applied to plate 3 to reverse or “compensate” for this offset 
drift. Thus, the ion 1 does not travel toWard either plate. If 
tWo species of ions respond differently to the applied high 
electric ?eld, for instance the ratios of Kh to K are not 
identical, the compensation voltages necessary to prevent 
their drift toWard either plate are similarly different. To 
analyZe a mixture of ions, the compensation voltage is, for 
example, scanned to transmit each of the components of a 
mixture in turn. This produces a compensation voltage 
spectrum, or CV spectrum. 

[0052] Referring to FIGS. 3a and 3b, shoWn is a sche 
matic description of a mode of operation of an ion trapping 
device, for instance one of an rf quadrupole ion trap and an 
ion trapping FAIMS device, according to the prior art. In 
FIG. 3a the analyte ions 6, are present as a minor compo 
nent, the analyte ions 6 being substantially diluted by the 
larger number of background ions 7. Both species of ions 6 
and 7 are trapped Within the potential Well 8 that is created 
by the application of appropriate electric ?elds and/or gas 
?oWs through the ion trapping devices. The strength of the 
trapping forces inside the ion trapping device is limited, such 
that the potential Well has a maximum depth ‘d’, as illus 
trated in FIG. 3a. In other Words, there is alWays a ?nite 
loading of the trap that can be achieved. Ions in excess of the 
loading limit, for instance ion 7a, begin to spill out of the 
trapping ?elds and Will be lost. The ion trapping device 
producing the potential Well shoWn schematically in FIG. 
3a is therefore fully loaded. ShoWn in FIG. 3b is a hypo 
thetical detector response shoWing the intensity of the ana 
lyte ions extracted from the potential Well 8 of the trap, With 
reference to FIG. 3a, as a function of some instrumental 
parameter, for instance CV in an ion trapping FAIMS and 
mass-to-charge ratio in an rf quadrupole ion trap. The 
analyte signal 9a, though certainly discernable, is other than 
maximiZed relative to the ‘noise’, Wherein the noise includes 
contributions from each of the instrument electronics and the 
presence of background ions. 

[0053] Referring to FIGS. 4a and 4b, shoWn is a sche 
matic description of a mode of operation of an ion-trapping 
device, for instance one of an rf quadrupole ion trap and an 
ion-trapping FAIMS device, that is operationally interfaced 
to a FAIMS ?lter according to the present invention. The 
FAIMS ?lter is disposed Within the ion path betWeen an 
ioniZation source and the ion-trapping device, the FAIMS 
?lter for performing a pre-separation of the analyte ions 
from the background ions. The FAIMS ?lter, for instance a 
FAIMS device having an appropriate geometry, separates 
the ions that are provided by an ioniZation source on the 
basis of the FAIMS principle, such that only a desired 
analyte ion is selectively transmitted to the ion-trapping 
device. Then, for a same potential Well depth that Was 
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discussed With reference to FIG. 3a, and under substantially 
similar experimental conditions, the number of analyte ions 
relative to the number of background ions is greatly 
enhanced. ShoWn in FIG. 4b is a hypothetical detector 
response illustrating the intensity of an analyte signal cor 
responding to ions extracted from the potential Well 8 of the 
ion trap, With reference to FIG. 4a, as a function of some 
instrumental parameter, for instance CV in an ion trapping 
FAIMS and mass-to-charge ratio in an rf quadrupole ion 
trap. The analyte signal 9b is substantially enhanced relative 
to the ‘noise’, Wherein the noise includes contributions from 
each of the instrument electronics and the presence of 
background ions, compared to analyte signal 9a that is 
shoWn in FIG. 3b. 

[0054] The inventors have realiZed, hoWever, that addi 
tional and unforeseen advantages are realiZed by operation 
ally interfacing a FAIMS ?lter to an ion-trapping device, 
such as for instance one of an rf quadrupole ion trap and an 
ion trapping FAIMS device. Referring to FIGS. 5a and 5b, 
shoWn is a schematic description of another mode of opera 
tion of an ion-trapping device, for instance one of an rf 
quadrupole ion trap and an ion trapping FAIMS device, that 
is operationally interfaced to a FAIMS ?lter according to the 
present invention. The FAIMS ?lter is disposed betWeen an 
ioniZation source and the ion-trapping device, the FAIMS 
?lter for performing a pre-separation of the analyte ions 
from the background ions. The FAIMS ?lter, for instance a 
FAIMS device having an appropriate geometry, separates 
the ions that are provided by an ioniZation source on the 
basis of the FAIMS principle, such that only a desired 
analyte ion is selectively transmitted to the ion-trapping 
device. As previously discussed, a signal-to-noise advantage 
is realiZed by preventing the background ions from entering 
the ion-trapping device, as Was discussed With reference to 
FIGS. 4a and 4b. 

[0055] Unfortunately, as shoWn in FIG. 4a, the ion-trap 
ping device is other than fully loaded When the prevailing 
experimental conditions are substantially similar those that 
Were used absent the FAIMS ?lter. Referring again to FIG. 
5a, an additional advantage is realiZed by extending the 
duration of sample ioniZation, Which provides additional 
analyte ions for storage in the ion-trapping device. Of 
course, the number of background ions being produced by 
the ioniZation source is also increased proportionately. 
Advantageously, the number of analyte ions Within the 
trapping potential Well is increased in absolute terms. As 
shoWn in FIG. 5b, the analyte signal 9c is effectively 
maximiZed relative to the ‘noise’, Wherein the noise includes 
contributions from each of the instrument electronics and the 
presence of background ions. Operation of the FAIMS 
?lter/ion-trapping device according to the present invention 
described With reference to FIGS. 5a and 5b yields the 
loWest detection limits and highest sensitivity for detection 
of analyte species by mass spectral analysis. As Was previ 
ously discussed, the same degree of sensitivity enhancement 
is other than possible for mass spectral analyZers operating 
in a continuous mode. 

[0056] Referring to FIG. 6, a tandem FAIMS-ITMS 
according to a ?rst preferred embodiment of the present 
invention is shoWn generally at 10. The ions are produced, 
for example, by electrospray ioniZation at a needle 11 held 
Within the short inner cylinder 12 of FAIMS. The system for 
delivery of a sample through capillary 13, and the high 
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voltage poWer supply 14 needed to create the strong electric 
?elds for ioniZation, are shoWn in simpli?ed form in FIG. 6. 
Under the in?uence of the electric ?elds around the tip of the 
electrospray needle 17, the ions move radially outWard 
through the gap 15 betWeen the short cylinder 12 and the 
long inner FAIMS electrode 16. An inWard How of gas 
through the gap 15 serves to act as a curtain gas and helps 
to desolvate the ions, and to prevent neutral compounds, and 
droplets from entering the FAIMS analyZer region 18. The 
ions are carried along the length of said analyZer region 18 
by the carrier gas How 19. The ions exit FAIMS through a 
port 20 in the outer FAIMS electrode 21. The ions are 
separated in the analyZer region 18 by application of a high 
voltage asymmetric Waveform and a loW voltage dc com 
pensation voltage to the inner electrode 16. The Waveform 
and compensation voltage establish conditions that are suit 
able for transmission of only the ions that have the appro 
priate ratio of mobility at loW and high electric ?elds. Of 
course, another different species of ion is selected by altering 
the values of these tWo voltages. 

[0057] Still referring to FIG. 6, the ions exit FAIMS 
through ori?ce 20, and move toWards the ori?ce plate 22 
under the in?uence of gas ?oWs and/or electric ?elds 
betWeen the outer electrode 21 of FAIMS and said ori?ce 
plate 22. The ions pass into the loW pressure, vacuum 
chamber of the mass spectrometer through a differentially 
pumped interface composed of the ori?ce plate 22, a skim 
mer cone 23 and the gap 24 betWeen said plate 22 and 
skimmer 23 Which is pumped to loW pressure by a mechani 
cal roughing pump (not shoWn). Optional ion guide optics 
40 help to move the ions from the skimmer cone to the ion 
trap apparatus 25. The ion trap is typically composed of tWo 
end cap electrodes 30, and a surrounding doughnut shaped 
ring electrode 31 having hyperbolic curved inner surface 32. 
The end cap electrodes 30 typically have one or more 
ori?ces 33 and 34 that serve to permit ions to enter and leave 
the ion trap. Adetector 35 is mounted adjacent to the ori?ce 
34 in one of the end caps 30. The details of the mechanical 
and electrical connections to the ion trap 25, the electronics 
necessary for operation, the plumbing for gas ?oWs, and 
vacuum pumping are Well knoWn, and are not shoWn in FIG. 
6. 

[0058] In conventional ESI-IT con?guration, the electro 
spray ioniZation source Would be located near the ori?ce 
plate 22, in conjunction With a means for removal of solvent 
vapors and for desolvation of the ions, including a curtain 
gas approach used in some commercial mass spectrometers. 
In this con?guration, all species of ions that are formed by 
the electrospray source are sampled by the mass spectrom 
eter, and if there is an abundance of background ions, the ion 
trap Will not have good sensitivity for minor components in 
the sample. Using the present embodiment of the combined 
FAIMS-ITMS shoWn in FIG. 6, the FAIMS apparatus serves 
to minimiZe the number of background ions that enter the 
vacuum system, and to maximiZe the relative number of ions 
of the compound of interest. This is achieved by setting the 
dispersion voltage, and compensation voltages of FAIMS to 
selectively transmit the compound of interest. A further 
advantage, also a consequence of the discrete mode of 
operation of the ITMS, is that the ion trap can accept ions for 
relatively longer periods of time Without a buildup of a 
signi?cant space-charge. Additionally, a signi?cantly higher 
proportion of analyte ions accumulates in the ITMS, relative 
to the background ions and relative to the number of analyte 
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ions that are otherwise accepted during operation of the 
ITMS absent the FAIMS device. 

[0059] The FAIMS-ITMS combination is optionally used 
to study structure-speci?c interactions/reactions betWeen 
isobaric (same mass-to-charge (m/Z) ratio ions) and isomeric 
(same ions With different arrangement of chemical bonds) 
ions, Which cannot be separated by mass spectrometric 
techniques alone, and various reactant gases. For example, 
the FAIMS has been shoWn to separate protein conformers, 
for instance protein ions With the same m/Z ratio, but With 
different 3-dimensional structure. Advantageously, by set 
ting an appropriate CV value the FAIMS is used to select a 
desired conformer for one charge state of the protein, such 
that the desired conformer is selectively introduced into the 
ITMS. Other charge states that are also transmitted at this 
CV are ejected from the ion trap in dependence only upon 
m/Z ratio. A small amount of reactant gas, for instance DZO 
to do hydrogen-deuterium exchange experiments, is 
optionally added to the ion trap. The exchange rate of H and 
D is monitored as a function of reaction time, as determined 
from changes in the m/Z values of the ions When the heavier 
deuterium atoms replace the lighter hydrogen atoms. This 
experiment is optionally repeated for the other conformers 
of the same charge state that are transmitted through FAIMS 
at different CV values. The rate of HID exchange is a 
function of the 3-dimensional structures of the protein ions. 
Advantageously, using FAIMS to separate the conformers 
before they are transmitted into the ITMS permits a study of 
the properties of individual conformers, an experiment not 
possible With ITMS alone. These types of experiments 
provide valuable information related to the structures of 
these conformers. Further, the discrete mode of operation of 
the ion trap, Which alloWs the ITMS to be used as a chemical 
reactor for ions Whereby the ions are reacted With other 
species for variable periods of time, is a critical requirement 
for performing these experiments. In other Words, it is other 
than possible to obtain these experimental data using any 
mass spectrometric techniques that are based on a continu 
ous mode of operation. 

[0060] Of course, prior art radio-frequency ion traps com 
prise complex circuitry and controllers for monitoring ion 
trap loading, and for adjusting an ioniZation period accord 
ingly to avoid overloading the ion trap. The electronics for 
controlling ion trap loading are expensive and incur unnec 
essary delays during operation. It is therefore a further 
advantage of the present invention that the selective rejec 
tion of background ions Within the ?rst analyZer region 
signi?cantly reduces the extent to Which the ion trap is 
loaded. At the very least, reducing the total ion current 
arriving at the ion trap minimiZes the period of time that the 
electronics for controlling ion trap loading must be active 
during an experiment. At an extreme, the present invention 
permits operation of the radio-frequency ion trap absent any 
electronics for controlling ion trap loading. 

[0061] Referring to FIG. 7, a second preferred embodi 
ment of the present invention comprising a tandem FAIMS/ 
ion-trapping FAIMS device, is shoWn generally at 90. The 
ions are produced, for example, using a corona discharge 
ioniZation source With an electric connection 120 and a 
needle 121 With a ?ne tip 122 that is held at high voltage 
(poWer supply not shoWn). The ions that are generated by the 
electrospray ioniZation source move across the gap betWeen 
the ?ne tip 17 and an ori?ce 109 in FAIMS outer electrode 
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101 leading into FAIMS 90, under the in?uence of the 
electric ?eld generated by the high voltage applied to the 
needle 11. The ions are carried along the length of FAIMS 
in an analyZer region 102 by a carrier gas How 103. Ions are 
separated in the analyZer region 102 because of the motion 
of the ions Within this analyZer region induced by applica 
tion of an asymmetric Waveform and a de compensation 
voltage, provided by electrical controller 111, to the inner 
FAIMS electrode 104 having a curved surface terminus 108. 
Only a subset of the original ions, for instance those ions 
having appropriate mobility properties, are selectively trans 
mitted through the analyZer region 102 and reach the gap 
105 betWeen the FAIMS outer electrodes 101 and 106. 
Although not shoWn in FIG. 7, a gas ?oW optionally occurs 
into FAIMS or out of FAIMS at the gap 105. Further 
optionally the FAIMS outer electrodes 101 and 106 are held 
at different electrical voltages by independent poWer sup 
plies 112 and 113, respectively, Which effectively corre 
sponds to application of different compensation voltages to 
the FAIMS de?ned by the outer electrodes 101 and 106. 
Consequently, different electric ?eld conditions exist Within 
the analyZer region 102 betWeen electrode 104 and electrode 
101 and the analyZer region 107 betWeen electrode 104 and 
electrode 106. In other Words, those ions that reach gap 105 
are carried into the analyZer region 107, in Which the electric 
?eld is optionally different than the electric ?eld in analyZer 
region 102. Only a portion of the ions that reach gap 105 Will 
have appropriate mobility properties to also pass through 
analyZer region 107. 
[0062] Still referring to FIG. 7, the curved surface termi 
nus 108 is continuous With the cylindrical shape of the 
FAIMS inner electrode 104 and is aligned co-axially With an 
ion-outlet ori?ce 110 of the FAIMS analyZer region 107. The 
application of an asymmetric Waveform to the inner elec 
trode 104 results in the normal ion-focussing behavior 
Within analyZer region 107, except that the ion-focussing 
action extends around the generally spherically shaped ter 
minus 108 of the inner electrode 104. This means that the 
selectively transmitted ions cannot escape from the region 
around the terminus 108 of the inner electrode 104. This Will 
only occur if the voltages applied to the inner electrode 104 
are the appropriate combination of CV and DV as described 
in the discussion above relating to 2-dimensional focussing. 
If the CV and DV are suitable for the focussing of an ion in 
the FAIMS analyZer region 107, and the physical geometry 
of the inner surface of the outer electrode does not disturb 
this balance, the ions Will collect Within a three-dimensional 
region of space near the terminus 108. Several contradictory 
forces are acting on the ions in this region near the terminus 
of the inner electrode. The force of the carrier gas ?oW tends 
to in?uence the ion cloud to travel toWards the ion-outlet 
ori?ce, Which advantageously also prevents the trapped ions 
from migrating in a reverse direction, back toWards the 
ioniZation source. Additionally, the ions that get too close to 
the inner electrode are pushed back aWay from the inner 
electrode, and those near the outer electrode Will migrate 
back toWards the inner electrode, due to the focusing action 
of the applied electric ?elds. When all forces acting upon the 
ions are balanced, the ions are effectively captured in every 
direction, either by forces of the ?oWing gas, or by the 
focussing effect of the electric ?elds of the FAIMS mecha 
msm. 

[0063] Advantageously, the ?exibility to independently 
apply different combinations of DV and CV Within analyZer 
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regions 102 and 107 results in higher resolution for ion 
separations performed using apparatus 90. For example, an 
ion of interest is selectively transmitted through FAIMS 
under each of a plurality of different appropriate combina 
tions of DV and CV. Thus, by applying a ?rst appropriate 
combination of DV and CV betWeen the electrodes de?ning 
a ?rst analyZer region, the ion of interest is separated from 
ions that are other than of interest, for example background 
ions having mobility properties differing from the mobility 
properties of the ion of interest by more than a ?rst threshold 
value. Of course, the ?rst separation selectively transmits a 
subset of the original ions, including the ion of interest and 
those background ions that have mobility properties differ 
ing from the mobility properties of the ion of interest by less 
than the ?rst threshold value. By applying a second appro 
priate combination of DV and CV betWeen the electrodes 
de?ning a second analyZer region, hoWever, the ion of 
interest is further separated from the remaining background 
ions, for example from those background ions having mobil 
ity properties differing from the mobility properties of the 
ion of interest by more than a second threshold value. Of 
course, background ions having mobility properties differing 
from the mobility properties of the ion of interest by less 
than the second threshold value are also transmitted through 
ori?ce 70 and into mass spectrometer 72. 

[0064] Referring to FIG. 8, a tandem FAIMS system 
composed of tWo independent FAIMS, each FAIMS having 
a separate inner cylindrical electrode 51 and 52 and a 
separate outer cylindrical electrode 53 and 54, according to 
a third preferred embodiment of the present invention is 
shoWn generally at 50. The ions enter an ori?ce 55 in the ?rst 
FAIMS and are separated in the analyZer region 60 and pass 
out of the FAIMS through ori?ce 56. An ori?ce 57, Which 
optionally is one and a same as ori?ce 56, in the outer 
FAIMS electrode 54 permits ions to enter the analyZer 
region 61. Those ions that pass through analyZer region 61 
exit FAIMS through an ori?ce 58, Which is on the central 
axis of the outer electrode 54, and adjacent to the spherically 
domed terminus 62 of the inner FAIMS electrode 52. The 
ions passing out of the ori?ce 58 are optionally detected by 
mass spectrometry after passing through a differentially 
pumped interface composed of an ori?ce plate 70 and a 
skimmer cone 71. The ions are separated in a quadrupole 
mass analyZer 72 and detected by an ion multiplier (not 
shoWn). Other types of interfaces betWeen high pressure, for 
instance atmospheric pressure, and vacuum are knoWn and 
are suitable. Other types of mass spectrometers are knoWn, 
and are optionally used in this system. 

[0065] Referring to FIG. 9, a fourth preferred embodi 
ment of a tandem FAIMS system, composed of tWo inde 
pendent FAIMS having a gas ?oW chamber 96 disposed 
therebetWeen, is shoWn. Each FAIMS has a separate inner 
cylindrical electrode 89 and 93 and a separate outer elec 
trode 85 and 98, respectively. The gas ?oW chamber 96 is for 
adding or removing gases in the region betWeen the tandem 
FAIMS devices. The ions are produced, for example, using 
an electrospray ioniZation source With a liquid delivery 
capillary 18 and an electrospray needle 11 With a ?ne tip 17 
that is held at high voltage (poWer supply not shoWn). The 
ions pass into FAIMS through a curtain gas assembly 
composed of a curtain plate 82 With an ori?ce 83, a gap 84 
betWeen the curtain plate 82 and the outer electrode 85 of the 
?rst FAIMS, and an ori?ce 88 in the outer FAIMS electrode 
85. A curtain gas 80 enters the gap 84, and escapes in part 

Feb. 27, 2003 

out through the ori?ce 83 in the curtain plate 82, and in part 
travels into the FAIMS analyZer region 86 through the 
ori?ce 88. A high voltage asymmetric Waveform and a loW 
voltage dc compensation voltage is generated by poWer 
supply 87a and is applied to the inner cylindrical FAIMS 
electrode 89, Which passes through the central longitudinal 
axis of the outer FAIMS electrode 85. The ?elds generated 
by the voltages applied to the electrode 89 are responsible 
for the ion separation and ion focusing that takes place in the 
analyZer region 86. 

[0066] Referring still to FIG. 9, the ions enter an ori?ce 88 
in the ?rst FAIMS, are separated in the analyZer region 86 
and resulting selectively transmitted ions pass out of the ?rst 
FAIMS through ori?ce 90. An ori?ce 94 in the outer FAIMS 
electrode 98 of the second FAIMS apparatus permits ions to 
enter the analyZer region 97. A high voltage asymmetric 
Waveform and a loW voltage de compensation voltage is 
generated by poWer supply 87b and is applied to the inner 
cylindrical FAIMS electrode 93, Which passes through the 
central longitudinal axis of the outer FAIMS electrode 98. 
The ?elds generated by the voltages applied to the electrode 
93 are responsible for the ion separation and ion focusing 
that takes place in the analyZer region 97. Those ions that 
pass through analyZer region 97 exit FAIMS through an 
ori?ce 100, Which is on the central axis of the outer electrode 
98, and adjacent to the spherically domed terminus 99 of the 
inner FAIMS electrode 93. The ions passing through the 
ori?ce 100 in the ori?ce plate 70 are optionally be detected 
by mass spectrometry after passing through a differentially 
pumped interface composed of an ori?ce plate 70 and a 
skimmer cone 71. The ions are analyZed subsequently in a 
quadrupole mass analyZer 72. 

[0067] As shoWn in FIG. 9, a gas cell 96 is composed of 
a gas inlet 91 and a gas outlet 95, through Which gas ?oWs. 
The ions ?oWing out of ori?ce 90 from the ?rst FAIMS 
traverse this cell under the in?uence of an electric ?eld 
generated by a voltage difference betWeen the outer FAIMS 
electrode 85 of the ?rst FAIMS and the outer FAIMS 
electrode 98 of the second FAIMS. Other optional ion 
focusing elements assist to create the electric ?eld that 
assists the ions to traverse gas cell 96. The extraction of ions 
out of the ?rst FAIMS is accomplished by adjusting the bias 
voltage applied to the second FAIMS. For example, With 
positively charged ions, the second FAIMS is operated at 
—100 volts relative to the ?rst, in order to extract ions from 
the ?rst, and transport them across to the second FAIMS. If 
gas phase reactions are required, a closed chamber 96 With 
gas inlet 91 and gas outlet 95 for gas ?oWs is optionally 
provided, as is shoWn in FIG. 9. If this reaction chamber is 
other than necessary, the tWo FAIMS units are preferably in 
very close proximity in order to minimiZe ion loss in the 
transfer betWeen these tWo units. 

[0068] It is an advantage of the tandem FAIMS/ion-trap 
ping FAIMS apparatus, described previously With reference 
to FIGS. 7, 8 and 9, that the number of background ions that 
enters the vacuum system of the optional mass spectrometer 
detector is minimiZed, and thus the relative number of 
analyte ions is maximiZed. This is achieved by setting the 
dispersion voltage, and compensation voltages of FAIMS to 
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selectively transmit the compound of interest. Of course, this 
?rst advantage is also realized, at least to a partial extent, 
using either one of the ?rst and the second FAIMS alone as 
an interface to a mass spectrometer. There are some cases, 

hoWever, in Which other ions, possibly including the back 
ground ions, share similar mobility properties With the 
analyte ions, such that ion separation using a single FAIMS 
is other than possible. 

[0069] It is a further advantage of the tandem FAIMS/ion 
trapping FAIMS apparatus, described previously With ref 
erence to FIGS. 7, 8 and 9, that the Waveforms and voltages 
to control DV and CV Within the ?rst analyZer region and 
Within the second analyZer region are independently vari 
able. As such, a ?rst electric ?eld is produced Within the ?rst 
analyZer region for selectively transmitting a ?rst species of 
ion and a second different electric ?eld is produced Within 
the second analyZer region for selectively transmitting at 
least one of the ?rst species of ion and a chemically modi?ed 
derivative of the ?rst species of ion. For instance, it is easy 
to envision a case in Which the background ions are rejected 
Within the ?rst FAIMS analyZer region, and tWo or more 
conformers of a same ion are selectively transmitted to the 
second, ion-trapping FAIMS. Only one conformer is of 
biological interest, hoWever, so conditions are set Within the 
second FARMS analyZer region to reject the conformer that 
is other than of biological interest, such that only the 
conformer of biological interest is trapped. Of course, only 
those analyte ions that are of interest are trapped, all other 
ions being rejected Within one of the ?rst analyZer region 
and the second analyZer region, such that the storage period 
of the second FAIMS is eXtended in order to accumulate a 
larger number of ions for transfer to the mass spectrometer. 
This is completely analogous to the additional and unfore 
seen advantage that Was described previously for the 
FAIMS-ITMS apparatus. 

[0070] Yet a further advantage of the tandem FAIMS/ion 
trapping FAIMS embodiments of the present invention is 
that the carrier gas supplied to the second FAIMS is option 
ally a different gas than the carrier gas supplied to the ?rst 
FAIMS. Advantageously, a change of carrier gas composi 
tion Will on some occasions change the high ?eld behavior 
of an ion signi?cantly, Which permits an additional separa 
tion to be performed in the second FAIMS analyZer region 
that cannot be performed in the ?rst FAIMS analyZer region 
by varying the applied voltages alone. This advantage gives 
the tandem FAIMS/ion-trapping FAIMS very high com 
pound speci?city and resolution. 

[0071] It is yet a further advantage of the tandem FAIMS/ 
ion-trapping FAIMS apparatus, described previously With 
reference to FIGS. 8 and 9, that the diameters of the inner 
and outer electrodes that de?ne a ?rst analyZer region are 
optionally of different siZe than the diameters of the inner 
and outer electrodes that de?ne the second analyZer region. 
For instance, one particularly useful embodiment employs 
relatively large diameter electrodes Within the ?rst analyZer 
region for performing a ?rst high resolution ion separation, 
and relatively small diameter electrodes Within the second 
analyZer region for producing optimiZed trapping ?elds near 
the curved terminus of the inner electrode. 

[0072] Of course, numerous other embodiments could be 
envisioned, Without departing signi?cantly from the teach 
ings of the present invention. 
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What is claimed is: 
1. A method for trapping ions comprising the steps of: 

a) providing a ?rst analyZer region de?ned by a space 
betWeen ?rst and second spaced apart electrodes, the 
?rst analyZer region being in communication With a 
?rst ion inlet and a ?rst ion outlet, the ?rst ion inlet for 
receiving ions for introduction into the ?rst analyZer 
region, the ?rst ion outlet for providing ions from the 
?rst analyZer region; 

b) providing a ?rst asymmetric Waveform and a ?rst 
direct-current compensation voltage, to at least one of 
the ?rst and second electrodes, to form an electric ?eld 
therebetWeen, the ?rst asymmetric Waveform for 
effecting a difference in net displacement betWeen the 
ions in the time of one cycle of the applied ?rst 
asymmetric Waveform; 

c) setting the ?rst compensation voltage for effecting a 
?rst separation of the ions to selectively transmit a ?rst 
subset of the ions Within the ?rst analyZer region; 

d) providing ions to the ?rst analyZer region; 

e) coupling ions from the ion outlet of the ?rst analyZer 
region to a second analyZer; and, 

f) trapping the selectively transmitted second subset of the 
ions With the second analyZer to accumulate ions Within 
a trapping region thereof. 

2. A method according to claim 1 including the step of: 

providing a How of at least a ?rst carrier gas through the 
?rst analyZer region for transporting the ions there 
through. 

3. A method according to claim 2 Wherein the second 
analyZer comprises a FAIMS analyZer de?ned by a space 
betWeen at least tWo spaced apart electrodes. 

4. A method according to claim 3 comprising the step: 
providing conditions Within the second analyZer for effect 
ing a second separation of ions therein, to support selective 
transmission of a second subset of the ions Within the second 
analyZer. 

5. A method according to claim 4 Wherein step of pro 
viding conditions comprises the step of: providing a second 
different carrier gas Within the second analyZer, the second 
different carrier gas having a second different predetermined 
composition than the ?rst carrier gas. 

6. A method according to claim 5 Wherein the second 
different carrier gas includes the ?rst carrier gas and at least 
one additional gaseous component other than the ?rst subset 
of the ions. 

7. A method according to claim 1 comprising the step: 
providing conditions Within the second analyZer for effect 
ing a second separation of ions therein, to support selective 
transmission of a second subset of the ions Within the second 
analyZer. 

8. A method according to claim 7 Wherein the second 
analyZer comprises a FAIMS analyZer de?ned by a space 
betWeen at least tWo spaced apart electrodes and the step of 
providing conditions comprises the steps of: 

providing a second asymmetric Waveform for effecting a 
difference in net displacement betWeen the ions in the 
time of one cycle of the applied second asymmetric 
Waveform and a second direct-current compensation 
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voltage to at least an electrode of the second analyzer 
to form an electric ?eld; and, 

setting the second compensation voltage for effecting a 
second separation of the ions to support selective 
transmission of a second subset of the ions Within a 
region of the second analyZer. 

9. Amethod according to claim 8 comprising the steps of: 
providing a gas ?oW Within the second analyZer and adjust 
ing the gas ?oW Within the second analyZer so as to trap the 
selectively transmitted second subset of the ions Within and 
near a three-dimensional region of space Within or proxi 
mate the second analyZer. 

10. Amethod according to claim 9 comprising the step of: 
accumulating the selectively transmitted ions Within the 
three-dimensional region during a period of time. 

11. A method according to claim 9 comprising the addi 
tional step of applying an extraction voltage Within or 
proximate the second analyZer for extracting the accumu 
lated ions. 

12. A method according to claim 8 Wherein the second 
asymmetric Waveform is a different asymmetric Waveform 
than the ?rst asymmetric Waveform. 

13. A method according to claim 7 Wherein the second 
analyZer is an ion trapping mass spectrometer. 

14. A method according to claim 13 Wherein step of 
providing conditions comprises the steps of: 

applying at least one of a symmetric radio-frequency 
potential and a direct-current potential across the ring 
electrode and the ?rst and second end-cap electrodes, 
for trapping the ?rst subset of the ions Within a three 
dimensional region of space Within or proximate the 
second analyZer; and, 

varying the direct-current potential for effecting a second 
separation of the ions to selectively trap a second subset 
of the ions Within or proximate the second analyZer. 

15. A method according to claim 7 Wherein the second 
analyZer is an analyZer selected from a radio frequency 
quadrupole ion trap, an FT ion cyclotron resonance mass 
spectrometer, and a penning trap. 

16. A method according to claim 4 Wherein step of 
providing conditions comprises the steps of: 

providing a second asymmetric Waveform and a second 
direct-current compensation voltage, to at least one of 
the tWo electrodes of the second analyZer, to form an 
electric ?eld therebetWeen, the second asymmetric 
Waveform for effecting a difference in net displacement 
betWeen the ions in the time of one cycle of the applied 
second asymmetric Waveform; and, 

setting the second compensation voltage for effecting a 
second separation of the ions to selectively transmit a 
second subset of the ions Within the second analyZer. 

17. A method according to claim 16 comprising the step 
of adjusting the second different carrier gas How so as to trap 
the selectively transmitted second subset of the ions Within 
or proximate a region of the second analyZer. 

18. A method according to claim 17 comprising the step 
of applying an extraction voltage at the second ion outlet for 
extracting the accumulated ions. 

19. A method according to claim 16 Wherein the second 
asymmetric Waveform is a different asymmetric Waveform 
than the ?rst asymmetric Waveform. 
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20. A method according to claim 8 Wherein the second 
asymmetric Waveform is a different asymmetric Waveform 
than the ?rst asymmetric Waveform. 

21. A method according to claim 20 including the step of: 

providing a How of at least a ?rst carrier gas through the 
?rst analyZer region for transporting the ions there 
through. 

22. A method according to claim 20 comprising the step 
of adjusting the second different carrier gas How so as to trap 
the selectively transmitted second subset of the ions Within 
or proximate a region of the second analyZer. 

23. A method according to claim 22 comprising the step 
of applying an extraction voltage at the second ion outlet for 
extracting the accumulated ions. 

24. A method according to claim 1 comprising the steps 
of: 

providing a gas cell betWeen the ?rst analyZer and the 
second analyZer, the gas cell having an ion inlet and an 
ion outlet, the ion inlet for receiving ions from the ?rst 
analyZer and the ion outlet for providing ions to the 
second analyZer, the gas cell having a gas inlet and a 
gas outlet for providing a gas ?oW through the gas cell 
and out the gas outlet; and, 

providing at least a gas Within the gas cell for interacting 
With the ions ?oWing therethrough. 

25. A method according to claim 24 Wherein the gas is 
selected from a group including: a gas for reacting chemi 
cally With the ions; a collision gas for inducing fragmenta 
tion of the ions; a gas for desolvating the ions; and, a gas for 
forming at least a complex With the ions in the gas phase. 

26. An apparatus for trapping ions comprising: 

a) a ?rst analyZer comprising tWo spaced apart electrodes 
de?ning a ?rst analyZer region therebetWeen, the ?rst 
analyZer region having a ?rst ion inlet for receiving 
ions for introduction into the ?rst analyZer region and 
a ?rst ion outlet for providing ions from the ?rst 
analyZer region; 

b) a second analyZer for trapping ions in ?uid communi 
cation With the ?rst analyZer and disposed for coupling 
ions provided from the ?rst analyZer region to the 
second analyZer region, the second analyZer compris 
ing tWo spaced apart electrodes de?ning a second 
analyZer region therebetWeen, the second analyZer 
region in communication With a second ion inlet for 
receiving ions for introduction into the second analyZer 
region, and a second ion outlet for providing ions from 
the second analyZer region; 

c) an ion source for providing ions to the ?rst analyZer 
region; 

d) a ?rst voltage source for providing a ?rst asymmetric 
Waveform and a ?rst direct-current compensation volt 
age to at least one of the tWo spaced apart electrodes of 
the ?rst analyZer, to form a ?rst electric ?eld therebe 
tWeen, the ?rst electric ?eld for, in use, effecting a 
difference in net displacement betWeen the ions in the 
time of one cycle of the applied ?rst asymmetric 
Waveform and the ?rst compensation voltage for, in 
use, effecting a ?rst separation of the ions by supporting 
selective transmission of a ?rst subset of the ions Within 
the ?rst analyZer region; and, 



US 2003/0038235 A1 

e) a voltage source for providing at least a temporally 
varying voltage to at least one of the tWo electrodes of 
the second analyZer, to form an electric ?eld therebe 
tWeen, the electric ?eld for in use trapping ions Within 
the second analyZer region; 

Wherein an ion trapping period is longer relative to a 
similar system having only the second analZyer. 

27. An apparatus according to claim 26 Wherein the 
second analyZer is a FAIMS analyZer capable of operating in 
a mode of operation for selectively trapping ions. 

28. An apparatus according to claim 27 Wherein the tWo 
electrodes of the second analyZer cornprise outer and inner 
generally cylindrical coaXially aligned electrode bodies 
de?ning a generally annular space therebetWeen, the annular 
space forming the second analyZer region. 

29. An apparatus according to claim 28 Wherein the inner 
generally cylindrical electrode body of the second analyZer 
is provided With a terrninus shaped for directing the ions 
generally radially inWardly toWard a central longitudinal 
aXis of the inner electrode. 

30. An apparatus according to claim 29 Wherein the 
terminus has a srnoothly curved surface. 
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31. An apparatus according to claim 28 Wherein one of the 
tWo electrodes of the ?rst analyZer is a same electrode as one 
of the tWo electrodes of the second analyZer. 

32. An apparatus according to claim 28 Wherein the tWo 
electrodes of the ?rst analyZer comprise a ?rst electrode and 
a second other electrode, and Wherein the tWo electrodes of 
the second analyZer comprise a third other electrode and a 
fourth other electrode. 

33. An apparatus according to claim 26 comprising a gas 
cell disposed betWeen the ?rst analyZer and the second 
analyZer, the gas cell in communication With an ion inlet for 
receiving ions from the ?rst analyZer and an ion outlet for 
providing ions to the second analyZer, the gas cell in 
communication With a gas inlet and a gas outlet for provid 
ing a gas ?oW through the gas cell and out the gas outlet. 

34. An apparatus according to claim 26 Wherein the 
second analyZer is a radio-frequency quadrupole ion trap 
mass spectrometer for selectively trapping ions. 

35. An apparatus according to claim 26 Wherein the ion 
trapping mass spectrometer is selected from a group includ 
ing ITMS, FT-ICR and the penning trap. 

* * * * * 
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