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CROSS-REFERENCE TO RELATED 
APPLICATIONS 

This patent application is a continuation of U.S. patent 
application Ser. No. 13/844,901, which is a continuation-in 
part of U.S. patent application Ser. No. 12/952,109, now U.S. 
Pat. No. 8,513.591, which is a continuation-in-part of U.S. 
patent application Ser. No. 12/357,198, now U.S. Pat. No. 
7,838,821, which claims the benefit of, and priority to, U.S. 
Provisional Patent Application Ser. No. 61/021,785, the dis 
closures of which are all incorporated herein by reference in 
their entirety. 

GOVERNMENT RIGHTS 

This invention was made with government Support under 
AG024547, RRO18942 and 1 RC1GMO90797 awarded by the 
National Institutes of Health. The United States Government 
has certain rights in the invention. 

FIELD OF THE INVENTION 

The present invention relates generally to ion separation 
instruments, and more specifically to instruments that sepa 
rate ions in time as a function of ion mobility. 

BACKGROUND 

Ion mobility spectrometers are analytical instruments that 
are used to separate ions in time as a function of ion mobility. 
It is desirable to be able to control electric fields applied to 
Such instruments in order to investigate properties of charged 
particles. 

SUMMARY 

The present invention may comprise one or more of the 
features recited in the attached claims, and/or one or more of 
the following features and combinations thereof. An ion 
mobility spectrometer instrument may comprise a drift tube 
partitioned into a plurality of cascaded drift tube segments 
and ion elimination regions, each of the plurality of drift tube 
segments defining an ion inlet at one end, an ion outlet at an 
opposite end and a first distance between the ion inlet and the 
ion outlet, each of the plurality of ion elimination regions 
defining a second distance between the ion outlet of a differ 
ent one of the plurality of drift tube segments and the ion inlet 
of the next adjacent drift tube segment of the plurality of 
cascaded drift tube segments, an ion Source coupled to one of 
the plurality of cascaded drift tube segments, one of an ion 
detector and an ion inlet of at least another ion mobility 
spectrometer instrument arranged to receive ions exiting the 
drift tube, a number, M, of electric field activation sources 
each operatively connected to one or more of the plurality of 
drift tube segments such that, when activated, each estab 
lishes a repulsive electric field in a different one of the first M 
ion elimination regions and in every following Mthion elimi 
nation region, and also establishes an electric drift field in all 
remaining ion elimination regions and in all of the plurality of 
cascaded drift tube segments, and a control circuit to sequen 
tially activate a number of times each of the number, M, of 
electric field activation sources while deactivating the 
remaining number, M, of electric field activation sources, 
with at least one of the M electric field activation sources 
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2 
having a different activation time duration than activation 
times of others of the M electric field activation sources, to 
thereby cause only ions generated by the ion source that have 
a predefined ion mobility or range of ion mobilities to traverse 
the drift tube. 
The plurality of cascaded drift tube segments and ion elimi 

nation regions may illustratively define a linear drift tube, 
wherein the ion source is coupled to the ion inlet of a first one 
of the cascaded drift tube segments, and wherein the one of 
the ion detector and the ion inlet of the at least another ion 
mobility spectrometer instrument is coupled by a last one of 
the plurality of ion elimination regions to the ion outlet of a 
last one of the plurality of drift tube segments. In this imple 
mentation, the ions generated at the ion source travel from the 
ion inlet of the first one of the cascaded drift tube segments 
through the last one of the plurality of ion elimination regions 
under the influence of electric drift fields established by the M 
electric field activation sources in the plurality of cascaded 
drift tube segments and ion elimination regions, and ions 
having ion mobilities or ranges of ion mobilities other than 
the predefined ion mobility or range of ion mobilities are 
filtered out by the repulsive electric fields established by each 
of the Melectric field activation sources in a different one of 
the first Mion elimination regions and in every following Mth 
ion elimination region. In one embodiment of this implemen 
tation, the ion Source may continuously generate ions, and the 
continuously generated ions may enter the first one of the 
cascaded drift tube segments under the influence of the elec 
tric drift field sequentially established by each of the plurality, 
M, of electric field activation sources in the first one of the 
cascaded drift tube segments. Alternatively, the ion inlet of 
the first one of the cascaded drift tube segments may comprise 
anion gate, and the control circuit may control the ion gate to 
selectively allow entrance of discrete packets of ions gener 
ated by the ion source into the ion inlet of the first one of the 
cascaded drift tube segments. 

In an alternative embodiment, the ion outlet of a last one of 
the drift tube segments is coupled by a last ion elimination 
region to the ion inlet of a first one of the drift tube segments 
such that the drifttube defines thereina closed and continuous 
ion travel path, and the ion mobility spectrometer may further 
comprise an ion entrance drift tube segment having an ion 
inlet coupled to the ion Source and anion outlet coupled to the 
one of the plurality of cascaded drift tube segments, an ion 
exit drift tube segment having an ion inlet coupled to the one 
or another one of the plurality of drift tube segments, and an 
ion outlet, and aniongate arrangement responsive to a first set 
of one or more ion gate signals to directions moving through 
the drift tube through the one or another one of the plurality of 
cascaded drift tube segments while blocking the ions from 
entering the ion exit drift tube segment, and to a second set of 
one or more ion gate signals to direct the ions moving through 
the drift tube into the ion exit drift tube segment while block 
ing the ions from moving through the one or another one of 
the plurality of cascaded drift tube segments, wherein the 
control circuit may produce the first set of one or more ion 
gate signals to cause only ions Supplied by the ion source that 
have the predefined ion mobility or range of ion mobilities to 
travel through the drift tube, and after the ions have traveled 
around the drift tube a selected number of times to produce 
the second set of one or more ion gate signals to draw ions 
moving through the drift tube out of the drift tube and into the 
ion exit drift tube segment where the ions exit via the ion 
mobility spectrometer via the ion outlet of the ion exit drift 
tube segment. The ion gate arrangement may comprise a first 
ion gate positioned in the one or another one of the plurality 
of cascaded drift tube segments, and a second ion gate posi 
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tioned in or at the ion inlet of the ion exit drift tube segment, 
wherein the first set of one or more ion gate signals comprises 
a first ion gate signal to which the first ion gate is responsive 
to allow ions to pass therethrough and a secondion gate signal 
to which the second ion gate is responsive to block ions from 
passing therethrough, and wherein the second set of one or 
more ion gate signals comprises a third ion gate signal to 
which the first ion gate is responsive to block ions from 
passing therethrough and a fourth ion gate signal to which the 
second ion gate is responsive to allow ions to pass there 
through. In this implementation, ions generated at the ion 
source travel from the ion inlet of the first one of the cascaded 
drift tube segments through the last one of the plurality of ion 
elimination regions under the influence of electric drift fields 
established by the number, M, of electric field activation 
Sources in the plurality of cascaded drift tube segments and 
ion elimination regions, and ions having ion mobilities or 
ranges of ion mobilities other than the predefined ion mobility 
or range of ion mobilities are filtered out by the repulsive 
electric fields established by each of the number, M, of elec 
tric field activation sources in a different one of the first Mion 
elimination regions and in every following Mth ion elimina 
tion region. In one embodiment of this implementation, the 
ion Source may continuously generates ions, and at least one 
of the number, M, of electric field activation sources may 
establish an electric drift field in the ion entrance drift tube, 
and the continuously generated ions may enter the ion inlet of 
the ion entrance drift tube segment under the influence of the 
electric drift field established in the ion entrance drift tube. In 
an alternate embodiment of this implementation, the ion inlet 
of the ion entrance drift tube segment may comprise an ion 
gate, and the control circuit may control the ion gate to selec 
tively allow entrance of discrete packets of ions generated by 
the ion source into the ion inlet of the ion entrance drift tube 
Segment. 

In either implementation, the ion Source may comprise at 
least one ion separation instrument configured to separate 
ions in time as a function of one or more molecular charac 
teristics. 

In either implementation, each of the number, M, of elec 
tric field activation Sources may be programmable, in one 
embodiment, to establish, when triggered, the electric drift 
and repulsive fields, and the control circuit may be configured 
to sequentially activate the number, M, of electric field acti 
Vation sources for by sequentially triggering the number, M. 
of electric field activation sources. Alternatively, each of the 
number, M, of electric field activation sources may be pro 
grammable to establish, when triggered, the electric drift and 
repulsive fields, and the control circuit may be configured to 
sequentially activate the number, M, of electric field activa 
tion Sources by triggering one of the number, M, of electric 
field activations sources with remaining ones of the number, 
M, of electric field activation sources being triggered by 
operation of a previously triggered one of the number, M, of 
electric field activation sources. 

In either implementation, fundamental frequency is 
defined by a ratio of a total number of the plurality of drift tube 
segments and a total drift time of ions having the predefined 
ion mobility or range of ion mobilities through the drift tube 
under the influence of the electric fields established by the 
number, M, of electric field activation sources, and the control 
circuit may sequentially activate each of the number, M, of 
electric field activation sources while deactivating the 
remaining number, M, of electric field activation sources a 
number of times at a plurality of different activation durations 
to thereby produce ions exiting the drift tube at a number of 
different overtone frequencies that are functionally related to 
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4 
the fundamental frequency. The ion mobility spectrometer 
instrument may further comprise the ion detector coupled by 
a last one of the plurality of ion elimination regions to the ion 
outlet of a last one of the plurality of drift tube segments, and 
the ion detector may produce ion detection signals in 
response to detection of ions thereat, and the control circuit 
may convert the ion detection signals to the frequency domain 
for identification of ion intensity signals at the number of 
different overtone frequencies. 
An ion mobility spectrometer instrument may comprise a 

drift tube partitioned into a plurality of cascaded drift tube 
segments and ion elimination regions, each of the plurality of 
drift tube segments defining an ion inlet at one end, an ion 
outlet at an opposite end and a first distance between the ion 
inlet and the ion outlet, each of the plurality of ion elimination 
regions defining a second distance between the ion outlet of a 
different one of the plurality of drift tube segments and the ion 
inlet of the next adjacent drift tube segment of the plurality of 
cascaded drift tube segments, an ion Source coupled to one of 
the plurality of cascaded drift tube segments, one of an ion 
detector and an ion inlet of at least another ion mobility 
spectrometer instrument arranged to receive ions exiting the 
drift tube, an integer number, p, of electric field activation 
Sources each operatively connected to one or more of the 
plurality of drift tube segments such that, when activated, 
each establishes a repulsive electric field in a different one of 
the first pion elimination regions and in every following (pth 
ion elimination region, and also establishes an electric drift 
field in all remaining ion elimination regions and in all of the 
plurality of cascaded drift tube segments, and a control circuit 
to sequentially activate a number of times each of the integer 
number, p, of electric field activation sources for an activation 
duration while deactivating the remaining integer number, p. 
of electric field activation sources to thereby cause only ions 
generated by the ion source that have a predefined ion mobil 
ity or range of ion mobilities to traverse the drift tube, a ratio 
of the activation duration of one of the M electric field acti 
Vation Sources and the activation duration of at least one of the 
remaining electric field activation sources defining a phase 
ratio. , the control circuit to control the activation durations 
of each of the integer number, p, of electric field activation 
sources such that >0 and z1. 
A fundamental frequency, f, is defined by a ratio of a total 

number of the plurality of drift tube segments and a total drift 
time of ions having the predefined ion mobility or range of ion 
mobilities through the drift tube under the influence of the 
electric fields established by the integer number, p, of electric 
field activation Sources, and the control circuit may sequen 
tially activate each of the integer number, p, of electric field 
activation sources while deactivating the remaining integer 
number, p, of electric field activation sources a number of 
times at a plurality of different activation durations to thereby 
produce ions exiting the drift tube at a number of different 
overtone frequencies, f, that are functionally related to the 
fundamental frequency, f, by the relationship f, f(ph+1) 
(p-1)+1/cp, where h defines an integer index beginning 
with Zero and having a step size of 1. Alternatively or addi 
tionally, the control circuit may sequentially activate each of 
the integer number, p, of electric field activation sources 
while deactivating the remaining integer number, p, of elec 
tric field activation sources a number of times with a sum of 
the activation durations of each of the integer number, p, of 
electric field activation sources defined as a ratio of cp and the 
fundamental frequency, f, to thereby produce ions exiting the 
drift tube at an overtone, m, of the fundamental frequency 
defined by the relationship m=(+1)/2. 
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In a specific implementation of the ion spectrometer instru 
ment, p=2 such that a first one of the two electric field acti 
Vation sources, when activated, establishes a repulsive elec 
tric field in sequentially odd numbered ones of the plurality of 
ion elimination regions and an electric drift field in sequen- 5 
tially even numbered ones of the plurality of ion elimination 
regions and also in each of the plurality of cascaded drift tube 
segments, and a second one of the two electric field activation 
sources, when activated, establishes a repulsive electric field 
in sequentially even numbered ones of the plurality of ion 
elimination regions and an electric drift field in sequentially 
odd numbered ones of the plurality of ion elimination regions 
and also in each of the plurality of cascaded drift tube seg 
ments, and wherein the phase ratio, , is the ratio of the 
activation duration of the first one of the electric field activa 
tion sources and the activation duration of the second one of 15 
the electric field activation sources. In this implementation, a 
fundamental frequency, f is defined by a ratio of a total 
number of the plurality of drift tube segments and a total drift 
time of ions having the predefined ion mobility or range of ion 
mobilities through the drift tube under the influence of the 
electric fields established by the two electric field activation 
Sources, and the control circuit to sequentially activate one of 
the two electric field activation sources while deactivating the 
other of the two electric field activation sources a number of 
times at a plurality of different activation durations to thereby 
produce ions exiting the drift tube at a number of different 
overtone frequencies, f. that are functionally related to the 
fundamental frequency, f, by the relationship ff2h+1C+ 
1/2, whereh defines an integerindex beginning with Zero and 
having a step size of 1. Alternatively or additionally, the 
control circuit may sequentially activate one of the two elec 
tric field activation sources while deactivating the other of the 
two electric field activation sources a number of times with a 
sum of the activation duration of the first one of the electric 
field activation sources and the activation duration of the 
second one of the electric field activation sources defined as a 
ratio of 2 and the fundamental frequency, f, to thereby pro 
duce ions exiting the drift tube at an overtone, m, of the 
fundamental frequency defined by the relationship m=(+1)/ 
2. 
A method is provided for separating ions as a function of 

ion mobility in a drift tube partitioned into a plurality of 
cascaded drift tube segments each defining an ion inlet at one 
end and anion outlet at an opposite end, wherein the plurality 
of cascaded drift tube segments define an ion elimination 
region between anion outlet of each drift tube segment and an as 
ion inlet of an adjacent drift tube segment. The method may 
comprise deactivating a second electric repulsive field and a 
second electric drift field and establishing a first electric 
repulsive field in odd-numbered ones of the ion elimination 
regions while also establishing a first electric drift field in 
even-numbered ones of the ion elimination regions and in 
each of the drift tube segments for a first time duration, 
deactivating the first electric repulsive field and the first elec 
tric drift field and establishing the second electric repulsive 
field in even-numbered ones of the ion elimination regions 
while also establishing a second electric drift field in odd- 55 
numbered ones of the ion elimination regions and in each of 
the drift tube segments for a second time duration different 
than the first time duration, and sequentially repeating the two 
deactivating steps a number of times to thereby cause only 
ions entering the ion inlet of a first one of the plurality of 60 
cascaded drift tube regions that have a predefined ion mobil 
ity or range of ion mobilities to traverse the drift tube. 
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FIG. 1 is a block diagram of one illustrative embodiment of 
an ion mobility spectrometer instrument. 

6 
FIG. 2 is a diagram of one illustrative embodiment of the 

drift tube and associated arrangement of the electric field 
activation sources of the ion mobility spectrometer of FIG.1. 

FIG. 3 is a timing diagram illustrating operation of the ion 
mobility spectrometer of FIGS. 1 and 2. 

FIG. 4A is a diagram of one several cascaded sections of 
the drift tube illustrated in FIG. 2. 

FIGS. 4B-4D illustrate alternate embodiments of the 
arrangement of the electric field activation sources relative to 
the drift tube of FIG. 4A. 

FIG. 5 is a flowchart of one illustrative process for operat 
ing the ion mobility spectrometer of either of FIG. 1 or 3 as an 
ion mobility filter operable to produce only ions having a 
selected mobility or range of mobilities from a continuous or 
discrete ion source. 

FIG. 6 is a plot of ion intensity vs. drift time illustrating the 
drift time of ions of the sodiated monomer M+Na" form of 
the simple oligosaccharide isomer raffinose through one par 
ticular embodiment of the ion mobility spectrometer of FIG. 
1. 

FIG. 7 is a flowchart of one illustrative process for operat 
ing the ion mobility spectrometer of either of FIG. 1 or 3 by 
sweeping the pulse widths of the electric field activation 
Sources over a range of pulse width durations. 

FIG. 8 is a plot of ion intensity vs. frequency illustrating the 
result in the frequency domain of the process of FIG.7 using 
a continuous source of raffinose ions. 

FIG. 9 includes a number of plots of ion intensity vs. 
frequency illustrating results in the frequency domain of the 
process of FIG. 7 applied to ion mobility instruments having 
different phase numbers. 

FIG. 10 includes a number of plots of ion intensity vs. 
frequency illustrating results in the frequency domain of the 
process of FIG. 5 applied to ion mobility instruments having 
different numbers of drift tube sections. 

FIG. 11 includes a number of plots of ion intensity vs. 
frequency illustrating results in the frequency domain of the 
process of FIG. 7 applied to a raffinose sample, a melezitose 
sample and to a sample mixture of raffinose and melezitose. 

FIG. 12A includes a number of plots of ion intensity vs. 
total drift time illustrating results in the time domain of the 
process of FIG. 5 applied to a raffinose/melezitose mixture 
using a cyclotron geometry ion mobility spectrometer. 

FIG. 12B is a diagram of one illustrative embodiment of a 
cyclotron geometry ion mobility spectrometer used to gener 
ate the plots of FIG. 12A. 

FIG. 13 is a block diagram of one illustrative embodiment 
of a cascaded ion mobility spectrometer instrument that 
employs some of the concepts illustrated and described with 
respect to FIGS. 1-12B. 

FIG. 14 is a flowchart of one illustrative process for oper 
ating the ion mobility spectrometer of FIG. 12B by first 
pre-filling the drift tube with ions and then sequentially con 
trolling the electric field activation sources to directions some 
number of revolutions around the drift tube in a manner that 
resolves only ions having a selected mobility or range of 
mobilities. 

FIG. 15 is a flowchart of another illustrative process for 
operating the ion mobility spectrometer of FIG. 12B by 
sequentially controlling the electric field activation sources to 
directions having a selected mobility or range of mobilities 
around the drift tube while also periodically introducing new 
ions into the drift tube from the ion source, and then continu 
ing to sequentially control the electric field activation sources 
to directions having the selected mobility or range of mobili 
ties some number of revolutions around the drift tube without 
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introducing new ions into the drift tube such that only ions 
within the drift tube having the selected mobility or range of 
mobilities are resolved. 

FIGS. 16A-16L are successive or sequential block dia 
grams of one illustrative embodiment of the ion mobility 
spectrometer of FIG. 12B illustrating operation of the spec 
trometer during the part of the process illustrated in the flow 
chart of FIG. 15 in which the electric field activation sources 
are sequentially controlled to direct ions having a selected 
mobility or range of mobilities around the drift tube while 
also periodically introducing new ions into the drift tube from 
the ion source. 

FIG. 17 is a block diagram of another illustrative embodi 
ment of an ion mobility spectrometer instrument. 

FIG. 18 is a block diagram of the ion mobility spectrometer 
of FIG. 1 illustrating one illustrative technique controlling 
electric fields within some of the drift tube segments adjacent 
to the ion entrance and ion exit ends when operating a linear 
drift tube ion mobility spectrometer to directions back and 
forth between the two ends of the drift tube in a manner that 
resolves only ions having a selected mobility or range of 
mobilities. 

FIG. 19 is a block diagram of yet another illustrative 
embodiment of an ion mobility spectrometer instrument. 

FIG. 20 is a flowchart of one illustrative process for oper 
ating the ion mobility spectrometer of FIG. 19 by sequentially 
controlling the electric field activation sources to directions 
back and forth between the ends of the drift tube in a manner 
that resolves only ions having a selected mobility or range of 
mobilities. 

FIG. 21 is a block diagram of still another illustrative 
embodiment of an ion mobility spectrometer. 

FIG. 22A is a timing diagram illustrating a series of drift 
tube segments operated with a two-phase arrangement of 
electric field activation Sources having equal activation dura 
tions selected to define the 3" overtone of the fundamental 
frequency of operation. 

FIG. 22B is a timing diagram similar to FIG. 22A and 
illustrating the two-phase arrangement of electric field acti 
Vation sources having unequal activation durations also 
selected to define the 3" overtone of the fundamental fre 
quency of operation. 

FIG. 23A is a plot of ion intensity vs. frequency illustrating 
the result in the frequency domain of a simulated spectra in 
which a phase ratio of activation durations of two electric field 
activation sources in a two-phase application is set to unity. 

FIG. 23B is a plot of ion intensity vs. frequency illustrating 
the result in the frequency domain of a simulated spectra in 
which a phase ratio of activation durations of two electric field 
activation sources in a two-phase application is set to 5. 

FIG. 24 is a flowchart of a process for operating a two 
phase ion mobility spectrometer of the type illustrated and 
described herein by selecting a phase ratio of the activation 
durations of the two electric field activation sources to trans 
mit ions through the drift tube at a corresponding selected 
overtone frequency. 

FIG. 25 is a flowchart of a process for operating a two 
phase ion mobility spectrometer of the type illustrated and 
described herein by selecting a phase ratio of the activation 
durations of the two electric field activation sources and 
Sweeping the two activation durations over a range of fre 
quencies to transmit ions through the drift tube at a corre 
sponding set of overtone frequencies. 

FIG. 26A is a plot of ion intensity vs. frequency illustrating 
the result in the frequency domain of a simulated spectra in 
which a phase ratio of activation durations of two electric field 
activation sources in a two-phase application is set to 3 and 
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8 
the activation durations of the two electric field activation 
Sources are swept overa range of frequencies according to the 
process illustrated in FIG. 25. 

FIG. 26B is a plot of ion intensity vs. frequency illustrating 
the result in the frequency domain of a simulated spectra in 
which a phase ratio of activation durations of two electric field 
activation sources in a two-phase application is set to a non 
integer number and the activation durations of the two electric 
field activation sources are swept over a range of frequencies 
according to the process illustrated in FIG. 25. 

FIG. 27 is a flowchart of a process for operating a two 
phase ion mobility spectrometer of the type illustrated and 
described herein by selecting an operating frequency of inter 
estand changing phase ratios of the activation durations of the 
two electric field activation sources over a range of phase 
ratios to investigate overtones at the selected frequency for 
the selected set of phase ratios. 

FIG. 28 is a flowchart of a process for operating a two 
phase ion mobility spectrometer of the type illustrated and 
described herein by selecting sweeping the electric field acti 
Vation Source operating frequency overa range of frequencies 
for each of number of different phase ratios of the activation 
durations of the two electric field activation sources to inves 
tigate overtones in a range of frequencies for the selected set 
of phase ratios. 

DESCRIPTION OF THE ILLUSTRATIVE 
EMBODIMENTS 

For the purposes of promoting an understanding of the 
principles of the invention, reference will now be made to a 
number of illustrative embodiments shown in the attached 
drawings and specific language will be used to describe the 
SaC. 

Referring to FIG. 1, a block diagram is shown of one 
illustrative embodiment of an ion mobility spectrometer 
instrument 10. In the illustrated embodiment, the ion mobility 
spectrometer instrument 10 includes an ion source 12 having 
anion outlet that is couple to an ion inlet of a drift tube 14. An 
ion outlet of the drift tube 14 is coupled to an ion detector 16 
having a signal output that is electrically connected to an 
input of a control circuit 18. The control circuit 18 includes a 
conventional memory unit 20, and further includes a conven 
tional clock circuit 22 that may be controlled by the control 
circuit 18 in a conventional manner to produce periodic sig 
nals of desired frequency. Illustratively, a source of buffer gas 
24 supplies buffer gas to the drift tube 14 in a conventional 
a. 

The control circuit 18 is electrically connected to a control 
input of an ion source Voltage Supply, Vs, having a number, 
K, of outputs that are electrically connected to the ion Source 
12, where K may be any positive integer. The ion source 12 
may be any conventional ion Source that is configured to 
controllably produce ions from one or more samples. The ion 
Source Voltage Supply, Vs, may accordingly represent one or 
more Voltage Supplies configured to controllably produce, 
under the control of the control circuit 18 and/or manually 
controllable or programmable, one or more corresponding 
Voltages for controlling operation of the ion source 12 in a 
conventional manner to produce ions. Illustratively, the ion 
Source 12 may be configured to continuously produce ions, or 
may alternatively be configured to produce discrete packets 
of ions. Examples of Such conventional ion Sources include, 
but are not limited to, electrospray ion sources (ESI), ion 
Sources using radiation source to desorb ions from a sample, 
e.g., matrix-assisted laser desorption ion Sources (MALDI), 
ion Sources that collect generated ions in an ion trap for 
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Subsequent release, and the like. Alternatively or additionally, 
the ion source 12 may be or include one or more conventional 
ion separation instruments configured to separate ions in time 
as a function of one or more molecular characteristics. 
Examples include, but are not limited to, a conventional liquid 
or gas chromatograph, a conventional mass spectrometer, a 
conventional ion mobility spectrometer, a capillary electro 
phoresis instrument, or the like. In any case, ions produced by 
the ion source 12 exit an ion outlet of the ion source 12 and 
enter an ion inlet of the drift tube 14 of the ion mobility 
spectrometer instrument 10. 
The ion mobility spectrometer 10 further includes a num 

ber, M, of electric field activation sources, e.g., Voltage 
sources, V-V, where M may be any positive integergreater 
than 1. In the illustrated embodiment, the control circuit 18 
includes a corresponding number of outputs, each of which is 
electrically connected to an input of a different one of the 
electric field activation Sources, V-V. In alternate embodi 
ments, the control circuit 18 may include fewer outputs that 
are electrically connected to corresponding inputs offewer of 
the electric field activation sources, V-V. In such embodi 
ments, some of which will be described in detail hereinafter, 
one or more of the electric field activation sources, V-V. 
may be electrically connected to corresponding outputs of the 
control circuit 18 and one or more others of the electric field 
activation sources, V-V, may be triggered by operation of 
an adjacent or other ones of the electric field activation 
sources, V-V, and/or be programmed for specified opera 
tion. In any case, the outputs of the Voltage sources V-Vare 
electrically connected to the drift tube 14 in a manner that will 
be fully described in detail hereinafter. 

In the illustrated embodiment, the ion detector 16 is con 
ventional and is configured to produce an ion intensity signal 
that is proportional to the number of ions that reach, and are 
detected by, the ion detector 16. The ion intensity signal is 
supplied to the control circuit 18, which then processes the 
ion intensity signal to produce ion mobility spectral informa 
tion. The memory unit 20 has instructions stored therein that 
are executable by the control circuit 18 to control the opera 
tion of the various electric field activation sources, V-V. 

In the embodiment illustrated in FIG. 1, the drift tube 14 is 
partitioned into a plurality of cascaded drift tube segments 
beginning with a first drift tube segment positioned adjacent 
to the ion source 12 and defining the ion inlet of the drift tube 
14, and ending with an Nth drift tube segment defining the ion 
outlet of the drift tube 14. Ions generated by the ion source 12 
enter the ion inlet of the drift tube 14, and the electric field 
activation Sources, V-V, are operated Such that the electric 
fields, i.e., drift fields, established in the various drift tube 
segments are modulated at a frequency that allows only ions 
having mobilities that are resonant with the operating condi 
tions to drift through all of the various drift tube segments. In 
this way, the ion mobility spectrometer 10 operates as an ion 
mobility filter that filters out or away all ions except those 
having ion mobilities that are within a specified range of ion 
mobilities defined by the frequency of operation of the elec 
tric field activation sources, V-V. Additionally, ions drift 
through the various drift tube segments at frequencies that are 
overtones of the frequency of operation of the electric field 
activation sources, V-V. Thus, the ion mobility spectrom 
eter 10 may be operated, as will be described in detail herein, 
to filter away all ions except those having ion mobilities that 
are resonant with a fundamental frequency, f, and/or associ 
ated overtone frequencies, of operation of the electric field 
activation Sources, V-V. Because of the ability to selec 
tively transmit ions in different frequency regions, including 
those associated with higher overtones, the techniques 
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10 
described herein may be referred to as Overtone Mobility 
Spectrometry (OMS). In this document, the terms “harmon 
ics' should be understood to include the fundamental fre 
quency, f, and integer multiples of the fundamental fre 
quency, and the term “overtone' should be understood to 
include only the integer multiples of the fundamental fre 
quency, f, 

Referring now to FIG. 2, a diagram is shown of one illus 
trative embodiment of a portion of the drift tube 14 along with 
one illustrative arrangement of the electric field activation 
sources of the ion mobility spectrometer 10 of FIG.1. In the 
illustrated embodiment, the drift tube 14 is partitioned into a 
number, N., of cascaded segments, S-S where N may be any 
positive integergreater than 2, and segments S-Ss are shown 
in FIG. 2. Each of the segments, e.g., S-Ss, is illustratively 
constructed of five concentric, electrically conductive rings, 
30-30s, each separated by a concentric, electrically insulat 
ing ring 32-32 (illustrated in FIG. 2 for the segment S 
only). The first electrically conductive ring, 30, of each 
segment defines an ion inlet gate, G, to the segment, and the 
last electrically conductive ring, 30s, of each segment defines 
an ion outlet gate, G, of the segment. Illustratively, the first 
and last rings 30 and 30s contain mesh grids, e.g., 90% 
transmittance Nimesh grid, although this disclosure contem 
plates embodiments which do not include one or both of the 
rings 30 and 30s. In any case, adjacent ones of the electrically 
conductive rings, 30-30s, are separated by one of the elec 
trically insulating rings, 32-32, and adjacent segments, 
S-S of the drift tube 14 are separated by a concentric, 
electrically insulating isolator ring 34, e.g., Teflon R, a syn 
thetic fluoropolymer resin. All of the rings, 30-30s, 32-32 
and 34 are stacked together, sealed with O-rings and com 
pressed using a number, e.g., eight, of threaded rods, e.g., 
nylon. The segments, S-S are then joined together to form 
the drift tube 14. 

In the illustrated embodiment, a resistor, R, is electrically 
connected between each of the electrically conductive rings 
in each drift tube segment, and a resistor R is connected 
between the ion outlet gate and ion inlet gate of each adjacent 
drift tube segment. The drift tube 14 of the ion mobility 
spectrometer instrument 10 is constructed with the electri 
cally conductive rings 30-30s electrically insulated from 
each other and with the drift tube segments S-S also elec 
trically isolated from each other so that electric fields can be 
developed separately and independently in each of the seg 
ments S-S and/or in groups of the segments S-Sy. By 
applying Suitable Voltages across the drift tube segments and/ 
or groups of drift tube segments, as will be described in 
greater detail hereinafter, uniform electric fields are illustra 
tively established in each drift tube segment in a manner that 
transmits ions generated by the ion source 12through the drift 
tube 14 and through the ion outlet of the last segment Sy. 
The region between the ion inletgate and the ion outletgate 

of each drift tube segment defines an ion transmission region 
of distance, d, and the region between the ion outlet gate of 
one drift tube segment and the ion inlet gate of the next 
adjacent drift tube segment defines an ion elimination region 
of distance, d. Thus, for example, the drift tube segment S 
has an ion transmission region of distance, d(1) defined 
between G and Gc, and an ion elimination region of dis 
tance d(1) defined between G and G. 

In one example embodiment, the drift tube 14 is con 
structed of 21 identical drift tube segments as just described, 
with an ion focusing funnel (not shown) positioned approxi 
mately midway between the ion inlet and the ion outlet of the 
drift tube 14. In this example embodiment, the ion transmis 
sion region, d, and the ion elimination region, d, are together 
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5.84 cm in length, and the total length of the 22-section drift 
tube 14 is 128.5 cm from the ion inlet to the ion outlet of the 
drift tube 14. Further details relating to this example construc 
tion of the drift tube 14, including construction of the ion 
focusing funnel, are provided in co-pending U.S. Patent 
Application Pub. No. US 2007/0114382 A2, the disclosure of 
which is incorporated herein by reference. It will be under 
stood, however, that this disclosure contemplates other 
embodiments in which the drift tube 14 is constructed in 
accordance with other conventional techniques, portions or 
the entirety of which may be linear or non-linear. For 
example, the drift tube 14 may alternatively be provided in the 
form of a circular or cyclotron drift tube, and further details 
relating to some example circular or cyclotron drift tube 
arrangements are provided in co-pending PCT Publication 
No. WO 2008/028159A2, filed Aug. 1, 2007, the disclosure 
of which is incorporated herein by reference. It will be under 
stood, however, that in any such alternate configuration the 
drift tube will define a number of cascaded drift tube sections 
such that electric fields may be selectively and separately 
created in individual and/or groups of the drift tube sections. 

In the embodiment illustrated in FIG. 2, one illustrative 
arrangement 40 of the electric field activation sources, 
V-V, is shown that includes two electric field activation 
sources, V and V, electrically connected to the drift tube 14. 
The control circuit 18 is illustratively configured to control 
operation of the electric field activation Sources, V and V. 
e.g., in accordance with instructions stored in the memory 20 
that are executable by the control circuit 18, in an alternating 
fashion to generate electric fields within the drift tube seg 
ments, S-S which cause ions of a specified range of ion 
mobilities to drift through the drift tube 14. 

In the illustrated embodiment, the electric field activation 
Sources V and V are both conventional DC voltage sources 
that are controllable by the control circuit 18 to produce a 
desired DC voltage across the + and - terminals. The + 
terminals of V and V are both electrically connected to the 
ion inlet gate, G, of the first drift tube segment, S. The + 
terminal of V is further electrically connected to the ion inlet 
gates of the even-numbered drift tube segments, e.g., to the 
ion inlet gate, G of the second drift tube segment, S, the ion 
inlet gate, Ga., of the fourth drift tube segment, S, etc., and 
the + terminal of V is further electrically connected to the ion 
inlet gates of the odd-numbered drift tube segments, e.g., to 
the ion inlet gate, G of the third drift tube segment, S, the 
ion inlet gate, Gs, of the fifth drift tube segment, Ss, etc. 
The -terminal of V is electrically connected to the ion outlet 
gates of the odd-numbered drift tube segments, e.g., to the ion 
outlet gates, G, G, Gs, etc. of the drift tube segments S. 
S, Ss, etc., respectively. The - terminal of V is electrically 
connected to the ion outlet gates of the even-numbered drift 
tube segments, e.g., to the ion outlet gates, Go2, Goa, Gog, 
etc. of the drift tube segments S. S. S., etc., respectively. 
With the exception of V connected across the ion inlet and 
ion outletgates, G and G of the first drift tube segment, S. 
V and V are thus connected across the ion inlet and outlet 
gates of alternating, adjacent pairs of drift tube segments. For 
example, V is electrically connected across S and S, e.g., 
between G and G V is electrically connected across S, 
and Ss, e.g., between G and Gos. V2 is electrically con 
nected across S and S, e.g., between G and Ga, etc. 
As illustrated in FIG. 2, the voltage sources, V and V. 

when activated, produce linear Voltage gradients, VG and 
VG respectively, across the drift tube segments to which they 
are connected. Equal-valued resistors, R., are electrically con 
nected across adjacent pairs of the electrically conductive 
rings, 30-30s, of each drift tube segment, S-S and equal 
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12 
valued resistors, R., are connected between the ion outlet 
gates and ion inlet gates of adjacent pairs of drift tube seg 
ments. The value of R is selected relative to R (or vice versa) 
Such that the linear Voltage gradients, VG and VG2, establish 
corresponding, constant-valued electrical fields across the 
various drift tube segment pairs. 
The control circuit 18 is configured to control operation of 

the Voltage sources, V and V2, by periodically Switching one 
Voltage source, V, V, on while the other voltage source, V. 
V, is off. This has the effect of alternately establishing a 
constant electric field across sequential, cascaded pairs of the 
drift tube segment, S-Sv. This generally allows only ions 
having ion mobilities that match the Switching frequency to 
traverse each cascaded pair of drift tube segments. The peri 
odic switching between V and V also establishes a repulsive 
electric field, i.e., an electric field that is oriented to repel ions 
traveling in a direction toward the ion detector 16, in the ion 
elimination regions, d, that follow each cascaded pair of drift 
tube segments. To illustrate this repulsive electric field, con 
sider the case when V is off and V is on so that only the 
voltage gradients VG, of FIG. 2 exist. Ions entering the first 
drift tube segment S will drift under the constant electric field 
established by VG, while V is on. However, ions that reach 
G while V is still on will be filtered out by the repulsive 
electric field, e.g., reverse electric field, established between 
the high +V potential at the ioninlet gate G and the low-V 
potential at the ion outlet gate G. Generally, Vestablishes, 
when activated, repulsive electric fields in the ion elimination 
regions d between the ion outletgates of even-numbered drift 
tube segments and the ion inlet gates of the next sequential, 
odd-numbered drift tube segments, and V. likewise estab 
lishes, when activated, identical repulsive electric fields in the 
ion elimination regions d between the ion outlet gates of 
odd-numbered drift tube segments and the ion inlet gates of 
the next sequential, even-numbered drift tube segments. This 
periodic traversal of two drift tube segments and ion elimina 
tion in the activated ion elimination regions, d, causes only 
ions having ion mobilities that drift in the established electric 
fields at the rate defined by the V, V, switching rate and 
overtones thereof to drift through the length of the drift tube 
14 to the ion detector 16. Generally, if the switching rate 
between V and V is constant, this switching rate defines a 
fundamental frequency, f, at which ions of a corresponding 
range of mobilities can travel progressively through the drift 
tube segments S-S. Alternatively or additionally, if the 
Switching rate is swept over a range of Switching rates, ions 
having the corresponding range of ion mobilities will also 
travel progressively through the drift tube segments S-S at 
overtone frequencies of the fundamental frequency, f, 

Referring now to FIG.3, a number of plots A-F are shown 
demonstrating the progression of ions through the first five 
segments, S-Ss of the drift tube 14 of FIGS. 1 and 2 when the 
Voltage sources V and V are alternatively switched on and 
off. In the example illustrated in FIG. 5, the ion source 12 is 
configured to continually produce ions 50. Plot A illustrates 
the condition when V and V are both initially off. Plot B 
illustrates the condition when V is subsequently turned on 
while V remains off, which establishes a constant-valued 
electric field, E, in the ion transmission regions d, of each of 
the drift tube segments, S-Ss, and also in the even-numbered 
ion elimination regions d(2) and d(4), and which establishes 
a repulsive electric field in the odd-numbered ion elimination 
regions d(1), d(3) and d(5). A portion 51 of the continually 
generated ions 50 drift through d(1) under the influence of the 
electric field E toward d(2). However, ions that arrive at the 
ion elimination region d (1) before V is switched off are 
filtered out of the ions 51 by the repulsive field established in 
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the ion elimination region d(1) by V. It will be understood 
that the voltage applied by V across the first drift tube seg 
ment, S, will be different than that applied across remaining 
pairs of the drift tube segments as illustrated in FIG. 2. Gen 
erally, the voltage applied by V across the first drift tube 
segment, S, will be selected so as to establish an electric 
field, E, in the ion transmission region d(1) that is identical 
to the electric field E established across various pairs of the 
remaining drift tube segments, S-S. 

Plot Cillustrates the condition when V is switched off and 
V is Switched on, which establishes a constant-valued elec 
tric field, E. (EE), in the ion transmission regions d of 
each of the drift tube segments, S-Ss, and also in the odd 
numbered ion elimination regions d(1), d(3) and d(5), and 
which establishes a repulsive electric field in the even-num 
bered ion elimination regions d(2) and d(4). The portion of 
ions 51 in the d(1) region continues to advance under the 
influence of the electric field E through d(2) toward d(3), 
and another portion 52 of the continually generated ions 50 
drifts through d(1) under the influence of the electric field E. 
toward d(2). Ions that arrive at the ion elimination region 
d(2) before V is switched offare filtered out of the ions 51 by 
the repulsive field established in the ion elimination region 
d(2) by V. 

Plot D illustrates the condition when V is switched off and 
V is switched back on, which establishes the constant-valued 
electric field E as described with respect to plot B. The 
portion of ions 51 in the d(2) region continues to advance 
under the influence of the electric field E through d(3) 
toward d(4), and another portion 53 of the continually gen 
erated ions 50 drifts through d(1) under the influence of the 
electric field Etoward d(2). However, the ions 52 that were 
previously in the d(1) region are filtered away by the repul 
sive electric field established in the ion elimination region 
d(1) and therefore do not advance to d(2), and ions that 
arrive at the ion elimination regions d(1) and d(3) before V 
is switched off are filtered out of the ions 53 and 51 respec 
tively by the repulsive field established in the ion elimination 
regions d(1) and d(3) respectively. 

Plot E illustrates the condition when V is again switched 
off and V is switched back on, which establishes the con 
stant-valued electric field, E, described with respect to plot C. 
The portion of ions 51 in the d(3) region continues to advance 
under the influence of the electric field E through d(4) 
toward d(5), the portion of ions 53 in the d(1) region contin 
ues to advance under the influence of the electric field E. 
through d(2) toward d(3), and yet another portion 54 of the 
continually generated ions 50 drifts through d(1) under the 
influence of the electric field E toward d(2). Ions that arrive 
at the ion elimination regions d(2) and d(4) before V is 
switched off are filtered out of the ions 53 and 51 respectively 
by the repulsive field established in the ion elimination 
regions d(2) and d(4) respectively. 

Plot F illustrates the condition when V is again switched 
off and V is switched back on, which establishes the con 
stant-valued electric field E as described with respect to plot 
B. The portion of ions 51 in the d(4) region continues to 
advance under the influence of the electric field E through 
d(5) toward the next drift tube segment (S), the portion of 
ions 53 in the d(2) regions continues to advance under the 
influence of the electric field E through d(3) toward d(4), 
and yet another portion 55 of the continually generated ions 
50 drifts through d(1) under the influence of the electric field 
Etoward d(2). The ions 54 that were previously in the d(1) 
region are filtered away by the repulsive electric field estab 
lished in the ion elimination region d(1) and therefore do not 
advance to d(2), and ions that arrive at the ion elimination 
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regions d(3) and d(5) before V is switched off are filtered 
out of the ions 53 and 51 respectively by the repulsive fields 
established in the ion elimination regions d(3) and d(5) 
respectively. 

While the embodiment of the drift tube 14 of FIG. 2 was 
illustrated and described as including an arrangement 40 of 
electric field activation sources in the form of two DC voltage 
sources, V and V, it will be understood that this disclosure 
is not so limited and that embodiments are contemplated in 
which the arrangement of electric field activation sources 
includes more than two Voltage sources. Referring now to 
FIGS. 4A-4D, for example, a number of voltage gradient 
plots are shown, in relation to the first eight cascaded seg 
ments, S-Ss, of the drift tube 14, that illustrate alternative 
embodiments in which the arrangement of electric field acti 
Vation sources include additional Voltage sources. As a refer 
ence, the voltage gradient plot 40 of FIG. 4B, illustrates the 
embodiment just described in which the arrangement of elec 
tric field activation Sources includes two Voltage sources V 
and V connected and configured to produce the two illus 
trated voltage gradients VG and VG. 
The voltage gradient plot 60 of FIG. 4C, in contrast, illus 

trates an embodiment in which the arrangement of electric 
field activation Sources includes three Voltage sources, V. V. 
and V, each illustratively identical to the Voltage sources V 
and Villustrated and described with respect to FIG. 2. In the 
embodiment of FIG. 4C, +V, +V and +V are all electrically 
connected to the ion inlet gate G of the first drift tube 
segment, S. The +V is further electrically connected to the 
ion inlet gates G, Gs and Gs of the drift tube segments S. 
Ss and Ss respectively, the +V is further electrically con 
nected to the ion inlet gates G, and G, of the drift tube 
segments S and S. respectively, and the +V is further elec 
trically connected to the ion inlet gates Ga, and Ga, of the 
drift tube segments S and S, respectively. The -V is elec 
trically connected to the ion outlet gates Go, Goa and Goz, 
the -V is electrically connected to the ion outlet gates G. 
Gs and Gs, and the -V is electrically connected to the ion 
outlet gates G and G. In the three Voltage source arrange 
ment, the Voltage sources V-V are thus electrically con 
nected, in alternating fashion, across three consecutive drift 
tube segments with all three Voltage sources electrically con 
nected to the ion inlet grid G of the first drift tube segment, 
S, and then with V electrically connected across S, S-S. 
and Ss-S7, with V electrically connected across S-S-S-Ss 
and S-Ss and with V electrically connected across S-S and 
S-S7. 

In operation, the control circuit 18 controls the voltage 
sources V-V by sequentially switching one Voltage source 
on for a specified duration while maintaining the other two 
voltage sources in their off state for that duration. As illus 
trated in FIG. 4C, for example, the control circuit 18 turns on 
V for the specified duration while maintaining V2 and V in 
their off states, followed by turning offV and turning on V, 
while maintaining V in its offstate for the specified duration, 
followed by turning offV and turning on V while maintain 
ing V in its off state for the specified duration. The control 
circuit 18 repeats the above process many times to cause ions 
having mobilities related to the Voltage source Switching fre 
quency to drift through the various drift tube segments. It will 
be understood that the voltage applied by V across the first 
drift tube segment, S, will be different than that applied by V 
across remaining triplets of the drift tube segments, and that 
the voltage applied by V2 across the first two drift tube seg 
ments, S-S will also be different than that applied by V. 
across remaining triplets of the drift tube segments. Gener 
ally, the voltage applied by V across the first drift tube seg 
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ment, S, will be selected so as to establish an electric field, 
E. in the ion transmission region d(1) that is identical to the 
electric field E established by Vacross various triplets of the 
remaining drift tube segments, S-S and the Voltage applied 
by V2 across the first two drift tube segment, S-S will be 
selected so as to establish an electric field, E, in the ion 
transmission region d(1), ion elimination region d(1) and 
ion transmission region d(2) that is identical to the electric 
field E. established by V, across various triplets of the 
remaining drift tube segments, S-S. 
The voltage gradient plot 70 of FIG. 4D illustrates an 

embodiment in which the arrangement of electric field acti 
Vation sources includes four Voltage sources, V, V, V and 
V, each illustratively identical to the Voltage sources V and 
V illustrated and described with respect to FIG. 2. In the 
embodiment of FIG. 4D, +V, +V +V and +V are all 
electrically connected to the ion inlet gate G of the first drift 
tube segment, S. The +V is further electrically connected to 
the ion inlet gates G and Gre of the drift tube segments S. 
and S respectively, the +V is further electrically connected 
to the ion inlet gates G, and G, of the drift tube segments S. 
and S, respectively, the +V is further electrically connected 
to the ion inlet gates Ga, and Gs of the drift tube segments S. 
and Ss respectively, and the +V is further electrically con 
nected to the ion inlet gate Gs of the drift tube segment Ss. 
The -V is electrically connected to the ion outlet gates G. 
and Gs, the -V is electrically connected to the ion outlet 
gates G and G, the-V is electrically connected to the ion 
outlet gates G and G7, and the -V is electrically con 
nected to the ion outletgates G and G.s. In the four voltage 
Source arrangement, the Voltage sources V-V are thus elec 
trically connected, in alternating fashion, across four con 
secutive drift tube segments with all four voltage sources 
electrically connected to the ion inlet grid G of the first drift 
tube segment, S, and then with V electrically connected 
across S, S-Ss, and S-So, with V electrically connected 
across S-S and S-S with V electrically connected across 
S-S and Sa-S7, and with V electrically connected across 
S-S and SS-Ss. 

In operation, the control circuit 18 controls the voltage 
Sources V-V by sequentially Switching one Voltage source 
on for a specified duration while maintaining the other three 
voltage sources in their off state for that duration. As illus 
trated in FIG. 4D, for example, the control circuit 18 turns on 
V for the specified duration while maintaining V, V and V. 
in their off states, followed by turning off V and turning on 
V, while maintaining V and V in their off states for the 
specified duration, followed by turning offV and turning on 
V, while maintaining V and V in their off states for the 
specified duration, followed by turning offV and turning on 
V while maintaining V and V in their off states for the 
specified duration. The control circuit 18 repeats the above 
process many times to cause ions having mobilities related to 
the Voltage source Switching frequency to drift through the 
various drift tube segments. It will be understood that the 
Voltage applied by V across the first drift tube segment, S. 
will be different than that applied by V across remaining 
quadruplets of the drift tube segments, the Voltage applied by 
V across the first two drift tube segments, S-S will be 
different than that applied by V2 across remaining quadru 
plets of the drift tube segments, and the voltage applied by V. 
across the first three drift tube segments, S-S will be dif 
ferent than that applied by Vacross remaining quadruplets of 
the drift tube segments. Generally, the voltage applied by V 
across the first drift tube segment, S, will be selected so as to 
establish an electric field, E, in the ion transmission region 
d(1) that is identical to the electric field E established by V 
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across various quadruplets of the remaining drift tube seg 
ments, S-S, the Voltage applied by V2 across the first two 
drift tube segment, S-S will be selected so as to establish an 
electric field, E, in the ion transmission region d(1), ion 
elimination region d(1) and ion transmission region d(2) 
that is identical to the electric field E. established by Vacross 
various quadruplets of the remaining drift tube segments, 
S-S and the voltage applied by V across the first three drift 
tube segment, S-S will be selected so as to establish an 
electric field, Es, in the ion transmission regions d(1), d.(2) 
and d(3) and in the ion elimination regions d(1) and d(2) 
that is identical to the electric field E. established by V across 
various quadruplets of the remaining drift tube segments, 
Sa-Sv. 
The number of electric field activation sources, e.g., volt 

age sources, used in any particular embodiment, and the 
manner in which they are electrically connected to the various 
drift tube segments to operate as described above, is referred 
to as the phase (cp) of the ion mobility spectrometer 10. In the 
example of FIGS. 2, 3 and 4B in which two voltage sources V 
and V are used as described above, (p=2 as indicated in the 
plot 40 of FIG. 4B. In the example of FIG. 4C in which three 
Voltage sources V, V, and V are used as described above, 
(p=3 as indicated in the plot 60 of FIG. 4C. In the example of 
FIG. 4D in which four voltage sources V, V, V and V are 
used as described above, (p=4 as indicated in the plot 70 of 
FIG. 4D. It will be noted from FIG.3 that in a (p=2 system, the 
fill rate of ions in the various drift tube segments S-S, i.e., 
the duty cycle of the ion mobility spectrometer 10, is 50%. It 
can be shown that in a p=3 system, the duty cycle of the ion 
mobility spectrometer is 66.67% and in a (p=4 system, the 
duty cycle of the ion mobility spectrometer is 75%. A general 
expression for the duty cycle, d, of the ion mobility spectrom 
eter 10 as a function of the phase, p, is thus d=1-(1/cp). 

Referring again to FIG.3, the electric fields in the drift tube 
14 in a two-phase (cp=2) ion mobility spectrometer 10 are 
established by two source V and V. The electric fields estab 
lished in the drift tube 14 by activation of V include an 
electric drift field E, i.e., an electric field through which ions 
generated by the ion source drift toward the ion detector 16, in 
each of the drift tube segments, i.e., in each of the ion trans 
mission regions d and also in the even-numbered ion elimi 
nation regions, d(2), d(4), etc., and also includes a repulsive 
electric field, i.e., an electric field that repels and filters away 
ions traveling in the direction of the electric drift field, in 
odd-numbered ion elimination regions, d(1), d(3), d(5), 
etc. Similarly, the electric fields established in the drift tube 
14 by activation of V includes an electric drift field E in each 
of the drift tube segments and also in the odd-numbered ion 
elimination regions, d(1), d(3), d(5), etc., and also includes 
a repulsive electric field in even-numbered ion elimination 
regions, d(2), d(4), etc. 

It can be shown that in three-phase systems (cp=3) that 
include three electric field activation sources, V-V, such as 
that illustrated in FIG. 4C, activation of V establishes a 
repulsive electric field in the first ion elimination region, 
d(1), and in every following 3" ion elimination region, d(4), 
d(7), d(10), etc., and also establishes an electric drift field, 
E, in all remaining ion elimination regions and in all of the 
drift tube segments d. Activation of V. likewise establishes a 
repulsive electric field in the second ion elimination region, 
d(2), and in every following 3" ion elimination region, d.(5), 
d(8), d(11), etc., and also establishes an electric drift field, 
E2, in all remaining ion elimination regions and in all of the 
drift tube segments d. Activation of V similarly establishes a 
repulsive electric field in the third ion elimination region, 
d(3), and in every following 3" ion elimination region, d.(6), 
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d(90, d(12), etc., and also establishes an electric drift field, 
E. in all remaining ion elimination regions and in all of the 
drift tube segments d. 

It can also be shown that in four-phase systems (cp=4) that 
include four electric field activation sources, V-V, Such as 
that illustrated in FIG. 4D, activation of V establishes a 
repulsive electric field in the first ion elimination region, 
d(1), and in every following 4" ion elimination region, d.(5), 
d(9), d(13), etc., and also establishes an electric drift field, 
E, in all remaining ion elimination regions and in all of the 
drift tube segments d. Activation of V, likewise establishes a 
repulsive electric field in the second ion elimination region, 
d(2), and in every following 4" ion elimination region, d.(6), 
d(10), d(14), etc., and also establishes an electric drift field, 
E, in all remaining ion elimination regions and in all of the 
drift tube segments d. Activation of V similarly establishes a 
repulsive electric field in the third ion elimination region, 
d(3), and in every following 4" ion elimination region, d(7), 
d(11), d(15), etc., and also establishes an electric drift field, 
E. in all remaining ion elimination regions and in all of the 
drift tube segments d. Finally, activation of Vestablishes a 
repulsive electric field in the fourth ion elimination region, 
d(4), and in every following 4" ion elimination region, d.(8), 
d(12), d(16), etc., and also establishes an electric drift field, 
E, in all remaining ion elimination regions and in all of the 
drift tube segments d. 

From the foregoing examples, a generalized characteriza 
tion can be made for an M-phase system, i.e., one that 
includes a number, M, of electric field activation sources, 
V-V. In Such an M-phase system, the number, M, of elec 
tric field activation sources are each be operatively connected 
to one or more of the plurality of drift tube segments such that, 
when activated, each establishes a repulsive electric field in at 
least one of the first M ion elimination regions and in every 
following Mthion elimination region, and also establishes an 
electric drift field in all remaining ion elimination regions and 
in all of the plurality of cascaded drift tube segments. In 
operation, the control circuit 18 sequentially activates each of 
the number, M, of electric field activation sources for a time 
duration while deactivating the remaining number, M, of 
electric field activation sources a number of times to thereby 
cause only ions generated by the ion source that have a pre 
defined ion mobility or range of ion mobilities to traverse the 
drift tube 14. 

Transmission of ions through the various drift tube seg 
ments S-S as just described is only possible if the mobilities 
of the ions are in resonance with the Switching rates of the 
electric fields applied by the electric field activation sources 
regardless of the phase of the spectrometer 10. In other words, 
to transmit ions sequentially through the various drift tube 
segments S-S as just described, the ions must have mobili 
ties that allow traversal exactly one drift tube segment in one 
field application duration. Ions with mobilities that are off 
resonance either traversing a drift tube segment too quickly or 
too slowly are eventually eliminated in one of the ion elimi 
nation regions d. The frequency at which the various electric 
field activation sources are Switched on/off, i.e., the frequency 
at which the ions have resonant mobilities, is termed the 
fundamental frequency, f, 

In the above description of the operation of the ion mobility 
spectrometer instrument 10, the control circuit 18 is described 
as being configured to control operation of the electric field 
activation sources V-V. Illustratively, the memory unit 20 
has instructions stored therein that are executable by the 
control circuit 18 to control operation of the electric field 
activation sources V-V in this manner. 
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In one alternative embodiment, each of the electric field 

activation sources V-V may be programmable to produce, 
when triggered by an adjacent, e.g., lower-numbered, one of 
the electric field activation sources V-V, an electric field 
activation pulse of desired duration. In this embodiment, each 
higher-numbered one of the electric field activation sources 
V-V may be programmable to be triggered for activation 
by deactivation of an adjacent lower-numbered one of the 
electric field activation sources V-V. Thus, deactivation of 
V will triggeractivation of V, deactivation of V will trigger 
activation of V (or V again), and so forth. In this embodi 
ment, the control circuit 18 is configured to control operation 
of the electric field activation sources V-V, only by activat 
ing the first one of the electric field activation sources V-V. 

In another alternative embodiment, each of the electric 
field activation sources V-V may be programmable to pro 
duce, when triggered by the control circuit 18, an electric field 
activation pulse having desired duration. In this embodiment, 
the control circuit 18 controls activation times of each of the 
electric field activation sources V-V, and once activated 
each of the electric field activation sources V-V is operable 
to produce a pulse having time duration equal to a pro 
grammed pulse duration. In this embodiment, the control 
circuit 18 is configured to control operation of the electric 
field activation sources V-V, only by activating at specified 
times each of the electric field activation sources V-V. 

It will be understood that while the electric field activation 
sources, V-V were described as producing DC voltages of 
programmable duration this disclosure contemplates 
embodiments in which the electric field activation sources are 
configured to produce alternatively shaped electric field acti 
vation pulses. For example, such alternatively shaped electric 
field activation pulses may be linear or piece-wise linear pulse 
shapes, such as triangular or other linear or piece-wise linear 
shapes, or may be non-linear shapes such as Sine-wave, Gaus 
sian or other non-linear shapes. The corresponding electric 
fields applied in time-dependent fashion to the various seg 
ments S-S of the drift tube 14 as described above may thus 
be linearly, piece-wise linearly or non-linearly varying. Alter 
natively still, different ones and/or blocks of the electric field 
activation sources V-V may be activated for different dura 
tions. Those skilled in the art will recognize that, in general, 
any one or more of the segments S-S may be operated for a 
duration that is different than the duration of operation of any 
one or more of the remaining ones of the segments S-S and 
that operation of the ion mobility instrument 10 in this manner 
will result in a multi-dimensional ion mobility spectrometer 
instrument, i.e., a drift tube having one or more segments in 
any location relative to the ion inlet and ion outlet that is/are 
tuned to pass therethrough only ions having a mobility or 
range of mobilities that is/are different than that/those of one 
or more of the remaining segments. 

Referring now to FIG. 5, a flowchart is shown of one 
illustrative embodiment of a process 80 for operating the ion 
mobility spectrometer instrument 10 to act as an ion mobility 
filter by allowing travel through the drift tube 14 of only ions 
having a predefined mobility or range of mobilities as 
described hereinabove with respect to FIGS. 1-4D. The pro 
cess 80 illustrated in FIG.5 may be provided, in whole or in 
part, in the form of instructions that are stored in the memory 
unit 20 of the control circuit 18 and that are executable by the 
control circuit 18 to control the ion mobility spectrometer 
instrument 10 in accordance with the process 80. The process 
80 begins at step 82 where the drift time, DT, through the drift 
tube 14 is determined for the sample component of interest. 
This may be done, for example, by first operating the ion drift 
tube 14 in a conventional manner to determine the drift time, 
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DT, of the sample component of interest, although other 
conventional techniques may be used at step 82 to determine 
the drift time, DT, of the sample component of interest. For 
example, conventional ion mobility spectrometer configura 
tions could be used to determine a drift time, or a drift time 
could be retrieved from literature, although in either case, 
instrument operating parameters used to determine Such drift 
times, e.g., buffer gas pressure, operating temperature, drift 
tube length, etc., would have to be taken into account to 
determine corresponding operating parameters for those of 
the ion mobility spectrometer 10. Referring to FIG. 6, a plot 
94 of ion intensity vs. drift time is shown illustrating the drift 
time of ions of the sodiated monomer M+Na" form of the 
simple oligosaccharide isomer raffinose through one particu 
lar embodiment of the ion mobility spectrometer 10. In this 
embodiment, the drift time, DT, of raffinose through the drift 
tube 14 is approximately 15.8 ms. 

Following step 82, the pulse width, PW, of the number of 
electric field activation sources V-V used in the ion mobil 
ity spectrometer instrument 10 is computed at step 84. The 
pulse width, PW, is the duration of the electric field that will 
be applied by each of the electric field activation sources 
V-V to pass the sample component of interest, e.g., raffi 
nose, through each segment. In order to pass the sample 
component of interest through a drift tube 14 having N seg 
ments, the pulse width, PW, must therefore satisfy the rela 
tionship PW=DT/N. 

Following step 84, the shape of the pulse width is selected 
at step 86, and thereafter at step 88 the peak voltage of the 
electric field activation sources V-V is selected. The pro 
cess 80 advances from step 88 to step 90, and simultaneously 
with step 90 the ion source voltage supply, Vs, is controlled 
at Step 92 in a manner that causes the ion source 12 to produce 
ions. The ions produced at step 92 may be produced continu 
ously or may instead be produced discretely as described 
hereinabove. In any case, the control circuit 18 is operable at 
step 90 to control the electric field activation sources V-V. 
as described hereinabove, to sequentially apply electric fields 
having the selected shape, duration and peak field strength to 
the various drift tube segments, S-S as described herein 
above by example with reference to FIGS. 2-4D. Steps 90 and 
92 may be repeated continuously or a finite number of times 
to thereby operate the ion mobility spectrometer instrument 
10 as a continuous or discrete ion mobility filter. For the 
raffinose sample illustrated in FIG. 6, the pulse width, PW, of 
the electric field activation sources V-V, in the ion mobility 
spectrometer instrument 10 of FIG. 1, in which the drift tube 
14 is constructed of 20 drift tube segments, S-So, and one 
ion focusing filter positioned approximately mid way 
between the ion inlet and ion outlet of the drift tube 14, is 
approximately 500 microseconds, which corresponds to an 
electric field activation source Switching frequency of 
approximately 2.0 kHz. It will be understood that steps 82-88 
are not required to be executed in the illustrated order, and that 
one or more of these steps may alternatively be interchanged 
with one or more other of these steps. 

In addition to operation of the ion mobility spectrometer 
instrument 10 as an ion mobility filter as illustrated and 
described herein, the ion mobility spectrometer instrument 10 
may also be operated in a manner that transmits ions at over 
tone frequencies of the fundamental frequency, f, as 
described briefly above. Referring to FIG. 7, for example, a 
flowchart of an illustrative process 100 for operating the ion 
mobility spectrometer 10 by sweeping the pulse widths, PW. 
of the electric field activation Sources, V-V, over a range of 
pulse width durations. In addition to producing a fundamental 
ion intensity peak that corresponds to ion intensity peak 
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resulting from the process 80 of FIG. 5, the process 100 
further produces overtone ion intensity peaks that may be 
analyzed in the frequency domain to reveal additional char 
acteristics of the sample component of interest. The process 
100 illustrated in FIG.7 may be provided, in whole or in part, 
in the form of instructions that are stored in the memory unit 
20 of the control circuit 18 and that are executable by the 
control circuit 18 to control the ion mobility spectrometer 
instrument 10 in accordance with the process 100. 
The process 100 begins at step 102 where initial and final 

pulse width durations, PW, and PW, respectively, and a ramp 
rate, R (or step size), are selected. Illustratively, the initial 
pulse width duration, PW may be selected to be slightly 
longer than necessary to produce the fundamental ion inten 
sity peak so that the resulting ion intensity vs. frequency 
spectrum begins approximately at the fundamental peak. 
Illustratively, the final pulse width duration, PW, may be 
selected to be a frequency beyond which no useful informa 
tion is expected to occur, or beyond which no ion intensity 
information is sought. In any case, the ramp rate, R, and/or 
frequency step size between the initial and final pulse width 
durations, PW, and PW, will typically be selected to provide 
sufficient time at each pulse width duration to extract useful 
information from the ion mobility spectrometer instrument 
10. Such information can be of the form of ion collision cross 
sections, S2, which can be derived from OMS measurements 
according to the following equation: 

(187)/2 
() = e t"All'." T 1 (k,T)/2 mi mB f(d. + d) P 273.2 N 

where Ze is ion charge, k, is Boltzmann's constant, P and T 
correspond to the buffer gas pressure and temperature respec 
tively, N is the neutral number density, E is the electric field, 
f is the field application frequency, the quantity (p(h-1)+1 is 
the harmonic number or overtone number, m, and m corre 
spond to the mass of the ion and the mass of the buffer gas, 
respectively, and all other variables have been defined herein. 

Following step 102, the shape of the pulse width is selected 
at step 104, and thereafter at step 106 the peak voltage of the 
electric field activation sources V-V is selected. The pro 
cess 100 advances from step 106 to step 108, and simulta 
neously with step 108 the ion source Voltage Supply, Vs, is 
controlled at Step 110 in a manner that causes the ion Source 
12 to produce ions. The ions produced at step 110 may be 
produced continuously or may instead be produced discretely 
as described hereinabove, although if produced discretely a 
timing mechanism will typically be required to trigger new 
Supplies of ions coincident with the changing of the pulse 
width durations. In any case, the control circuit 18 is operable 
at step 108 to control the electric field activation sources 
V-V, as described hereinabove, to apply electric fields 
having the selected shape and peak field strength to the drift 
tube segments, S-S while Sweeping the pulse width dura 
tion, PW, between PW, and PW at the selected ramp rate 
and/or step size. It will be understood that steps 102-106 are 
not required to be executed in the illustrated order, and that 
one or more of these steps may alternatively be interchanged 
with one or more other of these steps. 

While not specifically illustrated in FIG. 7 as a step in the 
process 100, ion detection signals produced by the ion detec 
tor 16 may be processed by the control circuit 18 and con 
Verted to the frequency domain in a conventional manner for 
further analysis and/or observation. For the raffinose sample 
illustrated in FIG. 6, for example, sweeping the pulse width, 
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PW, of the electric field activation sources V-V, in the ion 
mobility spectrometer instrument 10 of FIG. 1 between 
approximately 10 milliseconds down to approximately 22 
micro-seconds yields the ion intensity vs. frequency spectrum 
112 illustrated in FIG.8. Illustratively, the 3' overtone pro 
duces the most highly resolved ion intensity peak. 

Generally, the overtones produced by frequency Sweeps of 
the type illustrated in FIG.8 will be defined, at least in part, by 
the phase (cp) of the ion mobility spectrometer 100. Referring 
to FIG.9, for example, a number of plots 120, 122, 124, 126 
and 128 are shown of frequency spectrums of raffinose in 
which the phase, p, of the ion mobility spectrometer 10 cor 
respondingly increases. In all cases, the electric field activa 
tion sources, V-V were configured to operate as described 
hereinabove with respect to FIGS. 2-4D. In the plot 120, (p=2, 
and the associated frequency spectrum includes anion peak at 
the fundamental frequency, f, and additional peaks at the 
third and fifth overtones. In the plot 122, (p=3, and the asso 
ciated frequency spectrum includes an ion peak at the funda 
mental frequency, f, and additional peaks at the fourth and 
seventh overtones. In the plots 124, 126 and 128, cp=4, 5 and 
6 respectively. The frequency spectrum 124 includes an ion 
peak at the fundamental frequency, f, and additional peaks at 
the fifth, ninth and thirteenth overtones, the frequency spec 
trum 126 includes an ion peak at the fundamental frequency, 
f, and additional peaks at the sixth, eleventh and sixteenth 
overtones, and the frequency spectrum 128 includes an ion 
peak at the fundamental frequency, f, and additional peaks at 
the seventh, thirteenth and nineteenth overtones. It should be 
noted that as the phase of the ion mobility spectrometer 10 is 
increased, secondary overtones increasing appear between 
the fundamental peak, f, and the first expected overtone. 
These secondary overtones correspond to intermediate har 
monic frequencies, i.e., those between the overtone frequen 
cies, and may carry additional ion information. 

Generally, the overtones that should be expected to be 
observed in embodiments of the ion mobility spectrometer 10 
operated with uniform, constant electric fields in the various 
drift tube segments, S-S as described hereinabove, are 
given by the equation H=(p(h-1)+1, h-1,2,3,..., where His 
a harmonic number, p is the phase of the ion mobility spec 
trometer 10, and h is an integer. Thus, for p=2, H=1, 3, 5, 
7. . . . . for cp=3, H=1, 4, 7, 10, . . . . for cp=4, H=1, 5, 9, 
13, ..., for (1)=5, H=1, 6, 11, 16,..., and for cp=6, H=1, 7, 
13, 19, ..., etc. 
The resolving power, R., of the ion mobility spectrometer 

instrument 10 is defined by the equation RfAf, wheref 
is the frequency at which maximum ion intensity of transmit 
ted and Afis the width of the peak at half maximum. Gener 
ally, it is observed that the resolving power, R., of the ion 
mobility spectrometer instrument 10 increases with increas 
ing overtone number, H. The resolving power, R., of the ion 
mobility spectrometer instrument 10 is also influenced by the 
total number, N, of drift tube segments, S-S used. Refer 
ring to FIG. 10, for example, a number of plots 130 are shown 
illustrating the shapes of fundamental-frequency, ion inten 
sity peaks for a four-phase (p-4) ion mobility spectrometer 
instrument 10 in which the total number of drift tube seg 
ments, N, is varied between 11 and 43 as indicated on the left 
portion of FIG. 10. The plots 130 were generated from a 
sample of the sodiated monomer M+Na" form of the simple 
oligosaccharide isomer melezitose using the ion mobility 
instrument 10 illustrated and described herein. As illustrated 
in FIG. 10, whereas the peak intensities do not change sig 
nificantly, the widths. Af, of the peaks at half maximum 
decrease as N increases. For example, Af, corresponding to 
the width of the N=11 peak at half maximum, is approxi 
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mately 1600 Hz, whereas Afs, corresponding to the width of 
the N=43 peak at half maximum, is approximately 345 Hz. 
The ratio f/Af, and thus, Rcs, accordingly increases as the 
number, N., of drift tube segments S-S increases. 

In a conventional ion mobility spectrometer; that is to say, 
anion mobility spectrometer in which a single electric field is 
applied across the length of the drift tube, the resolving power 
is generally understood to follow the relationship 
RSQRTI(E*eL)/(16*k, *T*In2), where E is the 
applied electric field, e is the elementary charge value, L is the 
length of the drift tube, k, is Boltzmann's constant, and T is 
the temperature of the drift tube. 

In the ion mobility instruments 10 illustrated and described 
herein, the overall resolving power, Ras, is a function of 
Rs and is also a function of the total number, n, of drift tube 
segments, S-S, the phase number, p, of the applied electric 
field and the harmonic number, m. Illustratively, R is 
given by the equations: 

RoMS = 

RIMS 

where C is a constantandall other variables have been defined 
herein. It should be noted that the resolving power, Rs. 
generally increases with increasing n and also with increasing 
m, and the resolving power, Ros, decreases with increasing 
(p. It should also be noted that in the limit of high Rs the first 
term in the denominator of the foregoing equation approaches 
Zero and the foregoing equation reduces to Rs min/cp 
1-1/(I+I). 

It can further be shown that the resolving power of any peak 
in an OMS distribution can obtained by replacing the har 
monic number, m, in the above equation with (cpd-1), and 
then by multiplying the entire equation by the quantity (p/k+ 
1), where k is an overtone series index having limits of 0 to 
(p-1, and q is an overtone peak index having limits of 0 to 
infinity. 

Referring now to FIG. 11, plots of ion intensity vs. fre 
quency are shown to illustrate one implementation of the 
enhanced resolving power of the ion mobility spectrometer 
10 at overtone frequencies. The plots of FIG. 11 are fre 
quency-domain plots that were generated with a two-phase 
(cp=2) configuration of the ion mobility instrument 10. In the 
plots of FIG. 11, only the overtone peaks 3 and 5 are shown 
along with the peak at the fundamental frequency, 1. The plot 
140 represents a frequency-domain plot of raffinose, the plot 
142 represents a frequency-domain plot of the Sodiated 
monomer M+Na" form of the simple oligosaccharide iso 
mer melezitose, and the plot 144 represents a frequency 
domain plot of a 3:1 raffinose:melezitose mixture. The fre 
quency spectrum of the plot 144 illustrates that whereas the 
raffinose and melezitose are indistinguishable at the funda 
mental frequency, they are partially resolved at the third over 
tone, 146 and 146, and are fully resolved at the fifth over 
tone, 148 and 148. The harmonic/overtone analysis 
described in this disclosure, e.g., the pulse width duration 
sweeping process 100 illustrated in FIG. 7, may therefore be 
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used to accurately identify a sample component of interest, 
and/or to distinguish a sample component of interest from 
another sample component. 
The raffinose and melezitose mixture can alternatively be 

resolved at or near their fundamental frequencies if allowed to 
drift along a sufficiently long drift distance. This may be 
accomplished, for example, by employing the ion mobility 
spectrometer operating technique illustrated in FIG. 5 in an 
ion mobility spectrometer having a circular or so-called 
cyclotron geometry, as illustrated and described in co-pend 
ing PCT Publication No. WO 2008/028159 A2, filed Aug. 1, 
2007, the disclosure of which has been incorporated herein by 
reference. Referring now to FIG. 12A, plots 150, 152 and 154 
are shown of Such an experiment in which raffinose and 
melezitose were separated in a circular or cyclotron geometry 
ion mobility spectrometer 160 having a cyclotron portion 
constructed Such that the drift tube, made up of cascaded ion 
transmission sections (d) and ion elimination sections (d) as 
illustrated and described hereinabove with respect to FIGS. 
2-4, defines a closed and continuous ion travel path. 

Referring to FIG.12B, one illustrative embodiment of such 
a cyclotron ion mobility spectrometer 160 is shown. In the 
illustrated embodiment, the drift tube is made up of four 
conventional ion funnels, F2-F5 joined at each end by curved 
drift tube segments D1-D4. Two of the curved drift tube 
segments D1 and D4 have Y-shaped geometries. In addition to 
forming one drift tube segment of the cyclotron portion of the 
drift tube, the segment D1 selectively directions generated by 
anion source, e.g., an electrospray ion source, ESI, coupled to 
D1 via a funnel/gate arrangement, F1/G1, into the cyclotron 
portion via an ion entrance drift tube section. In addition to 
forming another drift tube segment of the cyclotron portion of 
the drift tube, the segment D4 selectively directs ions via an 
ion exit drift tube segment from the cyclotron portion and 
through a cascaded funnel, F6, and drift tube segment, D5 to 
an ion detector, DET. It will be understood that the embodi 
ment of the cyclotronion mobility spectrometer 160 shown in 
FIG.12B is merely illustrative, and that the cyclotron portion 
of the spectrometer 160 may alternatively include more or 
fewer drift tube segments than the eight segments (D1-D4 and 
F2-F5) shown. It will further be understood that while the ion 
entrance drift tube segment is shown coupled between the ion 
source (ESI-F1/G1) and the drift tube segment D1, it may 
alternatively be coupled to a different one of the drift tube 
segments. Likewise, while the ion exit drift tube segment is 
shown coupled between the drift tube segment D4 and the 
funnel segment F6, it may alternatively be coupled to a dif 
ferent one of the drift tube segments. Moreover, while the ion 
entrance and exit drift tube segments are shown coupled to 
different ones of the drift tube segments, they may alterna 
tively be coupled to a common one of the drift tube segments 
Such that ions are admitted to and extracted from the same 
drift tube segment. It will further be understood that more or 
fewer drift tube segments and/or ion funnels may be posi 
tioned between the ion outlet of the ion exit drift tube segment 
of D4 and the ion detector, DET. In one embodiment, for 
example, the ion detector, DET, may be coupled directly to 
the ion outlet of the ion exit drift tube segment of D4, and in 
other embodiments any number of drift tube segments and/or 
ion funnels may be positioned between the ion exit drift tube 
segment of D4 and the ion detector, DET. In any case, the ion 
detector, DET, may be conventional and is configured to 
detect ions exiting the ion drift tube segment portion of D4 
and produce corresponding ion detection signals. The 
memory of the control circuit illustratively includes instruc 
tions stored therein that are executable by the control circuit 

10 

15 

25 

30 

35 

40 

45 

50 

55 

60 

65 

24 
to process the ion detection signals in a conventional manner 
to determine ion mobility spectral information therefrom. 

Although not specifically shown in FIG. 12B for ease of 
illustration and understanding, it will be understood that a 
number, M, of electric field activation sources are connected 
to the various drift tube sections of the cyclotronion mobility 
spectrometer 160, a Voltage source, Vs, is connected to the 
ion source (ESI-F1/G1), a source of buffer gas is fluidly 
coupled to the drift tube, and a control circuit is electrically 
connected to one or more of the M electric field activation 
sources, Voltage source, Vs and ion detector, all as illustrated 
and described herein with respect to FIGS. 1-4. The control 
circuit, as described hereinabove, illustratively includes a 
memory having instructions stored therein that are executable 
by the control circuit to control operation of the cyclotronion 
mobility spectrometer 160. The various voltage sources and 
control circuitry, as illustrated and described above, are thus 
omitted from FIG. 12B for brevity. The number, M, may be 
any positive integer greater than 2, and general operation of 
the number, M, of electric field activation sources is illus 
trated and described herein with respect to FIGS. 1-4. 
The ion source is illustrated in FIG.12B as an electrospray 

ion source fluidly coupled to an ion funnel/gate, F1/G1. 
although the ion source may alternatively be or include any 
conventional ion source that may be controlled, via the volt 
age source, Vs, by the control circuit according to instruc 
tions stored in the memory that are executable by the control 
circuit to selectively produce ions in a single, e.g., one-shot, 
periodic, e.g., pulsed, and/or continuous fashion as is known 
in the art. The ion gate, G1, of the ion source is illustratively 
positioned at an ion inlet of the ion entrance drift tube seg 
ment of D1 such that the ion source is coupled to the inlet of 
the ion entrance drift tube segment of D1, and an ion outlet of 
the ion entrance drift tube segment of D1 is coupled to the 
cyclotron portion of D1. The ion exit drift tube segment of D4 
likewise has an ion inlet that is coupled to the cyclotron 
portion of D4, and an ion outlet coupled to the inlet of the ion 
funnel F6. 
The drift tube of the cyclotron ion mobility spectrometer 

160 illustrated in FIG. 12B is, like the embodiments illus 
trated in FIGS. 1-4, partitioned into multiple cascaded drift 
tube segments D1-D4 and F2-F5. In one embodiment, each of 
the drift tube segments D1-D4 and F2-F5 has an ion inlet at 
one end and an ion outlet at an opposite end, and an ion 
elimination region is defined between the ion outlet and the 
ion inlet of each adjacent drift tube segment as illustrated and 
described hereinabove with respect to FIGS. 1-4. The ion 
outlet of a last one of the drift tube segments, e.g., F5, is 
coupled to the ion inlet of the first one of the drift tube 
segments, e.g., D1. Such that the drift tube defines therein a 
closed and continuous ion travel path which, in the illustrated 
embodiment, extends clockwise within D1-D4 and F2-F5. 
Illustratively, as just described, the ion elimination regions 
may be defined between the ion outlets and ion inlets of each 
of the drift tube segments D1-D4 and F2-F5, such as illus 
trated in FIG. 2, and in this embodiment, each of D1-D4 and 
F2-F5 is an ion transmission section, d, and the ion elimina 
tion regions, d, are defined between adjacent ones of D1-D4 
and F2-F5. In alternative embodiments, the lengths of the 
funnel sections F2-F5 may be made shorter than the lengths of 
the drift tube sections D1-D4, and in this embodiment, the 
drift tube sections D1-D4 are the ion transmission sections, 
d, and the funnel sections F2-F5 are the ion elimination 
sections, d. In other alternative embodiments, the lengths of 
the drift tube sections D1-D4 may be made shorter than the 
lengths of the funnel sections F2-F5, and in this embodiment 
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the funnel sections F2-F5 are the ion transmission sections, 
d and the drift tube sections D1-D4 are the ion elimination 
sections. 
An ion gate arrangement is positioned within the drift tube 

segment D4, and is configured to control ion travel through 
the cyclotron and ion exit drift tube portions of D4. The ion 
gate arrangement is generally responsive to one set of one or 
more ion gate signals produced by the control circuit to direct 
ions moving through the drift tubes D1-D3 and F2-F5 through 
the cyclotron drift tube portion of D4 such that the ions may 
continue to travel around the cyclotron portion of the spec 
trometer 160 defined by D1-D4 and F2-F5 while also block 
ing the ions from entering the ion exit drift tube segment 
portion of D4 Such that ions moving through the cyclotron 
drift tube segment portion of D4 cannot advance to the ion 
detector, DET. The ion gate arrangement is also generally 
responsive to another set of the one or more ion gate signals 
produced by the control circuit to directions moving through 
the drifttubes D1-D3 and F2-F5 through theion exit drift tube 
segment portion of D4 while also blocking ions from moving 
completely through the drift tube segment portion of D4 such 
that the ions travelling around the cyclotron portion of the 
spectrometer 160 defined by D1-D4 and F2-F5 do not 
advance completely through the drift tube segment portion of 
D4 and instead advance through the ion exit drift tube seg 
ment portion of D4 to the ion detector, DET. The ion gate 
arrangement is thus responsive to the one set of one or more 
ion gate signals to directions traveling through the cyclotron 
portion of the spectrometer 160 to the next drift tube section, 
e.g., F5, in the cyclotron portion of the spectrometer 160, and 
to the other set of one or more ion gate signals to extract the 
ions traveling through the cyclotron portion of the spectrom 
eter 160 by directing the ions through the ion exit drift tube 
section of D4 toward the ion detector, DET. Illustratively, the 
ion mobility spectrometer 160 includes one or more addi 
tional Voltage sources electrically connected to the ion gate 
arrangement, and the control circuit is thus generally operable 
to control the ion gate arrangement to direct ions moving 
through, and or blocking ions from moving through, the ion 
gate arrangement by controlling operation of Such Voltage 
Sources in a conventional manner. The one or more additional 
Voltage sources may be conventional Voltage sources 
included within, or in addition to, the number, M, of electric 
field activation sources. Illustratively, the memory of the con 
trol circuit has instructions stored therein that are executable 
by the control circuit to control operation of the ion gate 
arrangement just described by controlling operation of the 
one or more additional Voltage sources. 

In the embodiment illustrated in FIG. 12B, the ion gate 
arrangement just described is implemented in the form of two 
separate ion gates; G2a positioned in, or at the ion inlet of the 
ion exit drift tube segment portion of D4, and G2b positioned 
in the cyclotron drift tube segment portion of D4. In this 
embodiment, the one set of the one or more ion gate signals 
described above may include a first ion gate signal to which 
the ion gate G2b is responsive to allow ions to pass there 
through and a secondion gate signal to which the ion gate G2a 
is responsive to block ions from passing therethrough, and the 
other set of the one or more ion gate signals described above 
may include a third ion gate signal to which the ion gate G2b 
is responsive to block ions from passing therethrough and a 
fourth ion gate signal to which the ion gate G2a is responsive 
to allow ions to pass therethrough. Those skilled in the art will 
recognize that the ion gate arrangement may include more or 
fewer ion gates variously positioned relative to D4 and con 
trollable by the control circuit or other electronic controller to 
directions through the cyclotron drift tube segment portion of 
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D4 while blocking ions from entering the ion exit drift tube 
segment portion of D4, and to alternatively direct ions 
through the ion exit drift tube segment portion of D4 while 
blocking ions from traveling completely through the cyclo 
tron drift tube segment portion of D4. 

In the embodiment illustrated in FIG. 12B, ions are intro 
duced into the cyclotron portion (e.g., D1-D4 and F2-F5) of 
the spectrometer 160 via control of the gate, G1, such that 
ions enter the cyclotron portion via the ion entrance drift tube 
segment portion of D1. With the ion gates G2a and G2b set 
that G2b allows ions to pass therethrough and G2a blocks ions 
from passing therethrough, ions are then directed around the 
cyclotron portion of the spectrometer 160 via sequential 
pulses applied by the number, M, of electric field activation 
sources to the various cyclotron sections D1-D4 and F2-F5 
which create sequential electric fields in the cyclotron sec 
tions D1-D4 and F2-F5 at a desired frequency or pulse rate as 
described hereinabove with respect to FIG.5 to thereby cause 
only ions Supplied by the ion Source that have a predefinedion 
mobility or range of ion mobilities defined by the frequency 
or pulse rate to travel through the cyclotron portion of the 
spectrometer 160. Ions may be so directed around the cyclo 
tron portion of the spectrometer 160 any number of times, and 
can then be extracted from the cyclotron portion of the spec 
trometer 160 by controlling the ion gate G2b to block ions 
from passing therethrough and controlling the ion gate G2a to 
allow ions to pass therethrough to the ion detector, DET. The 
number, M, of electric field activation sources may include 
two or more sources as illustrated and described hereinabove 
with respect to FIGS. 1-4, and the electric fields created 
within the various drift tube segments D1-D4 and F2-F5 of 
the cyclotron portion of the spectrometer 160 by the number, 
M, of The electric field activation sources may be constant, 
linear, non-linear or have any desired shape or profile, also as 
described hereinabove. Illustratively, the electric fields cre 
ated in F6 and D5 when extracting ions from the cyclotron 
portion of the spectrometer 160 are constant, although these 
fields may alternatively also be linear, non-linear or have any 
desired shape or profile. 

Illustratively, the memory of the control circuit has instruc 
tions stored therein that are executable by the control circuit 
to control the ion source Voltage source, Vs, to produce ions, 
to control the ion gate arrangement to directions around the 
cyclotron portion of the spectrometer 160 while blocking ions 
from the ion detector, and to sequentially activate the number, 
M, of electric field activation sources for a predefined time 
duration while deactivating the remaining number, M, of 
electric field activation sources to thereby cause only ions 
supplied by the ion source that have a predefined ion mobility 
or range of ion mobilities defined by the predefined time 
duration, e.g., the activation frequency or pulse rate of the 
number, M, of electric field activation sources, to travel 
through the cyclotron portion of the spectrometer 160 and, 
after the ions have traveled around the cyclotron portion of the 
spectrometer 160 a selected number of times, to control the 
ion gate arrangement to draw ions moving through the cyclo 
tron portion of the spectrometer 160 into the ion exit drift tube 
segment and toward the ion detector. As described herein 
above, the mobility or range of mobilities of ions resulting 
from operation of the spectrometer 160 as just described 
is/are resonant with a fundamental frequency, f of operation 
of the electric field activation sources, V-V. Alternatively 
or additionally, as described hereinabove with respect to 
FIGS. 7-9, the instructions stored in the memory of the con 
trol circuit may include instructions that are executable by the 
control circuit to conduct OMS analysis, as this term has been 
defined hereinabove, by controlling the ion Source Voltage 
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Source, Vs, and the number, M, of electric field activation 
Sources to Sweep the activation frequency or pulse rate of the 
number, M, of electric field activation sources over a pre 
defined set of activation frequencies or pulse rates to thereby 
cause ions within the drift tube that have ion mobilities reso- 5 
nant with one or more overtones, e.g., harmonic frequencies, 
of operation of the electric field activation sources, V-V. 
and/or that have ion mobilities resonant with fundamental 
frequencies of the activation frequencies or pulse rates, i.e., 
activation times, of the electric field activation sources, 10 
V-V, for each of the discrete activation frequencies or 
pulse rates over the predefined set of activation frequencies or 
pulse rates, to travel through the spectrometer 160. 

Referring again to FIG. 12a, the plot 150 represents the 
raffinose, R, and melezitose, M. ion peaks after 134 cycles of 15 
ion travel through the cyclotron portion of the instrument 160. 
The plot 152 similarly represents the raffinose, R, and melezi 
tose, M. ion peaks after 33/4 cycles, and the plot 154 represents 
the raffinose, R, and melezitose, M. ion peaks after 634 cycles. 
While 134 cycles is sufficient to isolate each of the raffinose 20 
and melezitose ions, it is evident from FIG.12a that the two 
ion peaks separate further as the number of cycles increases. 

Referring now to FIG. 14, a flowchart is shown illustrating 
a process 250 for operating the ion mobility spectrometer 160 
of FIG. 12B to first pre-fill the cyclotron portion of the spec- 25 
trometer 160 with ions generated by the ion source, and to 
then operate the spectrometer 160 as described herein to 
cause only ions Supplied by the ion Source that have a pre 
defined ion mobility or range of ion mobilities defined by the 
activation frequency or pulse rate of the number, M, of elec- 30 
tric field activation Sources, to travel through the spectrometer 
160 and/or to Sweep the activation frequency or pulse rate of 
the number, M, of electric field activation sources over a 
predefined set of activation frequencies or pulse rates to 
thereby cause ions within the drift tube that have ion mobili 
ties resonant with one or more overtone, e.g., harmonic, fre 
quencies of operation of the electric field activation source, 
V-V, and/or that have ion mobilities resonant with funda 
mental frequencies of the activation frequencies or pulse 
rates, i.e., activation times, of the electric field activation 
Sources, V-VA for each of the discrete activation frequen 
cies or pulse rates over the predefined set of activation fre 
quencies or pulse rates, to travel through the spectrometer 
160. This process provides for a significant increase in sen 
sitivity and resolution compared with operating the ion 
mobility spectrometer 160 with single pulses or packets of 
ions produced by the ion source as described above. Illustra 
tively, the process 250 is stored in the memory 20 of the 
control circuit 18 in the form of instructions that are execut 
able by the control circuit 18 to control operation of the ion 
mobility spectrometer 160. The process 250 begins at step 
252 where the operational settings of the number, M, of 
electric field activation Sources are defined, and a value of an 
integer, N, is set. In embodiments in which the spectrometer 
160 will be operated to produce ions having a mobility or 
range of mobilities that is/are resonant with only a fundamen 
tal frequency, f, of operation of the electric field activation 
Sources, V-V, Step 252 may include, for example, the steps 
82-88 of the process 80 of FIG. 5. In other embodiments in 
which the spectrometer 160 will be operated to produce ions 
having ion mobilities resonant with one or more overtones, 
e.g., harmonic frequencies, of operation of the electric field 
activation sources, V-V, step 252 may include, for 
example, the steps 102-106 of the process 100 of FIG. 7. In 
any case, the value of the integer, N. corresponds to the 
number of times ions will travel around the cyclotron portion 
of the drift tube defined by the ion mobility spectrometer 160. 
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Following step 252, the process 250 advances to step 254 

where the control circuit 18 is operable to control the ion 
Source, e.g., ESI-F1/G1 to produce ions and to open the ion 
gate G1, and to control the ion gate arrangement to open the 
ion gate G2b and close the ion gage, G2a. By opening the ion 
gate G1, ions generated by the ion Source may thus enter the 
ion entrance drift tube portion of the drift tube segment D1. 
By opening theiongate G2b and closing the iongage G2a, the 
generated ions will be confined to the cyclotron portion of the 
drift tube (D1-D4 and F2-F5) and will be blocked from 
advancing to the ion detector, DET, as described hereinabove. 
Thereafter at step 256, the control circuit 18 is operable to 
control the electric field activation sources, V-V, to allow 
ions produced by the ion source to fill the cyclotron portion of 
the drift tube, e.g., D1-D4 and F2-F5. In one embodiment, 
step 256 comprises controlling the electric field activation 
Sources, V-V, in a conventional manner to allow ions of 
different mobilities to enter and advance through the cyclo 
tron portion of the drift tube D1-D4 and F2-F5, i.e., to pass all 
ions generated by the ion source from each of the plurality of 
drift tube segments D1-D4 and F2-F5 to the next. This may be 
done, for example, by simultaneously and identically activat 
ing all of the electric field activation sources, V-V, Such 
that a continuous, constant electric field is established in all of 
the ion transmission sections, d, and ion elimination sections, 
d, of each of the adjacent drift tube segments. Those skilled 
in the art will recognize other techniques for controlling the 
various electric field activation sources, V-V, Such that ions 
generated by the ion source may enter and fill the cyclotron 
portion of the drift tube D1-D4 and F2-F5, and such other 
techniques are contemplated by this disclosure. 

Following step 256, the process 250 advances to step 258 
where the control circuit 18 is operable to control the ion 
Source to stop producing ions and to close the ion gate G1 so 
that no new ions from the ion source enter the cyclotron 
portion of the drift tube. Thereafter at step 260, the control 
circuit 18 is operable to set a counter, L., equal to 1, and 
thereafter at step 262 the control circuit 18 is operable to 
control the electric field activation sources, V-V, to accord 
ing to source settings, e.g., those determined at step 252, to 
directions one revolution around the cyclotron portion of the 
drift tube, i.e., one complete path about the closed cyclotron 
defined by D1-D4 and F2-F5. Illustratively, the control circuit 
18 is operable at step 262 to control the electric field activa 
tion sources, V-V, by sequentially activating, as described 
hereinabove with respect to FIG. 5, one or more of the num 
ber, M, of electric field activation sources V-V for the time 
duration, i.e., pulse width for activation of the Sources V-V. 
as determined at step 252, while deactivating the remaining 
number, M, of electric field activation sources to thereby 
cause only ions within the drift tube (D1-D4 and F2-F5) that 
have a predefined ion mobility or range of ion mobilities 
defined by the time duration to travel through the drift tube. In 
this embodiment, ions having the predefined ion mobility or 
range of ion mobilities travel, under Such control at Step 262, 
one revolution around the drift tube defined by D1-D4 and 
F2-F5. Thereafter at step 264, the control circuit 18 is oper 
able to determine whether the counter, L, is equal to the 
number N. If not, the process 250 advances to step 266 where 
the counter, L, is incremented by 1 and the process 250 then 
loops back to again execute step 262. If, at Step 264, the 
control circuit 18 determines that L=N, then the ions have 
traveled around the cyclotron portion of the drift tube (D1-D4 
and F2-F5) the selected number of times, N, and the process 
250 advances to step 268. 
At step 268, the control circuit 18 is operable to control the 

ion gate arrangement to close the ion gate G2b and open the 
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ion gate G2a, and to control the electric field activation 
sources, V-V, thereafter at step 270 to sequentially direct 
ions in the cyclotron portion of the drift tube to the ion 
detector, DET. With the ion gate G2b closed and the ion gate 
G2a open, sequential operation of the electric field activation 
Sources V-V in the manner just described with respect to 
step 262 is thus carried out at step 270, in addition to sequen 
tially activating electric fields within F6 and D5 in like man 
ner, to sequentially direct the ions in the cyclotron portion of 
the drift tube that have the predefined ion mobilities or range 
of ion mobilities through the ion exit drift tube segment of D4, 
through F6 and D5, and to the ion detector, DET. Optionally, 
the process 250 may include an extra step 272, executed 
following step 270, in which the control circuit 18 is operable 
to execute steps 254-270 until the pulse width durations, i.e., 
the “time durations' of activations of the electric field activa 
tion sources, V-V, have been Swept through a range of 
pulse width durations between an initial pulse width duration, 
PW, and a final pulse width duration, PW. In embodiments 
which include step 272, step 252 will of course include a 
determination of PW, and PW as illustrated in the process 
100 of FIG. 7. Generally, PW, and PW will be selected to 
produce one or more overtones, i.e., harmonic frequencies of 
which the predefined ion mobilities or range of ion mobilities 
are resonant, and/or to produce ions that have ion mobilities 
resonant with fundamental frequencies of the activation fre 
quencies or pulse rates, i.e., activation times, of the electric 
field activation sources, V-V, for each of the discrete acti 
vation frequencies or pulse rates over and between PW, and 
PW, as described hereinabove. 

Referring now to FIG. 15, a flowchart is shown illustrating 
another process 300 for operating the ion mobility spectrom 
eter 160 of FIG. 12B to selectively add ions from the ion 
source to the cyclotron portion of the spectrometer 160 during 
each of a first number of revolutions of ions around the cyclo 
tron portion of the drift tube of the ion mobility spectrometer 
160 in which only ions that have a predefined ion mobility or 
range of ion mobilities sequentially advance through the 
cyclotron portion of the drift tube, and to then stop adding 
ions and operate the spectrometer 160 as described herein to 
cause only ions in the cyclotron portion of the drift tube that 
have the predefined ion mobility or range of ion mobilities 
defined by the activation frequency or pulse rate of the num 
ber, M, of electric field activation sources, to travel around the 
cyclotron portion of the drift tube a second number of times 
before being directed to the ion detector. Optionally, this 
process may also be done while also Sweeping the activation 
frequency or pulse rate of the number, M, of electric field 
activation Sources over a predefined set of activation frequen 
cies or pulse rates to thereby cause ions within the drift tube 
that have ion mobilities resonant with one or more overtone, 
e.g., harmonic, frequencies of operation of the electric field 
activation source, V-V, and/or to cause ions that have ion 
mobilities resonant with fundamental frequencies of the acti 
Vation frequencies or pulse rates, i.e., activation times, of the 
electric field activation sources, V-V, for each of a number 
of discrete activation frequencies over the predefined set of 
activation frequencies or pulse rates, to travel through the 
spectrometer 160. In any case, the process 300 is illustratively 
stored in the memory 20 of the control circuit 18 in the form 
of instructions that are executable by the control circuit 18 to 
control operation of the ion mobility spectrometer 160. 
The process 300 begins at step 302 where the operational 

settings of the number, M, of electric field activation sources 
are defined, and values of two integers, N and M are set. In 
embodiments in which the spectrometer 160 will be operated 
to produce ions having a mobility or range of mobilities that 
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is/are resonant with only a fundamental frequency, f of 
operation of the electric field activation sources step 252 may 
include, for example, the steps 82-88 of the process 80 of FIG. 
5. In other embodiments in which the spectrometer 160 will 
be operated to produce ions having ion mobilities resonant 
with one or more overtones, e.g., harmonic frequencies, of 
operation of the electric field activation sources step 252 may 
include, for example, the steps 102-106 of the process 100 of 
FIG. 7. In any case, the integer M set at step 302 is different 
from, and should not be confused with, the number, M, of 
electric field activation sources. 

Following step 302, the process 300 advances to step 304 
where the control circuit 18 is operable to control the ion 
source, e.g., ESI-F1/G1 to produce ions and to control the ion 
gate arrangement to open the ion gate G2b and close the ion 
gate, G2a. By opening the ion gate G1, ions generated by the 
ion source may thus enter the ion entrance drift tubeportion of 
the drift tube segment D1. By opening the ion gate G2b and 
closing the ion gate G2a, ions introduced into the spectrom 
eter 160 via the ion source will be confined to the cyclotron 
portion of the drift tube and will be blocked from advancing 
to the ion detector, DET, as described hereinabove. Thereafter 
at step 306, the control circuit 18 is operable to set a counter, 
L., equal to 1. 

Following step 306, the process 300 advances to step 308 
where the control circuit 18 is operable to control the ion 
Source to open the ion gate G1, and to control the electric field 
activation sources, V-V, to according to source settings, 
e.g., those determined at step 302, to allow ions from the ion 
Source to enter the first drifttube segment, e.g., D1, and to also 
advance ions already in the cyclotron portion of the drift tube 
to the next sequential drift tube segment(s). Thereafter at step 
310, the control circuit 18 is operable to close the ion gate G1, 
and to control the electric field activation Sources, V-V. 
according to the source settings to advance ions in the cyclo 
tron portion of the drift tube to the next sequential drift tube 
segment(s). Optionally, step 310 may also include controlling 
the ion source to stop producing ions and step 308 may 
include controlling the ion source to produce ions. In any 
case, following step 310 the process 300 advances to step 312 
where the control circuit 18 determines whether the counter, 
L. is equal to the Sum of the integer M and another integer P. 
If not, the process advances to step 314 where the counter, L, 
is incremented by 1 before again executing steps 308 and 310. 
If, at step 312, the control circuit 18 determines that L-M--P. 
the process 300 advances to step 316 where the control circuit 
18 controls the ion source to stop producing ions and to reset 
the counter, L., equal to 1. 
The sub-process of the process 300 between and including 

steps 302 and 316 controls the ion mobility spectrometer 160 
as described hereinabove to sequentially advance only ions 
around the cyclotron portion of the drift tube having ion 
mobilities or range of ion mobilities defined by the activation 
pulse widths, i.e., time durations of activation, of the electric 
field activation sources. During this processions generated by 
the ion source are also selectively added to the first drift tube 
segment, D1, during and throughout a selected number, M, of 
revolutions of the ions around the cyclotron portion of the 
drift tube (D1-D4 and F2-F5). This sub-process of the process 
300 between and including steps 302 and 316 may be referred 
to herein as “selective enhancement.” The integer P corre 
sponds to the number of times steps 308 and 310 must be 
executed to sequentially fill and advance ions one revolution 
around the cyclotron portion of the drift tube, and the integer 
M corresponds to the number of times steps 308 and 310 must 
be executed to continue the process of sequentially filling and 
advancing ions one revolution around the cyclotron portion of 
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the drift tube in order to direct the ions completely around the 
cyclotron portion of the drift tube a desired number of times 
while also selectively adding ions to the drift tube. The total 
number of revolutions, R., of the ions around the cyclotron 
portion of the drift tube when the “YES branch of step 312 is 
satisfied will thus be M/P+1. 

Referring now to FIGS. 16A-16L, the selective enhance 
ment sub-process of the process 300 is graphically illustrated 
in the context of the various drift tube sections of the cyclo 
tron ion mobility spectrometer 160 of FIG. 12B. It will be 
understood that in FIGS. 16A-16L the ion mobility spectrom 
eter 160 is partitioned into eight cascaded drift tube segments 
D1-D4 and F2-F5 each having anion transmission section, d. 
and anion elimination region, d, between the ion outlet of the 
ion transmission section and the ion inlet of the ion transmis 
sion section of the next adjacent segment. Thus, D1 has anion 
elimination region between the ion outlet of D1 and the ion 
inlet of F2, F2 has an ion elimination region between the ion 
outlet of F2 and the ion inlet of D2, etc. The ion elimination 
regions, d, are not specifically shown in FIGS. 16A-16L, 
although it will be understood that electric fields within these 
regions are established as described hereinabove with respect 
to FIGS. 1-4 under control of the plurality of electric field 
activation Sources, V-V. In alternative embodiments, as 
described hereinabove, the drift tube segments D1-D4 may be 
sized to serve as the ion transmission sections and the funnel 
segments F2-F5 may be sized smaller and serve as the ion 
elimination regions to D1-D4 respectively, or the funnel seg 
ments F2-F5 may be sized to serve as the ion transmission 
sections and the drift tube segments D1-D4 may be sized 
smaller and serve as the ion elimination regions to F2-F5 
respectively. In any case, each sequential pair of FIGS. 16A 
16L represent sequential Snapshot of ions within the spec 
trometer 160 at the end of steps 308 and 310 respectively. 
Thus, for example, FIG. 16A represents a snapshot of ions 
within the spectrometer 160 at the end of the first execution of 
step 308, FIG. 16B represents a snapshot of ions within the 
spectrometer 160 at the end of the first execution of step 310, 
FIG.16C represents a snapshot of ions within the spectrom 
eter at the end of the second execution of step 308, etc. 

Referring to FIG. 16A, the first execution of step 308 has 
occurred, and a group or packet of ions, I1 generated by the 
ion source 350 has moved through the ion inlet gate, G1, at the 
entrance of the ion entrance drift tube segment of D1, and has 
moved under the influence of an electric field established in 
the ion entrance drift tube segment of D1 toward the ion outlet 
of the ion transmission segment of D1. In FIG. 16B, the ion 
gate G1 has been closed, and the ion packet I1 has moved 
under the influence of an electric field established in D1/F2 
toward the ion outlet of the ion transmission segment of F2. 

In FIG.16C, the ion packet I1 has moved under the influ 
ence of an electric field established in F2/D2 toward the ion 
outlet of the ion transmission segment of D2. At the same 
time, the ion gate G1 has been opened and another packet of 
ions, I2, generated by the ion source 350 has moved through 
the ion entrance drift tube segment of D1, and has moved 
under the influence of an electric field established in the ion 
entrance drift tube segment of D1 toward the ion outlet of the 
ion transmission segment of D1. In FIG.16D, the ion gate G1 
has been closed, and the ion packet I1 has moved under the 
influence of an electric field established in D2/F3 toward the 
ion outlet of the ion transmission segment of F3 and the ion 
packet I2 has moved under the influence of an electric field 
established in D1/F2 toward the ion outlet of the ion trans 
mission segment of F2. 

In FIG.16E, the ion packet I1 has moved under the influ 
ence of an electric field established in F3/D3 toward the ion 
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outlet of the ion transmission segment of D3, and the ion 
packet I2 has moved under the influence of an electric field 
established in F2/D2 toward the ion outlet of the ion trans 
mission segment of D2. At the same time, the ion gate G1 has 
again been opened and another packet of ions, I3 generated 
by the ion source 350 has moved through the ion entrance drift 
tube segment of D1, and has moved under the influence of an 
electric fieldestablished in the ion entrance drift tube segment 
of D1 toward the ion outlet of the ion transmission segment of 
D1. In FIG. 16F, the ion gate G1 has been closed, and the ion 
packet I1 has moved under the influence of an electric field 
established in D3/F4 toward the ion outlet of the ion trans 
mission segment of F4, the ion packet I2 has moved under the 
influence of an electric field established in D2/F3 toward the 
ion outlet of the ion transmission segment of F3, and the ion 
packet I3 has moved under the influence of an electric field 
established in D1/F2 toward the ion outlet of the ion trans 
mission segment of F2. 

In FIG.16G, the ion packet I1 has moved under the influ 
ence of an electric field established in F4/D4 toward the ion 
outlet of the ion transmission segment of D4 (since G2a is 
closed and G2b is open), the ion packet I2 has moved under 
the influence of an electric field established in F3/D3 toward 
the ion outlet of the ion transmission segment of D3 and the 
ion packet I3 has moved under the influence of an electric 
field established in F2/D2 toward the ion outlet of the ion 
transmission segment of D2. At the same time, theiongate G1 
has again been opened and another packet of ions, I4, gener 
ated by the ion source 350 has moved through the ion entrance 
drift tube segment of D1, and has moved under the influence 
of an electric field established in the ion entrance drift tube 
segment of D1 toward the ion outlet of the ion transmission 
segment of D1. In FIG.16H, the ion gate G1 has been closed, 
and the ion packet I1 has moved under the influence of an 
electric field established in D4/F5 toward the ion outlet of the 
ion transmission segment of F5, the ion packet I2 has moved 
under the influence of an electric field established in D3/F4 
toward the ion outlet of the ion transmission segment of F4. 
the ion packet I3 has moved under the influence of an electric 
field established in D2/F3 toward the ion outlet of the ion 
transmission segment of F3 and the ion packet I4 has moved 
under the influence of an electric field established in D1/F2 
toward the ion outlet of the ion transmission segment of F2. 

In FIG. 16I, the ion packet I1 has moved under the influ 
ence of an electric fieldestablished in the cyclotron portion of 
F5/D1 toward the ion outlet of the ion transmission segment 
of D1, the ion packet I2 has moved under the influence of an 
electric field established in F4/D4 toward the ion outlet of the 
ion transmission segment of D4, the ion packet I3 has moved 
under the influence of an electric field established in F3/D3 
toward the ion outlet of the ion transmission segment of D3 
and the ion packet I4 has moved under the influence of an 
electric field established in F2/D2 toward the ion outlet of the 
ion transmission segment of D2. At the same time, the ion 
gate G1 has again been opened and another packet of ions, I5, 
generated by the ion source 350 has moved through the ion 
entrance drift tube segment of D1, and has moved under the 
influence of an electric field established in the ion entrance 
drift tube segment of D1 toward the ion outlet of the ion 
transmission segment of D1. It will be observed in FIG. 16I 
that as ion packets move from D2 to D1, the widths of the ion 
packets I4-I1 respectively decrease. This decrease in ion 
packet width is intended to represent a filtering of ions 
according to ion mobility (determined by activation pulse 
width of the electric field activation sources) such that fewer 
ions are included in I1 than in I2, fewer ions are included in I2 
than in I3, etc. The ions in ion packet I1 are thus more highly 
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resolved than those in I2, etc. because the illustrated ion 
mobility filtering process sequentially eliminates more ions 
having ion mobility or range of ion mobilities outside of that 
defined by the activation pulse width, i.e., the time duration of 
activation, of the electric field activation sources, V-V as 
the ions sequentially move through the various drift tube 
segments of the cyclotron portion of the ion mobility instru 
ment 160. 

In FIG. 16.J., the ion gate G1 has been closed, and the ion 
packets I1 and I5 have together moved under the influence of 
an electric field established in D1/F2 toward the ion outlet of 
the ion transmission segment of F2 Such that ion packets Il 
and I5 are now combined in F2. The ion packet I2 has also 
moved under the influence of an electric field established in 
D4/F5 toward the ion outlet of the ion transmission segment 
of F5, the ion packet I3 has moved under the influence of an 
electric field established in D3/F4 toward the ion outlet of the 
ion transmission segment of F4 and the ion packet I4 has 
moved under the influence of an electric field established in 
D2/F3 toward the ion outlet of the ion transmission segment 
OfF3. 

In FIG. 16K, the ion packet I2 has moved under the influ 
ence of an electric fieldestablished in the cyclotron portion of 
F5/D1 toward the ion outlet of the ion transmission segment 
of D1, the ion packet I3 has moved under the influence of an 
electric field established in F4/D4 toward the ion outlet of the 
ion transmission segment of D4, the ion packet I4 has moved 
under the influence of an electric field established in F3/D3 
toward the ion outlet of the ion transmission segment of D3 
and the combination of ion packets I1 and I5 have moved 
under the influence of an electric field established in F2/D2 
toward the ion outlet of the ion transmission segment of D2. 
At the same time, the ion gate G1 has again been opened and 
another packet of ions, I6, generated by the ion source 350 has 
moved through the ion entrance drift tube segment of D1, and 
has moved under the influence of an electric field established 
in the ion entrance drift tube segment of D1 toward the ion 
outlet of the ion transmission segment of D1. In FIG.16L, the 
ion gate G1 has been closed, and the ion packets I2 and 16 
have together moved under the influence of an electric field 
established in D1/F2 toward the ion outlet of the ion trans 
mission segment of F2 Such that ion packets I2 and 16 are now 
combined in F2. The ion packet I3 has also moved under the 
influence of an electric field established in D4/F5 toward the 
ion outlet of the ion transmission segment of F5, the ion 
packet I4 has moved under the influence of an electric field 
established in D3/F4 toward the ion outlet of the ion trans 
mission segment of F4 and the combination of ion packets Il 
and I5 has moved under the influence of an electric field 
established in D2/F3 toward the ion outlet of the ion trans 
mission segment of F3. 

Referring again to FIG. 15, the sub-process carried out by 
steps 302-316 of the process 300 and illustrated in FIGS. 
16A-16L can be executed any number of times to selectively 
add ions to individual packets of ions circulating through the 
various drift tube segments D1-D4 and F2-F5 of the ion 
mobility spectrometer 160. As illustrated in FIGS. 16A-16H, 
the loop defined by steps 308-314 is executed four times to 
complete one revolution of ions around the cyclotron portion 
(D1-D4 and F2-F5) of the ion mobility spectrometer 160. 
Thus, “P” at step 312 is equal to four in the illustrated embodi 
ment, and the counter value “M” is therefore selected such 
that the total desired number of revolutions, R., of ions around 
the cyclotron portion of the ion mobility spectrometer 160 
during the selective enhancement sub-process of steps 302 
316, i.e., during which ions from the ion source 350 are 
selectively added to ions already circulating through the 
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cyclotron portion of the spectrometer 160, must satisfy the 
relation R=M/P+1 as described above. 

It will be understood that the ion mobility spectrometer 160 
may be controlled and operated using similar yet alternate 
techniques to perform the selective enhancement process just 
illustrated and described with respect to FIGS. 16A-16L. For 
example, the spectrometer 160 may be alternatively operated 
such that ions from the ion source 350 fill the D1 and F2 
regions during one field application setting. Next the fields 
would switch such that ions from F2 would move into the D2 
region while ions from the source 350 would be shut off. 
Application of the next field would see the transmission of the 
ions with resonant mobilities into the F3 region. At the same 
time, ions from the ion source 350 would be allowed to fill the 
D1 and F2 regions again. Completion of another two field 
application periods would yield ions in the F4 and F3 regions 
with a filling of the D1 and F2 regions. Yet another two 
application periods would result in ions in the F5, F4, and F3 
regions as well as a filling of the D1 and F2 regions. With the 
addition of two more application periods the first ion packet 
would reach the F2 region again having completed a full cycle 
around the cyclotron portion of the drift tube (D1-D4 and 
F2-F5). During this time, ions from the source would be 
allowed into the D1 and F2 region combining with this ion 
packet. Another cycle would see the filtering of these added 
ions according to resonant mobilities. Ions could be added to 
each Successive packet for a desired amount of time or a 
desired number of cycles around the cyclotron portion of the 
drift tube (D1-D4 and F2-F5). Alternatively still, the process 
just described could be modified to move ions around the 
cyclotron portion of the spectrometer 160 using longer ion 
transmission regions. For example, the spectrometer 160 may 
be alternatively operated such that ions from the ion source 
350 fill the D1 and F2 regions during one field application 
setting. The ion source may then be shut off and an electric 
field may be activated in the D1/F2/D2/F3 region to move 
ions into the D2/F3 region, etc. Ions may thus be moved 
through the cyclotron portion of the spectrometer 160 by 
propagating two regions worth of ions around the cyclotron 
portion using fewer field applications to complete each tra 
versal of the cyclotron portion of the spectrometer 160. 
As described hereinabove, the design of the cyclotron por 

tion of the drift can be altered from that described above such 
that the D regions comprise the ion transmission regions, d. 
and the F regions comprise the ion elimination regions, d, or 
Such that the F regions comprise the ion transmission regions, 
d, and the Dregions comprise the ion elimination regions, d. 
Those skilled in the art will recognize that the selective 
enhancement Sub-process just described comprising steps 
302-316 may be easily modified to be performed using such 
an alternate design of the cyclotron portion of the drift tube 
(D1-D4 and F2-F5), and that any such modifications to steps 
302-316 would be a mere mechanical step for a skilled arti 
Sa. 

Referring again to FIG. 15, the process 300 advances from 
step 316 to steps 318-326, and optional also to step 328. Steps 
318-328 are identical to steps 262-272 illustrated and 
described hereinabove with respect to FIG. 14, in which the 
control circuit 18 is operable to control the electric field 
activation sources, V-V, and the ion gates G2a and G2b to 
cause the ions within the cyclotron portion of the ion mobility 
spectrometer 160 to travel around the cyclotron drift tube “N” 
times prior to directing the ions to the ion detector, DET, 
where N may be any positive integer. Optionally, step 328 
may be included to perform overtone analysis, as this process 
is described above, using the combination of the selective 
enhancement sub-process described above followed by con 



US 9,129,782 B2 
35 

trolling the spectrometer 160 to circulate the post-selectively 
enhanced ions in the cyclotron drift tube N times prior to 
directing the ions toward the ion detector, DET. 

Mixtures may alternatively be resolved over long distances 
in linear drift tubes, e.g., of the type illustrated in FIGS. 1-4, 
at or near their fundamental frequencies by controlling the 
electric field activation sources, V-V, in a manner that 
directs ions back and forth between the ends of the drift tube. 
More specifically, ions entering the ion inlet of the drift tube 
14 are directed by the electric field activation sources, V-V. 
toward the ion outlet of the drift tube 14 by selectively con 
trolling the activation times and pulse widths of the electric 
field activation sources as described hereinabove with respect 
to FIGS. 1-5. In this embodiment, prior to reaching the ion 
outlet, e.g., at or near the last drift tube segment, the control 
circuit 18 may control the electric field activation sources, 
V-V, to reverse the direction of the sequentially applied 
electric fields to the cascaded drift tube segments such that the 
ions reverse direction and move linearly toward the ion inlet 
of the drift tube 14. As before, the duration of the pulse 
widths, PW, would determine the range of ion mobilities of 
the ions traversing the drift tube 14. In any case, this may be 
repeated any number of times to allow the ions to drift any 
desired distance. After drifting the desired distance, a gate at 
the ion outlet of the drift tube 14 may be activated to allow the 
ions to exit the ion outlet of the drift tube 14 and be detected 
by an ion detector positioned to detections exiting the drift 
tube. 

Running the drift separation in a back and forth manner as 
just described can be limited in that ions that limit resolving 
power, e.g., those with slightly mismatched mobilities, may 
not eliminated as they move back to their initial positions on 
all even passes (i.e., the 2", 4", 6" etc. pass through the drift 
tube). This limitation may be overcome by, for example, 
randomizing positions of the ions in the drift tube during each 
pass of ions from the first drift tube segment to the last and/or 
during each pass of ions from the last drift tube segment to the 
first. 

Referring now to FIG. 17, one illustrative embodiment of 
an ion mobility spectrometer 400 is shown having a linear 
drift tube 14" that is configured to randomize ion positions 
during each such pass of ions. The drift tube 14' is identical to 
the drift tube 14 illustrated and described hereinabove with 
respect to FIGS. 1-4 except that a conventional ion trap 402 is 
positioned between two adjacent ones of the number, N, of 
cascaded drift tube segments, e.g., between the ion outlet of 
the third ion elimination region, d(3) and the ion inlet of the 
fourth ion transmission region, d(4). All other features of the 
drift tube 14' are identical to the drift tube 14 illustrated and 
described hereinabove, and all other components of the ion 
mobility spectrometer 400 are identical to correspondingly 
numbered components of the ion mobility spectrometer 10 
illustrated and described hereinabove. The primary purpose 
of the ion trap 402 in the spectrometer 400 is to trap ions of the 
desired mobility during each pass of ions from the first drift 
tube segment to the last and/or during each pass of ions from 
the last drift tube segment to the first to thereby randomize the 
positions of the ions during each Such pass. In this regard, the 
memory 20 of the processor 18 has, in this embodiment, 
instructions stored therein that are executable by the proces 
Sor 18 to control the ion trap, e.g., via a suitable Voltage source 
or Voltage sources, which may or may not be, or be part of 
one or more of the electric field activation sources, V-V, to 
trap ions therein during each pass of ions from the first drift 
tube segment to the last and/or during each pass of ions from 
the last drift tube segment to the first for a trap period selected 
to allow ions trapped within the ion trap 402 to randomize 
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their positions relative to the ion trap 402 and thereby ran 
domize their positions relative to the drift tube 14'. During the 
trap period, ions will thus randomize their positions, causing 
a greater mismatch in timing for a population of undesired 
ions, e.g., those with slightly off-resonance mobilities. This 
will lead to more effective elimination of these undesired 
ions. It will be understood that the ion trap 402 illustrated in 
FIG. 17 may be alternatively positioned anywhere along its 
length, i.e., at either end or between any two adjacent drift 
tube segments. Alternatively or additionally, the drift tube 14 
may include two or more Such ion traps 402 positioned any 
where along its length. In one specific embodiment, for 
example, one Suchion trap 402 is positioned at one end of the 
drift tube 14 and another such ion trap 402 is positioned at an 
opposite end of the drift tube 14'. In this embodiment, the 
control circuit controls each ion trap to trap ions therein 
during each pass of ions from one end of the drift tube tot the 
other. 

Referring now to FIG. 18, the ion mobility spectrometer 10 
of FIG. 1 is shown alternatively configured to randomize ion 
positions during each Such pass of ions. In particular, the 
instructions stored in the memory 20 include, in the embodi 
ment illustrated in FIG. 18, instructions that are executable by 
the control circuit 18 to control the strengths, i.e., i.e., the 
magnitudes, of the electric fields established by the electric 
field activation sources, V-V, in a number of adjacent drift 
tube segments. More specifically, the electric fields in a num 
ber of adjacent drift tube segments are progressively dimin 
ished to cause the ions to randomize their positions relative to 
the drift tube 14 by bunching up in one or more of the number 
of adjacent drift tube segments. In the embodiment illustrated 
in FIG. 18, for example, the control circuit 18 is configured to 
control the electric field activation sources, V-V, to cause 
the magnitudes of the electric fields E-E in the four adjacent 
drift tube segments at each end of the drift tube to diminish 
such that E>E>E>E. In alternative embodiments, the 
number of adjacent drift tube segments in which the electric 
fields are diminished in magnitude may be more or fewer, 
may comprise any number of Such adjacent drift tube seg 
ments at either or both ends of the drift tube 14, or may 
comprise any number of Such adjacent drift tube segments 
between the two ends of the drift tube 14. 
The back-and-forth mobility separation in the segmented 

drift tube as just describe with respect to FIGS. 17 and 18 may 
alternatively or additionally be used for OMS modes of 
operation as described hereinabove with respect to FIG. 7. 
This allows the use of overtone frequencies as a means of 
mobility selection. Additionally, such a device could incor 
porate ion trapping on either end to allow for selective enrich 
ment of a mobility region prior to mobility selection refine 
ment with the back-and-forth cycling of ions. Here, ions from 
a continuous or pulsed source can pass through a linear drift 
tube in either direction and those with resonant frequencies 
can be trapped in anion trap positioned in the drift tube. After 
selective filling for a predetermined time period, i.e., as 
described hereinabove with respect to FIGS. 16A-16L, the 
ions would then be cycled back-and-forth through the linear 
drift tube a number of times to obtain greater resolution 
(isolation of ions of a given mobility). Referring to FIG. 19. 
one illustrative embodiment of such an ion mobility spec 
trometer 500 is shown in which an ion trap 502 is positioned 
at the end of the linear drift tube 14", which is otherwise 
identical to the drift tube 14 of FIGS. 1-4. The remaining 
components of the spectrometer 500 are likewise identical to 
like-numbered components of the spectrometer 10 of FIGS. 
1-4 except that the memory includes instructions stored 
therein that are executable by the control circuit 18 to control 
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and operate the spectrometer 500 to selectively fill the drift 
tube 14" for a predefined time period or number of back and 
forth cycles, and to thereafter cycle the ions back and forth a 
desired number of times as generally described hereinabove 
with respect to FIGS. 15-16L. 

Referring now to FIG. 20, a flowchart is shown of one 
illustrative embodiment of a process 600 for operating the 
linear drift tube 14" of FIG. 19 as just described. Illustratively, 
the process 600 is stored in the memory 20 of the control 
circuit 18 in the form of instructions that are executable by the 
processor 18 to control operation of the spectrometer 500. 
The process 600 begins at step 602 where the operational 
settings of the number, M, of electric field activation sources 
are defined, and a value of an integer, N, (and optionally M) is 
set. In embodiments in which the spectrometer 500 will be 
operated to produce ions having a mobility or range of mobili 
ties that is/are resonant with only a fundamental frequency, f, 
of operation of the electric field activation sources, V-V. 
step 602 may include, for example, the steps 82-88 of the 
process 80 of FIG. 5. In other embodiments in which the 
spectrometer 500 will be operated to produce ions having ion 
mobilities resonant with one or more overtones, e.g., har 
monic frequencies, of operation of the electric field activation 
Sources, V-V, Step 602 may include, for example, the steps 
102-106 of the process 100 of FIG. 7. 

Following step 602, the process 600 advances to step 604 
where the control circuit 18 is operable in one embodiment to 
reset a timer, e.g., set a timer value, T, to Zero (or to another 
arbitrary value), and in an alternate embodiment to set a 
counter value, K, equal to 1. Thereafter at step 606, the control 
circuit 18 is operable to control the ion source 12 to generate 
ions, and thereafter at step 608 the control circuit 18 is oper 
able to control the electric field activation sources, V-V. 
according to the source settings determined at Step 602 to 
sequentially advance ions sequentially through the drift tube 
segments toward the last drift tube segment, i.e., toward the 
ion trap 502. The ions advance through the drift tube at step 
608 will, of course, have ion mobilities or ranges of ion 
mobilities that are resonant with the activation time, i.e., time 
duration of activation, of the electric field activation sources 
V-Vas illustrated and described hereinabove. Thereafter at 
step 610, the control circuit 18 is operable to control the ion 
trap 502 to trap ions advanced through the drift tube 14" to the 
ion trap 502. Thereafter at step 612, the control circuit 18 is 
operable to determine whether the timer has reached a pre 
defined time period, T, since being reset, or to determine 
whether the value of the counter, K, has reached the value M 
which was optionally set at step 602. In some embodiments, 
the ion source 12 is controlled at step 606 to continuously 
generate ions, and in other embodiments the ion source 12 is 
controlled at step 606 to generate discrete packets or pulses of 
ions. In either case, a timer or a counter may be used to control 
the amount of time that ions are collected in the ion trap 502 
or the number of passes in which ions are advanced into the 
ion trap via the drift tube 14". If a timer is used, step 612 loops 
back to step 606 (or to step 608 in the case of continuous 
generation of ions) until TDT. If a counter is used, step 612 
advances to step 614 to increment K, and to then loop back to 
step 606 (or to step 608 in the case of continuous generation 
of ions) until K-M, where M=the number of times ions are 
advanced through the drift tube 14" into the ion trap 502. In 
either case, the “YES branch of step 612 advances to step 
616 where the control circuit 18 is operable to stop producing 
ions and to set a counter value, L., equal to 1. 

Following step 616, the process 600 advances to step 618 
where the control circuit 18 controls the ion trap 502 and the 
electric field activation Sources, V-V, to according to 
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Source settings, e.g., those determined at Step 602, to sequen 
tially advance ions in the ion trap 502 in a reverse direction 
toward the first drift segment of the drift tube 14", i.e., to the 
d(1). When the ions are determined at step 620 by the control 
circuit 18 to be in the first drift tube segment (e.g., as a 
function of time after being released from the ion trap 502 at 
step 618), the process advances to step 622, and otherwise 
loops back to step 618 until step 620 is satisfied. At step 622, 
the control circuit 18 controls the electric field activation 
Sources, V-V, to according to source settings, e.g., those 
determined at step 602, to sequentially advance ions in the ion 
trap 502 in a forward direction from the first drift tube seg 
ment, d(1) toward last drift tube segment, i.e., the ion trap 
502. Thereafter at step 624, the control circuit 18 is operable 
to control the ion trap 502 to trap thereinions passing through 
the last drift tube segment for a time period, T, where T is a 
trapping time period that allows the ions to randomize as 
described hereinabove with respect to FIG. 17. Thereafter at 
step 626, the control circuit 18 is operable to determine 
whether the counter, L, is equal to the number N. If not, the 
process 600 advances to step 628 where the counter, L, is 
incremented by 1 and the process 600 then loops back to again 
execute step 618. If, at step 626, the control circuit 18 deter 
mines that L=N, then the ions have traversed the linear drift 
tube 14" the desired number of times, and the process 600 
advances to step 630 where the control circuit 18 is operable 
to control the ion trap 502 to directions trapped therein to the 
ion detector 16. Optionally, the process 600 may include an 
extra step 632, executed following step 630, in which the 
control circuit 18 is operable to execute steps 604-630 until 
the pulse width durations, i.e., the “time durations of activa 
tions of the electric field activation sources, V-V have been 
swept through a range of pulse width durations between an 
initial pulse width duration, PW, and a final pulse width 
duration, PW. In embodiments which include step 632, step 
602 will of course include a determination of PW, and PW, as 
illustrated in the process 100 of FIG. 7. Generally, PW, and 
PW, will be selected to produce one or more overtones, i.e., 
harmonic frequencies of which the predefined ion mobilities 
or range of ion mobilities are resonant, and/or to produce ions 
that have ion mobilities resonant with fundamental frequen 
cies of the activation frequencies or pulse rates, i.e., activation 
times, of the electric field activation sources, V-VA for each 
of the discrete activation frequencies or pulse rates over and 
between PW, and PW, as described hereinabove. 

While the spectrometer 500 illustrated in FIG. 19 is illus 
trated with the ion trap 502 located at one end of the drift tube 
14", it will be understood that the ion trap 502 may alterna 
tively be positioned at the opposite end of the drift tube 14" or 
between the two ends of the drift tube 14". Alternatively or 
additionally, any number of ion traps may be positioned in the 
drift tube 14", e.g., one at each end, for the purpose of trap 
ping and randomizing positions of the ions trapped therein as 
illustrated and described with respect to FIG. 17, and/or the 
magnitudes of the electric fields of a number of adjacent ones 
of the drift tube segments may be sequentially diminished to 
enhance or achieve this result as illustrated and described 
with respect to FIG. 18. In such case or cases, the ion trap 502 
may, need not, be controlled in as described for the purpose of 
randomizing ions trapped therein. 

In any of the linear or cyclotron configurations of the ion 
mobility spectrometer illustrated and described herein, a non 
destructive detector, e.g., rather than anion counting detector 
16, could be used that is configured to measure the image 
charge many times at a specified position within drift tube. 
Ion distributions could then be recorded as the frequency that 
ions pass the non-destructive detector. A conventional fre 
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quency transformation, e.g., Fourier transform, could then be 
used to back-calculate ion mobility. 

Referring now to FIG. 21, yet another embodiment of an 
ion mobility spectrometer 600 is shown. In the illustrated 
embodiment, some of the illustrated components are identical 
to those described hereinabove, and like reference numbers 
are therefore used to identify like components. In FIG.21, the 
drift tube 602 includes a single drift tube segment of length L 
positioned between two ion traps 604 and 606. The ion trap 
604 is positioned adjacent to the inlet of the single drift tube 
segment 602, and the ion trap 606 is positioned adjacent to the 
ion outlet of the single drift tube segment 602. At least one 
drift tube Voltage source, V is electrically connected 
between the control circuit 18 and the single drift tube seg 
ment 602, and is controllable in a conventional manner to 
establish an electric field in the single drift tube region 602 in 
one direction that causes ions Supplied by the ion Source 12 to 
drift from the ion trap 604 toward the ion trap 606, and to 
alternatively establish an electric drift field in the single drift 
tube region 602 in an opposite direction that causes ions to 
drift from the ion trap 606 toward the ion trap 604. An ion trap 
Voltage source, V, is electrically connected between the 
control circuit 18 and the ion trap 604, and another ion trap 
Voltage source, V, is electrically connected between the 
control circuit 18 and the ion trap 606. 
The memory 20 illustratively includes instructions stored 

therein that are executable by the control circuit 18 to execute 
a process a predefined number of times. The process illustra 
tively includes activating the at least one electric field activa 
tion source, V, for a time duration to establish an electric 
field in the one direction to cause only ions supplied by the ion 
source 12 that have a predefined ion mobility or range of ion 
mobilities defined by the time duration to travel through the 
single drift tube region 602 in the direction from the ion trap 
604 toward the second ion trap 606 followed by controlling 
the ion trap 606 to trap therein the ions that have the pre 
defined ion mobility or range of ion mobilities. The ion trap 
606 is then controlled to release the ions trapped therein and 
the control circuit 18 then activates the at least one electric 
field activation source, V, for the time duration to establish 
an electric field in the opposite direction to cause only ions 
that have the predefined ion mobility or range of ion mobili 
ties defined by the time duration to travel through the single 
drift tube region 602 in the direction from the ion trap 606 
toward the ion trap 604 followed by controlling the ion trap 
604 to trap therein the ions that have the predefined ion 
mobility or range of ion mobilities followed by controlling 
the ion trap 604 to release the ions trapped therein. This 
process may be performed any number of times to thereby 
cause ions to traverse the single drift tube region 602 any such 
number of times. The control circuit 18 may then control the 
ion trap 606 to release ions trapped therein toward the ion 
detector 16 and to process the ion detection signals produced 
by the ion detector to determine ion mobility spectral infor 
mation therefrom. The ion source 12 may be controlled in a 
pulsed fashion to produce discrete packets of ions or may 
alternatively be controlled to continuously produce ions. The 
instructions stored in the memory 20 may further include 
instructions executable by the control circuit 18 to control the 
ion traps 604 and 606 to trap ions therein for a trap period. The 
trap period is illustratively selected to allow ions trapped 
within the ion trap 604 and within the ion trap 606 to random 
ize their positions relative to the respective ion trap 604/606. 
The spectrometer 600 may alternatively be operated in the 

OMS mode illustrated and described hereinabove. For 
example, the instructions stored in the memory 20 may fur 
ther include instructions executable by the control circuit 18 
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to control the at least one electric field activation Source, V. 
to sweep the time duration between first and second pre 
defined time durations to thereby cause ions that have funda 
mental frequencies resonant with each of a number of discrete 
time durations between the first and second time durations to 
travel through the single drift tube region 602, and to execute 
the process the predefined number of times for each of the 
number of discrete time durations between the first and sec 
ond predefined time durations. 

Referring now to FIG. 13, a block diagram of one illustra 
tive embodiment of a cascaded ion mobility spectrometer 
instrument 170 is shown that employs some of the concepts 
illustrated and described hereinabove with respect to FIGS. 
1-12B. In the illustrated embodiment, the instrument 170 
includes an ion source 12 having an ion outlet coupled to an 
ion inlet of a first ion mobility spectrometer (IMS1). An ion 
outlet of IMS1 is coupled to an ion inlet of a second ion 
mobility spectrometer (IMS2) having an ion outlet that is 
coupled to anion detector 16. The IMS1 has an axial length of 
L1 and the IMS2 has an axial length of L2. A control circuit 
180 includes a memory unit 182, and is electrically connected 
to a control input of an ion Source Voltage Supply, Vs, having 
an output that is electrically connected to the ion Source 12. 
The instrument 170 further includes a plurality of electric 
field activation sources, V-V, that are electrically con 
nected between the control circuit 180 and IMS1 and IMS2, 
where Q may be any integer greater than 1. Illustratively, a 
subset of the electric field activation sources, V-V, are 
dedicated to IMS1, and another subset, V-V are dedi 
cated to IMS2. Alternatively, V-V may be omitted, and 
V-V, may be used for both of IMS1 and IMS2. In any case, 
each of the foregoing components may be as described here 
inabove with respect to the embodiment of FIG. 1. In one 
illustrative embodiment, the instrument 170 is operable just 
as described hereinabove with respect to any of FIGS. 1-12B, 
except that the ions are resolved over an effective drift tube 
length of L1-L2 rather than over the length of a single drift 
tube, such that IMS1 and IMS2 together form a single ion 
mobility spectrometer. 
The ion mobility spectrometer instrument 170 of FIG. 13 

may further include at least one additional Voltage source, V, 
which may be controlled by the control circuit 180 to produce 
one or more Voltages that control one or more ion fragmen 
tation units or other conventional device for inducing struc 
tural changes in ions within IMS1, IMS2 and/or positioned 
between IMS1 and IMS2. In embodiments in which the drift 
tubes of IMS1 and IMS2 are constructed according to the 
teachings of co-pending U.S. Patent Application Pub. No. US 
2007/0114382, for example, an ion activation region of the 
type described therein may be positioned at the end of any one 
or more ion funnels that form IMS1 and/or IMS2. Alterna 
tively, IMS1 and/or IMS2 may be modified in other embodi 
ments to include one or more conventional structural change 
inducing devices or stages, e.g., one or more ion fragmenta 
tion stages, ion conformational change stages, and/or other 
conventional structural change inducing devices or stages, 
therein or interposed between IMS1 and IMS2. For example, 
Such a structural change inducing device may be positioned 
between IMS1 and IMS2, and the ion mobility spectrometer 
170 may be operated as described hereinabove to conduct 
fundamental frequency and/or overtone frequency analysis 
with IMS1, to then induce structural changes in ions emerg 
ing from IMS1, and to then conduct fundamental frequency 
and/or overtone frequency analysis with IMS2 on the ions in 
which structural changes were induced. Alternatively or addi 
tionally, the fragmented ions may be mobility filtered in a 
conventional manner prior to entering IMS2. Alternatively or 
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additionally still, such fragmented and mobility-selected ions 
may be further fragmented and possibly further mobility 
selected any number of times prior to entrance into IMS2. 
IMS1 may further include an operating condition selection 

unit 190, and IMS2 may likewise include an operating con 
dition selection unit 200. The operating condition selection 
units 190 and 200 may be manually controlled via respective 
manual controls 194 and 204, and/or may be automatically 
controlled by the control circuit 180 via suitable electrical 
control lines 192 and 202 respectively. The operating condi 
tion selection units 190 and 200 are block diagram compo 
nents that may represent conventional structures that control 
any one or more of the operating temperature of IMS1 and/or 
IMS2, the operating pressure of IMS1 and/or IMS2, the 
chemical make up and/or flow rate of gas, e.g., buffer gas, 
supplied to the ion pathway of IMS1 and/or IMS2, and the 
like. In the operation of the ion mobility spectrometer instru 
ment 170, such as described hereinabove, IMS1 and IMS2 
may be operated as described hereinabove and further with 
any one or more of, or with any combination of the same or 
different drift tube lengths, L1 and L2, the same or different 
electrical field strengths applied by the electric field activa 
tion sources V-V, the same or different pulse shapes 
applied by the electric field activation sources V-V, the 
same or different pulse width durations, PW, applied by the 
electric field activation sources V-V, the same or different 
operating temperatures (e.g., T1 for IMS1 and T2 for IMS2), 
the same or different operating pressures, (e.g., P1 for IMS1 
and P2 for IMS2), with the ions passing through IMS1 and 
IMS2 exposed to the same or different gasses (Gas1 for IMS1 
and Gas2 for IMS2), or with ion fragmentation occurring 
within or between IMS1 and IMS2. Further details relating to 
Some of these operational scenarios or modes are provided in 
U.S. Pat. No. 7,077,904, the disclosure of which is incorpo 
rated herein by reference. 

It will be understood that the ion mobility spectrometer 
instrument illustrated in FIG. 13 and described herein repre 
sents only an example multiple drift tube instrument, and that 
the instrument may alternatively include any number of IMS 
units or drift tubes. Alternatively still, the IMS drift tubes in 
Such an arrangement need not be linear, and the instrument 
170 illustrated in FIG. 13 may include any number of non 
linear IMS drift tube, such as two or more circular drift tubes 
of the type described in co-pending PCT Publication No. WO 
2008/028159 A2, filed Aug. 1, 2007, the disclosure of which 
has been incorporated herein by reference. 

Transmission of ions through the various drift tube seg 
ments S-S of any of the ion mobility spectrometer instru 
ments described above, by sequentially activating the electric 
field activation sources V-V, is possible only if the mobili 
ties of the ions are in resonance with the Switching rates of the 
electric fields applied by these electric field activation 
Sources. This is true regardless of the phase, p, of the spec 
trometer, which refers to the number of electric field activa 
tion sources, arranged and connected to the various drift tube 
segments and ion elimination regions as described above (see 
e.g., FIGS. 4A-4D). Thus, to transmit ions sequentially 
through the various drift tube segments S-S as just 
described, the ions must have mobilities that allow traversal 
of exactly one drift tube segment in one field application 
duration. Ions with mobilities that are off resonance either 
traversing a drift tube segment too quickly or too slowly are 
eventually eliminated in one of the ion elimination regions d. 
In the operation of any of the ion mobility spectrometers 
illustrated and described above, the switching rates of each of 
the electric field activation Sources, V-V, have been equal, 
and the frequency at which the various electric field activation 
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Sources are Switched on/off, i.e., the frequency at which the 
ions have resonant mobilities, is termed the fundamental fre 
quency, f, 
As also described in detail above, such operation of the 

electric field activation sources V-V has led to a technique 
referred to as Overtone Mobility Spectrometry (OMS) 
because of its ability to selectively transmit ions in different 
frequency regions, including those associated with higher 
overtones. And for any given phase, (p. Such overtones in 
embodiments of the ion mobility spectrometer illustrated and 
described herein that are operated with uniform, constant 
electric fields in the various drift tube segments, S-S are 
predictably given by the equation H=(p(h-1)+1, h=1, 2, 
3, ..., where His a harmonic number, p is the phase of the ion 
mobility spectrometer 10, and h is an integer index. Thus, it 
was demonstrated above that for a 2-phase, system, H=1, 3, 5, 
7,..., for a 3-phase system, H-1, 4, 7, 10, ..., for a 4-phase 
system, H=1, 5, 9, 13, ..., etc. 

However, whereas resolving power increases with increas 
ing overtone, overlap of ions from flanking frequency regions 
tends to limit the overall peak capacity with higher overtones. 
This limitation can be overcome with an attendant increase in 
peak capacity by modifying the OMS techniques described 
above to cause at least one of the electric field activation 
Sources to have a different activation time duration than acti 
vation time durations of others of the electric field activation 
sources. As will be described in detail below, this technique 
can be used to select sub-species of OMS peaks, i.e., selected 
overtones, while filtering out others, and may therefore be 
referred to as Selected Overtone Mobility Spectrometry 
(SOMS). As will also be described in detail below, SOMS can 
also be used to select and observe previously unobserved 
integer overtones as well as non-integer overtones. These 
concepts will be introduced below with reference to 2-phase 
arrangements (cp=2) of the type illustrated and described 
above, and will then be extended or generalized to systems 
with (p-2. It should be understood, however, that the various 
SOMS concepts and technique described below may be 
implemented with any of the various ion mobility spectrom 
eter configurations illustrated and described above, including 
any and all linear and/or circular drift tube arrangements. 

Referring now to FIG.22A, a timing diagram 40 is shown 
illustrating a series of drift tube segments, d(1), d(2). . . . . 
operated with a two-phase arrangement of electric field acti 
Vation Sources having equal activation durations selected to 
define the 3" overtone of the fundamental frequency of 
operation as described above with respect to OMS operation. 
The activation durations of the electric field activation source 
V is designated by the letter 'A' in FIG. 22A, and corre 
sponds to the shaded squares. The activation durations of the 
electric field activation source V, on the other hand, is des 
ignated by the letter “B” in FIG.22A, and corresponds to the 
white Squares. If the time span across one drift tube segment, 
e.g., d.(1) is defined as 1/f, then only ions having mobilities 
resonant with f, will be transmitted from one drift tube seg 
ment to the next. Such ions will also be transmitted at higher 
overtones off, and in a 2-phase system one such overtone is 
the third overtone, or 3f. It is this operation that is illustrated 
in FIG. 22A, and it can thus be observed that 3 transitions 
(e.g., 3?) between V and V, occur in each drift tube segment 
to illustrate movement of a packet of ions along the drift tube 
in the 3" overtone. Likewise, a total of 6 equal-duration 
transitions between V and V occur between each set of two 
drift tube segments, e.g., d(1) and d(2), as the packet of ions 
move along the drift tube in the 3" overtone as indicated by 
reference number 700 in FIG. 22A. 
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Referring now to FIG.22B, a timing diagram 40' similar to 
FIG.22A is shown and illustrates the two-phase arrangement 
of electric field activation sources having unequal activation 
durations in each phase, but which are also selected to define 
the 3" overtone of the fundamental frequency of operation. 
Between each set of two drift tube segments, e.g., .g., d.(1) 
and d(2), V is activated for only a single shaded square 
whereas V is activated for the next consecutive 5 white 
squares as indicated by reference number 702 in FIG.22B. A 
phase ratio, , is defined as the ratio of the activation duration 
of an arbitrary one of the electric field activation Sources, e.g., 
V, and the activation duration of the other electric field 
activation source, e.g., V. In the example illustrated in FIG. 
22B, the phase ratio, , is thus 5/1, or 5, and in the 2-phase 
system the 3" overtone is thus defined for C-5. It can be 
similarly shown (although not shown in the figures) that in the 
2-phase system the 5" overtone is defined for C-9. This then 
leads to the generalized result m (C+1)/2, where m, is the 
equivalent overtone number for a given phase ratio, and the 
frequency, f, at which the equivalent overtone occurs, rela 
tive to the fundamental frequency, f, of the OMS system, is 
given by the relationship f-Mf 

In OMS, there is a maximum overtone at which the dis 
tance traveled by a packet of ions in a single phase is shorter 
than the length of an ion elimination region, e.g., d(1). As 
discussed above, an ion packet will be filtered out if it is 
within an ion elimination region when a repulsive electric 
field is established within that region, and the maximum 
overtone is thus given by the relationship m (I+I)/I, 
where I, is the length of each of the drift tube segments d(1), 
d(2), ..., and I is the length of the ion elimination regions, 
d(1), d(2). . . . . 
The same maximum overtone limitation holds true for 

SOMS, and combining the above equations form, and m. 
yields the following equation for the maximum phase ratio, 
CI2(I, +I)/Il-1. 
As can be seen in FIG. 22B, the duty cycle of the funda 

mental peak in SOMS is less than that of the equivalent OMS 
for an overtone greater than one, due to the lack of repeats of 
the packets within the two drift tube segment distance. This 
results in a multiplicative loss in duty cycle equivalent to the 
overtone, which is given by the relationship Duty Cycle (I+ 
I)-II/2m(I+I). 
The fundamental peak of a SOMS system is the peak at the 

lowest frequency, and is analogous but not equivalent to the 
peak at the fundamental frequency in an OMS system. This is 
because the fundamental peak in a SOMS system is, by defi 
nition, an overtone in the OMS system. Andjust as a 2-phase 
OMS system has 3',5'', 7", etc. overtones, so too does a 
2-phase SOMS system, wherein each such overtone in the 
SOMS system has an equivalent overtone, m, defined by the 
phase ratio. For example, referring to FIG. 23A, the funda 
mental peak and the 3',5' and 7" overtones are shown for an 
example simulated spectrum 710 of a SOMS system in which 
the phase ratio, , is 1. With a phase ratio, , of 1, the SOMS 
system reduces to the OMS system illustrated and described 
above, and fundamental peak, as well as the equivalent over 
tones, m, are thus identical to the fundamental peak and 
overtone values of the OMS system, i.e., m=1, m=3,m=5 and 
m=7. However, as illustrated in FIG. 23B, in a SOMS system 
having a phase ratio, , of 5, the above equation for the 
equivalent overtonem, reveals that the fundamental peak for 
this SOMS system is equivalent to the 3" overtone in the 
OMS system. SOMS can thus be used to select overtones for 
observation while also filtering out other overtones. 

Referring now to FIG. 24, a flowchart is shown of an 
embodiment of a process 750 for selecting an overtone to 
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transmit through an ion mobility spectrometer using the 
SOMS technique just described. The process 750 illustrated 
in FIG.24 may be provided, in whole or in part, in the form of 
instructions that are stored in the memory unit 20 of the 
control circuit 18 and that are executable by the control circuit 
18 to control any implementation of an ion mobility spec 
trometer instrument illustrated and described herein, inaccor 
dance with the process 750. In any case, the process 750 
begins at step 752 where the frequency or frequency range, 
FR, at which the selected overtone occurs is selected. Gener 
ally, the frequency or frequency range sought at step 752 is the 
frequency, f at which the equivalent overtone occurs rela 
tive to the fundamental frequency, f, of the OMS system, and 
is given by the relationship f m?. Thus, if the fundamen 
tal frequency, f is known, then the frequency, f, at which 
any selected overtone, m, occurs is given by this relation 
ship. 
The process 750 advances from step 752 to step 754 where 

the phase ratio, , is selected which will transmit ions corre 
sponding to the selected overtone through the drift tube. In a 
2-phase system, the phase ratio that will transmit ions corre 
sponding to the selected overtone through the drift tube is 
given by the relationship m-(+1)/2. Following step 754, 
the pulse durations of each of the electric field activation 
Sources V-VA used in the ion mobility spectrometer instru 
ment are computed at step 756. The pulse durations for each 
of the electric field activation sources V-V can be deter 
mined using well-known equations based on the frequency or 
frequency range, FR, determined at step 752 and on the phase 
ratio, , selected at step 754. Thereafter at step 758, the shape 
of the pulse width is selected, and thereafter at step 760 the 
peak voltage of the electric field activation sources V-V is 
selected. The process 750 advances from step 760 to step 762, 
and simultaneously with step 760 the ion source voltage 
Supply, Vs, is controlled at step 764 in a manner that causes 
the ion source, e.g., the ion source 12, to produce ions. The 
ions produced at step 764 may be produced continuously or 
may instead be produced discretely as described hereinabove. 
In any case, the control circuit 18 is Subsequently operable at 
step 762 to control the electric field activation sources V-V. 
as described hereinabove, to sequentially apply electric fields 
having the selected shapes, durations and peak field strengths 
to the various drift tube segments, S-S as described herein 
above by example with reference to FIGS. 2-4D. Steps 760 
and 762 may be repeated continuously or a finite number of 
times to thereby operate the ion mobility spectrometer instru 
ment as a continuous or discrete ion mobility filter. It will be 
understood that steps 752-764 are not required to be executed 
in the illustrated order, and that one or more of these steps may 
alternatively be interchanged with one or more other of these 
steps. 

Referring now to FIG. 25, a flowchart of an illustrative 
process 800 for generating a set of overtones for a selected 
phase ratio, . The process 800 illustrated in FIG. 25 may be 
provided, in whole or in part, in the form of instructions that 
are stored in the memory unit 20 of the control circuit 18 and 
that are executable by the control circuit 18 to control anion 
mobility spectrometer instrument, e.g., of the type illustrated 
and described herein, in accordance with the process 800. The 
process 800 begins at step 802 where the phase ratio, , is 
selected. Thereafter at step 804, initial and final frequencies, 
FI and FF, over which a set of overtones corresponding to the 
selected phase ratio, . will be generated, and a frequency 
increment, INC, is also selected. Illustratively, the initial fre 
quency, FI, may be selected to produce an electrical field 
activation duration that is slightly longer than necessary to 
produce the fundamental ion intensity peak for the SOMS 

eg 
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system so that the resulting ion intensity vs. frequency spec 
trum begins approximately at this fundamental peak. As in the 
process 750, this initial frequency, FI, is the frequency, f at 
which the equivalent overtone occurs relative to the funda 
mental frequency, f, of the OMS system, and is given by the 
relationship f me?, where m can be determined from the 
selected phase ratio, C, according to the relationship m (C+ 
1)/2. Illustratively, the final frequency, FF, may be selected to 
be a frequency beyond which no useful information is 
expected to occur, or beyond which no ion intensity informa 
tion is sought. In any case, the frequency increment, INC, will 
typically be selected to provide desired a frequency resolu 
tion. 

Following step 804, the pulse durations of each of the 
electric field activation sources V-V used in the ion mobil 
ity spectrometer instrument are computed at step 806. The 
pulse durations for each of the electric field activation sources 
V-V can be determined using well-known equations based 
on the initial frequency, FI, determined at step 804 and on the 
phase ratio, , selected at step 802. Thereafter at step 808, the 
shape of the pulse width is selected, and thereafter at step 810 
the peak Voltage of the electric field activation sources V-V. 
is selected. The process 800 advances from step 810 to step 
812, and simultaneously with step 810 the ion source voltage 
Supply, Vs, is controlled at step 816 in a manner that causes 
the ion source, e.g., the ion Source 12, to produce ions. The 
ions produced at step 816 may be produced continuously or 
may instead be produced discretely as described hereinabove. 
In any case, the control circuit 18 is Subsequently operable at 
step 812 to control the electric field activation sources V-V. 
as described hereinabove, to sequentially apply electric fields 
having the selected shapes, durations and peak field strengths 
to the various drift tube segments, S-S as described herein 
above by example with reference to FIGS. 2-4D. Thereafter at 
step 814, the steps 802-812 are repeated for FI=FI+INC until 
the steps 802-812 are executed for the final frequency, FF. It 
will be understood that steps 802-816 are not required to be 
executed in the illustrated order, and that one or more of these 
steps may alternatively be interchanged with one or more 
other of these steps. 

Referring now to FIG. 26A, a plot of ion intensity vs. 
frequency is shown illustrating the result in the frequency 
domain of a simulated spectrum resulting from the process 
800 of FIG. 25 in which a phase ratio of activation durations 
of two electric field activation sources in a two-phase appli 
cation is selected to be 3, and the activation durations of the 
two electric field activation sources are swept over a range of 
frequencies. The simulated spectrum illustrated in FIG. 26A 
illustratively uses approximately the same fundamental fre 
quency, f, as the simulated spectrum illustrated in FIG.23A, 
such that f-2 kHz. According to the equations m(+1)/2 
and fm?, the fundamental peak for is the m2 peak 
that occurs at approximately f 2fa4 kHz. Since the illus 
trated example is of a 2-phase system, the SOMS system will 
have equivalent 3',5',7", etc. overtones, and the equivalent 
3" overtone in the C-3 SOMS system is given by m. 3((C+ 
1)/2)=6 which occurs approximately at f=6f-12 kHz. 

It should be noted, as the plot of FIG. 26A illustrates, that 
the SOMS technique provides for overtones that are not 
observed in conventional OMS systems. In particular, for a 
2-phase system, overtones in an OMS system include only the 
odd harmonics, whereas the SOMS result illustrated in FIG. 
26A includes two even harmonics m, 2, at approximately 4 
kHz and m-6 at approximately 12 kHz. These harmonics at 
these frequencies generally are not observed in a conven 
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tional OMS system, although SOMS can clearly be used with 

3 to obtain an equivalent frequency and packet length to the 
second and sixth overtones. 

It should further be noted that SOMS does not require to 
be an integer, only that it be non-negative and non-Zero. 
Referring to FIG. 26B, for example, a plot is shown of ion 
intensity vs. frequency illustrating the result in the frequency 
domain of a simulated spectrum resulting from the process 
800 of FIG. 25 in which a phase ratio of activation durations 
of two electric field activation sources in a two-phase appli 
cation is selected to be the non-integer value 1.25, and the 
activation durations of the two electric field activation sources 
are Swept over a range offrequencies according to the process 
illustrated in FIG. 25. The simulated spectrum illustrated in 
FIG. 26B illustratively uses approximately the same funda 
mental frequency, f, as the simulated spectrum illustrated in 
FIG. 23A, such that f-2 kHz. According to the equations 
m (C+1)/2 and fm?, the fundamental peak for 1.25 
is the m-1.125 peak that occurs at approximately 
f=1.125f-2.5 kHz. Since the illustrated example is of a 
2-phase system, the SOMS system will have equivalent 3", 
5", 7", etc. overtones. The equivalent 3" overtone in the 
=1.25 SOMS system is given by m3(C+1)/2)=3.375 
which occurs approximately at f=3.375 fa6.75 kHz, and the 
equivalent 5" overtone in the -1.25 SOMS system is given 
by m, 5((+1)/2)=5.625 which occurs approximately at 
f–5.625f-11.25 kHz. 
The ability to set the phase ratio. , to any positive real 

number greater than Zero allows for Substantially any equiva 
lent overtone between the fundamental overtone for the given 
and to be generated. This results in the ability to collect 

nearly an unlimited number of distinct data points as com 
pared with only a small number of defined overtones using 
OMS. 

Referring now to FIG. 27, a flowchart is shown of an 
illustrative process 850 for investigating overtones at a speci 
fied frequency for a selected set of phase ratios,. The process 
850 illustrated in FIG. 27 may be provided, in whole or in 
part, in the form of instructions that are stored in the memory 
unit 20 of the control circuit 18 and that are executable by the 
control circuit 18 to control an ion mobility spectrometer 
instrument, e.g., of the type illustrated and described herein, 
in accordance with the process 850. The process 850 begins at 
step 852 where a frequency (or Small frequency range) of 
interest is selected. Thereafter at step 854, a set of phase 
ratios, PR1, PR2, ..., is selected, over which overtones will 
beinvestigated. It should be noted that a selection of the series 
of phase ratios, PR1, PR2, . . . , rather than sweeping or 
scanning from 1 to , avoids duplication as some over 
tones will be generated for multiple values of (e.g., the 9" 
overtone can be observed in the data from the 3" overtone). 

In any case, the process 850 advances from step 854 to step 
856 where the pulse durations of each of the electric field 
activation sources V-V used in the ion mobility spectrom 
eter instrument are computed. The pulse durations for each of 
the electric field activation sources V-V can be determined 
using well-known equations based on the frequency, F, deter 
mined at step 852 and on the first phase ratio, PR1, in the set 
of phase ratios determined at step 854. Thereafter at step 858, 
the shape of the pulse width is selected, and thereafter at step 
860 the peak voltage of the electric field activation sources 
V-Vis selected. The process 850 advances from step 860 to 
step 862, and simultaneously with step 860 the ion source 
Voltage Supply, Vs, is controlled at step 866 in a manner that 
causes the ion source, e.g., the ion source 12, to produce ions. 
The ions produced at step 866 may be produced continuously 
or may instead be produced discretely as described herein 
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above. In any case, the control circuit 18 is Subsequently 
operable at step 862 to control the electric field activation 
Sources V-V, as described hereinabove, to sequentially 
apply electric fields having the selected shapes, durations and 
peak field strengths to the various drift tube segments, S-Sy 
as described hereinabove by example with reference to FIGS. 
2-4D. Thereafter at step 864, the steps 852-866 are repeated 
for the next phase ratio in the set of selected phase ratios until 
the steps 852-866 are executed for the last phase ratio in the 
set. It will be understood that steps 852-866 are not required 
to be executed in the illustrated order, and that one or more of 
these steps may alternatively be interchanged with one or 
more other of these steps. 

Referring now to FIG. 28, a flowchart is shown of an 
illustrative process 900 for investigating overtones in a range 
offrequencies for a selected set of phase ratios, . The process 
900 illustrated in FIG. 28 may be provided, in whole or in 
part, in the form of instructions that are stored in the memory 
unit 20 of the control circuit 18 and that are executable by the 
control circuit 18 to control an ion mobility spectrometer 
instrument, e.g., of the type illustrated and described herein, 
in accordance with the process 900. The process 900 begins at 
step 902 where initial and final frequencies, FI and FF, over 
which a set of overtones will be generated, and a frequency 
increment, INC, is also selected. Illustratively, the initial fre 
quency, FI, may be selected to produce an electrical field 
activation duration that is slightly longer than necessary to 
produce the fundamental ion intensity peak for the SOMS 
system so that the resulting ion intensity vs. frequency spec 
trum begins approximately at this fundamental peak. As in the 
processes 750 and 800, this initial frequency, FI, is the fre 
quency, f at which the equivalent overtone occurs relative 
to the fundamental frequency, f, of the OMS system, and is 
given by the relationship f me?, where m can be deter 
mined from the selected phase ratio, , according to the rela 
tionship m (C+1)/2. Illustratively, the final frequency, FF, 
may be selected to be a frequency beyond which no useful 
information is expected to occur, or beyond which no ion 
intensity information is sought. In any case, the frequency 
increment, INC, will typically be selected to provide desired 
a frequency resolution. 

Following step 902, the process 900 advances to step 904 
where a set of phase ratios, PR1, PR2, ... , is selected, over 
which overtones will be investigated. It should be noted again 
that a selection of the series of phase ratios, PR1, PR2, ..., 
rather than Sweeping or scanning from 1 to , avoids 
duplication as some overtones will be generated for multiple 
values of . In any case, the process 900 advances from step 
904 to step 906 where the pulse durations of each of the 
electric field activation sources V-V used in the ion mobil 
ity spectrometer instrument are computed. The pulse dura 
tions for each of the electric field activation sources V-V. 
can be determined using well-known equations based on the 
initial frequency, FI, determined at step 902 and on the first 
phase ratio, PR1, in the set of phase ratios determined at step 
904. Thereafter at step 908, the shape of the pulse width is 
selected, and thereafter at step 910 the peak voltage of the 
electric field activation Sources V-V is selected. The pro 
cess 900 advances from step 910 to step 912, and simulta 
neously with step 910 the ion source Voltage Supply, Vs, is 
controlled at step 916 in a manner that causes the ion source, 
e.g., the ion source 12, to produce ions. The ions produced at 
step 916 may be produced continuously or may instead be 
produced discretely as described hereinabove. In any case, 
the control circuit 18 is subsequently operable at step 912 to 
control the electric field activation sources V-V, as 
described hereinabove, to sequentially apply electric fields 
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having the selected shapes, durations and peak field strengths 
to the various drift tube segments. S-S as described herein 
above by example with reference to FIGS. 2-4D. Thereafter at 
step 914, the steps 902-916 are repeated for FI=FI+INC until 
the steps 902-916 are executed for the final frequency, FF, and 
this entire process is then repeated for each phase ratio in the 
set of selected phase ratios until the steps 902-916 are 
executed for the last phase ratio in the set. It will be under 
stood that steps 912-916 are not required to be executed in the 
illustrated order, and that one or more of these steps may 
alternatively be interchanged with one or more other of these 
steps. 
The various concepts relating to the SOMS system have 

been described with reference to the simplest case; a 2-phase 
system. In a 2-phase system, only a single phase ratio. , may 
exist, although it can be shown that, in general, a maximum 
number of phase ratios, MAX for any multiple-phase sys 
tem is defined by the relationship Max-p-1. In the simplest 
case in which any such multiple-phase system defines only a 
single phase ratio, , it can be shown that a generalized 
formula for determining an equivalent overtone as a function 
of phase, p, and phase ratio, C, is given by mi?ph+1 (p- 
1) +1/cp, where his an integer index beginning with Zero and 
having a step size of one, which occurs at the frequency 
f me?, Two special cases of this formula are noteworthy. 
The first is the simplest case for this formula in which 1 and 
h=0, and under these conditions the foregoing formula 
reduces to the OMS case. The second special case is where 
h=0 and >1, and under these conditions the above formula 
produces the fundamental peak of the SOMS system defined 
by cp and . Those skilled in the art will appreciate that in 
multiple-phase systems which define more than one phase 
ratio, the foregoing formula for determining an equivalent 
overtone as a function of phase, p, and phase ratio, , will be 
more complicated, and in this regard the foregoing formula 
serves as a starting point for determining Such equivalent 
overtone values. 

While the invention has been illustrated and described in 
detail in the foregoing drawings and description, the same is 
to be considered as illustrative and not restrictive in character, 
it being understood that only illustrative embodiments 
thereof have been shown and described and that all changes 
and modifications that come within the spirit of the invention 
are desired to be protected. For example, it will be understood 
that the various techniques and processes illustrated and 
described herein may alternatively or additionally be imple 
mented using one or more variants of any of the ion mobility 
spectrometers illustrated in the attached figures and described 
hereinabove. As one example, any such ion mobility spec 
trometer may be modified to replace one or more of the mesh 
gates, e.g., the 90% transmittance first and last rings 30 and 
30s of each drift tube section, S. S. . . . . with so-called 
grid-less gates, e.g., annular rings similar or identical to the 
concentric rings 30-30 positioned between theiongates 30 
and 30s. Those skilled in the art will recognize other modifi 
cations that may be made to any of the ion mobility spectrom 
eters illustrated in the attached figures and described herein 
above, and any Such modifications are contemplated by this 
disclosure. 
What is claimed is: 
1. A method of separating ions as a function of ion mobility 

in a drift tube partitioned into a plurality of cascaded drift tube 
segments beginning with a first drift tube segment and 
advancing sequentially to a last drift tube segment, each drift 
tube segment defining anion inlet at one end and anion outlet 
at an opposite end, the drift tube further including an ion 
elimination region between an ion outlet of each drift tube 
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segment and anion inlet of a next adjacent drift tube segment, 
the ion elimination regions beginning with a first ion elimi 
nation region between the ion outlet of the first drift tube 
segment and the ion inlet of a second drift tube segment and 
advancing sequentially to a last ion elimination region 
coupled to the ion outlet of the last drift tube segment, for any 
integer M greater than 1 the method comprising: 

repeating the following step multiple times to cause only 
ions entering the ion inlet of the first drift tube segment 
that have a predefined ion mobility or range of ion 
mobilities to traverse the drift tube, 

for each integer N beginning with 1 and sequentially 
advancing to M, establishing for a time duration an Nth 
electric repulsive field in the Nth ion elimination region 
and in every following Mthion elimination region while 
establishing for the time duration an Nth electric drift 
field in each remaining ion elimination region and in 
each of the plurality of drift tube segments and while 
deactivating for the time duration all non-Nth electric 
drift fields and non-Nth electric repulsive fields in each 
of the ion elimination regions and in each of the plurality 
of drift tube segments. 

2. The method of claim 1 wherein the last ion elimination 
region is coupled between the ion outlet of the last drift tube 
segment and the ion inlet of the first drift tube segment such 
that the drift tube defines therein a closed and continuous ion 
travel path, wherein the drift tube includes an ion entrance 
drift tube segment coupled to one of the plurality of drift tube 
segments, an ion exit drift tube segment coupled to another 
one of the plurality of drift tube segments and a plurality of 
ion gates each controllable to passions therethrough or block 
ions from passing therethrough, and wherein the method 
further comprises: 

controlling one or more of the plurality of ion gates to 
introduce ions into the via the ion entrance drift tube 
Segment, 

controlling one or more of the plurality of ion gates to 
direct ions in the drift tube along the continuous ion 
travel path while blocking ions from exiting the drift 
tube via the ion exit drift tube segment, 

after the ions in the drift tube have traveled along the 
continuous ion travel path a selected number of times, 
controlling one or more of the plurality of ion gates to 
direct at least some of the ions in the drift tube through 
the ion exit drift tube segment and out of the drift tube. 

3. The method of claim 1 wherein a fundamental frequency 
is defined by a ratio of a total number of the plurality of drift 
tube segments and a total drift time through the drift tube of 
ions having the ion mobility or range of ion mobilities, 

and wherein the method further comprises repeating mul 
tiple times the step of establishing the electric drift fields 
and the electric repulsive fields for each of a plurality of 
different time durations to cause ions entering the ion 
inlet of the first drift tube segment that have an ion 
mobility or range of ion mobilities at a number of dif 
ferent overtone frequencies that are functionally related 
to the fundamental frequency to traverse the drift tube. 

4. The method of claim 3 wherein the last ion elimination 
region is coupled between the ion outlet of the last drift tube 
segment and the ion inlet of the first drift tube segment such 
that the drift tube defines therein a closed and continuous ion 
travel path, wherein the drift tube includes an ion entrance 
drift tube segment coupled to one of the plurality of drift tube 
segments, an ion exit drift tube segment coupled to another 
one of the plurality of drift tube segments and a plurality of 
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ion gates each controllable to passions therethrough or block 
ions from passing therethrough, and wherein the method 
further comprises: 

controlling one or more of the plurality of ion gates to 
introduce ions into the via the ion entrance drift tube 
Segment, 

controlling one or more of the plurality of ion gates to 
direct ions in the drift tube along the continuous ion 
travel path while blocking ions from exiting the drift 
tube via the ion exit drift tube segment, 

after the ions in the drift tube have traveled along the 
continuous ion travel path a selected number of times, 
controlling one or more of the plurality of ion gates to 
direct at least some of the ions in the drift tube through 
the ion exit drift tube segment and out of the drift tube. 

5. The method of claim 1 wherein the time duration of one 
set of the M electric repulsive and electric drift fields is 
different than the time duration of the remaining sets of the M 
electric repulsive and electric drift fields, and wherein a ratio 
of the time duration of the one set of the M electric repulsive 
and electric drift fields and the time duration of the remaining 
sets of the Melectric repulsive and electric drift fields defines 
a phase ratio that is greater than Zero and not equal to unity. 

6. The method of claim 5 wherein the last ion elimination 
region is coupled between the ion outlet of the last drift tube 
segment and the ion inlet of the first drift tube segment such 
that the drift tube defines therein a closed and continuous ion 
travel path, wherein the drift tube includes an ion entrance 
drift tube segment coupled to one of the plurality of drift tube 
segments, an ion exit drift tube segment coupled to another 
one of the plurality of drift tube segments and a plurality of 
ion gates each controllable to passions therethrough or block 
ions from passing therethrough, and wherein the method 
further comprises: 

controlling one or more of the plurality of ion gates to 
introduce ions into the via the ion entrance drift tube 
Segment, 

controlling one or more of the plurality of ion gates to 
direct ions in the drift tube along the continuous ion 
travel path while blocking ions from exiting the drift 
tube via the ion exit drift tube segment, 

after the ions in the drift tube have traveled along the 
continuous ion travel path a selected number of times, 
controlling one or more of the plurality of ion gates to 
direct at least some of the ions in the drift tube through 
the ion exit drift tube segment and out of the drift tube. 

7. The method of claim 5 wherein a fundamental frequency 
is defined by a ratio of a total number of the plurality of drift 
tube segments and a total drift time through the drift tube of 
ions having the ion mobility or range of ion mobilities, 

and wherein the method further comprises repeating mul 
tiple times the step of establishing the electric drift fields 
and the electric repulsive fields for each of a plurality of 
different time durations to cause ions entering the ion 
inlet of the first drift tube segment that have an ion 
mobility or range of ion mobilities at a number of dif 
ferent overtone frequencies to traverse the drift tube, 
wherein each of the number of different overtone fre 
quencies is a function of the fundamental frequency, the 
phase ratio and the integer M. 

8. The method of claim 7 wherein the last ion elimination 
region is coupled between the ion outlet of the last drift tube 
segment and the ion inlet of the first drift tube segment such 
that the drift tube defines therein a closed and continuous ion 
travel path, wherein the drift tube includes an ion entrance 
drift tube segment coupled to one of the plurality of drift tube 
segments, an ion exit drift tube segment coupled to another 



US 9,129,782 B2 
51 

one of the plurality of drift tube segments and a plurality of 
ion gates each controllable to passions therethrough or block 
ions from passing therethrough, and wherein the method 
further comprises: 

controlling one or more of the plurality of ion gates to 
introduce ions into the via the ion entrance drift tube 
Segment, 

controlling one or more of the plurality of ion gates to 
direct ions in the drift tube along the continuous ion 
travel path while blocking ions from exiting the drift 
tube via the ion exit drift tube segment, 

after the ions in the drift tube have traveled along the 
continuous ion travel path a selected number of times, 
controlling one or more of the plurality of ion gates to 
direct at least some of the ions in the drift tube through 
the ion exit drift tube segment and out of the drift tube. 

9. The method of claim 5 wherein a fundamental frequency 
is defined by a ratio of a total number of the plurality of drift 
tube segments and a total drift time through the drift tube of 
ions having the ion mobility or range of ion mobilities, 

and wherein the method further comprises repeating mul 
tiple times the step of establishing the electric drift fields 
and the electric repulsive fields with a sum of the time 
durations of each Nth electric repulsive and drift fields 
defined as a ratio of Mand the fundamental frequency to 
cause ions entering the ion inlet of the first drift tube 
segment that have anion mobility or range of ion mobili 

5 

10 

15 

25 

52 
ties at an overtone frequency to traverse the drift tube, 
wherein the overtone frequency is defined by the rela 
tionship (phase ratio+1)/2. 

10. The method of claim 9 wherein the lastion elimination 
region is coupled between the ion outlet of the last drift tube 
segment and the ion inlet of the first drift tube segment such 
that the drift tube defines therein a closed and continuous ion 
travel path, wherein the drift tube includes an ion entrance 
drift tube segment coupled to one of the plurality of drift tube 
segments, an ion exit drift tube segment coupled to another 
one of the plurality of drift tube segments and a plurality of 
ion gates each controllable to passions therethrough or block 
ions from passing therethrough, and wherein the method 
further comprises: 

controlling one or more of the plurality of ion gates to 
introduce ions into the via the ion entrance drift tube 
Segment, 

controlling one or more of the plurality of ion gates to 
direct ions in the drift tube along the continuous ion 
travel path while blocking ions from exiting the drift 
tube via the ion exit drift tube segment, 

after the ions in the drift tube have traveled along the 
continuous ion travel path a selected number of times, 
controlling one or more of the plurality of ion gates to 
direct at least some of the ions in the drift tube through 
the ion exit drift tube segment and out of the drift tube. 


