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(57) Abstract: An asymmetric field ion mobility spectrometer (10) with ionization source (18) for jonizing a sample media and
creating ions. An ion filter (24) is disposed in the analytical gap downstream from the ionization source for creating an asymmetric
electric field to filter the jons. An ion flow generator for creating an electric field in a direction (26) transverse to the asymmetric
electric field and which propels the ions through the asymmetric electric field towards a detector (32).
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LONGITUDINAL FIELD DRIVEN FIELD ASYMMETRIC ION MOBILITY

FILTER AND DETECTION SYSTEM

RELATED CASES

This application is a Continuation-In-Part Application of Application Serial

No. 09/358,132 filed July 21, 1999.

FIELD OF INVENTION

This invention relates to a Longitudinal Field Driven Field Asymmetric Ion

Mobility (FAIM) filter, and more particularly to a micromachined spectrometer.

BACKGROUND OF INVENTION

The ability to detect and identify explosives, drugs, chemical and
biological agents as well as air quality has become increasingly more critical
given increasing terrorist and military activities and environmental concerns.
Previous detection of such agents was accomplished with conventional mass
spectrometers, time of flight ion mobility spectrometers and conventionally
machined FAIM spectrometers.

Mass spectrometers are very sensitive, highly selective and provide a fast
response time. Mass spectrometers, however, are large and require significant
amounts of power to operate. They also require a powerful vacuum pump to
maintain a high vacuum in order to isolate the ions from neutral molecules and
permit detection of the selected ions, and are also very expensive.

Another spectrometric technique which is less complex is time of flight
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ion mobility spectrometry which is the method currently implemented in most
portable chemical weapons and explosives detectors. The detection is based not
solely on mass, but on charge and cross-section of the molecule as well.
However, because of these different characteristics, molecular species
identification is not as conclusive and accurate as the mass spectrometer. Time of
flight ion mobility spectrometers typically have unacceptable resolution and
sensitivity limitations when attempting to reduce their size, that is a drift tube
length less than 2 inches. In time of flight ion mobility, the resolution is
proportional to the length of the drift tube. The longer the tube the better the
resolution, provided the drift tube is also wide enough to prevent all ions from
being lost to the side walls due to diffusion. Thus, fundamentally,
miniaturization of time of flight ion mobility systems leads to a degradation in
system performance. While conventional time of flight devices are relatively
inexpensive and reliable, they suffer from several limitations. First, the sample
volume through the detector is small, so to increase spectrometer sensitivity
either the detector electronics must have extremely high sensitivity, requiring
expensive electronics, or -a concentrator is required, adding to system complexity.
In addition, a gate and gating electronics are usually needed to control the
injection of ions into the drift tube.

FAIM spectrometry was developed in the former Soviet Union in the
1980’s. FAIM spectrometry allows a selected ion to pass through a filter while
blocking the passage of undesirable ions. One prior FAIM spectrometer was
large and expensive, e.g., the entire device was nearly a cubic foot in size and

cost over $25,000. These systems are not suitable for use in applications
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requiring small detectors. They are also relatively slow, taking as much as one
minute to produce a complete spectrum of the sample gas, are difficult to
manufactﬁre and are not mass producible.

Moreover, the pumps required to draw a sample medium into the
spectrometer and to provide a carrier gas can be rather large and consume large
amounts of power. And, the carrier gas necessarily must flow in the same
direction as the ions which requires a structure which separates the analytical gap

from the 10nization source.

BRIEF SUMMARY OF THE INVENTION

It is therefore an object of this invention to provide a FAIM filter and
detection system which can more quickly and accurately control the flow of
selected 1ons to produce a sample spectrum than conventional FAIM devices.

It 1s a further object of this invention to provide such a filter and detection
system which can detect multiple pre-selected ions without having to sweep the
bias voltage.

It is a further object of this invention to provide such a filter and detection
system which can even detect selected ions without a bias voltage.

It is a further object of this invention to provide such a filter and detection
system which can detect ions spatially based on the ions’ trajectories.

It is a further object of this invention to provide such a filter and detection
system which has a very high resolution.

It is a further object of this invention to provide such a filter and detection

system which can detect selected ions faster than conventional detection devices.
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It is a further object of this invention to provide such a filter and detection
system which has a sensitivity of parts per billion to parts per trillion.

It is a further object of this invention to provide such a filter and detection
system which may be packaged in a single chip.

It is a further object of this invention to provide such a filter and detection
system which is cost effective to implement and produce.

It is a further object of this invention to provide such a filter and detection
system which does not require the high flow rate, high power consumption pumps
normally associated with spectrometers.

This invention results from the realization that the pumps used to draw a
sample media such as a gas into a FAIM spectrometer and to provide a flow of
carrier gas can be made smaller or even eliminated in part by the incorporation of
an ion flow generator which creates a longitudinal electric field in the direction of
the intended ion travel path to propel the ions to the detector and through the
transversely directed asymmetric electric field which acts as an ion filter.

The result is the ability to incorporate lower cost, lower flow rate, and
smaller, even micromachined pumps; a decrease in power usage; the ability to now
apply clean filtered gas (e.g., dehumidified air) in a direction opposite the direction
of ion travel to eliminate ion clustering and the sensitivity of the spectrometer to
humidity. Separate flow paths for the source gas and the clean filtered gas are no
longer required thus reducing the structure required to maintain separate flow paths
taught by the prior art. Moreover, if an electrospray nozzle is used as the ionization
source, the electrodes used to create the fine droplets of solvent can be eliminated

because the electrodes which create the longitudinal and transverse electric fields
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function to both transport the ions and to create the fine spray of solvent droplets.

The spectrometer can be made extremely small, if required, and used in
chemical and military applications, as a filter for a mass spectrometer, as a detector
for a gas chromatograph, as a front end to a time of flight ion mobility spectrometer
for increased resolution or as a filter for a flexural plate wave device.

The invention results from the further realization that an extremely small,
accurate and fast FAIM filter and detection system can be achieved by defining a
flow path between a sample inlet and an outlet using a pair of spaced substrates and
disposing an ion filter within the flow path, the filter including a pair of spaced
electrodes, one electrode associated with each substrate and a controller for
selectively applying a bias voltage and an asymmetric periodic voltage across the
electrodes to control the path of ions through the filter.

The invention results from the further realization that by providing an array
of filters, each filter associated with a different bias voltage, the filter may be used
to detect multiple selected ions without sweeping the bias voltage.

The invention results from the further realization that by varying the duty
cycle of the periodic voltage, no bias voltage is required.

The invention results from the further realization that by segmenting the
detector, ion detection may be achieved with greater accuracy and resolution by
detecting ions spatially according to the ions’ trajectories as the ions exit the filter.

This invention features an ion mobility spectrometer comprising an
ionization source for ionizing a sample media and creating ions; an analytical gap;
an ion filter disposed in the analytical gap downstream from the ionization source

for creating an asymmetric electric field to filter the ions; an ion flow generator for
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creating an electric field in a direction transverse to the asymmetric electric field
which is in the longitudinal direction for propelling ions through the asymmetric
electric field; and an ion detector for sensing ions not filtered by the ion filter.

The 1on detector is typically located proximate to the ion flow generator.
The spectrometer may be a radiation source, an ultraviolet lamp, a corona discharge
device, or an electrospray nozzle.

The 1on filter is preferably connected to an electric controller for applying
a bias voltage and an asymmetric periodic voltage to the ion filter. The ion filter
typically includes a pair of spaced electrodes for creating an asymmetric electric
field between them. The ion flow generator typically includes a plurality of
spaced discrete electrodes insulated from these electrodes for creating the
transverse direction electric field which propels the ions through the asymmetric
electric field and to the detector.

Alternatively, the ion flow generator includes spaced resistive layers and a
voltage is applied along each layer to create the longitudinally directed electric
field which propels the ions through the asymmetric electric field and to the
detector.

In another embodiment, the ion filter includes a first plurality of discrete
electrodes electrically connected to an electric controller which applies an
asymmetric periodic voltage to them. The ion flow generator includes a second
plurality of discrete electrodes dispersed among the electrodes of the ion filter and
connected to a voltage source which applies a potential gradient along the second
plurality of discrete electrodes.

The analytical gap typically is enclosed by a housing. The 1on filter
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includes electrodes on an inside surface of the housing and the ion flow generator
includes electrodes proximate but insulated with respect to the ion filter
electrodes. The ion detector also includes electrodes on an inside surface of the
housing proximate to the ion filter and the 1on flow generator.

The analytical gap is typically enclosed by a housing, the ion filter may
include electrodes on an outside surface of the housing and the ion flow generator
then includes resistive layers on an inside surface of the housing. A voltage is
applied along each resistive layer to create a longitudinal electric field.
Alternatively, the ion filter and the ion flow generator are combined and include a
series of discrete conductive elements each excited by a voltage source at a

different phase.

BRIEF DESCRIPTION OF THE DRAWINGS

Other objects, features and advantages will occur to those skilled in the art
from the following description of a preferred embodiment and the accompanying
drawings, in which:

Fig. 1 is a schematic block diagram of the micromachined filter and
detection system according to the present invention;

Fig. 2 is a schematic representation of the ions as they pass through the filter
electrodes of Fig. 1 toward the detector;

Fig. 3A is a graphical representation of the bias voltage required to detect
acetone and the sensitivity obtainable;

Fig. 3B is a representation, similar to Fig. 3A, of the bias voltage required to

detect Diethyl methyl amine;
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Fig. 4 is a cross sectional view of the spaced, micromachined filter
according to the present invention;

Fig. 5 is a three dimensional view of the packaged micromachined filter and
detection system, including fluid flow pumps, demonstrating the miniaturized size
which may be realized;

Fig. 6 is an exploded view of one embodiment according to the present
invention in which an array of filters and detectors are disposed in the same flow
path;

Fig. 7 i1s an exploded view, similar to Fig. 6, in which the array of filters is
stacked and one filter and detector 1s associated with a single flow path.

Fig. 8 is a cross sectional representation of a single flow path of the arrayed
filter and detector system of Fig. 7;

Fig. 9 is graphical representation demonstrating identification of individual
chemicals from a mixture of benzene and acetone;

Fig. 10 is a schematic block diagram, similar to Fig. 1, in which the filter is
not compensated by a bias voltage and the duty cycle of the periodic voltage is
instead varied to control the flow of ions through the filter;

Fig. 11 is a graphical representation of an asymmetric periodic voltage
having a varying duty cycle which is applied to the filter of Fig. 9 to filter selected
ions without a bias voltage;

Fig. 12 is a schematic diagram of a filter and detector system in which the
detector is segmented to spatially detect ions as they exit the filter;

Fig. 13 is a schematic view of a typical prior art spectrometer;

Fig. 14 is a schematic view of one embodiment of the longitudinal field
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driven ion mobility spectrometer of the subject invention;

Fig. 15 is a schematic view of another embodiment of the longitudinal
field driven ion mobility spectrometer of this invention;

Fig. 16 1s a schematic view of another embodiment of the longitudinal
field driven ion mobility spectrometer of this invention;

Fig. 17 is a schematic view of the ion filter, detector, and ion flow
generator portion of the spectrometer of this invention;

Fig. 18 is a schematic view of another embodiment of the ion filter,
detector, and ion flow generator portion of a spectrometer according to this
invention;

Fig. 19 1s a schematic view of another embodiment of the ion filter,
detector, and 1on flow generator portion of a spectrometer according to this
mnvention;

Figs. 20 is a schematic view of another embodiment of the ion filter,
detector, and ion flow generator portion of a spectrometer according to this
invention; and

Fig. 21 is a schematic view of another embodiment of the ion filter,

detector, and ion flow generator portion of a spectrometer according to this

invention.

PREFERRED EMBODIMENT

FAIM spectrometer 10, Fig. 1, operates by drawing a gas, indicated by

arrow 12, via pump 14, through inlet 16 into ionization region 18. The ionized
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gas 1s passed between parallel electrode plates 20 and 22, which comprise ion
filter 24, following flow path 26. As the gas ions pass between plates 20 and 22,
they are exposed to an electric field between electrode plates 20 and 22 induced
by a voltage applied to the plates by voltage generator 28 in response to
electronic controller 30. The electric field produced preferably is asymmetric and
oscillates in time.

As ions pass through filter 24, some are neutralized by plates 20 and 22
while others pass through and are sensed by detector 32. Detector 32 includes a
top electrode 33 at a predetermined voltage and a bottom electrode 35, typically
at ground. Top electrode 33 deflects ions downward to electrode 35. However,
either electrode may detect ions depending on the ion and the voltage applied to
the electrodes. Moreover, multiple ions may be detected by using top electrode
33 as one detector and bottom electrode 35 as a second detector. Electronic
controller 30 may include, for example, amplifier 34 and microprocessor 36.
Amplifier 34 amplifies the output of detector 32, which is a function of the charge
collected by electrode 35 and provides the output to microprocessor 36 for
analysis. Similarly, amplifier 34', shown in phantom, may be provided where
electrode 33 is also utilized as a detector.

As 1ons 38, Fig. 2, pass through alternating asymmetric electric field 40,
which is transverse to gas flow 12, electric field 40 causes the ions to “wiggle”
along paths 42a, 42b and 42c. Time varying voltage V is typically in the range of
+ (1000-2000) volts and creates electric field 40 with a maximum field strength
of 40,000 V/cm. The path taken by a particular ion is a function of its mass, size,

cross-section and charge. Once an ion reaches electrode 20 or 22, it is
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neutralized. A second, bias or compensation field 44, typically in the range of +
2000 V/cm due to a + 100 volt dc voltage, is concurrently induced between
electrodes 20 and 22 by a bias voltage applied to plates 20 and 22, also by voltage
generator 28, Fig. 1, in response to microprocessor 36 to enable a preselected ion
species to pass through filter 24 to detector 32. Compensation field 44 is a
constant bias which offsets alternating asymmetric field 40 to allow the
preselected ions, such as ion 38c to pass to detector 32. Thus, with the proper
bias voltage, a particular species of ion will follow path 42¢ while undesirable
ions will follow paths 42a and 42b to be neutralized as they encounter electrode
plates 20 and 22.

The output of FAIM spectrometer 10 is a measure of the amount of charge
on detector 32 for a given bias electric field 44. The longer the filter 24 is set at a
given compensation bias voltage, the more charge will accumulate on detector 32.
However, by sweeping compensation voltage 44 over a predetermined voltage
range, a complete spectrum for sample gas 12 can be achieved. The FAIM
spectrometer according to the present invention requires typically less than thirty
seconds and as little as one second to produce a complete spectrum for a given
gas sample.

By varying compensation bias voltage 44 the species to be detected can be
varied to provide a complete spectrum of the gas sample. For example, with a
bias voltage of
-3.5 volts acetone was detected as demonstrated by concentration peaks 46, Fig.
3A in concentrations as low as 83 parts per billion. In contrast, at a bias voltage

of -6.5 volts, diethyl methyl amine, peaks 48, Fig. 3B, was detected in
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concentrations as low as 280 parts per billion.

Filter 24, Fig. 4, is on the order of one inch in size. Spectrometer 10
includes spaced substrates 52 and 54, for example glass such as Pyrex® available
from Corning Glass, Corning, N.Y ., and electrodes 20 and 22, which may be for
example gold, titanium, or platinum, mounted or formed on substrates 52 and 54,
respectively. Substrates 52 and 54 are separated by spacers 56a and 56b which
may be formed by etching or dicing silicon wafer. The thickness of spacers 56a-b
defines the distance between electrodes 20 and 22. Moreover, applying the same
voltage to silicon spacers 56a-b, typically = (10-1000 volts dc) transforms
spacers 56a and 56b into electrodes which can produce a confining electric field
58, which guides or confines the ions’ paths to the center of flow path 26, Fig. 1,
in order to obtain a better sample spectrum. To confine the ions, spacer
electrodes 56a-b must be set to the appropriate voltages so as to “push” the ions
to the center of flow path 26. This increases the sensitivity of the system by
preserving more ions so that more ions strike electrodes 33 and 35. However,
this is not a necessary limitation of the invention.

To maintain accurate and reliable operation of spectrometer 10,
neutralized ions which accumulate on electrode plates 20 and 22 must be purged.

This may be accomplished by heating flow path 26. For example, controller 30,
Fig. 1, may include current source 29, shown in phantom, which provides, in
response to microprocessor 36, a current I to electrode plates 20 and 22 to heat
the plates, removing accumulated molecules. Similarly, current I may instead be

applied to spacer electrodes 56a and 56 b, Fig. 4, to heat flow path 26 and clean

plates 20 and 22.
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Packaged FAIM spectrometer 10, Fig. 5, may be reduced in size to one
inch by one inch by one inch. Pump 14 is mounted on substrate 52 for drawing a
gas sample 12 into inlet 16. Clean dry air may be introduced into flow path 26,
Fig. 1, by recirculation pump 14a prior to or after ionization of the gas sample.
Electronic controller 30 may be etched into silicon control layer 60 which
combines with substrates 52 and 54 to form a housing for spectrometer 10.
Substrates 52 and 54 and control layer 60 may be bonded together, for example,
using anodic bonding, to provide an extremely small FAIM spectrometer. Micro
pumps 14 and 14a provide a high volume throughput which further expedites the
analysis of gas sample 12. Pumps 14 and 14a may be, for example, conventional
miniature disk drive motors fitted with small centrifugal air compressor rotors or
micromachined pumps, which produce flow rates of 1 to 4 liters per minute. One
example of pump 14 is available from Sensidyne, Inc., Clearwater, Florida.

While the FAIM spectrometer according to the present invention quickly
produces a spectrum for a particular gas sample, the time for doing so may be
further reduced with an array of filters 32. FAIM spectrometer 10, Fig. 6, may
include filter array 62, a single inlet 16 and single flow path 26. Sample gas 12 is
guided by confining electrodes 56a-h to filter array 62 after passing by ionization
source 18, which may include an ultraviolet light source, a radioactive device or
corona discharge device. Filter array 62 includes, for example, paired filter
electrodes 20a-e and 22a-e and may simultaneously detect different ion species
by applying a different compensation bias field 44, Fig. 2, to each electrode pair
and sweeping each electrode pair over a different voltage range greatly reducing

the sweep time. However, array 62 may include any number of filters depending
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on the size of the spectrometer. Detector array 64, which includes detectors 32a-
e, detects multiple selected ion species simultaneously, thereby reducing the time
necessary to obtain a spectrum of the gas sample 12. The electrode pairs share
the same asymmetric periodic ac voltage 40.

Clean dry air may be introduced into flow path 26 through clean air inlet
66 via recirculator pump 14a, Fig. 5. Drawing in clean dry air assists in reducing
the FAIM spectrometer’s sensitivity to humidity. Moreover, if the spectrometer
1s operated without clean dry air and a known gas sample is introduced into the
device, the device can be used as a humidity sensor since the resulting spectrum
will change with moisture concentration from the standardized spectrum for the
given sample.

However, rather than each filter 32a-e of filter array 62 sharing the same
flow path 26, individual flow paths 26a-e, Fig. 7, may be provided so that each
flow path has associated with it, for example, inlet 16a , ionization region 18a,
confining electrodes S56a’, 56b', ion filter electrode pair 20a, 22a, detector
electrode pair 33a, 35a and exit port 68a.

In operation, sample gas 12 enters sample inlet 16a, Fig. 8, and is ionized
by, for example, a corona discharge device 18a. The ionized sample is guided
towards 1on filter 24a by confining electrodes 56a and 56b. As ions pass between
1on filter electrodes 20a and 22a, undesirable ions will be neutralized while
selected 1ons will pass through filter 24a to be detected by detector 32a.

As shown in Fig. 9, identification of individual constituents of a mixture
is demonstrated by the distinct Benzene peaks 50 and the acetone peaks 51.

It has also been found that a compensation bias voltage is not necessary to
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detect a selected specie or species of ion. By varying the duty cycle of the
asymmetric periodic voltage applied to electrodes 20 and 22 of filter 24, Fig. 10,
there is no need to apply a constant bias voltage to plate electrodes 20 and 22.
Voltage generator 28, in response to control electronics 30 varies the duty cycle
of asymmetric alternating electric field 40. By varying the duty cycle of periodic
electric field 40, Fig. 11, the path of selected ion 32¢ may be controlled. As an
example, rather than a limitation, the duty cycle of field 40 may be one quarter:
25% high, peak 70, and 75% low, valley 72, and ion 38c approaches plate 20 to
be neutralized. However, by varying the duty cycle of voltage 40a to 40%, peak
70a, ion 38c passes through plates 20 and 22 without being neutralized.
Typically the duty cycle is variable from 10-50% high and 90-50% low.
Accordingly, by varying the duty cycle of field 40, an ion’s path may be
controlled without the need of a bias voltage.

To improve FAIM spectrometry resolution even further, detector 32, Fig.
12, may be segmented. Thus, as ions pass through filter 24 between filter
electrodes 20 and 22, the individual ions 38¢’-38¢"” may be detected spatially, the
ions having their trajectories 42c’-42¢"" determined according to their size,
charge and cross section. Thus detector segment 32’ will have a concentration of
one species of ion while detector segment 32" will have a different ion species
concentration, increasing the spectrum resolution as each segment may detect a
particular ion species.

One prior art ion mobility spectrometer 200, Fig. 13, (See U.S. Patent No.
5,420,424) includes analytical gap 202 defined by the space between inner 204

and outer 206 longitudinal electrodes. Sample media, or a source gas is drawn
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through inlet 210 via the action of pump 212 and ionized by ionization source
214. A carrier gas is introduced via pump 216 into analytical gap 202. Ions
generated by ionization source 214 travel through aperture 218 by the action of
electrode 220 and into analytical gap 202 until they reach detector 224.

Such a structure requires two pumps 212 and 216, and separate flow paths
201 and 203 for the source gas and the carrier gas. Thus, prior art mobility
spectrometer 200 cannot be made very small, and requires sufficient power to
operate pumps 212 and 216.

In the subject invention, the need for pumps 212 and 216 is either
eliminated or the pumps are made smaller, even micromachined pumps can be
used, for example. Furthermore, separate flow paths for the source gas and the
carrier gas are not required and clean filtered gas such as dehumidified air can be
introduced to flow in a direction opposite the direction of ion travel to eliminate
ion clustering and to improve (lower) the spectrometer’s sensitivity to the effects
of humidity.

Field asymmetric ion mobility spectrometer 230 according to this
invention, Fig. 14, includes analytical gap 232 inside structure 234 which may be
a round tube or a small flat housing with walls defining an enclosure. Ionization
source 236 ionizes a sample media or gas driven into analytical gap 232 via the
action of pump 238 which may be a micromachined pump with a flow rate of
much less than the typically required 1-4 liters per minute of the prior art
resulting in a power savings of between 1-5 watts over prior art spectrometers.

Ion filter 240 is disposed in analytical gap 232 downstream from

lonization source 236 for creating an asymmetric electric field shown by vector
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242 to filter ions generated by ionization source 236 as discussed supra.

Ion filter 240 typically includes a pair of spaced electrodes 248 and 246
connected to an electric controller which applies a biased voltage and an
asymmetric periodic voltage to electrodes 246 and 248, see Figs. 1-2.

Unique to spectrometer 230 is ion flow generator 250 for creating a
longitudinal electric field as shown by vector 252. The strength of longitudinal
and electric field 252 can be constant in time or space or can vary with time and
space and propels 1ons through asymmetric electric field 242.

In one embodiment, ion flow generator 250 includes discrete electrodes
260, 262, 264, and 266 insulated from electrode 246 and discrete electrodes 248
by insulating mediums 268. In one example, electrode 260 is at 1,000 volts,
electrode 266 is at 10 volts and electrodes 262 and 264 are at 500 and 100 volts
respectively, although these voltage levels may vary depending on the specific
implementation of spectrometer 230. The voltages applied to electrodes 261,
263, 265, and 267 generally match the voltages applied to electrodes 260, 262,
264, and 266, respectively. There may be more or fewer electrodes opposing
each other forming ion flow generator 250. Electrode pairs (260, 261), (262,
263), (264, 265), and (266, 267) can also each be a ring electrode as well as
discrete planar electrodes.

In any case, the strength of longitudinal electric field 252 propels 1ons
generated by ionization source 236 through asymmetric electric field 242 and
towards detector 270 thus eliminating or reducing the flow rate and power
requirements of pumps 212 and 216, Fig. 13 of the prior art.

Typically, detector 270 is positioned close to ion flow generator 250 and
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electrodes 260, 262, 264, 266, 261, 263, 265, and 267 preferably occupy more or
less the same physical space as ion filter 240 electrodes 246 and 248 relative to
analytical gap 232.

In another embodiment, spectrometer 300, Fig. 15, includes structure
which defines flow path 302 and analytical gap 304 with an opening 306 there
between. Source gas is drawn into flow path 302 by pump 310 and ionized by
ionization source 308. The ions are deflected through opening 306 and into
analytical gap 304 by deflecting electrodes 312 and 313 where the electrodes of
ion flow generator 25C and ion filter 240 are disposed. lon flow generator 250
propels the ions through the asymmetric ion field created by filter 240 as
discussed above. In this way, pump 312 need only supply a fairly low flow rate
of dehumidified air into analytical gap 304 and no carrier gas flow is required as
taught by the prior art.

In another embodiment, a desiccant 322, Fig. 16, is provided in housing
320 and small pump 324 is the only pump required to draw source gas into
housing 320 through small orifice 326. Ionization source 328 produces ions
which travel through filter 240 aided by the longitudinal electric field created by
ion flow generator 250 positioned proximate detector 330.

In one embodiment detector 270, Fig. 14, includes spaced electrodes 272,
274, Fig. 17, similar in construction to electrodes 33 and 35, Fig. 1. The ion filter
of Fig. 17 includes spaced electrodes 276 and 278 for creating transverse electric
field 280. The ion flow generator includes spaced discrete electrodes as shown
for electrodes 282 and 284 and electrodes 286 and 288. Electrodes 282 and 284

may be at 1000 volts and electrodes 286 and 288 may be at 0 volts. Insulating
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medium 290 and 292 insulates electrodes 282, 284, 286, and 288 with respect to
electrodes 276 and 278. Electrode pairs (282, 284) through (286, 288) or more
could also be ring electrodes.

In another embodiment, Fig. 18, the ion filter includes spaced resistive
layers 300 and 302 insulated from electrodes 276 and 278 on Pyrex substrate 310
by insulating medium 290 and 292, for example, a low temperature oxide
material.

Resistive layers 300 and 302 may be a resistive ceramic material
deposited on insulating layers 290 and 292, respectively. Terminal electrodes
312, 314, 316 and 318 make contact with each resistive layer to apply a voltage
drop across each resistive layer to generate the longitudinal electric field. Thus,
electrodes 312 and 316 may be at 1000 volits while electrodes 314 and 318 may
be at 0 voits. This embodiment can be extended to a cylindrical geometry by
making electrodes 312 and 316 a ring electrode, electrodes 314 and 318 a ring
electrode, and resistive layers 300 and 302 an open cylinder.

In still another embodiment, Fig. 19, the ion filter includes a plurality of
high frequency, high voltage electrodes 330, 332, 334 and 336 connected to an
electric controller (see Fig. 1) which applies an asymmetric periodic voltage to
create an ion filtering electric field and the ion flow generator includes a second
plurality of discrete electrodes 338, 340, 342 and 344 dispersed among but
insulated from the discrete electrodes of the ion filter as shown and connected to a
voltage source which applies a potential gradient across them to generate an ion

propelling electric field which is in directed in a direction transverse to the ion

filtering electric field.



WO 01/35441 PCT/US00/30921

20

In still another embodiment, Fig. 20, high frequency electrodes 350, 352
which provide the asymmetric ion filtering electric field are disposed on the
outside of walls 354 and 356 made of an insulative material such as PYREX
which define analytical gap 358. Resistive layers 360 and 362 may be a resistive
ceramic material deposited on the inside of walls insulating walls 354 and 356,
respectively. Terminal electrodes 364 and 366, and 368 and 370 make contact
with each resistive layer 1s shown to apply a voltage drop across each resistive
layer to generate the ion propelling longitudinal electric field. Thus, electrodes
364 and 368 may each be at 1000 volts while electrodes 366 and 370 are at 0
volts.

In the design shown in Fig. 21, discrete electrodes 380-386 and 387-394
produce an electrical field with both transverse and longitudinal components to
both filter and propel the ions. A travelling wave voltage of the form

Vcos (wt-kz) 1
where k = 2 7/A is the wave number has an associated electric field with both
transverse and longitudinal components. For a planar system, each succeeding
set of opposing electrodes is excited by a voltage source at a fixed phase
difference from the voltage source applied to the adjacent set of opposing
electrodes.

Thus, electrodes 380 and 387 are excited with a voltage of vcos(wt) while
electrodes 381 and 388 are excited with a voltage of vcos (wt + 120) and so on as
shown in Fig. 21. Travelling wave voltages require polyphase voltage
excitations, the simplest being a two phase excitation. So, a two conductor

ribbon could also be wound around a duct defining the analytical gap with one
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conductor excited at vcos (wt) and the other conductor excited at vsin (wt). Three
phase excitations could be incorporated if the conductor ribbon or tape had three
conductors.

The subject designs lend themselves well to the use of an electrospray
ionization source nozzle because certain electrodes can function both as the
source for the longitudinal electrical field which transports the ions towards the
detector electrodes and as the electrodes which create a fine spray of solvent
droplets for ionizing the source gas or sample medium.

Thus, in accordance with this invention, pumps 216 and 212, Fig. 13 of
the prior art are either eliminated or at least reduced in size and have lower flow
rate and power requirements. By the incorporation of an ion flow generator
which creates a longitudinal electric field in the direction of the intended ion
travel, the ions are propelled to the detector and through the transversely directed
asymmetric electric field which acts as an ion filter. In the preferred
embodiment, a pump is not required to draw the ionized gas species through the
spectrometer drift tube for analysis. Instead, a longitudinal electric field apphed
along the length of the drift tube can be used to propel the ions down the drift
tube through the ion filter to a detector. By eliminating the high flow rate (1-4
liters per minute) pumps used in prior art spectrometers, a significant reduction in
power consumption, size, and cost can be realized leading to a truly miniaturized
spectrometer on a chip.

A second benefit of this design is that a flow of clean filtered air can be
applied in a direction opposite the direction of the motion of the ions. In this

way, any neutrals in the sample gas which were not ionized are deflected away
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and do not enter the ion analysis region. The result is the elimination of ion
clustering problems and the humidity sensitivity of the sensor. Because the flow
rates are low, it is possible to incorporate integrated micromachine pumps.

Since only the ions need enter the analysis region, no gas flow is required
in the 1on filter and detector region. Molecular sieves can be located close to the
entrance of this region in order to absorb any neutral molecules in the analysis
region and prevent clustering. A separate source of air flow delivered by a pump
in the ion filter (analyzer) region is not required in contrast to the prior art which
incorporated high flow rate pumps which consumed a relatively large amount of
power (1-5 watts) and which added size to the system and/or which could fail. In
subject invention, a flow of neutral gas in the same direction as the ion species
generated from the sample gas to be analyzed is not required. Instead a flow gas
in the opposite direction of the ion flow direction can be applied to keep the ion
filter region free of unwanted neutrals and moisture. A higher gas flow rate
through the ion filter (drift tube) is not required. Instead, the ions are drawn
through the ion filter (drift tube) along the z axis by a longitudinal electric field
produced by a small potential gradient in the z direction. In the design shown,
Fig. 17, only a low volume flow in the direction of the longitudinal electric field
as shown by vector 252 is required to bring the ions proximate to electrodes 282
and 284. No gas flow is required in the ion filter and detector region due to
longitudinal electric field 252. Also, if required, a low flow volume of clean
filtered air can be provided in a direction opposite the longitudinal electric field to
keep the ion filter and detector region free of neutrals. A resistive divider circuit

provides a potential gradient across electrodes 282, 284, so that for example,
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electrodes 282 and 284 are at 1000 volts while electrodes 286 and 288 are at 0
volts. In the design shown in Fig. 19, all the high frequency electrodes 330, 332,
etc. are electrically tied together while the longitudinal field producing electrodes
338, 340 etc. have a potential gradient dropped across them. In one embodiment,
the voltages applied to the electrodes can be alternated so that first a voltage is
applied to generate the transverse electric field and then a voltage is applied to
other electrodes to generate the longitudinal electric field.

Although specific features of the invention are shown in some drawings
and not in others, this is for convenience only as each feature may be combined
with any or all of the other features in accordance with the invention.

Other embodiments will occur to those skilled in the art and are within the
following claims:

What is claimed is:
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CLAIMS
1. An asymmetric field ion mobility spectrometer comprising:

an ionization source for ionizing a sample media and creating ions;

an analytical gap;

an ion filter disposed in the analytical gap downstream from the
ionization source for creating an asymmetric electric field to filter the ions;

an ion flow generator for creating an electric field transverse to the
asymmetric electric field for propelling ions through the asymmetric electric field;

and

an ion detector for sensing ions not filtered by the 1on filter.

2. The spectrometer of claim 1 in which the ion detector is proximate

the ion flow generator.

3. The spectrometer of claim 2 in which the ionization source is a

radiation source.

4. The spectrometer of claim 1 in which the ionization source includes

an ultraviolet lamp.

5. The spectrometer of claim 1 in which the ionization source includes

a corona discharge device.
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6. The spectrometer of claim 1 in which the ionization source includes
an electrospray nozzle.
7. The spectrometer of claim 1 in which the ion filter is connected to

an electric controller for applying a bias voltage and an asymmetric periodic

voltage to the ion filter.

8. The spectrometer of claim 1 in which the ion filter includes a pair
of spaced electrodes for creating an asymmetric electric field and the ion flow
generator includes a plurality of spaced discrete electrodes insulated from the pair

of spaced electrodes for creating the transverse direction varying strength electric

field.

9. The spectrometer of claim 1 in which the ion flow generator
includes spaced resistive layers and a voitage applied along each layer to create a

longitudinal electric field.

10.  The spectrometer of claim 1 in which the ion filter includes a first
plurality of discrete electrodes electrically connected to an electric controller
which applies an asymmetric periodic voltage to the first plurality of discrete
electrodes and in which the ion flow generator includes a second plurality of
discrete electrodes dispersed among the first plurality of discrete electrodes
connected to a voltage source which applies a potential gradient along the second

plurality of discrete electrodes.



WO 01/35441 PCT/US00/30921

26

11.  The spectrometer of claim 1 in which the analytical gap is
enclosed by a housing, the ion filter includes electrodes on an inside surface of
the housing and the ion flow generator includes electrodes proximate but

insulated with respect to the ion filter electrodes.

12. The spectrometer of claim 11 in which the ion detector includes
electrodes on an inside surface of the housing proximate the ion filter and the ion

flow generator.

13. The spectrometer of claim 1 in which the analytical gap is
enclosed by a housing, the ion filter includes electrodes on an outside surface of
the housing and the ion flow generator includes resistive layers on an inside

surface of the housing and a voltage is applied along each layer to create a

longitudinal electric field.

14. The spectrometric of claim 1 in which the ion filter and the ion
flow generator are combined and include a series of discrete conductive elements

each excited by a voltage source at a different phase.
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Three options exist for the gas flow in the system: First a low volume flow in the z-
direction can be provided, Second no gas flow is present in the ion filter and detector
region. Third, a low flow volume of clean filtered air can be provided in the negative z
dirsction to keep the jon filter and detector region free of neutrals.

1
Transverse

. ~ e ;“‘.
1" 2 a+ E-field Longitudinal E. Z-axis -
L ._ /t fiet——— Y —> FB |+
130 . . LS ' W fffi ’r"\"

Figure 3.0: Cross-sectional view of FAIM spectrometer with Electdc fields in both
the transverse and longitudinal directions.

Several desigas for the drift tube (ion filicr region + detector region) are proposed:

Design #1:

To form this device a metal elecirode is deposited on the substrate (possibly pyrex). The
clectrode is coated with a thin film of insulator (possibly Low Temperature Oxide). The
insulator allows 2 second highly resistive (possibly a resistive ceramic) material to be
deposited on top of the insulating layer. Two metal electrodes make contact to this

resistive layer and a voltage is dropped across this layer. This voltage produces the
longitudinal electric field.

1A
31°
. () Ras e ,2/
Insulatoe . . . 27
Resistive Layer igh Frequency

Figure 4.0: Design #1 a resistive layer is used across which a potential is applied
Is used o generate the longitdinal (Z-direction) electric field.

Chatles Stark Draper Laboratory Proprictary
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Design #2:
In this design instead of a continuous resistive coating a series of meta}/alectrodes are
located above the insulator. A resistive divider circuit is built outsid2’of the device to

provide a potential gradient across the different electrodes, so that fp example, one side
of the resistor divider circuit can be at ~1000V while the other end 4t 0 V.

Metal Strips

Figure 5.0: Metal strips each at a di
potential gradient pulling the ions 1

Design #3:

e broken up as shown in
ggether while the

applied to gen

dte 2 transverse electric field and then the voltage is appli
electrodes to

generate the longitudinal electric field.

High-Frequency High-
Yolage electrodes 13 To produce z-disected —
(longitudinal) field A i o}

20

Insulation

Figure 6.0: Alternating electrode design. Note, figure not drawn to scale. Metal
electrodes are much smaller than flow channe] gap.

Design #4

In this design only 4 electrodes are used to
they are positioned as described in Fi
Electrode 1 and
the same potent
2 a0d 4 is lower

generate the longitudinal electric field and
gure 7.0. The bias on the electrodes is as follows:
electrode 3 are at the same potential, electrode 2 and electrode 4 arc at

al. To attract positive ions through the ion filter the yoltage on electrodes
than the voltage on electrodes 1 and 3. To move negatve ions through

Charles Stark Draper Laboratory Proprictary
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To form this device a metal electrode is deposited on the
The electrode is coated with an insulating film (possibly/low temperature oxide or
polyimide). Tbe insulator allows a highly resistive mategfal such as Indium Tin Oxide
(ITQ) to be depesited on top of the insulating layer. ¥wo metal electrodes (#1) make
contact to this re%sltivc layer and a voltage is droppéd across the layer. This voltage
produces the longitudinal electric field. The bbttom electrode (#2) provides the
asymmetric high frequency. high voltage. electg field. The compensation voltage is
superimposed on one of the #1 electrodes.

In another implementatign the insulating/layer can be replaced with a resistive layer
which Is more resistive that\the ITO {yfm. In yet another implementation the high-
frequency high-voltage electrodes can be located exterior to the ion flow channel (on the
exterior side of the insulator) while the resistive layer is located on the interior of the ion
flow channel. In this configuration fhe need for a thin insulating layer is eliminated.

dostrate (possibly Pyrex).

Insulator

igh Frequency
High Voltage Electrodes
#2

High frequency AV

High voltage

electrodes Ton flow channel N %—;3 20
354

T
. . S
iz 3 0b-High-frequency high=vottage-electrodes [oeated extertor tofonBow-channel.-

Charles Stark-DraperL-aberatory-Proprictary
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Design #4 /

A fourth approach is/to apply a traveli g/wavc voltage of the fo cos(omega*t-kz)
where k=2*pi/lambd4 is the wavenumbef. Such an imposed traveling wave of voltage
has an associated glectric field with hoth transverse and axial components. Traveling
wave voltages rZquire polyphase voltage excitations, the simplest being 2 two phase
excitation. A % conductor ribbon ¢dble wound around a duct with one conductor excited
as Vcos(ome&a*t) and the other/Conductor excited as Vsin(omega*t) can produce this
traveling wéve. Three phase exgitations can also be used with a 3 conductor cable. For a
tem, the same effect as a ribbon cable can be achieved using multiply
segmenfed electrodes where each succeeding conductor is excited by a voltage source a

Veas(wt)

. ds{wt + 240)
VYeos(wt + 120) o
cos(Wt + Voos(wi+240)  Veos(wie120) ﬁ) 2 /

/

can be applieg/to both the-Single ele}er’x; FAIM
MS FAIM spectrgfmeters. /

;

ultiply segme 2:(1 electrodes with,a’3 phasyiétion.

Charles Stark Draper Laboratory Proprictary
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