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ABSTRACT 

An RF-driven plasma source, including a pair of spaced-apart 
plasma electrodes, wherein the electrodes act as plates of a 
capacitor, the gas electrically discharges and creates a plasma 
of both positive and negative ions, in a clean process that 
enables efficient sample analysis, with preferred isolated 
sample photo-ionization, reduced-power operation and also 
including signal detection with modulated drive electronics. 
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METHOD AND APPARATUS FOR PLASMA 
GENERATION 

REFERENCE TO RELATED APPLICATIONS 

0001. This application is a continuation of U.S. patent 
application Ser. No. 1 1/471,854 (filed 21 Jun. 2006), which is 
a continuation of U.S. patent application Ser. No. 10/894,861 
(filed 19 Jul. 2004), which is a continuation-in-part of U.S. 
patent application Ser. No. 10/215.251 (filed 7 Aug. 2002), 
the entire contents of which are incorporated herein by refer 
ence, which claims priority to and the benefit of the following 
applications: U.S. Provisional Patent Application 60/310.902 
(filed 8 Aug. 2001); U.S. Provisional Patent Application 
60/335,219 (filed 25 Oct. 2001): U.S. Provisional Patent 
Application 60/340,815 (filed 12 Dec. 2001); and U.S. Pro 
visional Application 60/388,052 (filed 12 Jun. 2002). The 
U.S. patent application Ser. No. 10/894,861 also claims pri 
ority to and the benefit of the following applications: U.S. 
Provisional Patent Application 60/488,019 (filed 17 Jul. 
2003); U.S. Provisional Application 60/498,163 (filed 27 
Aug. 2003); U.S. Provisional Patent Application 60/498,093 
(filed 27 Aug. 2003); U.S. Provisional Patent Application 
60/518,367 (filed 8 Nov. 2003); and U.S. Provisional Patent 
Application 60/520,284 (filed 14 Nov. 2003). 
0002 This application also incorporates herein by refer 
ence the entire contents of U.S. patent application Ser. No. 
10/462,206 (filed 13 Jun. 2003). 

FIELD OF THE INVENTION 

0003. The invention relates to an ionization source, and 
more particularly, in one embodiment, to a plasma generator 
for atmospheric gas discharge ionization. 

BACKGROUND OF THE INVENTION 

0004 Creation of ionized particles is a useful tool for 
many applications, such as for ignition of lasing or to assist 
chemical analysis, among other uses. In some equipment, 
high energy radioactive sources of alpha or beta particles are 
employed for the ionization process. However, because of the 
potential health hazard and need for regulation, wide-spread 
use of equipment using radioactive ionization sources has 
been limited. And even though Smoke alarms use radioactive 
Sources, the amount of ionization is low, and they still require 
government regulation. 
0005. There are several ionization methods that avoid 
radioactive sources. Corona discharge is a source of non 
radioactive ionization. It provides high energy in a compact 
package. However, this process is not stable and can contami 
nate the sample with metal ions or NOx, as would interfere 
with analytical results. Furthermore, the generated ion spe 
cies depends upon the applied Voltage. 
0006 RF discharge ionization reduces some of these dis 
advantageous effects. RF discharges are subdivided into 
inductive and capacitive discharges, differing in the way the 
discharge is produced. 
0007 Inductive methods are based on electromagnetic 
induction so that the created electric field is a vortex field with 
closed lines of force. Inductive methods are used for high 
power discharges, such as for production of refractory mate 
rials, abrasive powders, and the like. 
0008 Capacitive discharge methods are used to maintain 
RF discharges at moderate pressures p-1-100 Torr and at low 
pressures p-10-1 Torr. The plasma in them is weakly ion 
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ized and non-equilibrium, like that of a corona discharge. 
Moderate-pressure discharges have found application in laser 
technology to excite CO lasers, while low-pressure dis 
charges are used for ion treatment of materials and in other 
plasma technologies. 
0009. Another ionization process is UV ionization. This 
process is sometimes referred to as atmospheric pressure 
photo-ionization (APPI). In low pressure conditions, photo 
ionization involves direct interaction of photons with 
samples, forming positively charged molecular ions and free 
electrons. At elevated pressure conditions, the situation is not 
so simple and the ionization process for sample molecules 
can include a sequence of gas phase reactions, the details of 
which depend on the energetic properties of initially formed 
ions and free electrons (due to direct photo-ionization) and on 
the nature of the ambient gas. 
0010. One disadvantage of UV ionization is that it pro 
vides low to moderate ionization energies. This limits the 
types of molecules that can be ionized. As well, sometimes 
APPI can give unexpected results. The photons are typically 
generated in a tube, with the photons passing through a win 
dow, and this window material affects efficiency. Also, the 
surfaces of the UV devices can become contaminated or 
coated from the ionization product, which can degrade device 
performance or output intensity. As well, the UV tubes can be 
delicate and fragile, and hence are generally not suitable to 
operation in harsh environments or in applications requiring a 
significant amount of manual handling. 

SUMMARY OF THE INVENTION 

0011. The invention, in various embodiments, addresses 
the deficiencies in the prior art by providing reliable non 
radioactive ionization sources for various applications. More 
particularly, in one aspect, the invention provides a capacitive 
discharge apparatus for generating a stable plasma at pres 
Sures including at or around atmospheric pressure. 
0012. According to one embodiment, a plasma ionization 
Source of the invention, also referred to as a plasma generator 
or a plasma ionizer, includes at least two plasma electrodes 
spaced by an ionization gap. In one practice of the invention, 
a system includes a capacitive gas discharge plasma generator 
for generating a plasma and a sample ionizer for ionizing a 
sample, with the sample ionizer being enabled by the plasma. 
In one embodiment, the gas is air and the plasma is formed at 
Substantially atmospheric pressure and generates positive and 
negative ions Substantially concurrently. 
0013. According to one advantage, the invention reduces 
or eliminates creation of ions from electrode material, and/or 
creation of other by-products, which may contaminate 
plasma ionization and which may impact further processes, 
Such as sample ionization and analysis. 
0014. In various practices of the invention, the electrodes 
may or may not be protected from the plasma. In some 
embodiments, the electrodes are outside of the plasma envi 
ronment or are otherwise isolated from the plasma to achieve 
a clean and more stable plasma. This favorably impacts down 
stream sample analysis. 
0015. In various practices of the invention, plasma forma 
tion may be immediate to sample ionization or may be physi 
cally separated from sample ionization. Sample ionization 
may or may not occur in the plasma. Separation of plasma 
formation from Sample ionization results in cleaner, more 
reliable, and more stable sample ionization. This also favor 
ably impacts downstream sample analysis. 
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0016. In one practice of the invention, the plasma is 
formed in a gas flow channel and at least one of the plasma 
electrodes is protected from contact with the plasma. One or 
more of the plasma electrodes may be located external to the 
gas flow channel. Alternatively, at least one of the plasma 
electrodes may have an associated material layer for protect 
ing the surface of the electrode(s) from destructive contact 
with the plasma. In one embodiment of the invention, the 
material layer includes a low or non-conductive material 
(e.g., an insulator or dielectric) for isolating one or more of the 
plasma electrodes. In one implementation, the invention 
employs a dielectric of high permittivity material to enlarge 
spacing between the metal electrodes of the plasma generator, 
while still achieving tight, effective gap spacing. This 
embodiment achieves a plasma with well-defined, temp-con 
trolled emission qualities. 
0017. In various implementations, electrode surface pro 
tection reduces and/or prevents erosion of electrode Surfaces, 
and/or limits and/or prevents ion contamination of the 
plasma. Thus, according to one advantage, a plasma genera 
tor of the invention is able to ionize a wide range of com 
pounds for practical analytical applications, without contami 
nating the ionized sample. 
0018. In various practices of the invention, plasma forma 
tion results inionized atoms and molecules, generation of free 
electrons, and the like. This process may be favorably con 
trolled by changing the plasma electric field drive parameters. 
Regulation of drive waveform characteristics may include 
selectively adjusting the plasma drive signal frequency and/or 
magnitude and/or duty cycle, and/or by making changes in 
pressure, humidity, gas content, Volume, and the like. Accord 
ing to another advantage, the invention enables achieving 
controlled and selective ionization and/or intended fragmen 
tation of a sample, with control of formation of by-products 
(e.g., NOx), and/or control of undesired formation of clusters, 
fragmentation, and the like. 
0019. According to various practices, the invention 
enables operation at a wide range of ionization levels, as 
needed, from low to moderate to high energy, and from “soft” 
to "hard ionization, as desired. 
0020 Soft ionization involves charge attraction and trans 
fer reactions and produces molecular ions, and is non-de 
structive. Hard ionization results from electron impact and 
produces fragment ions. Both types of ionization may be 
achieved in practice of the invention. According to one fea 
ture, Soft ionization may be selected for analysis of intact 
ionized molecules and hard ionization may be selected for 
sample fragmentation for generating additional useful data, 
Such as, without limitation, for analyzing when complex mix 
tures. According to another feature, the invention controls 
plasma intensity and ionization levels as needed. 
0021. According to a further embodiment of the invention, 
one or more dopants may be introduced into the plasma 
process to change characteristics (e.g., frequency) of the 
emitted light, Such as where a target photon output is sought, 
or to Suppress interferences. Furthermore, introduction and 
control of dopants (e.g., acetone, water vapor, or other Suit 
able dopant.) can reduce ignition energy or keep alive energy, 
as Such function is expressed in known Paschen curves, for a 
given plasma, as well as impacting species creation, density 
and energy. Control of plasma energy impacts rate, energy 
and efficiency of ionization in the plasma field. 
0022. Thus, according to one aspect, the invention enables 
control of a plurality of levels of ionization. Plasma ionization 

Jul. 3, 2008 

control improves sample ionization control. Such controls, in 
turn, improve the ability to direct and control sample analysis. 
0023. According to a further embodiment, the invention 
provides Substantially concurrent, or in some embodiments, 
Substantially simultaneous generation of both positive and 
negative ions in the plasma. Such generation in the plasma 
enables a correspondingly similar generation of positive and 
negative sample ion species. In a one embodiment of the 
invention, positive and negative sample ion species are gen 
erated and then filtered, detected and identified substantially 
concurrently or even simultaneously in a DMS system of the 
invention. One result is fast, reliable and efficient chemical 
analysis of ionized sample species. 
0024. In one practice, the invention includes a flow path 
for flow of a gas and a sample. Embodiments of the flow path 
enable local plasma formation and local sample ionization 
and, optionally, enable local sample analysis. The flow path 
may accommodate, for example, multiple flows, split flows 
and/or counter flows, and may include an analytical system 
with a plurality of flow channels for processing an ionized 
sample. 
0025 Ionizing the gas generates ionization media and by 
products. In a particular practice of the invention, a flow 
arrangement enables (1) flow of the by-products in the plasma 
field in a direction away from the sample ionizer, and (2) flow 
of the ionization media out of the region of the plasma field 
and into the sample ionizer. Therefore, the sample is advan 
tageously ionized in the sample ionizer by the ionization 
media outside of the plasma and away from the by-products. 
One result is cleaner and more reliable sample ionization. 
0026. In another practice, the plasma generator generates 
photons. In one configuration, the sample is ionized with the 
photons outside of the plasma generator in a “windowless' 
photo-ionization arrangement. In one embodiment, the 
invention includes a windowless atmospheric pressure photo 
ionization (APPI) system in which capacitive gas discharge 
plasma ionization is used as a source of photons, and the 
photons are used downstream to ionize the sample outside of 
the plasma region. 
0027. The photo-ionized sample is then transported down 
stream for other use. Such arrangement improves ion species 
generation and analysis by avoiding the affect of the complex 
chemistry of plasma ionization upon sample processing. The 
windowless photon Source is an improvement over a typical 
UV photo-ionization source and avoids inconsistencies and 
absorption limitations that often stem from transmission 
through a UV window. This process reduces sample contami 
nation and calibration needs. 
0028. Various electrode configurations are within the 
spirit and scope of the invention, including planar, cylindrical, 
curved, molded, wire, and/or needle shapes, which present 
any variety of flat, pointed, or curved surfaces and may be 
integrated into planar, curved, cylindrical and/or other Suit 
ably configured filters, separators and/or spectrometers, and 
may be parallel or at an angle to each other. The gas sample 
may flow, for example, over, between and/or around the elec 
trodes. 
0029. The flow path may have one or more inlets, accom 
modating one or more flows, which may include gas, a 
sample, dopant(s) and/or other flows. In one embodiment, 
multiple gas flows are arranged to permit selective introduc 
tion of a selected gas, such as a dopant, to control, optimize or 
stabilize plasma parameters. In another embodiment, a mul 
tiple flow channel system is provided for localization of 
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plasma formation, sample ionization, and sample analysis. In 
a further multi-channel device of the invention, multiple pro 
cesses are performed for characterizing ion species. This 
arrangement may include a parallel or serial array of pro 
CCSSCS. 

0030 Preferably the system includes a controller and the 
system is operated for optimization of plasma generation and 
sample processing. 
0031. In one practice, the flow path receives a dopant, the 
dopant flowing in the plasma generator to affect the plasma 
generation. In another practice, the dopant flows in the sample 
ionizer to affect sample ionization. In another practice, the 
dopant flows in the sample analyzer to affect analyzing of the 
ionized sample. 
0032. In another practice, a first flow channel part includes 
a flow inlet and outlet and sample flow into the flow channel 
part and both positive and negative sample ions are generated. 
The sample ions are transported along the first flow channel 
part toward the outlet and are influenced by an ion deflector, 
wherein selected ions of the positive and negative sample ions 
are deflected from the first flow channel part into the second 
flow channel part by the ion deflector. The selected and 
deflected sample ions are processed in the second flow chan 
nel part by the sample analyzer. The sample analyzer charac 
terizes the sample based on the processing in the second flow 
channel part of the selected and deflected Sample ions. 
0033 Efficient plasma generation may be implemented in 
circuit design. In one practice of the invention, a resonant 
drive is used for generating the plasma, which produces a high 
frequency RF field at low power. In a further practice, a 
feedback loop including a photo-detector is implemented as 
part of a plasma drive stabilization circuit, resulting in a 
stabilized plasma ionization source. In various embodiments 
of the invention Such feedback may be implemented using a 
simple detector to gauge photon intensity or a photo-spec 
trometer that evaluates photo emission spectra to more com 
pletely evaluate the plasma formation and sample ionization 
process. 
0034. In one practice of the invention, a resonant plasma 
drive circuit generates plasma formation. In a one embodi 
ment, the plasma electrodes are driven with a modulated drive 
signal. This modulation stimulates the electrodes to produce 
ions in “packets having a frequency related to the modulated 
drive signal, and having an average intensity controlled by the 
modulated drive signal. A system using this modulated drive 
signal technique uses low power, provides precise and linear 
control of plasma intensity. Plasma intensity Sufficient to 
produce ion levels compatible with a compatible sensor can 
be achieved. 
0035 Modulation of the plasma generator drive signal 
reduces plasma drive power consumption. Use of Such 
plasma modulation also improves spectrometer performance 
in a preferred DMS embodiment of the invention. According 
to one feature, the plasma drive modulation encodes the ion 
ized sample signal to be detected. According to another fea 
ture, this characteristic of the modulation can be used to 
discriminate against noise contribution, which is spread over 
a different and wider band of frequencies. 
0036 Embodiments of the invention may also include 
improvements in DMS drive techniques. Driving a DMS RF 
filter with a modulated RF drive signal improves DMS oper 
ating efficiency. In one embodiment, a circuit drives the DMS 
filter electrodes to generate an asymmetric high RF field with 
a duty cycle and DC offset compensation voltage to filter the 
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ions in the ion flow by DMS techniques. A system using a 
modulated filter drive signal technique may include a circuit 
operating with a low Voltage DC Source (e.g., 20 volts) com 
pared to traditional circuits that operate with Sources provid 
ing 200 Volts or more. As a result of the lower source voltage, 
a low cost, small geometry MOSFET transistor can be used in 
this circuit, and low cost components overall can be used. 
0037 According to some embodiments, the invention 
includes both plasma ionization methods and DMS filtering 
methods. According to other embodiments, the invention 
includes both modulated plasma formation and modulated 
DMS filtering methods. 
0038. Additional features, benefits and advantages of the 
invention are further described with respect to the following 
illustrative embodiments. 

BRIEF DESCRIPTION OF THE DRAWINGS 

0039. The foregoing and other objects, features and 
advantages of the invention will now be described with 
respect to the accompanying drawings in which like reference 
designations refer to like parts throughout the different draw 
ings. The drawings are not necessarily to Scale, emphasis 
instead being placed upon illustrating the principles of the 
invention. 
0040 FIG. 1A is a generalized block diagram of a system 
employing a capacitive gas discharge plasma ionizer accord 
ing to an illustrative embodiment of the invention. 
0041 FIG. 1B is a more detailed block diagram of a sys 
tem employing a capacitive discharge plasma ionizer accord 
ing to an illustrative embodiment of the invention. 
0042 FIG.1C is an illustrative resonant RF drive circuit of 
the type that may be employed in the system of FIG. 1B. 
0043 FIG. 2A is a graph depicting positive and negative 
spectra generated with a radioactive source. 
0044 FIG. 2B is a graph depicting positive and negative 
DMS spectra generated by a capacitive according to an illus 
trative embodiment of the invention and having both elec 
trodes insulated. 
0045 FIG. 3A is a graph depicting positive and negative 
spectra generated with a radioactive source having one elec 
trode insulated. 
0046 FIG. 3B is a graph depicting positive and negative 
DMS spectra generated by a capacitive discharge plasma 
ionization source according to an illustrative embodiment of 
the invention and having one electrode insulated. 
0047 FIGS. 4A and 4B are graphs showing a comparison 
of the mass positive spectra (FIG. 4A) from a radioactive 
source and (FIG. 4B) from an illustrative embodiment of the 
invention, as detected by a mass spectrometer with a low 
plenum gas flow. 
0048 FIGS.5A and 5B are graphs showing negative mode 
mass spectrometerspectra for(FIG.5A) air, and (FIG. 5B) air 
plus 20 ppm of SF (M=146), after plasma ionization accord 
ing to an illustrative embodiment of the invention. 
0049 FIG. 6 is a graph showing DMS detection of mer 
captain in purified air ionized in a capacitive gas discharge 
plasma ionizer according to an illustrative embodiment of the 
invention. 
0050 FIG. 7 is a graph showing mass spectra for acetone 
generated and reproduced by ionization of acetone according 
to an illustrative embodiment of the invention. 
0051 FIG. 8 is a diagram of a capacitive discharge plasma 
ionizer structure according to an illustrative embodiment of 
the invention. 
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0052 FIGS. 9-12 are diagrams of capacitive discharge 
plasma ionizer structures according to alternative illustrative 
embodiments of the invention. 
0053 FIGS. 13 A-13J show diagrams of alternative elec 
trode configurations for a capacitive discharge plasma ionizer 
according to various illustrative embodiments of the inven 
tion. 
0054 FIGS. 14A-14C show additional illustrative elec 
trode configurations for a capacitive discharge plasma ionizer 
of the invention. 
0055 FIGS. 15A-15F show further illustrative electrode 
configurations for a capacitive discharge plasma ionizer of 
the invention. 
0056 FIGS. 16A-16D show additional illustrative planar, 
non-planar and contoured electrode configurations for a 
capacitive discharge plasma ionizer according to the inven 
tion. 
0057 FIG. 17 shows a diagram of intermeshed electrodes 
for a plasma generator formed on a single Substrate according 
to an illustrative embodiment of the invention. 
0058 FIG. 18 shows a diagram of intermeshed electrodes 
for a plasma generator formed on a single Substrate and 
rotated 90 degrees on the surface of the substrate according to 
another illustrative embodiment of the invention. 
0059 FIG. 19 shows a diagram of a DMS microchip 
device with opposed Substrates and having a plurality of 
electrodes for plasma ionization and sample analysis accord 
ing to an illustrative embodiment of the invention. 
0060 FIGS. 20A-20I are diagrams of illustrative flow 
structures exemplary of the type that may be employed with 
capacitive discharge plasma ionizers according to various 
illustration embodiment of the invention. 
0061 FIG. 21 is a diagram of an illustrative DMS system 
having a plasma photo-ionization source and split gas flow 
according to an illustrative embodiment of the invention. 
0062 FIG. 22 is a diagram of an alternative illustrative 
embodiment of the analyzer and plasma photo-ionization 
Source of FIG. 21. 
0063 FIG. 23 is a block diagram of a system including a 
differential mobility spectrometer connected to an ionization 
Source employing the principles of the an illustrative embodi 
ment of the invention. 
0064 FIG. 24 is a graph of optical intensity output versus 
Voltage for a conventional plasma generation source. 
0065 FIG. 25 is a graph of optical intensity versus duty 
cycle for a plasma generation source using a drive circuit 
according to the principles of an illustrative embodiment 
invention. 
0066 FIGS. 26A-26C show graphs of illustrative wave 
forms for driving a plasma generator of the invention. 
0067 FIG. 27 is a time plot of a modulated drive signal 
having a duty cycle used to produce an output consistent with 
the graph of FIG. 25 according to principles of an illustrative 
embodiment of the invention. 
0068 FIG. 28 is a block diagram showing ions produced 
in the system of FIG. 23 in response to the drive signal of FIG. 
27, and also including a schematic diagram of a detector 
circuit to measure the ions. 
0069 FIG. 29 is a flow diagram of an illustrative process 
for measure the ions of FIG. 28. 
0070 FIG.30 is a timing diagram indicating an illustrative 
time of flight for the ions of FIG. 28. 
0071 FIG. 31 is a generalized schematic diagram of an 
illustrative filter driver for the system of FIG. 23. 
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0072 FIG. 32 is a generalized schematic diagram depict 
ing parasitic capacitance and leakage inductance associated 
with the transformers of the circuit of FIG. 31. 
0073 FIG.33 is an a graph of an RF waveform exemplary 
of the type produced by the circuit of FIG. 31. 
0074 FIG. 34 is a graph of an exemplary low frequency, 
compensation Voltage waveform for modulating the RF 
waveform of FIG. 33. 
(0075 FIG.35 is a diagram of a filter and detector of a type 
that may be employed in the system of FIG. 23 and having a 
compensation voltage of the type depicted in FIG.34 applied 
to the filter. 
(0076 FIG. 36A is a top view of a circuit board trace used 
to implement a primary or secondary winding in the trans 
formers of FIG. 31. 
0077 FIG. 36B is a cross-sectional view of a circuit board 
layering diagram having indications of traces used to imple 
ment the primary and secondary windings of the transformers 
of FIG. 31. 
(0078 FIG. 37 is a top view of a circuitboard trace used to 
implement a primary or secondary winding in the transform 
ers of FIG.31 according to an alternative illustrative embodi 
ment of the invention. 
007.9 FIG.38 is a mechanical diagram of a transformer of 
FIG. 31 implemented in a circuit board using the techniques 
discussed with respect to FIGS. 35-37. 

DESCRIPTION OF ILLUSTRATIVE 
EMBODIMENTS 

0080. The invention, in one aspect, relates to plasma-as 
sisted sample ionization. According to one embodiment, the 
invention features capacitive discharge plasma ionization of a 
chemical sample and an analyzer for analyzing the ionized 
sample. Turning to the illustrative embodiments of FIG. 
1A-1C, the system 10 includes a capacitive discharge plasma 
ionization source 11 and an analytical system 20, wherein the 
sample S and the carrier gas CG flow into a plasma field F in 
the plasma source 11. The ions M+ and M- from the ioniza 
tion process flow along the flow path 12 out of the plasma 
source 11 and into the analyzer 20 for analysis. 
I0081. In the illustrative embodiment, the analyzer 20 pro 
vides an analytical electric field for analyzing ions associated 
with the ionized sample. The analyzer 20 may be, for 
example, a mass spectrometer, an IMS spectrometer or other 
suitable detector. According to one illustrative embodiment, 
the analyzer 20 is DMS spectrometer and the analysis is based 
on aspects of the mobility of the ions in an analytical field. 
Detection of ion species of interest is indicated as m+/- 
output from the analyzer 20. 
I0082 In FIG. 1B, the plasma source 11, also referred to as 
a plasma generator or plasma ionizer, is separate from, but in 
communication with, the analyzer 20. Alternatively, the 
plasma source 11 may be integrated into the analyzer 20 to 
form an integrated system 10. 
I0083. The capacitive discharge plasma ionization source 
11 includes a pair of electrodes 14 and 16, which are prefer 
ably insulated from gas reactions in the plasma ionization 
region 36. In response to a Sufficient drive Voltage being 
supplied across the electrodes 14 and 16, a discharge field F is 
established. According to the illustrative embodiment, the 
plasma drive voltage ranges from about 1 to about 100 kHz 
and is modulated in some aspect (such as in intensity, duty 
cycle, frequency, or the like). 
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0084. In embodiment of FIG. 1B, a carrier gas CG (also 
referred to as a transport gas) and sample S are fed through an 
inlet 13 into a plasma ionization region36. The transport gas 
is ionized by capacitive discharge between the electrodes 14 
and 16. This discharge process produces a plasma 40, which 
ionizes the gas CG and the sample S with both positive and 
negative ions, M', MH, and M, and illustratively generates 
(H20), H, O, O, O, , (N.O.)" and/or (N.O.) (HO), 
0085. The generated ions in the ionization region 36 exit 
through a passage 37 for further downstream utilization. In an 
analytical embodiment of the invention, these ions proceed 
from the passage 37 into the spectrometer 20 for analysis, as 
shown in FIG. 1B. 
0.086 FIG. 1B shows an illustrative control and drive cir 
cuit 22. The control and drive circuit 22 is depicted in more 
detail in FIG. 1C. As shown, the illustrative circuit 22 
includes a pulse generator 22a, a resonance generator 22b. 
and a resonant circuit 22c. The resonant circuit 22c includes 
the electrodes 14 and 16 (spaced by an ionization gap G) and 
an inductor L. A microchip or other logic or controller device 
22d may also be supplied in communication with drive circuit 
22, and optionally may include inputs from other system 
feedback or data sources, to affect total system control. The 
control and drive circuit 22 may be driven using known tech 
niques. The control and drive circuit 22 may also employ an 
optimization routine for selecting operating conditions based 
on the above mentioned system inputs. 
0087 Plasma sources of the invention offer a viable alter 
native to radioactive ionization sources. FIG. 2A shows posi 
tive and negative DMS spectra generated with a radioactive 
ionization source (Niat 10 mCu) and FIG. B shows positive 
and negative DMS spectra generated by a capacitive dis 
charge plasma ionization source, such as the Source 11, with 
both electrodes 14 and 16 being electrically isolated from 
each other (insulated) and/or physically isolated from the 
plasma (for example, by applying a low or non-conductive 
coating. Such as a dielectric or an insulating material, to the 
electrodes), according to an illustrative embodiment of the 
invention. This comparison demonstrates that the non-radio 
active ionization source 11 of the invention can replace a 
radioactive source and provide similar performance. 
0088 FIG. 3A shows positive and negative DMS spectra 
generated with the radioactive ionization source of FIG. 2A, 
but with only one of electrodes 14 and 16 being electrically 
and/or physically isolated, for example, by application of a 
coating as described in relation to FIG. 2A. FIG. 3B shows 
positive and negative DMS spectra generated plasma genera 
tor 11, also with only one of electrodes 14 and 16 being 
isolated (electrically and/or physical, as described above). As 
can be seen, the positive spectra from the radioactive and the 
plasma Sources are nearly identical. However, the negative 
spectra in FIG.3B, with one electrode protected (for example, 
by being isolated as a result of an application of a low- or 
non-conductive coating)—the protection being from, for 
example, accelerated ions and/or electrons—is somewhat 
degraded versus that of FIG. 3A, where both electrodes are 
protected. 
0089. In implementations of various illustrative embodi 
ments, we have found that the plasma Source of the invention 
is capable of providing adequate ionization energy in many 
applications, operating on as low as about a few watts or lower 
(e.g., about 0.5 watts in one embodiment). We also observed 
that in the comparisons described with respect to FIGS. 
2A-2B and FIGS. 3A-3B, the beta source was capable of 
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generating a maximum ion current of about 4 p.A, while the 
above described illustrative embodiment of the invention 
delivered a maximum of about 12 p.A. Thus, one important 
advantage of the invention is that it provides an efficient and 
powerful plasma ionization source. 
0090 FIGS. 4A and 4B show graphs depicting a compari 
son between the positive spectra from a Ni radioactive 
source (FIG. 4A) and from a plasma source (FIG. 4B) of the 
invention. The spectra of FIGS. 4A and 4B were, detected by 
a mass spectrometer with a low plenum gas flow (i.e., a barrier 
counter-flow of clean gas to prevent introduction of labora 
tory air into the MS). The system of FIG. 4A was capable of 
generating about 4,000 ions per second, while the system of 
the invention (FIG. 4B) recreated the same or comparable 
spectra, while achieving an ion production rate of about 
50,000 ions per second. Thus, another important advantage of 
the invention is that it can provide a rich source of ions for a 
broad range of applications. It is further noted that while 
FIGS. 4A-4B show MS results with a low plenum gas flow, 
the invention is not limited to particular flow rates, whether in 
the plasma ionizer (sample and carrier gas) or in a DMS 
analyzer (ion flow) or at the front end of an MS (plenum). 
0091 FIGS. 5A-5B show negative mode mass spectrom 
eter spectra for air and airplus 20 ppm of SF, respectively, 
after plasma ionization, according to an illustrative embodi 
ment of the invention. Comparing the two frames, the SF 
(M=146 amu) peak stands out and is clearly identified, while 
the background spectra retains its integrity. 
0092 Exceptional detection results may also be obtained 
using other detection devices. For example, in FIG. 6, a DMS 
spectrometer received an ionized output of a mercaptain 
sample and purified air as outputted by an a capacitive gas 
discharge plasma generator of the invention. As can be seen 
from the graph of FIG. 6, the negative and positive mercaptain 
(+/- mer.) peaks and background spectra are clearly defined. 
FIG. 7 shows a graph depicting another illustrative applica 
tion of the invention in which the mass spectra for acetone 
was generated and reproduced by soft ionization of the 
acetOne. 

0093 FIG. 8 depicts a system 10 including a capacitive 
discharge plasma ionization source 11 positioned within a 
flow channel 12 according to an illustrative embodiment of 
the invention. The ionization source 11 defines an ionization 
region36 about the ionization source 11. The flow channel 12 
has a planar geometry formed by upper and lower Substrates 
24 and 26. Alternatively, the ionization source 11 may be 
placed within a cylindrical, polygonal (e.g., rectangular), or 
otherwise Suitably shaped flow channel. According to various 
illustrative embodiments, the flow channel may include flator 
curve Surfaces, and the Surfaces may be relatively smooth or 
textured. 

0094. The ionization source 11 of FIG. 8 includes a first 
electrode 14 placed within an isolating capillary tube 18 and 
a second electrode 16 wrapped around the capillary tube 18. 
The electrodes 14 and 16 are separated by a gap G. One end 
of each of electrodes 14 and 16 is connected to the RF drive 
voltage supply 22 such that the electrodes 14 and 16 function 
as the plates of a capacitor, with the drive RF voltage applied 
across them. 
0095 FIG.9 shows another illustrative embodiment of the 
invention, in which a plasma ionization source 11 includes an 
isolation substrate 18. As shown in FIG. 9, the isolation sub 
strate may include, for example, a glass capillary tube. The 
isolation substrate 14 may be coated with a metallization 
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layer 23. The metallization layer 23 is parted at 'x' to define 
two metallization regions forming the electrodes 14 and 16. 
In one illustrative configuration, the inner faces 14 and 16" of 
the electrodes 14 and 16, respectively, are formed on the 
isolation substrate surface of the tube 18 and face each other 
through the capillary tube 18 across the open lumen 18c. An 
RF signal from a Voltage source. Such as the Voltage source 
22, may be applied to the electrodes 14 and 14 of FIG. 8 to 
generate a field F within the lumen 18c of the capillary tube 
18. 

0096. In the illustrative embodiment of FIG. 9, the gap 
separating the electrodes 14 and 16 is defined by the outside 
diameter of the capillary tube 18. Within the tube 18, the 
entire lumen 18c may be utilized as an ionization region. In 
one operation, the gas CG and sample S are flowed into the 
lumen 18c of the capillary tube 18 through the inlet 13. The 
gas CG is ionized and forms a plasma field F, which in turn 
ionizes the sample S between the electrodes 14 and 16. This 
process generates both positive and negative ions, and ionizes 
the sample into both positive and negative ions +/-, which can 
be isolated. The ions subsequently exit through outlet 15 for 
further use. Such as in an ion mobility spectrometer, and in 
one preferred embodiment, in a DMS that processes both 
positive and negative species simultaneously. 
0097 FIGS. 10 and 11 show alternative illustrative 
embodiments of the invention in which the conducting elec 
trodes 14 and 16 are placed into adjacent tube-like dielectric 
sheaths 86 and 88, formed from, for example, glass, quartz, 
ceramic or other suitable material. Preferably, the dielectric 
sheaths 86 and 88 are fixtured so that the separation between 
the electrodes 14 and 16 is fixed within the ionization region 
36. This separation can range, for example, from having the 
dielectric sheaths 86 and 88 touching to having a separation of 
about 5 mm or more. 

0098. As shown in FIG. 10, the electrodes 14 and 16 may 
be held and joined via collars 92 and 94. Just beyond the collar 
94, the ionization region is effectively terminated after the 
electrodes 14 and 14 diverge. This arrangement enables 
defining the length of the ionization region and thus provides 
predictable performance characteristics. The abutting collars 
96 and 98 are affixed on each of the tubes 86 and 88 after the 
collar 94 to fix this divergence. In various illustrative embodi 
ments, the electrodes 14 and 16 may be formed of conven 
tional thin wire filaments and may be contained in a tube or 
coated with a dielectric or other insulating material. 
0099 FIG. 12 shows an alternative illustrative embodi 
ment of the invention employing diverging curved plasma 
electrodes 14 and 16. In this embodiment, the field F is 
formed between the diverging electrodes 14 and 16. In other 
illustrative embodiments, the plasma electrodes 14 and 16 
may be, for example, parallel orangled relative to each other, 
be relatively straight or curved, have relatively smooth or 
textured inner and out Surfaces, or any combination of the 
above. 

0100. As described above, the electrodes 14 and 16 are 
separated by a gap, whether exposed or isolated, embedded in 
a dielectric material, or within isolating tubes, for example, 
and whether parallel or diverging. Additionally, the electrode 
diameter and isolation coating material type and diameter/ 
thickness may be selected such that the fields generated 
between the electrodes 14 and 16 are accessible to the gas 
flow. In FIG. 11 the gas flows between the electrodes 14 and 
16 and therefore, through the plasma-generating field 
between the electrodes 14 and 16. However, in FIG. 10, the 
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gas flows along the perimeter of the tubes. Preferably, the 
field generated between the electrodes extends into this 
perimeter flow. According to the illustrative embodiment, the 
drive signal 22, the filaments 14 and 16, and the coating 
diameter are selected to accommodate generation of the 
plasma ionization field F in this perimeter area. 
0101 FIG. 13A shows a rectangular cross-section plasma 
flow arrangement wherein the gas is contained and flows 
between the plasma electrodes 14 and 16 in the field F. 
according to an illustrative embodiment of the invention. In 
the embodiment of FIG. 13B, the electrode 14 is on a surface 
of a first substrate 24, and the electrode 16 is on a surface of 
a second substrate 26. The electrodes 14 and 16 are driven by 
the Voltage source 22. 
0102) An isolation layer 34 of for example, Al-O (Alu 
mina) or SiO, or other suitable material, is formed over one 
or both of the electrodes 14 and 16. In the embodiment of FIG. 
13B, the ionization source 11 is arranged with the opposing 
Surfaces of the inner isolators 34 being spaced apart by about 
10 um or more to define the plasma ionization region 36. 
0103) As discussed above, FIG. 12 shows curved diverg 
ing tube electrodes 14 and 16 for plasma generation. In FIG. 
13C, the electrodes 14 and 16 are positioned at an angle to 
achieve a divergence. The electrodes 14 and 16 are formed 
respectively on the upper and lower substrates 24 and 26. The 
angle between the substrates 14 and 16 is selected such that 
the ionization region 36 has a narrow region 41a and a wide 
region 41b. A higher field strength is created in the narrow 
region 41a relative to the wide region 41b as a result of the 
electrodes 14 and 16 being closer together. This in turn creates 
a higher field strength and hence a more intense ionization 
field, which can assist in plasma ignition. In the illustrative 
embodiment of FIG. 13C, the gas that enters the plasma 
ionization region 36 is first ionized in the narrow region 41a. 
The electric field travels from the narrow region 41a to the 
wide region 41b and the ionization process propagates 
accordingly to generate the ions (++,-,-). 
0104. In the embodiment shown in FIG. 13D, a pair of 
ionization sources 11 having non-parallel electrodes cooper 
ate to form a plasma generator, according to an illustrative 
embodiment of the invention. The ionization sources 11 are 
positioned within a flow channel 110 defined by an upper 
substrate 100, a lower substrate 102, a first spacer plate 104, 
and a second spacer plate 106. As the sample enters the 
ionization region 36, the plasma formation and ionization 
process initiates in the narrow regions 41 nearer each spacer 
plate and then progresses towards the wider regions 42 nearer 
the center of the channel 110. 
0105 Diverging electrodes are not required to create the 
above discussed intense ionization regions. FIG. 13E, which 
depicts an extension of the illustrative embodiment of FIG. 
13D can also provide similar intense ionization regions. 
Referring to FIG.13E, the ionization source 11 includes a first 
electrode 114 mounted to an upper substrate 100 and a second 
electrode 116 mounted to an inner surface of a lower substrate 
102. In addition, a third electrode 118 and a fourth electrode 
120 are mounted to the inner surfaces of side spacer sub 
strates, 104 and 106, respectively. 
0106. The electrodes 114, 116, 118, and 120 couple to a 
drive control/source and are arranged such that the electrodes 
114 and 118 form one capacitor and the electrodes 116 and 
120 form another capacitor. Two of the electrodes (e.g., 114 
and 118) are of the same polarity, while the two others (e.g., 
116 and 120) are of the opposite polarity, such that there are 
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four intense plasma formation and ionization regions 140, 
142,144, and 146 near the corners of the electrodes. When the 
gas enters the plasma ionization region 36, the ionization 
process begins at these intense ionization regions and then 
propagates toward the center 150 of the ionization region36. 
0107 The plasma electrodes can operate without an iso 
lator or at least without an insulator on both electrodes. For 
example, in an alternative embodiment shown in FIG. 13F, 
the electrode 16 is not covered by an isolating material. Fur 
thermore, the electrode 14 need not be covered by the isolator. 
That is, both electrodes 14 and 16 may be exposed directly to 
the sample gas. 
0108. Alternatively, as shown in FIG. 13G, the electrodes 
14 and 16 may be mounted to the respective outer surfaces of 
the substrates 24 and 26, need not be covered by an isolating 
material. In another alternative embodiment, one electrode is 
within a favorable environment, e.g., encapsulated in dielec 
tric, while the other electrode is adjacent to the carrier gas 
flow to be ionized in the generated plasma field. As illustrated 
in FIG. 13H, the electrode 16 is mounted to the substrate 26, 
wherein the electrode 14 includes a metal layer 52a on one 
side of a dielectric substrate 50. The opposite side of the 
dielectric substrate 50 can also be coated with an additional 
metal layer 52b. In either case, the electrode 14 is attached to 
the Substrate 24 by Suitable attachment mechanism, Such as, 
for example, epoxy glue. 
0109 Referring now to FIG. 13I, an alternative embodi 
ment of the ionization device 10 includes an accelerator elec 
trode 60, having its own self potential, mounted to the isolator 
layer 34 which covers the electrode 14. Alternatively, the 
electrode 14 and the accelerator electrode 60 may be mounted 
on opposite sides of the substrate 24, as depicted in FIG. 13J. 
The accelerator electrode 60 advantageously enables addi 
tional control of the ion flow. 

0110. As shown in FIG. 14A, the accelerator electrode 60 
may include a series of Small electrodes 62 interconnected 
with conductive wires 64. In another illustrative embodiment, 
as shown in FIG. 14B, the accelerator electrode 60 may 
include a mesh of interconnected horizontal 66 and vertical 
68 wires. Alternatively, as shown in FIG. 14C, the accelerator 
electrode 60 may include an ensemble of small conductive 
electrodes 61 that are surrounded by a ring of conductive 
material 63, Such as, for example, a conductive metal. 
0111. As discussed above, plasma generators of the inven 
tion may beformed with a variety of electrode configurations, 
which need not be planar plates. As shown in FIGS. 15A-15D, 
a needle electrode 170 may be used in conjunction with a 
planar electrode 174 or another needle electrode 170. In FIG. 
15A, a needle electrode 170 is coated with an insulator 172 
and cooperates with a planar electrode 174 to form a plasma 
generator of the invention. In FIG. 15B, the planar electrode 
174 is coated. In FIG. 15C both are coated, and in FIG. 15D 
the planar electrode 174 is replaced with a second needle 
electrode 170, which may have coating 172. 
0112 FIG. 15E shows a plasma generator having parallel 
electrode faces 14" and 16" on a single substrate 24. FIG. 15F 
shows the diverging embodiment of FIG. 13C configured on 
a single substrate 24 with diverging electrode faces 14" and 
16". 
0113 FIGS. 16A-16C show additional planar, non-planar 
and contoured plasma electrode configurations, respectively, 
according to various illustrative embodiments of the inven 
tion. In some illustrative embodiments, the invention employs 
a dielectric 34 (such as a floating dielectric as shown in FIG. 
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16A), which may be, for example, of high permittivity mate 
rial. Such as ceramic, or ink, and enables larger spacing 
between the metal electrodes, while still achieving a tight, 
effective gap G spacing. Such a configuration achieves well 
defined, temp-controlled emission qualities in practice of 
embodiments of the invention. In this illustration, an adhe 
sive, such as glass frit 27, bonds the dielectric layers 34 and 
35, electrodes 14 and 16, and substrate support structure 24 
and 26. 
0114 FIG. 16D shows an application of the configuration 
of FIG. 16C, but with the electrodes formed directly on the 
ceramic substrates 24 and 26, without the dielectric. In FIG. 
16D, the plasma generator 11 is formed between two sub 
strates 24 and 26. The substrates 24 and 26 include a plurality 
of electrodes, which extend above a local recessed area on 
each substrate. More specifically, one or more of the elec 
trodes 14 and 16 extend above and beyond an adjacent sub 
strate recess 24r or 26r, provided on each substrate 24 and 26, 
respectively. The recesses 24r and 26r and the associated 
edge features 24e and 26e provide a geometric field enhance 
ment and have the effect of focusing the plasma at or above 
the plasma electrodes 14 and 16 away from the substrate 
surfaces. The electrodes 14 and 16 may be formed, for 
example, as metallization layers 14m and 16m on the insulat 
ing Substrates 24 and 26, respectively, above the associated 
recesses 24r and 26r and edge features 24e and 26e. 
0.115. In the illustrative embodiment of FIG. 16D, the 
plasma 40 is formed in the plasma ionization region 36 some 
what distant from the Supporting substrate surfaces. This in 
effect isolates the corrosive effects of plasma interaction from 
the neighboring and recessed substrates 24 and 26, with the 
effect of reducing the complexity of the plasma ionization 
process. This approach makes it much less likely that matter 
from desorption, Surface erosion and the like, will contami 
nate the ion flow. As a result, a more efficient, reliable and 
stable analytical ionization source is realized. 
0116 Turning now to FIG. 17, the electrodes 14 and 16 are 
formed on a single Substrate 24" (Such as discussed above 
with respect to the embodiments of FIGS. 15E-15F). The 
electrodes 14 and 16 each extend to define a number of tines, 
such as tines 14a, 14b, 14c., 16a, and 16b. These tines enable 
the electrodes 14 and 16 to be intermeshed while forming the 
plasma generator 11 on a single Substrate. The electrodes 14 
and 16 are driven by the RF source 22. FIG. 18 depicts a 
similar embodiment, but with the tine orientation rotated 
ninety degrees. 
0117. As discussed above, in one preferred embodiment, 
the electrodes 14 and 16 are isolated from the gas flow. In the 
embodiments of FIGS. 17 and 18, an isolating layer, for 
example of a dielectric coating 34. Such as, for example, 
AlO, (Alumina), SiO, or the like, preferably formed on each 
exposed electrode (and tine) Surface, provides the requisite 
isolation. The isolation layer is indicated in FIG. 18 by a 
dotted outline. 
0118. As shown in FIG. 19, the single substrate may be 
enclosed in a flow channel defined by a housing M to provide 
an enclosed plasma generator 11 of the invention, with a 
sample intake at an inlet 265 and an exhaust at an outlet 266. 
It should be noted that electrode isolation is not shown in FIG. 
17 and FIG. 19, but may be similarly employed in those 
embodiments. 
0119 The plasma generator 11 of the invention may be 
formed on the same substrates that incorporate a DMS device. 
As shown in the illustrative embodiment of FIG. 19, a micro 



US 2008/O156981 A1 

chip 290 may be formed incorporating a plasma generator 11 
of the invention, with mating opposed substrates 224 and 226 
for the electrodes. In various embodiments, a separate plasma 
generator, such as that shown in FIG. 17, may be formed on 
each of the facing Substrates or. Alternatively, a single plasma 
generator may be formed. A DMS device 240, having a filter 
250 and optionally a detector 260 may also be defined within 
the same microchip structure 290. 
0120. In the analytical system 10 shown in FIG. 19, the 
carrier gas CG and sample S are introduced at inlet 265, and 
are ionized by the plasma process at plasma generator 11. The 
ionized particles are analyzed in the DMS device 240 (at the 
DMS filter 250). The filter 250 output may be directed to the 
input of a mass spectrometer or other detector device or 
simply to an onboard detector 260, as shown, as it flows 
toward the exhaust 266. 

0121 Invarious illustrative embodiments of the invention, 
separation of the Substrates and accurate spacing of the elec 
trodes is desirable and may be achieved as needed. Such as by 
use of spacer parts 292 and 294 in the microchip structure 290 
of FIG. 19. The substrates 224 and 226 are formed mated 
against the spacers 292 and 294, which may be integral exten 
sions of the Substrates, or a housing, or separate components, 
as needed, and may form a sealed structure. 
0122. As can be seen from the above discussion, advan 
tages of the invention include that, in various illustrative 
embodiments, it provides a low-cost, non-radioactive, 
highly-efficient, clean and stable, radio frequency plasma ion 
Source for using in fluid flows. According to other advantages, 
illustrative embodiments of the invention are capable of pro 
viding a wide range of plasma levels and are operable at low 
power over a range of pressures, including atmospheric pres 
Sure, in air or other gas environments. According to further 
advantages, illustrative embodiments of the invention are 
capable of ionizing a wide range of compounds, ranging from 
those having low ionization potential (Such as acetone) to 
those having high ionization potential (such as SF), among 
various other compounds, for example. 
0123 Illustrative embodiments of the invention can also 
be operated with good control over formation of ions and ion 
species. As an illustration, the amount of energy in the plasma 
can be controlled, such as by control of the energy Supplied by 
drive circuit 22. Control of the amount of energy imparted 
into the gas and the resulting plasma controls the ion species 
generated in the plasma. By enabling control this energy, the 
invention provides control of the formation of ions. This 
control may also be exercised to prevent formation of 
unwanted ions, such as nitrogen ions (NOX Species), which 
can interfere with detection of other negative ions. This con 
trol can also be employed for increasing and/or decreasing 
fragmentation or clustering for a particular downstream use. 
0.124. According to various illustrative embodiments, the 
ionization device 11 is suitable for use in many types of gas 
analyzers and detectors. For example, FIG. 20A depicts a 
DMS system 10 having an ionization device 11 upstream for 
plasma ionization. Ions are generated for chemical analysis of 
a sample S in a carrier gas CG. 
0125 More particularly, the system 10 of FIG.20 includes 
an ionization source 11, an ion filter 72 in the filter region 74 
defined between filter electrodes 76 and 78, and a detector 80 
in a detection region 82 between detector electrodes 84 and 
86. Asymmetric field and compensation bias signals or Volt 
ages are applied to the filter electrodes 76 and 78 by a drive 
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circuit 88 within a control unit 90. The detector electrodes 84 
and 86 are also under the direction of the drive circuit 88 and 
the control unit 90. 

0.126 Briefly, in operation, the carrier gas CG, is ionized in 
the plasma region 36 forming ions ++,-- and the sample S is 
ionized creating both positive and negative ions, M" and M. 
Based on DMS ion filtering techniques, only certain ion spe 
cies pass through the filter region 74, while others are filtered 
out (i.e., they are neutralized by contact with the filter elec 
trodes 76 and 78). Those that pass through are detected at the 
detector electrodes 84,86. Preferred DMS configurations are 
described in greater detail in U.S. Pat. Nos. 6,495,823 and 
6.512.224, the entire contents of both of which are incorpo 
rated herein by reference. 
I0127. As depicted in FIG. 20A, the electrodes 14, 76 and 
84 are coplanar and the electrodes 16, 78 and 86 are coplanar, 
being formed on the substrates 24 and 26, respectively. Alter 
natively, as shown in FIG. 20B, the system 10 includes a 
necked down, reduced diameter/width region 99 of the sub 
strates in which the ionization source 11 and the electrodes 14 
and 16, reside. In this configuration, the electrodes 14 and 16 
are spaced apart by less than the distance separating the filter 
electrodes 76 and 78. This enables a closer orientation of the 
plasma generating electrodes 14 and 16, while a greater sepa 
ration is provided for the filter electrodes 76 and 78. 
I0128. In FIG. 20B, the capacitive discharge ionization 
source 11 is integrated with a DMS apparatus 240 in analyti 
cal system 10. The system 10 of FIG. 20 B includes a filter 72 
and detector 80 formed on the substrates 24 and 26. In this 
embodiment, at least one and preferably two of the electrodes 
14 and 16 is protected from the plasma with a dielectric 34. 
The filter 72 applies a compensated high field asymmetric 
waveform to a pair of filter electrodes 76 and 78, which 
generates a high electric field there between. According to ion 
mobility characteristics of the ions passed into the DMS filter 
field, a species of ions is passed for detection at the detector 
electrodes 84 and 86 of the detector 80. In a typical DMS 
manner, the detection event is correlated with the applied 
drive Voltages and known device performances to character 
ize the detected ion species. According to a feature of the 
invention, this can also be correlated with drive and control of 
the ionization device 11, for total analytical system control. 
I0129. Positive and negative ions are generated in the 
plasma generator and consequently positive and negative 
sample ions are presented to the DMS filter. It is a character 
istic of preferred DMS systems of the invention, including 
in-line plate-type DMS systems, that both positive and nega 
tive ion species can be filtered substantially concurrently, and 
in some embodiments Substantially simultaneously. Those 
species requiring the same compensation will pass Substan 
tially concurrently/substantially simultaneously to the detec 
tor. The dual electrode detectors 84 and 86 then detect these 
passed species Substantially concurrently/substantially 
simultaneously. 
0.130. In operation, the carrier gas, with a sample of chemi 
cal compounds, is inputted at the upstreaminlet 95 and the gas 
flows through the apparatus and out exhaust outlet 97. Gas 
flow rate and pressure may be controlled by use, for example, 
of a downstream exhaust pump 91. The DMS system is driven 
and controlled by controller and driver circuit 88, which may 
be incorporated into and packaged with the plasma controller 
and drive circuit 90. The plasma generating electrodes 14 and 
16, filter electrodes 76 and 78, and the detector electrodes 84 
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and 86 may all be separate and distinct structures or may be 
formed as electrodes on the surfaces of the substrates 24 and 
26, for example. 
0131. In another illustrative embodiment, shown in FIG. 
20C, the ionization source 11 is located within a channel 101 
in between the substrates 100 and 102. In this arrangement, 
the carrier gas CG, splits and partly flows within the ioniza 
tion region36, where it is ionized to form the plasma, ++,--, 
and also outside of the ionization source 11. The sample S 
flows into the plasma ions ++,-- within the ionization region 
36 and is ionized, but at a higher concentration versus the 
reduced carrier gas. These ions flow out of the ionization 
source 11 and are carried downstream for further analysis. 
(0132) In the embodiment of FIG. 20O, the efficiency of 
ionization of the sample is increased by reducing the amount 
of carrier gas in the ionization region. In an alternative 
embodiment of the invention, also shown in FIG. 20B, to 
increase the ratio of the sample S to the carrier gas CG, and to 
increase the efficiency of ionization of the sample S, the 
sample S is introduced into the ionization source 11 with a 
reduced, and preferably minimized, amount of carrier gas 
CG. The carrier gas is ionized within the plasma. The sample 
is also ionized. All of this flows into a flow mixing and sample 
ionization region 59, where a second stream of carrier gas CG 
is introduced via an additional inlet 105 (shown in dotted 
outline in FIG.20B) to carry the ions downstream toward the 
filter 72 for further analysis. A feature of this embodiment is 
that a lower amount of background gas is ionized, which 
relatively increases the ratio of the ionized sample to the 
ionized carrier gas, thus reducing the effect of the reactantion 
peak in the analysis and improving the effective ionization 
chemistry. 
0.133 Referring now to FIG.20D, an alternative system of 
the invention 10 includes plasma ionization device 11 which 
receives a carrier gas flow CG. The carrier gas is ionized and 
these ions ++,-- flow into an ionization region 59 where 
sample S from the source 71 is ionized. The sample S is 
delivered to the ionization region 59, such as by a flow of 
carrier gas from the source 71 after the plasma ions are gen 
erated. The sample is ionized in the region 59 and the ionized 
sample molecules M+, M- are then carried downstream 
accordingly. This arrangement avoids the complex ionization 
chemistry that can occur when ionizing sample within the 
plasma ionization section 11, and also can reduce unwanted 
affects of plasma ionization chemistry upon the sample ion 
ization and downstream analysis 
0134. In a further embodiment, biased accelerator elec 
trode(s), 73, such as shown in FIG. 20D, can be provided to 
assist delivery of selected portions of the ionized sample into 
the DMS filter region 74. In another illustrative embodiment, 
shown in FIG. 20E, a counter flow 70 of carrier gas and 
sample is carried into the ionization device 11 for ionization. 
These ions then flow downstream to the sample ionization 
region 59 for ionization of the sample and generation of ions 
to be analyzed. The counter flow 70 sweeps the flow of 
unwanted ionization products away from ionization region 
59. Also, a variety of gases which are different from the 
sample can be mixed to create ions, e.g., use of dopants such 
as acetone, Water, etc. 
0135 FIG. 20F shows a plural channel embodiment 10 of 
the invention, including a first flow channel 270 having a 
plasma ionizer 11, which receives the gas flow CG and gen 
erates the ions ++, --. These ions flow into an ion diverter, 
which may be a baffle or another gas flow, to influence and 
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redirect the ion flow. Preferably, the diverter is selective. For 
example, FIG. 20F includes a diverter 271, which diverts 
selected ions into second flow channel 272 through opening 
273. The remaining flow and other by-products of the plasma 
ionization process are exhausted out of flow channel 270 at 
vent 280. 

0.136 The diverter may also be a biased electrode. In one 
embodiment, as shown in FIG.20F, diverter 271 includes first 
and second electrodes 274 and 275 which are independently 
biasable. In one illustration, electrode 274 is negatively 
biased which drives the negative ions ---- generated in the 
plasma ionization part 11 through access 273 into a sample 
ionization section 276 in the second flow channel 272, with 
the negative ions flowing toward the positively biased elec 
trode 275. These negative ions -- ionize the sample S and 
carrier gas CG, and thus provide sample ions S-, S – for 
downstream analysis. 
0.137 Preferably, as in FIG. 20F, DMS filter 277 and ion 
detector 278 are associated with flow channel 272. The DMS 
analyzer benefits from splitting the ion flow, such that the 
sample is isolated from the harsher ionization chemistry that 
occurs directly within the plasma generator 11. In a further 
embodiment, the pressure in the first flow channel 270 can be 
kept slightly lower (for example, and without limitation, 
about 0.95 atm) than in the second (for example, and without 
limitation, about 1 atm) so that a Sweeping counter-flow keeps 
unwanted plasma ionization by-product from flowing into the 
second channel 272; this pressure gradient is indicated by the 
dotted arrows 279. 

0.138 According to another feature of the invention, the 
plasma intensity can be modified, modulated, and/or other 
wise adjusted. In one illustrative embodiment, the plasma and 
ionization chemistry occurring in the plasma generator is 
favorably modified by controlled introduction of a doping gas 
D (FIG. 20F), for example, acetone. In this manner, plasma 
formation and ionization efficiencies can be increased as 
needed, which then reduces the hysteretic effect of plasma 
ignition and burn. One result is that the plasma ignition may 
be assisted, such as with a pulse of dopant, and/or the ioniza 
tion intensity may be sustained or operated at a higher level by 
continued flow of dopant and at lower power. Thus, high, 
middle, and low output intensities can be achieved through 
use of Such a control mechanism. 
0.139. Use of the dopant for ignition reduces the energy 
required from the power Supply, reduces the destructiveness 
of ignition, reduces heat generation, simplifies circuit design 
and simplifies power sourcing logistics, while Sustained use 
of the dopant reduces the keep alive energy required to Sustain 
the plasma. These contribute to lower power demand and 
reduced wear and longer life of the plasma source. 
0140. Another advantage of introduction of dopant D into 
the dual channel apparatus of FIG. 20F, is that the dopant 
accelerates and assists plasma ionization in the first flow 
channel 270 and then unwanted ionization by-products are 
exhausted via the vent 280, while sample ionization proceeds 
in the second flow channel 272. 

0.141. Additional illustrative embodiments of the inven 
tion include arrays of plasma Sources, flow channels, analyZ 
ers, and the like, each of which may be operated under dif 
ferent conditions, such as with dopants D, excitation energies, 
plasma intensities, analytical conditions, and the like, all to 
better control the analytical process. 
0.142 Dopants may also be utilized in illustrative embodi 
ments of the invention according to the teachings of U.S. 
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patent application Ser. No. 10/462,206, filed Jun. 13, 2003, 
for METHOD AND APPARATUS FOR CONTROL OF 
MOBILITY-BASEDION SPECIESIDENTIFICATION, by 
Raanan A. Miller, et al., the entire contents of which are 
incorporated herein by reference. 
0143 FIGS. 20G-20I show three illustrative arrays of the 
invention. In FIG. 20G, the analytical array 200 includes a 
plurality of parallel flow paths 12, each having a plasma 
ionization source 11 and DMS analyzer 20, the latter includ 
ing a DMS filter 72 and detector 80. Sample, carrier gas and 
dopant, if any, are delivered into the flow path for ionization 
and analysis. The plasma generator is capable of delivering 
positive and negative ions simultaneously, while each DMS is 
capable of analyzing the same simultaneously and issuing an 
output indicating detection of both ion modes simulta 
neously. Therefore, having a parallel array according an 
embodiment of the invention enables a robust analytical effort 
to be amassed for a given task. Fast and reliable species 
identification is provided. 
0144. Each flow path may appear as shown in FIG. 20G. 
An alternative configuration is shown in FIG. 20H, where 
illustrative flow path 12 has a first plasma ionizer 11 and a first 
analyzer. Dopant may be introduced into the plasma genera 
tor 11 along with the carrier gas CG, or dopant may be 
introduced along with the sample S into the less harsh envi 
ronment of the downstream sample ionization region 59. The 
ionized sample is filtered 72 in the analyzer and detected at 
the detector 80, which provides a first set of data relating to 
sample identification. The sample is neutralized as it exits the 
detector 80, and therefore can be re-ionized and reanalyzed 
and redetected under the same or different conditions in the 
next in-line plasma ionizer 11, and the analyzer 20, as shown. 
A more robust analysis of the sample can be thus rendered. 
0145. In one additional embodiment, shown in FIG. 20I, 
the carrier gas CG is introduced and ionized in the plasma 
generator 11 and the sample S is introduced downstream and 
is ionized in the sample ionization region59. The sample ions 
S+, S-, can be ionized in the analyzer 20 in the flow path 12a. 
However, the deflector electrode(s) 83 can be biased, as 
needed, to deflect a positive or negative ion mode. For 
example, if the electrode 83 in the flow path 12a is biased 
negatively, then negative ions S- can be deflected into the 
flow path 12b and further analyzed. The electrodes 83 may 
also be provided in flow path 12b, and in this example, can be 
positively biased to attract the deflected ions. The carrier gas 
CG transports the ions S-, S- into the DMS analyzer 20 
accordingly. The remainder of the ion flow in the flow path 
12a can be processed or reprocessed downstream or can be 
vented, as desired, for the particular analytical goal at hand. 
0146 In a further illustrative embodiment, the invention 
provides a configuration that reduces the complexity of 
chemical reactions occurring during the ionization process. 
As discussed above, the sample S and carrier gas CG flow into 
the plasma 40 in the gap between the plasma Source elec 
trodes 14 and 16 and are thus ionized. Such ionization can 
produce a complex chemistry. As described earlier, if the gas 
is air, it can produce both positive and negative ions, usually 
including (H20), H, O, O, O., (N.O.)", and (N.O.) 
(H2O)). 
0147 At times, such complexity can interfere with ioniza 
tion and detection of particular analytes in the sample S. This 
can occur, for example, when plasma formation and direct 
ionization of the sample in air includes formation of NO, 
which can interact with the sample and interfere with negative 
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mode sample detection. Therefore ionization of sample with 
out formation of NO, and the like, is desirable in many cases. 
0.148 FIG. 21 shows an illustrative embodiment of the 
invention that addresses the challenges associated with com 
plex chemistries by providing a windowless UV ionization 
Source. Such a photonionization source is desirable for many 
applications and is shown in conjunction with an illustrative 
downstream DMS filter system. 
0149 More particularly, the analytical system 300 
includes a plasma ionization section 301 and a DMS filter 
section 304, coupled by flow path 306. Optionally, the system 
300 also includes a downstream detector section 307. The 
flow path 306 includes a transport gas inlet 308 at the down 
stream end of plasma source 302 and a further downstream 
sample inlet 309 upstream from the DMS filter 310. The flow 
path 306 extends between an upstream outlet 315 via a needle 
valve 317 and a meter 318 above the plasma source 302 and 
a downstream outlet 319 the below detector Section 307. The 
gas flow from the source 308 is split into an upstream flow 
308A and a downstream flow 308B, which may be regulated 
by control of the needle valve 317. 
0150. The transport gas is ionized to generate ions and 
photons in the plasma generated between the electrodes 314 
and 316 of the plasma generator 302. The ionized gas flow 
and its products is carried by the flow 308A to the outlet 315 
away from the filter section. However, the photons P gener 
ated in the plasma section, travel downstream adjacent to the 
sample inlet 309, in a photo-ionization region 311, into the 
ion filter section 304 between DMS ion filter electrodes 323 
and 324. Upon filtering, the ion species of interest are passed 
by the filter into the detector 307. According to this illustrative 
embodiment, both positive and negative ion modes of the 
passed species are detected Substantially concurrently/Sub 
stantially simultaneously at the oppositely biased detector 
electrodes 325 and 326, with the expended flow then proceed 
ing to the outlet 319. 
0151. Thus, in various illustrative embodiments, the 
invention provides a highly functional windowless UV ion 
ization system. This windowless function avoids the degra 
dation of the UV window. As has been observed, NO can 
interfere with the detection and identification of ion species, 
either by obscuring detection of an analyte, causing peak 
shifts, or the like. When the carrier gas is air, ionization of the 
carrier gas can generate NO. Another benefit of photon 
based ionization of the sample S and the carrier gas CG in the 
flow 308B in the photo-ionization section 311 is that the 
production of NO, and its interaction with species formation 
is significantly reduced. The reduced NO, stream then flows 
into the analyzer 304. 
0152. According to the illustrative embodiment of FIG. 
21, a first gas flow 308A, which may be referred to as a 
counter-flow or curtain gas, is directed into the plasma ion 
ization section 302 to generate the plasma 321. The ionization 
by-products are swept from section 302 by the flow 308A 
away from the photo-ionization region 311. Thus, photons 
from the plasma enable photo-ionization of the sample S to 
proceed without NO interferences. This embodiment there 
fore provides an improved photon Source and an improved 
sample photo-ionization environment. 
0153 FIG. 22 shows a system 330 employing an alterna 
tive photo-ionization embodiment of the invention. The sys 
tem 330 performs similarly to the system 300, but with a 
different flow pattern. More specifically, the system 330 
includes a plasma ionization section 301, a DMS filter 304, 
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and a detector 307. An ionizable gas flow, such as the air flow 
332, flows from the inlet 334 to the outlet port 336 between 
the electrodes 314 and 316 and through the plasma 321 
formed by plasma generator 302. This is at the upstream end 
of the flow path 333. 
0154 Ions and other by-products are generated in the 
plasma and are exhausted from the flow at the outlet port 336. 
The exhausting may be assisted by a controlled pump 337. 
The photons P are also generated and flow into the sample 
photo-ionization section 311 adjacent to the sample delivery 
port 309. The soft ionization of the sample, the DMS species 
filtering, and the detection then proceed, as earlier described, 
with little or no unwanted effects from the plasma ionization 
process. 
0155. A portion of the gas inflow 332 splits into the flow 
path 333 and flows downstream, carrying the ionized sample 
from the photon-ionization section 311 and into the down 
stream analyzer's DMS filter 304. The carrier gas CG and 
sample S that are ionized and generate ions +,-, including 
ionized sample S-S-H, flow into the analyzer section 304 
(DMS filter), without generation of NO, and avoiding other 
process complexities. In one aspect, interaction of the pho 
tons P and the sample S is at least partially responsible for 
producing the ionized samples S+ and S-. 
0156 Thus, in these embodiments, a first gas flow is for 
formation of plasma, wherein the flow also Sweeps unwanted 
ions and the like away from the photo-ionization section. The 
photo-ionization of sample may be achieved using a second 
separate gas flow, or a split flow as shown earlier, such as 
where the pressure from the sample inlet side is higher than 
present in the plasma ionization region 301. But in any event 
photo-ionization transpires in a controlled environment and 
avoids the formation of NO, and the like, enabling improved 
downstream ion species analysis. 
0157. In a further embodiment of the invention, a strategy 
for controlling plasma level is provided. Open loop tech 
niques can be used for this purpose but make it difficult to 
accommodate non-linearities in plasma generation. In a pre 
ferred embodiment, a feedback loop is formed to enable close 
regulation of the output of the plasma generator. Referring to 
FIG. 22, photo-detector 340 is placed adjacent to the plasma 
source 321. Now, the level of emission or generation of pho 
tons within the plasma source can be detected and used as a 
measure of plasma output. Photons continue to flow into the 
photo-ionization section without interference, while photons 
which otherwise would not travel into the photo-ionization 
region are detected by photo-detector 321. This detector con 
nects to the system controller, such as controllers 22d (FIG. 
1C) or 222 (FIG. 20B), enabling detection and maintenance 
of the plasma/photon level by direct measurement. We have 
found that light intensity is directly proportional to plasma/ 
ionization level, and therefore is a good performance mea 
SUC. 

0158. In one embodiment, a conventional photo-detector, 
with response near the emission wavelength of 400 nm was 
used to measure the light intensity. As a result, the drive signal 
to the plasma generator was controlled to regulate the plasma 
and/or photon intensity at a desired steady state. This enabled 
ionization of the sample S to proceed under preferred and 
expected conditions. In a further embodiment, a photo-spec 
trometer was used to more completely tune the photon spec 
tral output. 
0159. In a further embodiment of the invention, the filter 
electrodes 323 and 324 are substantially simultaneously RF 
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driven and DC-biased and act as attractor electrodes, which 
draw ions from the plasma ionization source 302 into the 
photo-ionization section 311 for increasing ionization effi 
ciency of the media thereat in the second gas flow. 
(0160. In the embodiment of FIG.22, the control electrodes 
346 and 347 are driven to attract or repel positive and/or 
negative ions and therefore, control introduction of such ions 
into the photo-ionization section for additional control of the 
ionization process in the photo-ionization region 311. The 
plasma drive according to various illustrative embodiments of 
the invention will now be discussed. Returning to FIGS. 
1A-1C, it will be appreciated that use of the resonant drive 22 
for generating plasma at plasma source 11 for producing a 
high frequency RF plasma field decreases power consump 
tion. In a preferred embodiment, the resonant drive circuit 22 
also provides system stability via a feedback loop. More 
particularly, it will be appreciated that plasma pumping 
energy strongly depends on field strength. If applied Voltage 
and/or frequency (and electric field correspondingly) rises, 
then discharge energy increases. This results in increasing 
rate of ionization and, consequently, an increase in discharge 
activity. Unchecked, this increase can result in a excessive 
increase in plasma energy and heating. 
0.161. In one embodiment, the electrodes 14 and 16 act as 
a capacitor in L-C resonant circuit 22c. If the capacitor's 
conductivity increases, then the Q-factor of the resonant cir 
cuit decreases. Since applied Voltage is proportional to the 
Q-factor, the voltage decreases as well. Thus, the electrodes 
14 and 16 are part of a negative feedback loop for maintaining 
the plasma at a desired energy level for a given drive Voltage 
and frequency, preventing runaway plasma growth and over 
heating. 
0162 A particular drive circuit 22 design depends on tar 
get plasma levels and electrode and gap dimensions. Never 
theless, typically, an AC Voltage, with an amplitude Sufficient 
to produce a large electric field F, is required to initiate and 
maintain the discharge in atmospheric conditions. The reac 
tive power in the megahertz frequency range is on the order of 
tens of watts for a capacitive load of tens of picoFarads. 
Therefore, an illustrative embodiment of the invention 
employs a resonant oscillator, with a capacitive load as a 
component of the output LC-circuit. 
(0163. In further embodiments of the invention, modula 
tion of the plasma generator drive signal reduces power con 
Sumption. Use of Such modulation improves spectrometer 
performance (whether Such modulation is Small signal, large 
signal, analog, digital or otherwise). This modulation encodes 
the ionized sample signal to be detected. 
(0164. This characteristic modulation can be used to dis 
criminate against noise contribution that is spread over a 
different and wider band of frequencies. An AC coupled 
amplifier, with a narrow band filter centered on the modula 
tion frequency, significantly increases the signal to noise ratio 
of the spectrometer. Additionally, the filter frequency pass 
band can be narrowed to the limit of the modulator stability. 
Alternatively, if noise contribution is still too high or to negate 
modulator signal drifts or shifts, lock-in techniques, such as 
actively tracking the modulator frequency and using a nar 
rower filter band, can be employed. 
0.165. Several benefits of ionization modulation can be 
obtained in practice of the invention. These benefits include, 
without limitation: improved signal to noise ratio, ionization 
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of selected chemical species, reduced ionization of interfer 
ing species, improved detector performance, optimization of 
system power use. 
0166 The invention is not limited to use of inert gases, as 
in Some prior art systems. The invention has improved con 
figurations, with use of a broader array of gases, including air 
(whether filtered, ambient, or processed Zero air), depending 
upon species being detected. 
0167. The invention, in various illustrative embodiments, 
also incorporates the ability to change plasma Source inten 
sity by control of how it is excited, such as with a signal 
varying between 10's of kHz to 100's of MHz. By way of 
example, in one low power embodiment of the invention, the 
plasma is driven at about 1 MHz. The plasma ionization 
Source of the invention may be driven using various drive 
circuits, whether LC, transformer, resonant, H-bridge, planar 
magnetic, or the like. It is a further benefit of the invention that 
the plasma ionization Source, in various configurations, is 
designed to be integrated into and/or used with a mass spec 
trometer and/or ion mobility based analyzer, and preferably a 
DMS filter/detector. 

0168 The plasma source of the invention has various 
applications, and a preferred embodiment is used in conjunc 
tion with a DMS analyzer. An illustrative plasma drive circuit 
of the invention is shown in the context of a DMS chemical 
analyzer in FIG. 23. The system 400 generates and analyzes 
ions according to the invention. The system 400 includes an 
ionization source 405 and DMS spectrometer 408 (having a 
filter and detector). The ionization source 405 ionizes fluids, 
such as gases, and the spectrometer 408 filters the ionized 
gases and detects the gas ions that pass through the filter. The 
system 400 includes a flow path orchannel 104, which may be 
at atmospheric pressure, in which the ions travel. 
0169. The ionization source 405 includes a plasma source 
interface 406, which includes first and second differential 
source electrodes 407a and 407b (collectively, source elec 
trodes 407), and a Radio Frequency (RF) source driver 420 
connected to the source electrodes 407. In response to a 
Sufficient Voltage being Supplied across the Source electrodes 
407, a discharge field is established. A gas sample 440 is 
flowed into the field between the source electrodes 407. The 
gas sample 440 is ionized by capacitive discharge between the 
source electrodes 407. This discharge ionization produces a 
plasma from the plasma source 435, with both positive and 
negative ions. 
(0170. In a preferred DMS spectrometer 408, forming 
these ions enables chemical analysis of compounds, where 
ion species are separated based on differences of mobility in 
a DMS filter field. Spectrometer 408 includes a filter 410 and 
detector 415. The filter 410 includes an ion interface 411 and 
filter driver 425. The ion interface 411 includes filter elec 
trodes 412a and 412b. Similarly, the detector 415 includes a 
filtered ion interface 416 and detector processor 430, that 
latter which may be provided as an on-board component or as 
a separate device. As shown, the filtered ion interface 416 
includes detector electrodes 417a and 417b. 
0171 Agas plasma source 435 is ionized by the discharge 
in an RF field between the source electrodes 407. The plasma 
in turn ionizes the gas sample 440 and forms ions 445 (e.g., 
M", MH, and M). Generated ions exit the ionization source 
405 to the spectrometer 408 for analysis. 
0172 Driver electronics are provided to drive the elec 
trodes of the ionization source 405 and the filter 410. A source 
driver 420 is connected to the source electrodes 407. A filter 
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driver 425 is connected to the filter electrodes 412a and 412b. 
In addition, detector processing 430 may be applied to mea 
sure the ions 445 received by the detector electrodes 417 that 
improves the performance of the detection of the ions 445 
based on known characteristics of the source driver 420. The 
characteristics may be provided by the source driver 420 to 
the detector processing 430 via a bus 450. 
0173 The plasma source driver 420 enables plasma gen 
eration. Electronics used to generate plasma are typically of 
high power, high cost, and low reliability due to high fre 
quency, high Voltage, and complex load presented by the 
plasma Source. In contrast, a preferred embodiment of the 
Source driver 420, according to the principles of one aspect of 
the invention, generates low energy plasma using low power 
(<about 1 W.) and enables linear control of the plasma inten 
sity enabling fine control of the ion 445 generation. 
0.174 Controlling plasma intensity by varying applied 
voltage is difficult due to the hysteretic and threshold nature 
of the plasma. FIG. 24 is a plot indicating the area of hyster 
esis. The plasma intensity at points A and B are more than 
necessary, if not too much, for the detector 415. In other 
words, at the level of high optical intensity as shown on the 
curve, there are too many ions for sensitive measurements to 
be made when fine measurements are desired. A non-modu 
lated Voltage produces the sharp curves as shown in FIG. 24. 
which includes the hysteretic band between points A and B. 
Thus, low optical intensities cannot be achieved through use 
of a source driver that provides Voltages in a manner produc 
ing such curves. 
0.175. In contrast, FIG. 25 provides a curve resulting from 
the Source driver 420 producing a duty cycle modulation on 
the drive signal. By duty cycle modulating a Switching wave 
form applied to the plasma source 435, linear control of the 
intensity of ions produced can be achieved. In an example 
ionization source, a 3% duty cycle as shown in FIG. 25 may 
be optimum for generating plasma. In an example DMS sys 
tem 408, this enables reliable and sensitive measurements at 
detector 415. 
0176). In addition to allowing linear control of the ion 
production, modulation information associated with the 
Source driver 420 can be used to improve signal-to-noise ratio 
of the recovered signal by the detector 415. The applied 
modulation, shown in FIGS. 26A-26C, results in the ions 445 
being produced at the modulation frequency (e.g., 2 kHz). 
The ions 445 may be interchangeably referred to as ion pack 
ets 445 hereafter. Knowing this frequency and allowing for a 
measurable phase delay down the length of the channel 104 of 
the system 400 allows for the use of synchronous detection of 
the ion packets 445. The modulation frequency may be pro 
vided to the detector processor 430 via the bus 450. This 
results in large improvements in the signal-to-noise ratio as a 
result of reducing sensitivity of the detector 415 to signals of 
any other frequency and phase. 
0177. The modulation itself may be designed to operate a 
transformer (not shown) employed by the ionization source 
405 at resonance (e.g., 2 MHz) with a peak-to-peak voltage of 
Sufficient amount to produce the ion packets 445. Such as a 
signal level of 2500 Vpp. By providing the modulated signal 
at a given duty cycle. Such as about 3%, plasma intensity 
sufficient to produce ion levels compatible with the detector 
415 can be achieved, which in one example is at about 100 
mW. 
0178. Other benefits beyond the savings in power may also 
result from operating at lower energy states. For example, the 
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ionization source 405, when operated in accordance with the 
intensity curves of 23A, generates a relatively high amount of 
oZone, which may interfere with sensing of the ion packets 
445. Moreover, the ion packets 445 of high energy level can 
cause breakdown, caused by thermal effects and ablation, of 
uncoated electrode plates 407a and 407b and 412a and 412b, 
or isolation materials used to protect the electrodes. For 
example, in Some previous designs, the electrodes and/or 
isolation materials have a typical lifetime of about 100 days. 
With this new, lower energy technique, the electrodes and/or 
isolation materials may last indefinitely. In addition, the heat 
ing of the electrodes 407 in the ionization source 405 is 
caused by the high energy states of the plasma Source 435 in 
previous techniques; however, with this new, low energy tech 
nique, heating does not occur to significant levels and heat 
sinks are not necessary, which allows the system 400 to have 
a smaller overall design, lighter weight, and be better Suited 
for a hand-held design. 
(0179 Referring now to FIG.23 and FIG. 28, the ionization 
source 405 produces ions in ion packets 445, which are fil 
tered by filter 410 such as by DMS techniques. In one 
embodiment, the ion packets 445 passed by filter 410 are 
received at detector electrometer plates 417. One of the detec 
torelectrometer plates 417a is positively charged with respect 
to ground, repels positively charged ions in the ion packets 
445, and attracts negatively charged ions in the ion packets 
445. The other of the detector electrometer plates 417b is 
negatively charged with respect to ground, repels negatively 
charged ions in the ion packets 445, and attracts positively 
charged ions in the ion packets 445. The DC offset 515 from 
ground is applied to the two detector electrometer plates 417. 
although only plate 417b is shown in FIG. 28. 
0180 Detection of the ions 445 at the detector electrom 
eter plates 417 results in a small (e.g., pico amps, pA) amount 
of current that is then amplified by, for example, a transim 
pedance amplifier 505. The transimpedance amplifier 505 
may include, for example, a feedback resistance element of 
tens to hundreds of mega ohms (Mohms). Thus, the Small 
current is amplified to a Voltage range that can be interpreted 
by a processor 510, such as a digital signal processor (DSP). 
0181. In various illustrative embodiments, the plasma 
field has an RF component that may be of a standard or 
custom shape (e.g., sinusoidal, bias offset, pulse width modu 
lated, or otherwise). For example, embodiments of the inven 
tion are operable with a sinusoidal high frequency high Volt 
age waveform applied to plasma electrodes 14 and 16, as 
shown in FIG. 26A, modulated as in FIG. 26B or pulsed 
(“packetized”) as in FIG. 26C. 
0182. Use of the packet waveform increases discharge 
stability, decreases power consumption, and further controls 
ionization efficiency. More specifically, the pulsed design 
follows from the recognition that a finite time interval is 
required for the plasma instability to reach the macrolevel. 
Therefore, energy is delivered to the discharge gap by short 
high frequency (RF) high Voltage high intensity pulses, so 
that the instability does not have the time to develop. Once a 
pulse is Switched off, dissipative processes Suppress the 
development of the instability. If the pulse repetition period is 
comparable to the energy relaxation time in the plasma, its 
period-averaged parameters, including the degree of ioniza 
tion, will be quasi stable. In one illustrative embodiment, the 
pulse had a frequency of about 1-20 MHz, a duration of about 
1 misec, and a peak-to-peak voltage of about 1000-10000 
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Volts. In one illustration, the duty cycle (t/t) of the packet 
waveform was approximately 1/11. 
0183 Use of the packet waveform is beneficial. Because 
the efficiency of ionization of the plasma ionization device 11 
is directly proportional to the Voltage Supply duty cycle, drive 
circuit 22 consumes less power (proportional to duty cycle) to 
provide the pulsed waveform versus the continuous wave 
form. Further, the service lifetime of the ionization device 11 
increases by a factor of 5 to 10 times when the ionization 
device is powered with a pulsed packet waveform. 
0.184 With either continuous or packet waveform, a suf 
ficient RF voltage will be developed across electrodes 14 and 
16 to cause the local gas to electrically discharge and form a 
plasma. An advantage of operating the Source driver 420 (see 
FIG. 23) with a pulse width modulated signal is the genera 
tion of ion packets 445 as opposed to a continuous stream of 
ions. This “packetized' transfer of ions 445 allows for the 
detector processor 430 to use, for example, a synchronous 
detection technique as applied to packets of filtered ions that 
arrive at the detector. A synchronous detection technique can 
measure at a given frequency and phase to yield a high-Q. 
narrow band filterat, for example, 2 kHz, which is the modu 
lation frequency used at the source driver 420 and provided to 
the detector processor 430 via the local bus 450. Through use 
of this synchronous phase detection filter technique. Such as 
in a synchronous filter, the signal-to-noise ratio of ion detec 
tion can be improved between about 40 dB and 60 dB. Other 
processing techniques to further improve the gain or provide 
other advantages can be employed through the use of other 
DSP analysis or analog techniques. 
0185 FIG. 29 is a flow diagram of an example process for 
execution in the DSP 510 for detecting the ion packets 445 
just discussed. The process 600 begins (step 605) when the 
detector processor 430 is turned on. A filter, such as provided 
with the above synchronous phase detection filter technique 
discussed above, is initialized (step 610) based on predeter 
mined parameters. The sampled amplified detection of the 
modulated ion signal 620 is filtered (step 615), and the DSP 
510 may convert and/or output the results (step 625) to a 
display or in a communication signal to another processor, 
Such as a data collection or managerial-type processor. The 
results may also be used as feedback to a circuit that controls 
the generation of the plasma; for example, the results may be 
used to control the duty cycle applied to the plasma to 
increase or decrease the amount of ions 445 generated by the 
ionization source 445 for improved and/or dynamic compen 
sation of same. 

0186 Because of the packetized nature of the ion produc 
tion, other information may also be gleaned through use of 
this technique. For example, in the embodiment 700 of FIG. 
30, a waveform of the drive signal 705 and detection signal 
710 can be compared against one another in the DSP on the 
rising edge or falling edge to determine a “time of flight' 
(TOF) of the ions from the ionization source 405 to the 
detector 415, which provides useful detection information 
like that obtained in known TOF ion mobility spectrometers. 
A DMS filter drive according to an illustrative embodiment of 
the invention will now be discussed. There is a need for 
efficient DMS filter drive circuit designs as may be desirable 
for faster and more reliable operation, especially in the con 
text of hand-held and battery-operated applications. More 
over, traditional designs typically exhibit poor efficiency due 
to the effects of both parasitic and load capacitances. As 
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discussed below, the invention, in various illustrative embodi 
ments, overcomes these deficiencies. 
0187. In the illustrative embodiment of FIG. 23, the filter 
driver 425 provides excitation to the electrodes 412a and 
412b of the DMS filter 410. The excitation includes RF volt 
age and compensation. A preferred DMS system of the inven 
tion is driven as taught in U.S. Provisional Patent Application 
Ser. No. 60/498,093, incorporated herein by reference, 
wherein filter driver 425 uses a low duty cycle (e.g., less than 
or equal to about 20%), high Voltage (greater than or equal to 
about 1500 volts to peak), and high frequency (e.g., greater 
than or equal to about 1 MHz) signal applicable to ion filter 
1ng. 
0188 This results in power consumption less than or equal 

to about 1 watt. By comparison, a common DMS filter driver 
applies an RF voltage having 1500Vpp to the filter electrodes 
412 and which in one embodiment translates into about 13 
Watts of power required to operate system 400. At 13 Watts of 
power, the system 400 uses more power than desirable for 
long periods of hand-held usage and raises heat dissipation 
1SSU.S. 

0189 In a low power practice of the invention, the filter 
driver 425 takes advantage of parasitic capacitances in trans 
formers within the circuit through the use of a resonant reset 
technique to generate a high Voltage pulse during the fly-back 
cycle. In addition to this technique, a specially designed low 
capacitance planar transformer may be used to drive the 
capacitive load (i.e., filter electrodes 412) of the DMS filter 
410. 
0190. Advantages provided through use of this design 
include, for example: operating the circuit from a low Voltage 
DC (e.g., 20 volts) source; employing a small geometry, low 
voltage MOSFET transistor to cause the fly-back switching 
of the transformer(s); using low cost components; sensing 
Voltages on the low Voltage primary side of the transformer(s) 
Such that no high Voltage resistors or capacitors are needed; 
achieving very efficient (< or = about 1 W) in power consump 
tion; and tuning the circuit for operation at different frequen 
cies. In one DMS embodiment, about 1500 volt operation at 
about 800 KHZ using only about 750 mW is achieved, 
whereas traditional circuit types use >about 10 W. 
0191 FIG. 31 is a generalized schematic diagram for a 

filter driver 425 according to an illustrative embodiment of 
the invention. In this embodiment, four transformers 805 are 
arranged to provide power to the filter electrodes 412a and 
412b. Primary transformer windings 810a of the transformers 
805 are connected together in a parallel arrangement. One end 
of the primary transformer windings 810a is connected to 
Vcc, and the other end of the primary transformer windings 
810a is connected to a power return 825 through a MOSFET 
transistor 815. 
0.192 Secondary transformer windings 810b of the trans 
formers 805 are connected together in a series arrangement. 
At a location 827 between the secondary transformer wind 
ings 810b, a set of inputs 140 is provided to present a DC 
offset to the filter electrodes 412 via the secondary windings 
810b. A capacitor 830 is included to facilitate application of 
the DC offset. 
0193 FIG.32 illustrates the leakage inductances and para 
sitic capacitances associated with the transformers 805 to aid 
in understanding the operation of the filter driver 425 when 
used in the fly-back configuration of FIG. 31. Referring to 
FIG. 32, a parasitic capacitor (Cp) 905 spans between the 
primary transformer windings 810a and secondary trans 
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former windings 810b. A leakage inductor 910 is connected 
in series between the secondary windings 810b and a load 
resistance 822. 
0194 The value of the leakage inductance 910 is propor 
tional to the square of the turns. In operation, the leakage 
inductance 910 causes a Voltage drop when power is trans 
ferred from the secondary transformer windings 810b to the 
load resistance 822. In previous designs that used only a 
single transformer 805, fewer primary turns are used to mini 
mize the value of the leakage inductance 910, thereby mini 
mizing Voltage drop across it. The problem is that fewer 
primary turns results in more current experienced in the pri 
mary transformer windings 810a and in the drain-to-source 
path in the MOSFET 815. Because of the higher current, 
higher current rated elements, such as inductor wire and 
MOSFET devices, must be employed. However, through use 
of the parallel arrangement of the primary windings 810a and 
series arrangement of the secondary transformer windings 
810b, as shown in FIG. 31, a lower amount of leakage induc 
tance 910 is experienced. 
(0195 In other words, in the traditional filter driver 425, a 
single transformer results in a dramatic increase of leakage 
inductance 910, such as by a factor of 16. Meanwhile, 
because of the parallel/series arrangement of the primary 
transformer windings 810a and secondary transformer wind 
ings 810b, respectively, the increase in leakage inductance 
910 is considerably less, such as only increased by a factor of 
four with four transformers 805 to produce the same output 
Voltage as the prior, single transformer design. 
0196. Moreover, in typical applications, the voltage gain 
across a transformer is generally desired to be less than or 
equal to about 4:1, where Vo/V, is proportional to N. 
In the ion filtering application at hand where a pair of filter 
electrodes 412 are being driven, the Voltage gain is approxi 
mately 16:1. This gain is consistent with the parallel/series 
designed discussed above. 
(0197) The parasitic capacitance 905 is used to further 
increase the transformer gain in that the MOSFET 815 can be 
Switched at a rate that matches the oscillation frequency expe 
rienced between the primary transformer windings 810a and 
parasitic capacitance 905. In this way, the voltage differential 
between VCC 820 and power return can be made lower (e.g., 
20V rather than 200V) and still produce the necessary output 
voltage for driving the filter electrodes 412 at a level sustain 
ing proper operation, i.e., filtering of the ion packets system 
445 (FIG. 23). 
(0198 FIG. 33 is an example RF waveform 1005 used to 
drive the filter electrodes 412. The waveform 1005 has a duty 
cycle of approximately 20% on and operates at a frequency of 
about 1.2 MHZ, with peak-to-peak voltages of approximately 
1500Vpp. This waveform tracks an input signal 830 (FIG.31) 
provided to the gate of the MOSFET 815, where the wave 
form 1005 is shown in FIG. 31 as a differential drive signal 
835a and 835b presented to respective filter electrodes 412a 
and 412b. 
0199 FIG. 34 depicts a waveform (e.g., sawtooth wave 
form) 1010 that is used to provide the compensation voltage 
applied to the DC offset input location 827 (FIG. 31) in the 
secondary transformer windings 810b. The waveform 1010, 
in this embodiment, has a peak positive Voltage of about 
+15V, a peak negative Voltage of about -45V, and a user 
selectable frequency of for example, about one scan about 
every four to twenty seconds, optionally corresponding to a 
user display. Such a waveform is designed to properly filter 
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the ions in the ion packets system 445, produced by the 
ionization source 405, traveling through the filter 410 to the 
detector 415. Based on the types of ions traveling through the 
filter 410, which is a function of the plasma source 435 and 
sample 140 under test, the compensation Voltage waveform 
1010 may be changed in shape, frequency, and/or Voltage 
range. A feedback arrangement may be provided, where the 
detector processor 430 may have some optimization pro 
cesses that provide feedback to the filter driver 425 to auto 
matically adjust the characteristics of the compensation Volt 
age waveform 1010. 
0200 FIG. 35 is a graphical diagram of the ion packet 
system 445 traveling between the filter electrodes 412a. The 
example compensation voltage waveform 1010 is applied to 
the filter electrodes 412, causing the ion packets system 445 
to oscillate between the plates. Ions system 445 not having 
characteristics compatible with the compensation Voltage 
waveform 1010 “drop-off from the ion packets system 445. 
The ion system 445 that pass through the filter electrodes 412 
contact the collector plate 417b. 
0201 Beyond the circuit improvements discussed above, 
improvements to the transformers themselves may also be 
used to improve overall filter driver 425 performance. 
0202 FIG. 36A is an example of one such improvement, 
where a top view of a helical shape is shown. The helical 
shape provides the primary and secondary transformer wind 
ings 810a and 810b of the transformers 805. A first connec 
tion point 1205a may be connected to the voltage source VCC 
820, and a secondary connection point 1205b may be con 
nected to the MOSFET 815, as discussed in reference to the 
primary transformer windings 810a of FIG. 31. 
0203 Continuing to refer to FIG. 36A, the helical wind 
ings may be implemented on a printed circuit (PC) board that 
inherently has a high withstand Voltage (i.e., arcing is pre 
vented for up to very high voltages). The high withstand 
Voltage transformer is an improvement over traditional toroi 
dally wound transformers that use transformer wire that has a 
lower withstand voltage for a similar cost of materials. In 
addition, the printed circuit board has a smaller physical size 
than toroidally wound transformers and can be made through 
less expensive automatic production techniques. 
0204 Referring to FIG. 36B, a cross-sectional view of a 
six-layer printed circuitboard 1210 of the helical shape of the 
windings 810a, 810b is shown. The printed circuitboard 1210 
includes layers 1215a, 1215b, ... , 1215f with traces 1220 
used to implement the helical design of FIG. 36A. The pri 
mary transformer windings 810a are printed on the outside 
layers 1215a and 1215f in this embodiment, and the second 
ary transformer windings 810b are printed on the two inner 
most layers 1215c and 1215d. The layers without the traces 
1220 (i.e., layers 1215b and 1215e) provide layers where the 
center point 1203 of the helical design (FIG. 36A) is routed 
from the center to the connection point 1205b. A full circuit 
board 1210 supports a single or multiple transformers, 
depending on the size of the circuit board 1210. For example 
in one implementation, a 1"x1" square circuit board Supports 
a single transformer 805. 
0205 With the topology of FIG.36B, a build-up of capaci 
tance (i.e., capacitance is proportional to the trace area 
divided by the distance between the traces) is incurred, which 
causes inefficiency in the operation of the transformers 805. 
So, in order to reduce this capacitance, a different layout may 
be employed, shown in FIG. 37. 
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(0206 FIG. 37 is a top view of a layout of the primary 
transformer windings 810a and secondary transformer wind 
ings 810b. The windings 810 are concentric spirals, where, in 
this embodiment, the primary transformer windings 810a are 
“within the secondary transformer windings 810b. 
Mechanically, the traces 1220 on a 6-layer circuit board 1210 
may be on different layers 1215a, 1215f 1215c, 1215d, and 
“via” layers 1215b, 1215e may support extension of the cen 
ter points 1203 and 1303, to the respective connection points 
1205b and 1305b. Traces to the other connection points 
1205a and 1305a may be on one of the via layers or windings 
layers. 
0207. In operation, coupling between the outer concentric 
winding (e.g., secondary transformer winding 810b) and a 
center magnetic core (discussed later in reference to FIG.38) 
is reduced due to an increased distance between the windings 
and the center magnetic core. However, this loss is less than 
increases resulting from offsetting the traces 1220 composing 
the primary and secondary windings 810a and 810b, which 
reduces capacitance therebetween. 
0208 FIG. 38 is an example of the 6-layer circuit board 
1300b of FIG. 36B that is sandwiched between a magnet 
having first and second components 1405a and 1405b. These 
components 1405 have a central peg, which may be about/4" 
in diameter. The central peg 1410 feeds through the circuit 
board 1300b, and, consequently, in the center of the helical 
transformer windings 810a and 810b, as just described, to 
form a transformer adapted to meet the performance metrics 
discussed above. 
0209 While this invention has been particularly shown 
and described with reference to several embodiments, it 
should be understood that various changes inform and details 
may be made herein without departing from the scope of the 
invention encompassed by the appended claims. 
0210. As can be seen from the above discussion, plasma 
Sources according to the invention are useful in a wide range 
of systems that require sample ionization. The invention may 
be provided as a stand-alone device or may be incorporated 
into a larger system that can benefit from a clean and stable 
source of ions. Examples of such systems include DMS sys 
tems, ion mobility spectrometers, and atmospheric chemical 
pressure ionization spectrometers, among others. However, 
practices of the invention are not limited to analytical pur 
poses, and in fact, the invention has many practical applica 
tions too numerous to list herein. 

What is claimed is: 
1. (canceled) 
2. A compact differential mobility spectrometer (DMS) 

analyzer comprising: 
an ionization source, 
a chip-based DMS filter for passing selections from the 

ionization source through an analytical gap, the analyti 
cal gap being defined by at least one pair of filters elec 
trodes, 

a driver circuit for providing a filter signal to the at least one 
pair of filter electrodes, the driver circuit including a 
Voltage combiner for combining a time-varying signal 
with and a DC signal to form the filter signal. 

3. The analyzer of claim 2, wherein a portion of the voltage 
combiner is included on a printed circuit board. 

4. The analyzer of claim 3, wherein the voltage combiner 
includes an integrated circuit amplifier. 

5. The analyzer of claim 4, wherein the integrated circuit 
amplifier includes a MOSFET. 
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6. The analyzer of claim 4, wherein the DC signal origi 
nates from a DC voltage source and the time-varying signal 
originates from a time-varying Voltage source. 

7. The analyzer of claim 6, wherein the chip-based DMS 
filter and the driver circuit are included in an integrated pack 
age. 

8. The analyzer of claim 4, wherein the voltage combiner 
includes at least one transformer. 

9. The analyzer of claim 8, wherein the at least one trans 
former includes primary windings and secondary windings. 

10. The analyzer of claim 9, wherein at least one of the 
primary winding and secondary windings are embedded on a 
circuit board. 

11. The analyzer of claim 10, wherein the DC voltage 
Source is in electrical communication with the secondary 
windings. 

12. A method for analyzing a sample comprising: 
ionizing a portion of the sample, 
passing through select sample ions using a chip-based ion 

mobility based filter, the ion mobility based filter includ 
ing at least one pair of filters electrodes, 

combining a time-varying signal with and a DC signal 
using a Voltage combiner to form a filter signal, and 

providing the filter signal to the at least one pair of filter 
electrodes. 
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13. The method of claim 12 comprising including a portion 
of the Voltage combiner on a printed circuit board. 

14. The method of claim 13, wherein the voltage combiner 
includes an integrated circuit amplifier. 

15. The method of claim 14, wherein the integrated circuit 
amplifier includes a MOSFET. 

16. The method of claim 14, wherein the DC signal origi 
nates from a DC voltage source and the time-varying signal 
originates from a time-varying Voltage source. 

17. The method of claim 16 comprising including the chip 
based ion mobility based filter and the driver circuit in an 
integrated package. 

18. The method of claim 14, wherein the voltage combiner 
includes at least one transformer. 

19. The method of claim 18, wherein the at least one 
transformer includes primary windings and secondary wind 
ings. 

20. The method of claim 19, wherein at least one of the 
primary winding and secondary windings are embedded on a 
circuit board. 

21. The method of claim 20, wherein the DC voltage source 
is in electrical communication with the secondary windings. 
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