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WINDOWLESS IONIZATION DEVICE

BACKGROUND
(6001} Electromagnetic encrgy may be employed to facilitate examination of the
composition of an unknown gas via photochemistry applications such as soft tonization and
photo-fragmentation. The vacuum ultraviolet (VUV} region of the electromagnetic spectrum
is particularly uscful in these applications because the energies of VUV photons (generally 6-
124 eV} correspond to clectronic excitation and ionization energics of most chemical species.
Vacuum ultraviolet (VUV) light is generally detined as light having wavelengths in the range
of 10-200 nanometers,
(60021  Most existing systems involve generating VUV light remotely from the area to be
exposed, for example using a resonance lamp, frequency-mudtiplied laser, or synchrotron, and
attempting to deliver this light to the arca of interest, typically by passing the VUV hight
through a window. However, window materials and refractive optics in this wavelength range
are scarce of non-existent, so it is often impractical to direct or concentrate VUV light. The
windows that are employed typically absorb a large fraction of light in this wavelength
spectrurn, and reflective optics can become contaminated in a less-than perfectly clean
environment. In addition, lasers and synchrotrons can be prohibitively expensive and can
require large amounts of power and space.
(8003}  So-called “windowless” photoionization devices (“ionization devices”} allow a
greater portion of the light spectrum to be incident on a sample. However, in known
windowless ionization devices, positive ions of the plasma (“plasma ions”) and electrons of
the plasma (“plasma electrons™) can travel through the aperture through which the light of the
plasma is desirably transmitted. The presence of the plasma ions in the ionization region can
result in interfering peaks with analyte ions of the sample, and ultimately reduce the
reliability of the detection of analyte tons of interest. Plasma clectrons and 1ons can
undesirably give rise to hard ionization of the analyte ions of the sample in an uncontrolled
manner, cither through electron impact tonization or ion-molecule charge transfer reactions.
[8004] What is needed, therefore, are better systems and methods of generating VUV light

and delivering the VUV light to an arca of interest.
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SUMMARY
[3663]  Inaccordance with a representative embodiment, an ionization device comprises: a
plasma source contigured to generate g plasma. The plasma comprises light, plasma ions and
plasma electrons. The plasma source comprises an aperture disposed such that at least part of
the hight passes through the aperture and s incident on a gas sample. The ionization device
further comprises an ionization region; and a plasma deflection device comprising a plurality
of electrodes configured to establish an electric ficld, wherein the electric field substantially
prevents the plasma ions from entering the ionization region.
[6006] In accordance with another representative embodiment, method of exposing a
sample gas to an oxcitation light is disclosed. The method comprises: generating a plasma
comprising light, plasma ions and plasma electrons; passing at least a portion of the light
from the plasma through an aperture to an ionization region; passing a gas sample through the
ionization region; and generating an clectric field to substantially prevent the plasma ions
from entering the ionization region.
{8667 In accordance with another representative embodiment, an ionization device,
comprises: a channel having an inlet end and an outlet end, the inlet end being configured to
receive a gas sample; a plasma source configured to generate light, plasma ions and plasma
electrons, the plasma source comprising an aperture disposed such that at least part of the
light passes through the aperture and is imcident on the gas sample released from the outlet
end of the channel; and a plurality of electrodes configured to establish an electric field to
guide plasma ions. The electric field substantially prevents the plasma ions from exiting
through the apertare. The ionization device comprises a magnet configured to establish a
magnetic ficld to guide plasma electrons. The magnetic ficld substantially prevents the
plasma electrons of the plasma from exiting through the aperture and the electric tield and the

magnetic ticld are orthogonal.

BRIEF DESCRIPTION OF THE DRAWIRNGS
[B008] The representative embodiments are best understood from the following detaiied

description when read with the accompanying drawing figures. It is emphasized that the
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various features are not necessarily drawn to scale. In fact, the dimensions may be arbitrarily
jnereased or decreased for clanty of discussion. Wherever applicable and practical, like
reference numerals refer to like elements,

(60091 Fig. 1 illustrates a simplitied schematic view of a mass spectrometer in accordance
with a representative embodiment.

[B0010] Fig. 2A iHustrates a stimplified schematic view of an ionization device in accordance
with a representative embodiment.

[80011] Fig. 2B iilustrates a simplified schematic view of an ionization device in accordance
with a representative embodiment.

(806121 Fig 3A illustrates a cross-sectional view of an tonization device in accordance with
a representative embodiment.

[B0013] Fig. 3B iilustrates an enlarged portion of the ionization device depicted in Fig. 3A.
[B0014] Fig. 4A illustrates a cross-sectional view of an ionization device in accordance with
a representative embodiment.

[B0015] Fig 4B iilustrates a partially exploded partially sectional view of an ionization
device in accordance with a representative ernbodiment.

[60016] FIG. 5 iHhustrates a flow chart of 2 method of exposing a sample gas to an excifation

light in accordance with a representative embodiment.

DBETAILED DESCRIPTION
[80017] In the following detailed description, for purposes of explanation and not limitation,
representative embodiments disclosing specific details are set forth iu order to provide a
thorough understanding of an embodiment according to the present teachings. However, it
will be apparent to one having ordinary skill in the art having had the bencfit of the present
disclosure that other embodiments according to the present teachings that depart from the
specific details disclosed herein remain within the scope of the appended clairas. Moreover,
descriptions of well-known apparatuses and methods may be omitied so as o not obscure the
description of the representative embodiments. Such methods and apparatuses are clearly

within the scope of the present teachings.

[#9]
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[B0018] An effective strategy for irradiating gas samples for photochemistry applications is
to produce a high density hight in a geometry that is convenient for coupling to the flow of a
saraple gas. Described below are representative embodiments of an ionization deviee that
allows for efficient coupling of photons of a desired wavelength (e.g., vacuum ultraviclet
(VUV} light) to a flowing gas sample.

[BO6I9] In a representative embodiment, a plasma is created in a structure and an aperfure 1n
the structure allows for windowless cmission of photons {(e.g., VUV photons) that are
incident on sample ions in an ionization region. A plasma deflection device is provided
between the aperture and the iomization region. The plasma deflection device compriscs
deflection clectrades, which generate a static clectric field in the region between the aperture
and the ionization region. The electric tield detlects (through attraction or repulsion} positive
tons of the plasma that traveled through the aperture and substantially prevents these ions
from reaching the ionization region. In an embodiment, the plasma deflection device also
compriscs magnets, which gencrate a static magnetic ficld in the region between the aperture
and the ionization region. The static magnetic field substantially prevents electrons from
reaching the ionization region. The magnitude of the magnetic field is great enough io
mnfluence the motion of plasma electrons, but not great enough to 1nfluence the motion of
plasma tons, which are comparatively massive,

[B80020] The magnetic field may be oriented orthogonal to the electric field, or parallel to the
clectric ficld. As described more fully below, with the maguetic field oriented orthogonal to
the electric field the plasma electrons that travel through the aperture drift in a direction that
is orthogonal to both the electric ficld and the magnetic field in a so-called E X B (where *X”
designates the cross product) drift. Orientation of the magnetic ficld s selected so that the
plasma electrons do not drift into the tonization region. With the magnetic field oriented
paraliel {or anti-parallel} to the electric field, plasma electrons that travel through the aperture
are subjected to the Lorentz force. Orientation of the magnetic field is selected so that the
plasmoa electrons are deflected away from the tonization region.

[80021] In another representative embodiment, a plasma is created in a toroidal cavity
constructed with an aperture oriented along an inner surface or wall thereof that allows for

windowless emission of photons {¢.g., VUV photons) directed radially inward o the flowing
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gaseous sample. In accordance with representative embodiments, static eleciric and magnetic
fields create a plasma from a source gas. In accordance with representative embodiments, the
clectric and magnetic fields are orthogonal everywhere in the onization device. This causes
a drift of the plasma clectrons in the direction of the cross-product of the electric ficld vector
and the magnetic field vector (E X B). As a result of the EXB drift, movement of the plasma
electrons is the superposition of a relatively fast eircular motion around a point {(commonly
referred to as the guiding center) and a relatively slow drift of this point in circular motion
according to the geometries of the ionization device. By contrast, due to their relatively large
mass and the selection of a comparatively weak static magnetic field, the plasma ions are not
significantly influenced by EXB drift but rather accelerate axially 1n the static electric field.
As described more fully below, the orientation and magnitude of the static electric and
magnetic ficlds according to the representative embodiments aids in preventing plasma ions
and plasmoa electrons from being directed into the tonization region of the ionization device.
[80022] Fig. 1 shows a simplified schematic diagram of a mass spectrometer 100 in
accordance with a representative embodiment. The block diagram is drawn in a more general
format because the present teachings may be applied o a variety of different types of mass
spectrometers, As should be appreciated as the present description continues, devices and
methods of representative ermmbodiments may be used in connection with the mass
spectrometer 100. As such, the mass spectrometer 100 is usetul in garnering a more
comprehensive understanding of the functions and applications of the devices and method of
the representative embodinents, but is not intended to be limiting of these functions and
applications. The mass spectrometer 100 comprises an ion source 101, a mass analyzer 102
and a detector 103. The ion source 101 comprises an ionization device 104, which is
configured to ionize a gas sample (not shown in Fig. 1) and to provide ions fo the mass
analyzer 102, Details of tonization device 104 are described in accordance with
representative embodiments below. Other components of the mass spectrometer 100
comprise apparatuses known to one of ordinary skill in the art and are not described in detail
to avoid obscuring the description of representative embodiments. For example, the mass
analyzer 102 may be a quadrupole mass analyzer, an ion frap mass analyzer, or a time-of-

flight (TOF) mass analyzer, among others.
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[60023] Fig. 2A illustrates a simplified schematic view of an ionization device 200 in
accordance with a representative embodiment. The jonization device 200 may be
implemented in the 1o source 101 as the ionization device 104, The ionization device 200
comprises a plasma source 201, an ionization region 202 and a plasma deflection device 203
disposed between the plasma source 201 and the ionization region 202. As described more
tfully below, the plasma deflection device 203 comprises plasma ion deflection electrodes (not
shown in Fig. 2A}, which gencerate a static electric field 204, Notably, a power source {not
shown) is connected between the plasma deflection electrodes and an electrostatic voltage is
applied between the plasma deflection electrodes to establish the static electric field. The
static electric field deflects (repels or attracts) plasma ious and plasma clectrons away from
the ionization region 202, Optionally, a source of a static magnetic field 205 is provided to
deflect plasma clectrons away from the ionization region 202, In certain embodiments the
source may be a permancnt magnet, and in other embodiments, the source may be an
clectromagnet.

[80024] Light from the plasma source 201 is emitted through an aperture (not shown in Fig.
2A) at an end 206 of the plasma source 201 and is incident on analyte molecules of a sample
{(not shown) m the ionjzation region 202, The light ionizes the analyte molecules, which are
then provided to mass analyzer 102 of mass spectrometer 100, In accordance with a
representative embodiment, the plasma source 201 may be as described in commonly-owned
U.S, Patent Application 12/613,643, entitled “Microplasma Device with Cavity for Vacuum
Ultraviolet Irraditation of Gases and Methods of Making and Using the Same” to James E.
Cooley, et al. The disclosure of this patent application, which is published as U.S. Patent
Application Publication 20110109226, is specifically incorporated herein by reference.
[60625] Plasroa ons and plasma clectrons may undesirably be emitted through the aperture
at the end 206 of the plasma source 201, As noted above, it is undesirable for plasma tons
and plasma electrons to enter the ionization region 202, In a representative embodiment, the
plasroa tons that are emitied at the end 206 arc deflected by the static clectric field 204 ina
direction away from the ionization region (y-direction in the coordinate system of Fig. ZA},

and plasma clectrons are deflected in an opposite direction by the static electric field 204,
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[80026] Plasma ions and plasma electrons that are emitted from the aperture at the end 206
of the plasma source 201 and can form a quasi-neutral, plasma-like environment. Formation
of such a quasi-neutral plasma-like environment in close proximity to the deflection
clectrodes of the plasma deflection device 203 can serve fo screcen the static electric fickd 204
and diminish its influence on the plasma ions. If the length over which plasma ions and
plasma electrons effectively screen the electrostatic potential applied to the deflection
clectrodes of the plasma deflection device 203 is less than the distance between the deflection
electrodes, the usefulness of the static electric field 204 in preventing plasma ions from
reaching the ionization region 202 is undesirably diminished.

[B0027] In a representative embodiment, static electric field 204 1s provided in the plasma
deflection device 203, Plasma ions are influenced by the static clectric field 204 and are
deflected away from the ionization region. For example, with the tHustrative orientation of
the static electric field 204 as depicted in Fig. 2A, the plasma ions are directed inthe y-
direction. The plasma ions are comparatively massive, and the magnitude of the static
magnetic field 205 1s selected so that the motion of plasma tons is not significantly impacted
by the static magnetic field 205, However, plasma electrons are subjected to E X B drift and
are deflected in the z direction (1.e., out of the plane of the page) m the coordinate system
depicted in Fig. 2ZA. As such, application of the static electric field 204 and the static
magnetic field 205 in the plasma deflection device 203 as depicted in Fig. ZA allows for the
separation of the plasma 1ons and plasma clectrons, thereby preventing the formaation of the
quasi-neutral plasma-like environment at the end 206 of the plasma source 201, and
altimately improved detlection of plasma ions and plasma electrons away from the ionization
region 202,

[60028] Fig. 2B illustrates a simaplified schematic view of an tonization device 200
accordance with another representative embodiment. The ionization device 200 may be
implemented in the ion source 101 as the ionization device 104, The iomization device 200
comprises plasma source 201, ionization region 202 and plasma deflection device 203
disposed between the plasma source and the ionization region. The plasma deflection device
203 comprises plasma ion deflection electrodes (not shown}. As deseribed more fully below,

the plasma deflection device 203 comprises plasma ion deflection electrodes (not shown n



WO 2013/002954 PCT/US2012/040407

Fig. 2B}, which generate a static electric field 204, Notably, a power source (not shown}) is
connected between the plasma deflection electrodes and an electrostatic voltage is apphied
between the plasma deflection clectrodes to establish the static electric ficld. The static
clectric field deflects plasma ions and plasma electrons away from the ionization region 202,
Optionally, a source of a static magnetic field 205 is provided to deflect plasma electrons
away trom the jonization region 202. Tn certain embodiments the souree may be a permanent
magnet, and in other embodiments, the source may be an electromagnet.

[80029] In the presently described embodiment, the static electric field 204 and the static
magnetic field 205 are oriented parallel to one another. It is contemplated that the static
clectric field 204 and the static magnetic field 203 are oriented anti-paraliel to one another.
[60030] Plasma ions are influenced by the static electric field 204 and are deflected away
from the ionization region {(again in the y-direction). Plasma electrons having a velocity
component orthogonal to the static maguetic ficld 205 are subjected to a magnetic component
{(q v X B) of the Lorentz force (q(E + vXB)), where v is the velocity of the electron, g is the
charge of the electron, E is the clectric field and B is the magnetic field. The magnetic
component beneficially retards the motion of the plasma electrons iu the x-direction.
Ultimately, a significant portion of the plasma clectrons that are emitied from the end 206 of
the plasma source 201 are deflected away fron: the ionization region by the plasma detlection
device 203. As such, application of the static electric field 204 and the static magnetic field
205 m the plasmoa deflection device 203 as depicted in Fig. 2B allows for the separation of the
plasma ions and plasma electrons, thereby preventing the formation of the guasi-neutral
plasma-like environment at the end 206 of the plasma source 201, and ultimately improves
deflection of plasma ions and plasma clectrons away from the jonization region 202.

(80631 Fig. 3A illustrates a cross-sectional view of an tonization device 300 i accordance
with a representative embodiment. The ionization device 300 may be implemented in the ion
source 101 as the ionization device 104, The ionization device 300 is disposed around an
axis of symmetry 301, An inlet 302 is provided and is configured to receive a sample gas
{(not shown) comprising analyte molecules, The sample gas is directed at the inlet 302 in g
direction parallel to the axis of symmetry 301.

[68032] The various components of the ionization device 300 that are usefully electrically
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conducting are made of a suitable electrically conductive material such as stainless steel. The
various components of the fonization device 300 that are required to be clectrically insulating
are made of a suttable electrical insulator such as a high-temp plastic (e.g., Vespel®), or a
suitable machinable ceramic material (e.z., Macor®, alumina or boron nitride}. The magnets
of the representative embodiments are illustratively rare-carth magnets, known to one of
ordinary skill in the art.

[B0033] The ionization device 300 comprises a first plasma source 303 and, optionally, a
second plasma source 304, The first and second plasma sources 303, 304 are illustratively as
described in U5, Patent Application Publication 20110109226, incorporated by reference
above. Notably, the second plasma source 304 provides redundant function to the first
plasma source 303 and ifs function is not described in further detail.

[6#06034] The ionization device 300 comprises a deflection device 3035 disposed adjacent to an
aperture (not shown in Fig. 3A) through which light from a plasma 306 15 transmitted. The
light from the plasma is incident on the sample gas in an ionization region 307, After
tonization, analyte ions are directed by ion optics 308 toward an outlet 309 and to a mass
analyzer (not shown in Fig. 3A). As described above, and more fully below in connection
with the present embodiment, the deflection device 305 is configured to provide a static
electric field, and optionally, a static magnetic ficld. The static electric ficld is generally
established by creating a voltage difference between approximately 10V and 100 V between
deflection clectrodes described below. As noted above, the magnetic field strength is
selected to deflect plasma clectrons, but not plasma ions, which have a greater mass than the
plasma clectrons. For example, the static magnetic field is approximately S000 Gauss.
[80035] In certain embodiments, the electric field is orthogonal to the magnetic field. As
such, plasma jons are influcnced by the static clectric field and are deflected away tfrom the
ionization region 307, The plasma elecirons are subjected to E X B drift and are detlected in
the z direction (i.e., out of the plane of the page) in the coordinate system depicted in Fig. 3A.
[B0036] In other embodiments, the static electric field 1s parallel (or antiparaliel) to the static
magnetic ficld. Plasma ions are influcnced by the static electric field and are deflected away

oy
7
7

from the ionization region 307, Plasma electrons having a velocity component orthogonal to
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the static magnetic ficld are subjected to a magnetic component of the Lorentz force and are
deflected away from the ionization region.

[B6637] Fig. 3B itlusirates an enlarged portion of the ionization device 300 depicted in Fig.
3A. Notably, Fig. 3B depicts the deflection device 305 in greater detail. The deflection
device 305 comprises a first deflection elecirode 310 and a second deflection electrode 31 1.
In certain embodiments, the first and second deflection electrodes 310, 311 are disposed to
create an electric field that deflects plasma ions and plasma electrons from both the first
plasma source 303 and the second plasma source 304 and substantially prevents the plasma
ions and plasma electrons from reaching the iomization region 307, In the ithustrative
embaodiment, the first and second deflection clectrodes 310, 311 estabhish respective electric
ficlds oriented in the x~-dimension to substantially deflect plasma ions and plasma electrons
from traveling in the z-direction and into the tonization region 307.

[B0038] The deflection device 305 optionally comprises a first raagnet 312 and a secound
magnet 313, The first and second magnets 312, 313 are of opposite polarity and create a
radial magnet ficld. The first and second magnets 312, 313 may comprise permanent
magnets or electromagnets known to one of ordinary skill in the art. Like the first and second
deflection clectrodes 310, 311, the first and second magnets 312, 313 are disposed annularly
around the axis of symmetry 301 so that each of the tirst and second magnets 312, 313 deflect
plasma electrons from both the first plasma source 303 and the second plasma source 304,
[B0039] A first aperture 314 is provided between the first plasma source 303 and the
ionization region 307, and a second aperture 315 is disposed between the second plasma
source 304 and the ionization region 307, In a representative embodiment, the first and
second apertures 314, 315 are approximately 600 pm in width (z-divection in the depicted
coordinate systern) and approximately 230 um in height (x-direction in the depicted
coordinate system}. The first and second detlection electrodes 310, 311 are separated (in the
x-direction) by approximately 1.0 mm, and the ionization region 307 has a radius (in the y-z
plane) of approximately 3.0 mun. It s noted that the absolute dimensions of the components
and their spacing is merely illustrative. However, the scale of the dimensions is controlled to
ensure suitably sufficient ficld strengths needed to ensure deflection of ions and electrons

away from the tonization region 307,
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[60048]  The first and second apertures 314, 315 provide windowless illumination of the
sample gas by the light from the generated plasmas. Plasma ions and plasma electrons can
fraverse the first and second apertures 314, 315 and travel vertically { —y divection and v
direction, respectively, in the coordinate system of Fig. 3B). If plasma ions and plasma
electrons are not deflected, the plasma ions and plasma electrons will enter the ionization
region 307 and contaminate the sample gas as deseribed above. In the region adjacent to the
first and second apertures 314, 3135, the first and second deflection electrodes 310, 311 are
configured to establish a static electric field in the x-direction to detflect the plasma ions and
plasma electrons in a direction away from the onization region 307 (i.e., in the_+x direction).
Beneficially, incorporation of first and second detlection clecirodes 310, 311, and first and
second magnets, plasma ion current in the ionization region 307 is reduced by a factor of
1000 compared to a known tonization device.

[B0841]  In certain embodiments the first and second magnets 312, 313 are configured to
provide the static magnetic field that is orthogonal to the direction of the static electric field
established between the first and second deflection electrodes 310, 311, As such, in the
coordinate systemn depicted Fig. 3B, static magnetic field is in the -y-direction. Electrons
fraveling in the —y direction {(i.e., from first plasma source 303 toward the ionization region
307) are deflected in the —z direction (into the plane of the page) by EXB drift. Similarly,
electrons traveling in the +v direction (i.e., from second plasma source 304 toward the
tonization region 307) are deflected in the +z direction (out of the plane of the page) by EXB
drift, Beneficially, the plasma ions and plasma electrons are deflected away from the
tonization region 307 and are substantially prevented from contaminating the sample gas.
Beneficially, through incorporation of first and second deflection electrodes 310, 311, and
first and second magnets 312, 313, plasma ion current and plasma electron curvent in the
ionization region 307 are cach reduced by a factor of 1000 compared to a known ionization
device.

[B0042] In certain embodiments the fivst and second magnets 312, 313 are configured to
provide the static magnetic field that is paraliel (or antiparallel} to the direction of the static
clectric field established between the first and second deflection clectrodes 316, 311, As

such, 1n the coordinate system depicted Fig. 3B, static magnetic field 15 1 the x-direction.
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Electrons traveling in the —y direction (i.e., from first plasma source 303 toward the
ionization region 307) are deflected in the z divection {out of the plane of the page) by
magnetic component of the Lorentz torce, Similarly, electrons traveling m the +y direction
{i.e., from second plasma source 304 toward the ionization region 307} are deflected in the +z
direction {(into the plane of the page) by magnetic component of the Lorentz force.
Beneficially, through incorporation of first and second deflection electrodes 310, 311, and
first and second magnets 312, 313, plasma ion current and plasma electron current in the
tonization region 307 are each reduced by a factor of 1000 compared to a known ionization
device.

{600643] FIG. 4A illustrates a cross-sectional view of an iomization device 400 in
accordance with a representative embodiment. The ionization device 400 may be
implemented in the ion source 101 as the ionization device 104, The ionization device 400
comprises a housing 401 configured to receive a channel 402, The channel 402 comprises an
infet 403 and an outlet 404, A gas sample 403 is provided at the inlet 403, The various
components of the ionization device 400 that are usetfully electrically conducting are made of
a suitable electrically conductive material such as stainless steel. The various components of
the tonization device 400 that are required to be clecirically insulating are made of a suitable
clectrical insulator such as a high-temp plastic (e.g., Vespel®}, or a suitable machinable
ceramic material (e.g., Macor®, alumina or boron nitride). The magnets of the
representative embodiments are illustratively rare-carth magnets, known to one of ordinary
skill in the art.

[60044] A plasma 406 is created in a cavity 407, which substantially encircles the channel
402, The cavity 407 is formed in a structure 409, which comprises an aperture 408 along an
mner wall 409° ot the structure. As described more fully below, the aperture 408 along inner
wall 409" allows photons {¢.g., VUV photons) created in the plasma 406 to be incident on the
gas sample 405 at the outlet 404 of the channel 402 and to cause photoionization of the gas
sample 405,

[B0045] A plasma anode 410 is disposed at one end of the cavity 407 and a plasma cathode
411 is disposed at the opposing end of the cavity 407, An outer magnet 412 is provided in a

receas 413 of the housing 401 and substantially encircles the cavity 407, An inner magnet
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414 substantially encircles the channel 402 as depicted. Notably, the outer and inner magnets
412, 414 are of opposite polarity and create a radial magnet field. The outer and inner
magnets 412,414 may comprise permanent magnets ot clectromagnets known to one of
ordinary skill in the art. In a representative embodiment, the outer and inner magnets 412,
414 provide a ficld strength in the range of 2000 Gauss to approximately 10000 Gauss.
[B0046] An optional plasma electron deflection electrode 415 is disposed near the outlet 404
of the channel 402, The plasma electron detlection clectrode 415 substantially encircles the
channel 402 near the outlet 404 as depicted in Fig. 4A. An optional plasma ion detlection
clectrode 416 is disposed near the outlet 404 of the channel with an jonization region 417
formed between the outlet 404 of the channel 402 and the plasma ion deflection electrode
416, As described more fully below, the plasma electron detlection electrode 415 and the
plasma ton deflection electrode 416 may be foregone due to confinement of the plasma ions
and plasroa electrons in the cavity 467 by the established electric and magnetic fields used to
create plasma 406. In a representative embodiment, a voltage in the range of approximately
30V and approximately 120V is provided between the plasma electron deflection electrode
415 and the plasma ion deflection electrode 416 to establish the requisite static electric ficld
therebetween.

(600471 lon extraction optics 418 are provided adjacent to the plasma ion deflection
electrode 416, An ionized gas sample 419 is provided at an exit 420 of the ionization device
400. Tn mass spectrometer 100, the exit 420 is connected to the mass analyzer 102, Ina
representative embodiment, suitable voltage differences are maintained between the ion
extraction optics to ensure movement of the tons from ionization region 417 and the mass
analyzer 102.

[306648] The ionization device 400 1s disposed about an axis of synmumetry 421, which defines
an axial direction ot the present teachings. As described below, an clectrostatic voltage
difference 1s eatablished between the plasma anode 410 and the plasma cathode 411 in the
axial direction. A magoetic ficld is established by the outer and inner moagnets 412, 414 1o an
inward radial direction (i.c., orthogonal to the axial direction) as depicted by arrows 422 in
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[80049] An inlet port (not shown in FIG. 4A) is connected to cavity 487 and is configured to
receive a source gas (not shown) for generating plasma 406, In some embodiments, the
source gas inchudes a noble gas, for example krypton, neon, argon or heliura, In sorae
embodiments, the source gas includes hydrogen. The source gas may be selected as a gas
mixture or composition corresponding to the desired cutput photon wavelength of ionization
device 400 to gas sample 405, Through suitable selection of the source gas a variety of
crission wavelengths of the plasma 406 could be chosen. For example, helium (He) has an
optical resonance emission line at 58.43 nm, emitting photons with energies of 21.22 eV,
while krypton (Kr) has lines at 116.49 and 123,58 nm, with corresponding photon energies of
10.64 and 10.03 eV, The ernission wavelength can thus be appropriately matched to the
desired application. As such, comparatively low-cnergy photons can be used to tonize large
molecules with reduced fragmentation. Alternatively, comparatively high energy photons
can be used for molecular fragmentation, or photon energies can be chosen to selectively
ionize cerfain compounds without ionizing others.

[80058] The plasma anode 410 and the plasma cathode 411 are connected to an energy
source {not shown}, The energy source may be configured to provide energy to the source
gas in the form of a DC voltage, a pulsed voltage, or an oscillating signal with some
appropriate frequency such as RF or microwave to generate and maintain a plasma.

[BG0SE] In representative embodiments, cavity 407 is illustratively toroidal. In operation, a
source gas is supplied to an inlet port (not shown in FIG. 4A) to generate plasma 406, An
clectrostatic voitage, either a DC voltage, a pulsed voltage, or and oscillating voltage with
some appropriate frequency (e.g., RF or microwave), is delivered between the plasma ancde
410 and the plasma cathode 411, The resulting electric field sustains a discharge n plasma
406 that 1s substantially confined inside cavity 407, Aperture 408 along mmner wall 409° of
the cavity 407 allows for windowless light (e.g., VUV) emission directed radially inward
while restricting the flow of the source gas from plasma 406 such that a pressure differential
can be maintained between the inlet 403 and the outlet 404 of the channpel 402, Morsover,
the electric field established in the axial direction aids in contining plasma ions of plasma 406
within the cavity 407 {i.e., between the plasma anode 410 and the plasma cathode 411).

[60052] The magnetic field is oriented radially inward {(i.e., perpendicular to the axis of

14



WO 2013/002954 PCT/US2012/040407

symmetry 421, depicted by arrows 4223, This orthogonal orientation of the static electric
and magnetic fields creates an EXB-dritt wherein movement of the electrons of the plasma
406 s the superposition of a relatively fast circular motion around the guiding conter and a
relatively slow drift of this point in the direction of EXB (i.c., rotationally about the axis of
symmetry 421 as depicted by arrow 423}, Stated somewhat differently, the motion of the
plasma electrons of plasma 406 is aziowathal with a substantially constant velocity in arcs
around the axis of symumetry 421, The magnetic ficld traps the electrons of the plasma 406 in
an EXB drift orbit about the axis of symmetry 421, The plasma electrons tonize the source
gas introduced into the cavity 407 and aid 1u sustaining the plasma 406. The plasma ions
created by the plasroa clectrons are not signiticantly influenced by the comparatively weak
magnetic ficld, and rather are accelerated by the axial electrostatic torce between the plasma
anode 410 and the plasma cathode 411, further sustaining the plasma 406.

[BO0S3] As described more fully below, in addition to plasma creation, the plasma anode
410 and the plasma cathode 411 serve to confine plasma ions and plasma electrons to the
cavity 407 and thus substantially prevent plasma ions and plasma electrons from traveling
through the aperture 408 and into the ionization region 417, Sumilarly, in addition to plasma
creation, the mner and outer magnets 414, 412 serve to confine electrons in the cavity and
thus substantially prevent plasma clectrons from traveling through aperture and into the
ionization region. As such, the plasma anode 410 and the plasma cathode 411 in conjunction
with the muer and outer magnets 414, 412 function as a deflection device in accordance with
a representative embodiment.

[80054] The relative orientation of the orthogonal electric and magnetic ficlds of the
iomzation device 400 not only functions {o create and sustain plasma 406, but also functions
to substantially confine the electrons and ions of the plasma 406 within the cavity 407,
Because there is no window over aperture 408, there is a potential for leakage of ions and
electrons through the aperture 408, into the ionization region 417 and into the channel 402.
Such ions and electrons could contaminate the sarmple gas/ions and result ultimately in
inaccurate measurements by the mass spectrometer 100, Beneficially, and as described
above, the tons of the plasma 406 are guided strongly by the electric field between the plasma

anode 410 and the plasma cathode 411, and are substantially prevented from exiting the
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aperture 408, The electrons of the plasma 406 are confined in the EXRB drift rotationally
about the axis of symmetry, and are substantially prevented from exiting through the aperture
408 as well.

[60055] Fig. 4B illustrates a partially exploded partially sectional view of the ionization
device 400 depicted in Fig. 4A. The tonization device 400 comprises housing 401 contigured
to receive channel 402, The housing 401 and the channel 402 comprise an electrically
conductive material such as stainless steel.

[80056] A gas sample 405 1s provided at the inlet 403, A plasma 406 is created in cavity
407 of structure 409, which substantially encircles the channel 402, The structare 409 is
iHustratively an clectrical insulator (e.g., high-tenmp plastic or suitable machinable ceramic
material) that isolates the cavity 407 from clectric fields generated to deflect plasma ions and
plasma electrons, and from ion extraction optics 418 to ensure that the electric field in the
cavity 407 is axial (i.¢., parallel to the axis of symractry 421). The aperture 408 along foner
wall 409 allows photons {e.g., VUV photons} created in the plasma 406 to be incident on the
gas sample 405 at the outlet 404 of the channel 402 and to cause photoionization of the gas
sample 405,

(60057 As depicted in Fig, 48, cavity 407 is llustratively toroidal. In operation, source gas
is supplied to an inlet port {not shown in FIG. 4B) to generaie plasma in cavity 407, An
electrostatic voltage, either a DC voltage, a pulsed voltage, or and oscillating voltage with
some appropriafe frequency {e.g., RF or microwave), is delivered between the plasma anode
410 and the plasma cathode 411. The resulting electric field sustains a discharge in plasma
406 that 1s substantially confined inside cavity 407, Aperture 408 of the cavity 407 allows
for windowless light (e.g., VUV) emission divected radially inward (in direction of arrows
422 while restricting the flow of the source gas from plasma 406 such that a pressure
differential can be maintained between the infet 403 and the outlet 404 of the channel 402,
Maoreover, the electric field established in the axial direction aids in confining plasma ions of
plasma 406 within the cavity 407 (i.e., between the plasma anode 410 and the plasma cathode
481

[B00S8] The magnetic field is oriented radially inward {i.c., perpendicular to the axis of

symnetry 421, depicted by arrows 4223, This orthogonal orientation of the static electric
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and magnetic field creates an EXB-drift wherein movement of the electrons of the plasma
406 is the superposition of a relatively fast eircular motion around the guiding center and a
relatively slow drift of this point in the direction of EXB (i.¢., rotationally about the axis of
symmetry 421 as depicted by arrow 423}, Stated somewhat differently, the motion of the
plasma electrons of plasma 406 is azimuthal with a substantially constant velocity in ares
around the axis of symmetry 421, The magnetic field traps the electrons of the plasma 406 in
an EXB drift orbit about the axis of symmetry 421, The plasma electrons ionize the source
gas introduced into the cavity 407 and aid in sustaining the plasma 406. The plasma ions
created by the plasma electrons are not significantly influenced by the comparatively weak
magnetic ficld, and rather are accelerated by the axial electrostatic force between the plasma
anode 410 and the plasma cathode 411, further sustaining the plasma 406.

[80059] Optional plasma electron deflection electrode 415 is disposed near the outlet 404 of
the channel 402, The plasma electron deflection electrode 415 substantially encireles the
channel 402 near the outlet 404 as depicted in Fig. 4B. An optional plasma ion deflection
clectrode 416 is disposed near the outlet 404 of the channel 402 with the ionization region
417 formed between the outlet 404 of the channel 402 and the plasma ion deflection electrode
416, As described above, the plasma electron deflection electrode 415 and the plasma ion
deflection electrade 416 may be foregone due to confinement of the plasma ions and plasma
electrons in the cavity 407 by the established electric and magnetic fields used to create
plasma 406,

[B0068] Fig. 5 illustrates a flow chart of a method 500 of exposing a sample gas to an
excitation light in accordance with a representative embodiment. The method 500 may be
implemented using the jonization devices according to representative ernbodiments described
n connection with Figs. 1~4B. At 501, the method comprises generating a plasma
comprising light, plasma ions and plasma electrons. At 502, the method comprises passing at
feast a portion of the light from the plasma through an aperture to an jonization region. At
503, the mcthod comprises passing a gas sample through the onization region. Af 504 the
method comprises generating an electric ficld to substantially prevent the plasma ions from
entering the ionization region.

(6068611 While representative embodiments are disclosed heremn, one of ordinary skill in the
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art appreciates that many variations that are in accordance with the present teachings are
possible and remain within the scope of the appended claims. The invention therefore is not

to be restricted except within the scope of the appended claims,
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1. Aniomization device, comprising:

a plasma source configured to gencrate a plasma, the plasma comprising light, plasma
ions and plasma electrons, the plasma source comprising an aperture disposed sach that at least
part of the light passes through the aperture and is incident on a gas sample;

an ionization region; and

a plasma deflection device comprising a plurality of electrodes configured to establish an
electric field, wherein the clectric field substantially prevents the plastua ions from entering the

ionization region.

2. Aniowzation device as claimed in claivo 1, wherein the plasma deflection device further
compriscs a magnet configured to establish a magnetic field, wherein the magnetic field

substantially prevents the electrons of the plasma from entering the 1onization region.

3. Anionization device as claimed in claim 2, wherein the electric field and the magnetic field

are substantially orthogonal.

4. Anionization device as claimed in claim 2, wherein the electrie field and the magnetic field

arc substantially parallel.

5. Aniomization device as claimed in claim 2, wherein the electric ficld and the magnetic field

are substantially antiparallel.

6. An onization device as claimed in claim 2, wherein the electric field is oriented n an axial

direction and the magnetic field 1s oviented wn a radial direction.

7. Au lonization device as claimed in claam 2, wherein the electrie field and the magnetic field

are griented in the radial direction,

8. A mass spectrometer, comprising a mass analyzer, a detector and an ion source, wherein the

ion source comprises the ionization device of claim [
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9. A method of exposing a sample gas o an excitation light, the method comprising:

generating a plasma comprising light, plasma ions and plasma electrons;

passing at least a portion of the light from the plasma through an aperture to an jonization
region;

passing a gas sample through the 1onization region; and

generating an electric field to substantially prevent the plasma ions from entering the

ionization region.

10. A method as claimed in claim 9, further comprising generating a magnetic field to

substantially prevent the plasma electrons from entering the 1omzation region.

11, A method as claimed 1n claim 10, the wherein the electric field and the magnetic ficld are

substantially orthogonal.

12, A method as claimed in claim 10, wherein the electric field and the magnetic field are

substantially paraliel.

13. A method as claimed in claim 10, wherem the electric field and the magnetic field are

substantially antiparaliel.

14, A method as claimed in claim 10, wherein the clectric ficld is onented in an axial direction

and the magnetic field s oriented in a radial direction.

15. Anionization device, comprising;

a channel having an inlet end and an outlet end, the inlet end being configured to receive
a gas sample;

a plasma source configured to generate light, plasma tons and plasma clectrons, the
plasima source comprising an aperture disposed such that at least part of the hight passes through
the aperture and is incident on the gas sample released from the outlet end of the channel;

a plurality of clectrodes configured to establish an clectric field to guide the plasma ions,
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aperture; and
a magnet configured to establish a magnetic field to guide the plasma electrons, wherein
the magnetic ficld substantially prevents the plasma electrons frov exiting through the aperture

and the electric field and the magnetic field are orthogonal.

16, Anionization device as claimed in claim 15, wherein the magnet comprises an outer magnet
substantially surrounding the plasma source and an inner magnet substantially surrounding the

channel,

17. Anionization device as claimed in claim 15, wherein the electric field s ortented i an axial

direction and the magnetic ticld is oriented in a radial direction.

18. An ionization device as claimed in claim 15, further comprising a plasma ion deflection
clectrode disposed between the aperture and the channel, wherein the plasma ion deflection

slectrode 13 configured to atiract or repel plasma ions that passed through the aperture.

19, Anionization device as claimed in claim 15, further comprising a plasma electron deflection
electrode disposed between the aperture and the channel, wherein the plasma electron deflection

slectrode is configured to atiract or repel plasma electrons that passed through the aperture.

20, A mass spectrometer, comprising a mass analyzer, a detector and an ion source, wherein the

ion source comprises the ionization device of claim 15.



PCT/US2012/040407

WO 2013/002954

J0j98180

L b4

O30 e

a

197AjBUY SSBY

v0i
4

)

201A(] LUOIBZILD]

¢0l

&

824N0% UG|

T

1/8



WO 2013/002954

PCT/US2012/040407
L]
L]
T
‘\\
~
-
[
[N}
o - e
] Pl q
L]
f,f' N
< N oh
= L - e
& NI

2/8



WO 2013/002954 PCT/US2012/040407

Va 202

/ o Py m
S @ p - ™
= [ } k=)
J 5 7 N
gx’ od
o
e
=
[a]

3/8



PCT/US2012/040407

WO 2013/002954

Log -

AT DI T

77727

=ENIN

-,
K

,
.ta

: g

....... A

\\\\\\\ SN

™, ",
7 AR \ s

777

/

4/8



WO 2013/002954 PCT/US2012/040407

%
1 300
& X
30— | ¥ Z
{ L Z A
/JJ Z
S 308
// ’

5/8



WO 2013/002954 PCT/US2012/040407

413

N\ <
“““y \\ﬁ\‘
| /!

WW
o
oy
o0

53
’\'\,
a% 412

469 413 -
Plasma Gas Vent -

i

Fig. 4A

6/8



PCT/US2012/040407

WO 2013/002954

7/8



WO 2013/002954 PCT/US2012/040407

Generaling a Plasma Comprising Light,
Plasma lons and Plasma Electrons
¥
: . . 507
Passing at least a Portion of the Light from the
Plasma Through an Aperture to an lonization Region
¥
_—503
Passing Gas Sample Through the lonization Region
504

Generating an Elecliic Field to Substantially Prevent the
Plasma lons from Entering the lonization Region

Fig. 5
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