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ROBUST ION SOURCE

RELATED APPLICATION(S)

[0001] This application is a continuation of and claims priority to U.S. Application No.
15/621,241, filed June 13, 2017. The entire teachings of the above application are

incorporated herein by reference.

BACKGROUND

[0002] A mass spectrometer measures the masses within a molecular sample to analyze
the composition of the sample. A residual gas analyzer (RGA) is a relatively small mass
spectrometer that measures the composition of a gas by ionizing components of the gas to
create a charge, and determining the mass-to-charge ratios of those components. RGAs are
commonly used to check for gas composition and contamination, and may operate in an
evacuated environment at lower pressure than the source of the gas being analyzed. The
main components of a residual gas analyzer are an ion source, mass analyzer (mass filter),
detector and associated electronics. The ion source ionizes molecules of the gas, the mass
analyzer selects the ions by their mass-to-charge ratio, and the detector determines the
amounts of the selected ions.

[0003] RGA ion sources are generally one of two types: open or closed. An open ion
source 1s usually mounted in a vacuum chamber with its components exposed to sample gas
from a process environment, directly. The sample gas molecules in the vacuum chamber can
move through the ion source from many directions - there is no pressure difference within the
ion source and around it. When the pressure of the gases is too high for the RGA to operate
properly, a pressure-reducing gas-sampling vacuum system is used to bring a sample of the
gas to be analyzed down to an acceptable pressure. In such applications, an open ion source
suffers from drawbacks, such as interference from the gases in the residual vacuum of the
sampling system (e.g., hydrogen, water, carbon monoxide, oils).

[0004] A closed ion source is preferred, generally, when using an RGA to analyze gas
with a pressure-reducing gas-sampling system. A closed ion source provides an ionization
chamber operated at, or below the pressure of the sample gas, but higher than can be tolerated

by the whole RGA. This chamber has restricted gas exit conductance with only small
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openings for entrance and exit of gases, electrons, and ions. Electrons are directed into the
chamber to form ions of the sample gas at the relatively high pressure in the chamber. The
sample gas is at higher pressure than could be tolerated with an open ion source, so the signal
from the sample gas is correspondingly higher than the signal from the residual vacuum of
the pressure reducing system, providing a higher fidelity analysis of the sample gas. Because
critical electrode surfaces of the closed ion source are exposed to the sample gas at a higher
pressure than an open ion source, the closed ion source is susceptible to degradation much
faster because the sample gas can contaminate those surfaces. Additionally, the electron
source 18 typically located close to the hole where electrons are introduced into the ionization
chamber, and is thus exposed to the sample gas at a pressure much higher than the average
pressure of the mass spectrometer. Thus, closed ion sources have higher analytical fidelity
but are susceptible to higher degradation rates, while open ion sources have lower
degradation rates but provide lower analytical fidelity.

[0005] Prior approaches to this degradation problem used in other (non RGA) systems
include cross beam ionizers and dynamically adjusted ion sources with extra control surfaces.
However, extra control surfaces increase cost and complexity, often require frequent
adjustment procedures, and have limited effectiveness with extreme contamination. Cross
beam ion sources have low sensitivity for the amount of gas consumed as they analyze a
collimated gas stream from a small portion of the sampled gas using multistage pumping
systems to strip off a majority of the sampled gas. This results in either a small sample gas
signal, or the need for large, expensive pumping systems that consume high flows of sample

gas.

SUMMARY

[0006] The disclosed embodiments provide good sample gas analysis fidelity with
extended life and improved analytical stability of mass spectrometers in the presence of
contaminating gases. One example embodiment is an ion source that includes a gas source,
nozzle, electron source, and electrodes. As used herein, the term nozzle means a gas flow
delivering element with a relatively small outlet. The nozzle may be a tube or similar
structure of any length, even zero. If the length of the nozzle is zero, then the nozzle can be
in the form of an aperture in a surface. The gas source delivers gas through the nozzle to an
evacuated ionization volume, and is at a substantially higher pressure than that of the

evacuated ionization volume. Gas passing from the source through the nozzle freely expands



WO 2018/231631 PCT/US2018/036523
-3-

in an ionization region of the ionization volume, the gas pressure quickly decreasing as the
gas expands away from the outlet of the nozzle. The electron source emits electrons that pass
close to the nozzle through the expanding gas in the ionization region to ionize at least a
portion of the expanding gas. The electrodes create electrical fields for ion flow from the
ionization region to a mass filter of a mass spectrometer and are located at distances from
and, orientations to, the nozzle to limit direct exposure of the electrodes to the gas.

[0007] Another example embodiment is a mass spectrometer system that includes a
vacuum pump, mass filter, detector, and ion source. The ion source includes a gas source,
nozzle, electron source, and electrodes, as described above, where the electrodes of the ion
source create electrical fields for ion flow from the ionization region to the mass filter. The
nozzle of the ion source may be oriented to direct the gas from the gas source toward the
vacuum pump.

[0008] In many embodiments, at least 20% of the gas molecules from the nozzle pass
through the ionization region. In some embodiments, the electron source can be a heated
filament. In such (or other) embodiments, the electron source can be arranged on an opposite
side, with respect to the ionization region, of a first electrode. In such embodiments,
electrons produced by the electron source travel through an aperture of the first electrode and
toward the ionization region, resulting in an electron beam traveling through the expanding
gas in the ionization region. In such embodiments, a second electrode can be arranged
opposite the first electrode. The second electrode can include an aperture. Electrons travel
through the ionization region and toward the second electrode, many of which may travel
through the aperture, if included.

[0009] A trap electrode may be arranged opposite the first electrode with respect to the
ionization region, and can measure at least a portion of the electron beam current flowing
through the ionization region. In embodiments including the second electrode with aperture,
the trap electrode can be arranged outside the second electrode with respect to the ionization
region. A second electron source, which in some embodiments may be configured to
function as a trap electrode, can be arranged outside the aperture in the second electrode. In
some embodiments, the first electron source may be used as a trap electrode, for example,
when operating a second electron source.

[0010] In many embodiments, the electrodes include first and second electrodes arranged

on opposite sides of the ionization region, where the surfaces of the first and second
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electrodes are substantially parallel to a primary direction of gas flow from the nozzle
through the ionization region. In such (or other) embodiments, a repelling electrode may
repel ions from the ionization region toward the mass filter, and in such (or other)
embodiments, an ion exit electrode having an aperture may direct the ion flow from the
ionization region to the mass filter. The voltages applied to the various electrodes may be
independently controllable.

[0011] In some embodiments, the outlet opening of the nozzle may have an area of five
square millimeters or less. The area of the outlet opening of the nozzle can relate inversely to
the pressure of the gas source for a desired gas flow, such that the area of the outlet opening
of the nozzle can be much smaller if the gas source pressure is very high. In such (or other)
embodiments, the cross-sectional area of the electron beam at the ionization region may be
twenty square millimeters or less. In such (or other) embodiments, the electrodes may be
located at least five millimeters from the nozzle center.

[0012] Another example embodiment is a method of producing ions for a mass
spectrometer having a mass filter. The method includes delivering gas from a gas source to
an evacuated ionization volume through a nozzle. The gas source is at a substantially higher
pressure than that of the evacuated ionization volume, and gas passing through nozzle freely
expands in an ionization region of the ionization volume. The method further includes
emitting electrons close to the nozzle and through the expanding gas in the ionization region
to ionize at least a portion of the expanding gas, and directing ions formed in the ionization
region to the mass filter.

[0013] In some embodiments, directing the ions can be accomplished using electric fields
created by electrodes, in which case delivering the gas to the evacuated ionization volume
includes delivering the gas at distances from the electrodes to limit direct exposure of the
electrodes to the gas. In such (or other) embodiments, directing the ions can include repelling
the ions from the ionization region toward the mass filter and can include focusing the ions
from the ionization region through an aperture to the mass filter. In such (or other)
embodiments, emitting the electrons can include emitting electrons from a heated filament,
and can include emitting electrons through an aperture of a first electrode on one side of the
ionization region, through the expanding gas in the ionization region, and through an aperture

of a second electrode on an opposite side of the ionization region.
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BRIEF DESCRIPTION OF THE DRAWINGS

[0014] The foregoing will be apparent from the following more particular description of
example embodiments, as illustrated in the accompanying drawings in which like reference
characters refer to the same parts throughout the different views. The drawings are not
necessarily to scale, emphasis instead being placed upon illustrating embodiments.

[0015] FIG. 1 is a perspective drawing of an ion source for a mass spectrometer,
according to an example embodiment.

[0016] FIG. 2 is another perspective drawing of the example ion source of FIG. 1.
[0017] FIG. 3 is another perspective drawing of the example ion source of FIG. 1.
[0018] FIG. 4 is a cross-sectional perspective drawing of the example ion source of FIG.
1.

[0019] FIG. 5 is another cross-sectional perspective drawing of the example ion source of
FIG. 1.

[0020] FIG. 6 is a schematic drawing of a mass spectrometer system, according to an
example embodiment.

[0021] FIG. 7 is a flow diagram illustrating a method of producing ions for a mass

spectrometer, according to an example embodiment.

DETAILED DESCRIPTION

[0022] A description of example embodiments follows.

[0023] The disclosed apparatus (e.g., ion source), systems (e.g., residual gas analyzer),
and methods provide extended life and improved analytical stability in the presence of
contaminating gases, especially gases that deposit surface coatings, while achieving
substantial preferential ionization of sampled gases over internal background gases. The
disclosed apparatus, systems, and methods provide performance like a closed ion source, but
without the short lifetime and unstable gas species sensitivities due to ion source
contamination and surface charging. Thus, improved service intervals and operating costs
and improved results without excessive recalibration are achieved.

[0024] According to an example embodiment, sample gas is introduced directly into an
ionizer region of a mass spectrometer (e.g., residual gas analyzer) in its vacuum chamber via
a nozzle, such as, for example, a small diameter tube, the length of which can be from

arbitrarily long to zero (an aperture). The sample gas freely expands into the vacuum
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chamber. The tip of the nozzle is positioned close (e.g., adjacent or near adjacent), to an
electron beam, where ions of the sample gas are formed near an entrance aperture of a mass
filter (e.g., quadrupole). The end of the nozzle can be relatively small to limit interaction
with the electron beam. Critical ionizer electrode surfaces are not directly in the dominant
path of the expanding gas; thus, there is minimal exposure of those surfaces to the gas and
any contaminants it might contain. Any surfaces that do receive direct gas exposure are
sufficiently off axis of the gas path and/or relatively far from the point of the gas expansion
such that the density of the gas at these surfaces is less than, for example, 1/30th the density
of the gas when in the nozzle. This reduces the rate of any surface film formation and any
subsequent surface charging that can degrade effectiveness of the ion source. To further
reduce the amount of sample gas that reaches any critical surfaces, the sample gas can be
introduced in a direction toward the chamber’s vacuum pump.

[0025] FIG. 1 is a perspective drawing of an ion source 100 for a mass spectrometer,
according to an example embodiment. The example ion source 100 includes a gas source
105, nozzle 110, electron source 115, and electrodes 120a-d. The nozzle 110 may also itself
be an electrode. The gas source 105 delivers gas to an evacuated ionization volume 125 and
is at a higher pressure than that of the evacuated ionization volume 125. The nozzle 110 is
between the gas source 105 and the ionization volume 125. Gas passing through the nozzle
110 freely expands in an ionization region 130 of the ionization volume 125. The electron
source 115 emits electrons 135 through the expanding gas in the ionization region 130 (near
the end of the nozzle) to ionize at least a portion of the expanding gas. The electrodes 120a-
d, and optionally the nozzle 110, create electrical fields that determine the energy of the ions
formed and provide for extraction of the ions (ion flow 140) from the ionization region 130 to
a mass filter (not shown in FIG. 1). The electrodes 120a-d are located away from the primary
path of expanding gas and at distances from the nozzle 110 to limit direct contact of the
electrodes 120a-d with the expanding gas. A trap electrode 170, arranged on the other side of
electrode 120b, can measure the electron beam current 135 flowing through the aperture 145b
of the second electrode 120b.

[0026] In the example ion source 100, the electron source 115 is a heated filament located
outside of the ionization region 130 on the other side of electrode 120a and connected to
electric leads 155a,b. The filament may be straight as shown, coiled, or have other forms as

appropriate for the desired electron focusing. Electrons 135 produced by the filament 115
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travel through an aperture 145a in electrode 120a, through the ionization region 130, and onto
electrode 120b, as well as through aperture 145b in electrode 120b, on the other side of the
ionization region 130. Electrodes 120a and 120b are arranged so that their surfaces are
substantially parallel to a primary direction of gas flow 160 from the nozzle through the
ionization region, which reduces the amount of gas that may be deposited on the electrodes
120a,b. While the primary direction of gas flow 160 is illustrated in FIG. 1, it should be
understood that the flow of gas is a distribution (e.g., a cosine distribution) due to the
expanding nature of the gas, with the majority traveling in the direction of 160 and decreasing
amounts to the sides, approaching zero flow directly to the sides towards 145a and 145b. The
example ion source 100 also includes a repelling electrode 120c¢ that repels ions from the
ionization region toward the mass filter through an aperture 150 in an opposite, ion exit
electrode 120d. With electrode 120d and aperture 150, electrode 165 focuses and extracts the
ions through aperture 150 and transmits them to the mass filter through aperture 175.

[0027] The voltages applied to electrodes 120a-d, 165, 170 and the nozzle 110 can be
independently controlled to tune the performance of the ion source. The following describes
example values and ranges of values for various components of the ion source 100. Electrode
120a (electron entrance) can have a voltage of +10V (within an example range of —20V to
+25V). Electrode 120b (electron exit) can have a voltage of +10V (within an example range
of OV to +25V). The repelling electrode 120c can have a voltage of +12 V (within an
example range of +5 V to +30V). The ion exit electrode 120d can have a voltage of +10V
(within an example range of OV to +25V). The nozzle 110 can have a voltage of +6V (within
an example range of 1V to +20V). The extract lens electrode 165 can have a voltage of 37V
(within an example range of —20V to —90V). The trap electrode 170 can have a voltage of
+10V (within an example range of —110V to +30V). The filament 115 can have a voltage of
-60V (within an example range of —10V to —110V), resulting in an example electron current
135 of 0.5 mA (within an example range of 0.005mA to 3mA). These example values and
ranges are provided for illustrative purposes only, and not in a limiting fashion.

[0028] FIG. 2 is another perspective drawing of the example ion source 100 of FIG. 1.
The perspective of FIG. 2 is about 180 degrees around the ion source 100 compared to FIG.

1. FIG. 2 shows the configuration of the gas source 105 and the flow of sample gas through
the gas source 105, according to the example ion source 100. It should be appreciated that

the gas source can be configured differently.
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[0029] FIG. 3 is another perspective drawing of the example ion source 100 of FIG. 1.
The perspective of FIG. 3 from a higher angle compared to FIG. 1 and provides another view
of the ion exit aperture 150. As shown in the particular embodiment of the example ion
source 100, there may be additional components (e.g., an extract lens 165 and aperture 175)
beyond the ion exit electrode 120d.

[0030] FIG. 4 is a cross-sectional perspective drawing of the example ion source 100 of
FIG. 1. The perspective of FIG. 4 is similar to that of FIG. 3 and is cut open to provide
another view of the filament 115 and the inside of the gas source 105.

[0031] FIG. 5 is another cross-sectional perspective drawing of the example ion source
100 of FIG. 1. FIG. 5 is cut open to provide another view of the ion exit aperture 150,
additional focusing electrode components 165, and the inside of the gas source 105 of the
example ion source 100.

[0032] FIG. 6 is a schematic drawing of a mass spectrometer system 600, according to an
example embodiment. The mass spectrometer system 600 includes a vacuum pump 605,
mass filter 610, detector 615, and ion source (e.g., the ion source 100 illustrated in FIGS. 1-
5). The ion source 100 produces ions from a sample gas, and the ions flow 140 from the ion
source 100 to the mass filter 610. In the example mass spectrometer system 600, the nozzle
110 of the ion source directs the gas flow 160 toward the vacuum pump 605.

[0033] FIG. 7 is a flow diagram illustrating a method 700 of producing ions for a mass
spectrometer, according to an example embodiment. The example method 700 includes
delivering 705 gas from a gas source to an evacuated ionization volume. The gas source is at
a higher pressure than that of the evacuated ionization volume, and gas entering the
ionization volume freely expands in an ionization region of the ionization volume. The
method 700 further includes emitting 710 electrons through the expanding gas in the
ionization region to ionize at least a portion of the expanding gas, and directing 715 ions
formed in the ionization region to a mass filter. Directing 715 the ions can be accomplished
using electric fields created by electrodes, in which case delivering 705 the gas to the
evacuated ionization volume includes delivering the gas at distances from the electrodes to
limit direct exposure of the electrodes to the gas. Directing 715 the ions can include repelling
the ions from the ionization region toward the mass filter and can include focusing the ions
from the ionization region through an aperture to the mass filter. Emitting 710 the electrons

can include emitting electrons from a heated filament, and can include emitting electrons
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through an aperture of a first electrode on one side of the ionization region, through the
expanding gas in the ionization region, and through an aperture of a second electrode on an
opposite side of the ionization region.

[0034] The ionization region can be considered a volume where the electrons pass
through the sample gas that is freely expanding into the ionization volume, unconstrained by
electrodes or other structures, and from which the generated ions are directed into the mass
filter. Thus the shape of the ionization region is substantially defined in two dimensions by
the cross-sectional height and width of the electron beam. In the third dimension, along a
length of the electron beam, the ionization region can be limited by action of the focusing
electric field around the nozzle, created by the electrodes, such that only those ions formed
near the nozzle are transmitted efficiently through apertures 150 and 175. Electrons will
encounter and ionize gas outside of the region determined by the electrodes, but the resultant
ions are from lower density gas and not wanted in the mass filter. In one embodiment, the
concentration of sample gas is at least two (preferably more) times that of the average
concentration of all gases outside of the ionization region.

[0035] The 1on source can be optimized for ionization of a sample gas as it flows into an
ionization volume from a pressure (typically greater than 1E-4 Torr) that is higher than that in
the ionization volume (typically less than 2E-5 Torr). In general, pressure in the ionization
volume will be less than 1/5th of the pressure at the outlet of the nozzle, and preferably much
less, for example less than 1/100th of the of the pressure at the outlet of the nozzle. The ion
source can optimize ion formation in, and ion extraction from, the relatively small ionization
region where the electron beam passes through the sample gas as it is expanding freely from,
and close to, an aperture (nozzle) delivering the higher pressure sample gas to the ionization
region of the ionization volume. It is preferred that the electron beam pass as close as
reasonable to the nozzle without contacting the nozzle. With the closest edge of the
ionization region being very close to the nozzle, preferably within five millimeters and more
preferably closer than a millimeter for example, volumetric density of sample gas in the
ionization region is higher than the average pressure in the ionization volume, and should
generally be at least two times higher, and preferably greater than ten times or more in many
circumstances, thereby creating more ions of sample gas molecules in the ionization region
versus ionization of gas molecules in other areas of the ionization volume. The critical

surfaces (e.g., electrodes) of the ion source that define the voltage fields for ion formation and
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extraction can be deployed off of the main axis of gas expansion, thereby reducing direct
exposure to the sample gas. Minimizing such direct contact with the majority of the
expanding sample gas reduces electrode contamination from the sample gas that can degrade
ion source performance over time. This configuration also provides an ion stream for mass
spectrometry that is predominately from the sampled gas, before it has interacted with any
ion source surface, and has, therefore, little change due to surface reactions. Furthermore, as
the sample gas is freely expanding from higher to lower pressure, there is minimal formation
of ion-molecule species that would occur with ionization at higher pressure, such as, for
example, in a conductance-limited ionization chamber. Therefore, a significant benefit of the
disclosed ion source is the production of an ion stream that represents the sample gas with
high fidelity, while minimizing performance degradation due to contamination from the
sample gas. This is valuable for analyzing gases that are labile and that can form deposits on
ion source surfaces.

[0036] Unlike a traditional open ion source, the beam of electrons provides ionization in a
relatively small, select volume at the point of sample gas introduction. The disclosed ion
source differs from traditional open ion sources, which are designed for ion formation and
extraction from all gas in the ion source without preference for sample gas from a higher
pressure before it has interacted with surfaces in the ion source. Operating at low pressure, a
traditional open ion source can have a relatively low rate of degradation from sample
interaction, but provides an ion stream with relatively low fidelity for the sample gas.

[0037] Unlike a closed ion source, the amount of sample gas that reaches critical surfaces
is greatly reduced. A closed ion source has an ionization chamber with restricted exit
conductance to hold the sample gas at a pressure higher than the average pressure in the mass
spectrometer system. The disclosed ion source differs from closed ion sources, which are
optimized for ion formation and extraction from sample gas at high pressure in a relatively
closed volume, not freely expanding, and with a high degree of interaction with the ion
source surfaces as well as ion-molecule formation. The disclosed ion source does not have a
restricted-conductance ionization chamber to hold the sample gas at an elevated pressure,
instead allowing the sample gas to expand, unrestricted. The ion stream from a closed ion
source can provide a higher fidelity representation of the sample gas than that from an open
ion source, but a closed ion source is susceptible to higher rates of degradation from sample

gas interactions.
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[0038] Unlike a cross-beam ion source, the entire sample gas flow is admitted through a
nozzle for ionization in a higher pressure, free expanding region through which an electron
beam passes close to the nozzle. This ion source differs from a cross-beam ion source, which
ionizes from a collimated portion of a sample gas stream that is located far from a nozzle and
higher gas pressure region, and which requires additional stages of pumping and collimation.
The ion stream from a cross-beam ion source can have good sample gas fidelity and reduced
surface contamination, but only as part of a larger, more complex analysis system with high
gas pumping speeds. In contrast, the disclosed ion source uses a large portion of a much
smaller flow of sample gas without the need for collimation, and is, therefore, much simpler
and more compact, with lower cost.

[0039] In a specific example embodiment, sample gas can be admitted at about the same
mass flow rate as for a closed source system (e.g., approximately SE-4 Torr-liters/second),
and the vacuum chamber pressure may be less than 2E-5 Torr. The pressure of the sample
gas at, for example one millimeter, from the tip of the nozzle may be about three millitorr
(typically between 0.1 and 30 millitorr), dropping as it expands away from the nozzle.
Electron emission can be collimated into a focused beam, so that a much larger share of the
current is engaged in useful ionization and primarily at the point of relatively high sample gas
pressure near the nozzle. The pressure of the expanding gas at the center of the ionization
region can be at least SE-5 Torr, and the pressure of the gas when it reaches a critical surface
can be at most 20% of that pressure. A typical mass filter (e.g., quadrupole), detector, and
electronics can be used. In some embodiments, the active surfaces can be controlled
independently to permit optimizing the tuning of the ion source to extend its operating life
with respect to long-term contamination. To provide a relatively high local pressure in the
ionization region with a total gas flow that can be accommodated by commonly available
small turbomolecular vacuum pumps used to provide ionizer evacuation (typically less than
1E-2 Torr-liters/second), the gas emitter aperture (nozzle) can have an area less than five
square millimeters, for example, with smaller values corresponding to high nozzle gas
pressures. To minimize sample gas pressure throughout the ionizer, the sample gas stream
can be directed toward the vacuum pump used for ionizer evacuation. To achieve useful
operating life extension when sampling contaminating gases, the distances from the center of
the gas nozzle to the nearest points of the electrode (or other) surfaces can be at least five

millimeters, for example. To provide improved ionization of sample gas versus residual
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background gases, the cross sectional area of the electron beam can be well aligned between
the apertures of the electrodes and be less than five times the area of the gas nozzle. To
provide improved performance from the lowest pressure of sample gas from the gas source,
the flow conductance of the gas path in the gas source can be greater than that of the area of
the gas nozzle. To permit optimizing performance over the maximum operating life when
sampling contaminating gases, the voltages on the electrodes may be independently and
dynamically controllable, though improved performance relative to a closed ion source can
usually be achieved with some of the electrodes being electrically preset and/or in common.
[0040] While this invention has been particularly shown and described with references to
example embodiments thereof, it will be understood by those skilled in the art that various
changes in form and details may be made therein without departing from the scope of the
embodiments encompassed by the appended claims. For example, the gas source may take
different forms from that disclosed herein, and the nozzle may be of different shapes or
dimensions than shown and described herein. The electron source may be any suitable
electron source for generating electrons to travel though the ionization region containing
freely expanding sample gas close to the nozzle. The electrodes may be of a different
number, shape, or arrangement than shown and described herein, so long as the electrodes are
largely out of the path of the expanding sample gas and direct the ions formed in the
ionization region to a mass filter component. It will be understood by those skilled in the art
that dimensions, areas, flows, and pressures of the various components can be outside the
specific example ranges provided herein, and can depend on the particular application of the

ion source.
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CLAIMS

1.

An ion source for a mass spectrometer, the mass spectrometer having a mass filter, the
ion source comprising:

an ionization volume configured to be evacuated by a vacuum pump;

a gas source configured to deliver gas to the evacuated ionization volume, the gas
source being at a substantially higher pressure than that of the evacuated ionization
volume;

a nozzle between the gas source and the evacuated ionization volume,

wherein the ion source does not have a restricted-conductance ionization chamber
to hold gas at an elevated pressure,

wherein the nozzle is configured to pass gas freely, which expands through an
ionization region of the evacuated ionization volume;

an electron source configured to emit electrons, the electrons passing the nozzle
through the expanding gas ionization region to ionize at least a portion of the expanding
gas; and

electrodes configured to create electrical fields for ion flow from the ionization
region to the mass filter, the electrodes being located at distances from the nozzle and

oriented to limit exposure of the electrodes to the gas.

The ion source of claim 1 wherein the nozzle is a tube.

The ion source of claim 1 or 2 wherein the nozzle is configured to pass at least twenty

percent of the gas molecules through the ionization region.

The ion source of any preceding claim wherein the electron source is a heated filament.
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The ion source of any preceding claim wherein:
wherein the electron source is configured to produce electrons which travel
through an aperture of a first electrode and toward the ionization region, resulting in an

electron beam traveling through the expanding gas in the ionization region.

The ion source of claim 5 further including a second electrode arranged opposite the first
electrode and including an aperture, wherein the electron source is configured to produce

electrons which travel through the aperture of the second electrode.

The ion source of claim 5 or 6 further including a trap electrode arranged opposite the

first electrode with respect to the ionization region.

The ion source of any preceding claim wherein the electrodes include first and second
electrodes arranged on opposite sides of the ionization region, surfaces of the first and
second electrodes being substantially parallel to a primary direction of gas flow from the

nozzle through the ionization region.

The ion source of claim 8 further comprising a repelling electrode configured to repel

ions from the ionization region toward the mass filter.

The ion source of claim 8 further comprising a ion exit electrode having an aperture

configured to direct the ion flow from the ionization region to the mass filter.

The ion source of claim 1 wherein:
the electrodes include:
first and second electrodes arranged on opposite sides of the ionization
region, the surfaces of the first and second electrodes being substantially parallel
to a primary direction of gas flow from the nozzle through the ionization region;
a trap electrode arranged opposite the first electrode and outside the
second electrode with respect to the ionization region;
a repelling electrode configured to repel ions from the ionization region

toward the mass filter; and
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an ion exit electrode having an aperture to direct the ion flow from the
ionization region to the mass filter;
the electron source includes a filament arranged on an opposite side, with respect
to the ionization region, of the first electrode; wherein the filament is configured to
produce electrons which travel through an aperture of the first electrode, through the
ionization region, and through an aperture of the second electrode, resulting in an
electron beam traveling between the first and second electrodes and through the

expanding gas in the ionization region.

The ion source of claim 11 wherein the electrodes are configured to have independently

controllable voltages.

The ion source of claim 1 wherein an outlet opening of the nozzle has an area of less than
five square millimeters, a cross-sectional area of the emitted electrons in the ionization
region is less than five times the area of the outlet opening of the nozzle, and the

electrodes are located at least five millimeters from a center of the outlet opening.

The ion source of claim 1 wherein the electron source is configured to pass the electrons

to within five millimeters of the nozzle.

A mass spectrometer system comprising:
a vacuum pump;
a mass filter;
a detector; and
an ion source including:

an ionization volume, wherein the vacuum pump is configured to evacuate

the 1onization volume to create an evacuated ionization volume;

a gas source configured to deliver gas to the evacuated ionization volume,
the gas source being at a substantially higher pressure than that of the evacuated
ionization volume;

a nozzle between the gas source and the ionization volume, wherein the

ion source does not have a restricted-conductance ionization chamber to hold gas
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at an elevated pressure , and wherein the nozzle is configured to pass gas freely,
which expands through an ionization region of the ionization volume;

an electron source configured to emit electrons, the electrons passing the
nozzle through the expanding gas in the ionization region to ionize at least a
portion of the expanding gas; and

electrodes configured to create electrical fields for ion flow from the
ionization region to the mass filter, the electrodes being located at distances from

the nozzle and oriented to limit exposure of the electrodes to the gas.

The mass spectrometer system of claim 15 wherein the nozzle is configured to direct the

gas toward the vacuum pump.

The mass spectrometer system of claim 15 wherein the electron source is a heated

filament.

The mass spectrometer system of claim 15 wherein:

the electron source is arranged on an opposite side, with respect to the ionization
region, of a first electrode;

the electron source is configured to produce electrons traveling through an
aperture of the first electrode and toward the ionization region, resulting in an electron
beam traveling through the expanding gas in the ionization region; and

a second electrode is arranged opposite the first electrode and includes an
aperture, the electron source is configured to produce electrons traveling through the

ionization region and through the aperture of the second electrode.

The mass spectrometer system of claim 15 wherein the electrodes include first and
second electrodes arranged on opposite sides of the ionization region, the surfaces of the
first and second electrodes being configured to be substantially parallel to a primary

direction of gas flow from the nozzle through the ionization region.

The mass spectrometer system of claim 19 further comprising a repelling electrode

configured to repel ions from the ionization region toward the mass filter.
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The mass spectrometer system of claim 19 further comprising an ion exit electrode
having an aperture configured to direct the ion flow from the ionization region to the

mass filter.

The mass spectrometer system of claim 15 wherein:
the electrodes include:
first and second electrodes arranged on opposite sides of the ionization
region, the surfaces of the first and second electrodes being substantially parallel
to a primary direction of gas flow from the nozzle through the ionization region;
a trap electrode arranged opposite the first electrode and outside the
second electrode with respect to the ionization region;
a repelling electrode configured to repel ions from the ionization region
toward the mass filter; and
an ion exit electrode having an aperture to direct the ion flow from the
ionization region to the mass filter;
the electron source includes a filament arranged on an opposite side, with respect
to the ionization region, of the first electrode; and
electrons produced by the filament travel through an aperture of the first
electrode, toward the ionization region, and through an aperture of the second electrode,
resulting in an electron beam traveling between the first and second electrodes and

through the expanding gas in the ionization region.

The mass spectrometer system of claim 22 wherein the electrodes are configured to have

independently controllable voltages.

A method of producing ions for a mass spectrometer using an ion source, the mass
spectrometer having a mass filter, the method comprising:
evacuating gas from an ionization volume to create an evacuated ionization

volume;
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delivering substantially higher pressure gas to the evacuated ionization volume
through a nozzle, and wherein the ion source does not have a restricted-conductance
ionization chamber to hold gas at an elevated pressure

passing the gas freely through the nozzle, wherein the gas freely expands through
an ionization region of the ionization volume;

emitting electrons, the electrons passing the nozzle through the expanding gas in
the ionization region to ionize at least a portion of the expanding gas; and

directing ions formed in the ionization region to the mass filter.

The method of claim 24 wherein directing the ions includes directing the ions using
electric field using electrodes, and the gas is delivered at a distance from the electrodes to

limit exposure of the electrodes to the gas.

The method of claim 24 wherein the electrons are emitted from a heated filament.

The method of claim 24 wherein electrons are emitted through an aperture of a first

electrode and through the expanding gas in the ionization region.

The method of claim 27 wherein the electrons are emitted through an aperture of a
second electrode, wherein the second electrode arranged on an opposite side of the

ionization region to the first electrode.

The method of claim 24 further comprising repelling the ions from the ionization region

toward the mass filter.

The method of claim 24 wherein further comprising focusing the ions from the ionization

region through an aperture to the mass filter.



