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(57) ABSTRACT

An electrostatic lens for transporting charged particles in an
axial direction includes a first group of first electrodes
configured to receive a first DC potential from a DC voltage
source, and a second group of second electrodes configured
to receive a second DC potential from the DC voltage source
different from the first DC potential. The first electrodes are
interdigitated with the second electrodes. The first group
and/or the second group has a geometric feature that pro-
gressively varies along the axial direction. The lens gener-
ates an axial potential profile that progressively changes
along the axial direction, and thereby reduces geometrical

2020. aberrations. The lens may be part of a charged particle
(60) Provisional application No. 62/881,284, filed on Jul. processing apparatus such as, for example, a mass spectrom-
31, 2019. eter or an electron microscope.
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AXTALLY PROGRESSIVE LENS FOR
TRANSPORTING CHARGED PARTICLES

RELATED APPLICATIONS

[0001] This application claims the benefit under 35 U.S.C.
§ 119(e) of U.S. Provisional Patent Application Ser. No.
62/881,284, filed Jul. 31, 2019, titled “AXIALLY PRO-
GRESSIVE LENS FOR TRANSPORTING CHARGED
PARTICLES.,” the content of which is incorporated by
reference herein in its entirety.

TECHNICAL FIELD

[0002] The present invention relates to electrostatic lenses
for use in a variety of scientific instruments, e.g., electron
microscope, mass spectrometer, etc., to transport charged
particles, e.g.. electrons, ions, etc.

BACKGROUND

[0003] Electrostatic lenses are widely used in a variety of
scientific instruments, e.g., electron microscope, mass spec-
trometer, etc., to transport charged particles (e.g., electrons,
ions, etc.). FIGS. 1A-1D are schematics of electron and ion
trajectories in an electron microscope and a mass spectrormn-
eter, respectively. The required final states of charged par-
ticles in phase space are typically different from application
to application, in terms of the shape and volume of the
phase-space distribution. FIGS. 1B and 1D show the desired
particle phase-space distribution for an electron microscope
and a mass spectrometer, respectively. For example, an
electron microscope demands a sharp focusing point at the
sample on a sample stage in order to obtain an image of
higher resolution, corresponding to a spatial spread that is as
narrow as possible (see FIGS. 1A and 1B). On the other
hand, a mass analyzer of a time-of-flight (TOF) mass
spectrometer (i.e., a TOF analyzer) requires parallel ion
beam injection into the orthogonal accelerator, correspond-
ing to a velocity spread that is as narrow as possible (see
FIGS. 1C and 1D).

[0004] FIGS. 2A-2C are schematics showing a conven-
tional electrostatic lens composed of two opposing hollow
cylindrical electrodes 22, 24, arranged in axial series along
the longitudinal axis of the lens with an axial gap therebe-
tween, and the results of applying different voltages (V* and
V7) to the electrodes 22, 24. Indeed, a typical/simplest
electrostatic lens comprises two hollow cylindrical elec-
trodes 22, 24 with different voltages supplied. Parallel ions
injected from the right are focused on the left. The horizon-
tal-type lines in FIG. 2B are the ion trajectories, whereas the
curved lines in FIG. 2B crossing the ion trajectories are
equipotential lines representing the electrostatic field gen-
erated in the lens by applying the voltages V* and V™. The
electrostatic potential of such an electrostatic lens is
expressed by the equation:

U=

i 10(2n71r/L) sin( 21’!712)[1 -1y 4 Zi Jo()Lmr/R) smh()Lmz/R) .
~nm Io(2nmR/L) L ~ A J1(m) sinh(A,,L/2R)

Co@ + C2@r? + Ca(2r + -
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[0005] This equation can be expanded as a power series in
r. When an ion propagates axially by a finite distance, d z in
the electrostatic lens, the ion’s trajectory will be bent due to
the radial electric force by an angle (0(,—0t), and the radial
displacement increases by (r-r,), as illustrated in FIG. 2C.
According to the Newtonian equation with electric potential
truncated at the second order term (paraxial approximation),
ion motion is described by:

oU
mi=E,.q= —Wq ~ =2Cyrg

[0006] Applying the relation below,

assuming v zremains constant, by defining:

_ G

mv?

%2

then the ion’s propagation can be described by the transfer
matrix:

(V)_((V|V) (V|a))(i’o)_( cos(k - dz) k’lsin(k-dz))
a) \@a|r @|oNao) \—ksin(k-dz) cos(k-dz)

where r, and o, are the initial radial offset and divergent
angle respectively for the specific ion. The trajectory over a
certain distance can be viewed as a series of such small
movements over d z represented by the sequential product
of a series of transfer matrices:

- (ki-dz) K LsinGk- dz) ) 7
( Ll) - H( —;c?ssin(k,v -Zdz) coZ(k,v . dz)Z )( Ll(()) )

i

[0007] FIGS. 3A-3D are schematics showing ion trajec-
tories bending and aberrations in the ion trajectories asso-
ciated with the conventional electrostatic lens. When the
higher order terms in the electric potential are considered,
aberrations appear as follows:

H)=(rDreHrla)agHrl rrrrHrlaaa)a > +Hrlarr)
agro’Hrlaar)ag?rgt . . .

a(z)=(alr)ryHala)agHalrrrry>+Halaaa)ay>Halarr)
agro>Halaarayrgt . . .

where, in the above two equations for r( z) and a( z), the first
two terms in each equation collectively define a first order
paraxial approximation, the next four terms (third, fourth,
fifth, and sixth terms) in each equation collectively define
third order geometric aberrations, and the ellipses represent
additional terms defining higher order geometric aberra-
tions.
[0008] FIGS. 3A and 3B illustrate the position aberration,
also called distortion, which is described as:

r)=(rlrrr)ry
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FIGS. 3C and 3D illustrate the angular aberration, also
called spherical aberration, which is described as:

r(z)=(rlaaa)a,’

[0009] In both cases, ions of large initial offset displace-
ments or large initial angles cannot be focused at the main
focal planes, which in turn adds difficulties in subsequent ion
manipulation by downstream optics. It has been strictly
proven by Scherzer, Otto, “Uber einige Fehler von
Elektronenlinsen” (On some aberrations of electron lenses),
Zeitschrift fur Physik. Vol. 101, Issue 9-10, p. 593-603
(1936), that third-order aberrations cannot be eliminated in
rotationally symmetric electrostatic lenses. Such aberrations
increase the difficulties of manipulating ions by electrostatic
lenses, yielding imperfect ion phase-space distribution at the
final state. Extensive efforts in the community have been
spent on reducing aberrations.

SUMMARY

[0010] To address the foregoing problems, in whole or in
part, and/or other problems that may have been observed by
persons skilled in the art, the present disclosure provides
methods, processes, systems, apparatus, instruments, and/or
devices, as described by way of example in implementations
set forth below.

[0011] According to one embodiment, an electrostatic lens
for transporting charged particles in an axial direction
includes: a first group of first electrodes configured to
receive a first DC potential from a DC voltage source and
generate a first electrostatic field; and a second group of
second electrodes configured to receive a second DC poten-
tial from the DC voltage source different from the first DC
potential and generate a second electrostatic field, wherein:
the first electrodes are interdigitated with the second elec-
trodes; the first group and the second group define a lens
interior extending along the lens axis from a lens entrance to
a lens exit; at least one of the first group or the second group
has a geometric feature that progressively varies along the
axial direction; the first group and the second group are
configured to generate a composite electrostatic field in the
lens interior comprising a superposition of the first electro-
static field and the second electrostatic field; and the first
group and the second group define a transition region
through which a ratio of respective field strengths of the first
electrostatic field and the second electrostatic field progres-
sively varies along the axial direction in accordance with the
progressively varying geometric feature.

[0012] According to another embodiment, an electrostatic
lens for transmitting charged particles in an axial direction
includes: a first group of first electrodes configured to
receive a first DC potential from a DC voltage source; and
a second group of second electrodes configured to receive a
second DC potential from the DC voltage source different
from the first DC potential, wherein: the first group and the
second group surround a lens entrance, a lens exit, and a lens
interior extending along a lens axis from the lens entrance to
the lens exit; and the first group and the second group are
configured to generate an axial potential profile in the lens
interior that progressively changes along the axial direction
and progressively spreads focusing power along the axial
direction.

[0013] According to another embodiment, a charged par-
ticle processing apparatus includes: the electrostatic lens of
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any of the embodiments disclosed herein; and a charged
particle receiver configured to receive charged particles
from the electrostatic lens.

[0014] According to another embodiment, a method for
transporting charged particles in an axial direction includes:
supplying charged particles to a lens interior of the electro-
static lens of any of the embodiments disclosed herein; and
applying the first DC potential to the first electrodes and the
second DC potential to the second electrodes to generate an
axial potential profile in the lens interior to which the
charged particles are subjected, wherein the axial potential
profile progressively changes along the axial direction and
progressively spreads focusing power along the axial direc-
tion.

[0015] Other devices, apparatus, systems, methods, fea-
tures and advantages of the invention will be or will become
apparent to one with skill in the art upon examination of the
following figures and detailed description. It is intended that
all such additional systems, methods, features and advan-
tages be included within this description, be within the scope
of the invention, and be protected by the accompanying
claims.

BRIEF DESCRIPTION OF THE DRAWINGS

[0016] The invention can be better understood by referring
to the following figures. The components in the figures are
not necessarily to scale, emphasis instead being placed upon
illustrating the principles of the invention. In the figures, like
reference numerals designate corresponding parts through-
out the different views.

[0017] FIG. 1A is a schematic view of an electron micro-
scope, or at least a portion of an electron microscope at
which an electrostatic lens is provided.

[0018] FIG. 1B is a schematic view of a desired phase-
space distribution for an electron beam outputted from the
electrostatic lens depicted in FIG. 1A, in which the abscissa
represents position along an x-axis and the ordinate repre-
sents electron velocity.

[0019] FIG. 1C is a schematic view of a time-of-flight
(TOF) mass spectrometer, or at least a portion of a TOF mass
spectrometer at which an electrostatic lens is provided.
[0020] FIG. 1D is a schematic view of a desired phase-
space distribution for an ion beam outputted from the
electrostatic lens depicted in FIG. 1C, in which the abscissa
represents position along an x-axis and the ordinate repre-
sents ion velocity.

[0021] FIG. 2A is a schematic cut-away perspective view
of an electrostatic lens composed of two opposing hollow
cylindrical electrodes to which different voltages V* and V™~
are applied.

[0022] FIG. 2B is a schematic cross-sectional side (length-
wise) view of the electrostatic lens illustrated in FIG. 2A,
and further depicting the equipotential lines of the applied
electrostatic field and the resulting charged particle beam.
[0023] FIG. 2C is a schematic depiction of an ion trajec-
tory being bent due to a radial electric force applied by the
electrostatic lens of FIGS. 2A and 2B.

[0024] FIG. 3Ais a schematic cross-sectional side (length-
wise) view of an electrostatic lens composed of two oppos-
ing hollow cylindrical electrodes to which different voltages
V* and V™ are applied, similar to FIG. 2A, and illustrating
position aberration (distortion) of the ion beam.

[0025] FIG. 3B is a plot illustrating the position aberration
(distortion) of an ion transported by the electrostatic lens of
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FIG. 3A, in which the radial position r of the ion is plotted
as a function of the initial radial position (or offset) r, of the
ion.

[0026] FIG. 3Cis a schematic cross-sectional side (length-
wise) view of an electrostatic lens composed of two oppos-
ing hollow cylindrical electrodes to which different voltages
V* and V™ are applied, similar to FIG. 2A, and illustrating
angular aberration (spherical aberration) of the ion beam.
[0027] FIG. 3D is a plot illustrating the angular aberration
(spherical aberration) of an ion transported by the electro-
static lens of FIG. 3C, in which the divergent angle c of the
ion is plotted as a function of the initial divergent angle o,
of the ion.

[0028] FIG. 4 is a schematic view of an example of a mass
spectrometry (MS) system in which an axially progressive
electrostatic lens (AP lens) according to the present disclo-
sure may be provided.

[0029] FIG. 5A is a schematic view of a telescopic lens
arrangement positioned between an RF ion guide and an ion
pusher, for example as may be provided in a quadrupole
time-of-flight (QTOF) mass spectrometer.

[0030] FIG. 5B is a schematic depicting the phase-space
distribution corresponding to the different states depicted in
FIG. 5A.

[0031] FIG. 6 is a schematic cross-sectional side (length-
wise) view of an electrostatic lens composed of two oppos-
ing hollow cylindrical electrodes to which different voltages
V* and V™ are applied, similar to FIG. 3A, and illustrating
the use of a conventional ion slicer, and further including an
inset depicting the loss of ions at the ion slicer.

[0032] FIG. 7Ais a schematic cross-sectional side (length-
wise) view of a conventional electrostatic lens composed of
two opposing hollow cylindrical electrodes to which differ-
ent voltages V* and V™ are applied, similar to FIG. 3A, and
depicting the applied electrostatic field.

[0033] FIG. 7B is a schematic cross-sectional side (length-
wise) view of an AP lens according to one or more embodi-
ments disclosed herein, and depicting the applied electro-
static field.

[0034] FIG. 7C is a plot of simulated data comparing the
spherical aberration of the respective ion beams focused and
transported by the conventional electrostatic lens illustrated
in FIG. 7A and the AP lens illustrated in FIG. 7B.

[0035] FIG. 7D is a plot of simulated data comparing the
positional aberration (distortion) of the respective ion beams
focused and transported by the conventional electrostatic
lens illustrated in FIG. 7A and the AP lens illustrated in FIG.
7B.

[0036] FIG. 8A is a schematic perspective view of an
example of an axially progressive electrostatic lens (AP
lens) for transporting charged particles according to an
embodiment of the present disclosure.

[0037] FIG. 8B is a schematic end view of the AP lens
illustrated in FIG. 8A at an entrance thereof.

[0038] FIG. 8C is a schematic end view of the AP lens
illustrated in FIG. 8A at an exit thereof, which is axially
opposite to the entrance illustrated in FIG. 8B.

[0039] FIG. 8D is a schematic side (lengthwise) view of a
pair of electrodes of the AP lens illustrated in FIG. 8A in a
position after assembly of the electrostatic lens illustrated in
FIG. 8A.

[0040] FIG. 8E is a schematic exploded side (lengthwise)
view of the pair of electrodes illustrated in FIG. 8D.
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[0041] FIG. 8F is a schematic side (lengthwise) view of an
electrode of the AP lens illustrated in FIG. 8A illustrating
alternative shapes of the electrode.

[0042] FIG. 9A is a schematic transparent perspective
view of an example of an axially progressive electrostatic
lens (AP lens) for transporting charged particles according to
another embodiment of the present disclosure.

[0043] FIG. 9B is a schematic perspective view of the AP
lens illustrated in FIG. 9A, showing segmentation of the
electrode structure of the AP lens.

[0044] FIG. 9C is another schematic perspective view of
the AP lens illustrated in FIGS. 9A and 9B.

[0045] FIG. 9D is a schematic side (lengthwise) view of
the AP lens illustrated in FIGS. 9A and 9B.

[0046] FIG. 9E is a schematic end view of the AP lens
illustrated in FIGS. 9A and 9B at an entrance thereof.
[0047] FIG. 9F is a schematic end view of the AP lens
illustrated in FIGS. 9A and 9B at an exit thereof, which is
axially opposite to the entrance illustrated in FIG. 9E.
[0048] FIG. 10A is a schematic cut-away perspective view
of an example of an AP lens for transporting charged
particles according to another embodiment of the present
disclosure.

[0049] FIG. 10B is a schematic cut-away perspective view
of a set of first electrodes of the AP lens illustrated in FIG.
10A.

[0050] FIG. 10C is a schematic cut-away perspective view
of a set of second electrodes of the AP lens illustrated in FIG.
10A.

[0051] FIG. 11 is a schematic view of an example of a
charged particle processing apparatus (or device, instrument,
system, etc.) according to some embodiments, in which an
AP lens as disclosed herein may be provided.

DETAILED DESCRIPTION

[0052] As will become evident from the following
description, embodiments disclosed herein provide an elec-
trostatic lens referred to herein as an axially progressive lens
(AP lens). The AP lens is configured to generate an electro-
static potential profile that changes (varies) in the axial
direction (i.e., the longitudinal dimension of the AP lens) in
which the charged particles are transmitted through the AP
lens according to a predefined function. This axially pro-
gressive electrostatic potential profile is effective to progres-
sively spread focusing power across a predefined axial
distance. The characteristic or function of the axially pro-
gressive electrostatic potential profile is based on the geom-
etries of the electrodes serving as lens elements, as described
in detail below. As so configured, the AP lens is effective to
significantly reduce geometrical aberrations in the charged
particle (e.g., ion or electron) beam, thereby significantly
improving charged particle transmission while delivering a
charged particle beam having the same or better phase-space
distribution, as compared to known electrostatic lenses. In
some embodiments, the AP lens is configured in effect to
generate two (or more) characteristic electrostatic potential
profiles that are progressively transformed from or into each
other (i.e., from one profile to another profile) in the axial
direction according to a predefined function or functions. A
few non-exclusive examples of embodiments of the AP lens
and associated apparatuses and systems are described below.
[0053] FIG. 4 is a schematic view of an example of a mass
spectrometry (MS) system 100 in which an axially progres-
sive electrostatic lens (AP lens) according to the present
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disclosure may be provided. The operation and design of
various components of mass spectrometry systems are gen-
erally known to persons skilled in the art, and thus are only
briefly described herein to facilitate an understanding of the
present disclosure.

[0054] The MS system 100 may generally include an ion
source 104, one or more ion transfer devices 108, 112, and
116 (or ion processing devices), and a mass spectrometer
(MS) 120. Three ion transfer devices 108, 112, and 116 are
illustrated by example only, as other embodiments may
include more than three, less than three, or none. The MS
system 100 includes a plurality of chambers arranged in
series such that each chamber communicates with at least
one adjacent (upstream or downstream) chamber. Each of
the ion source 104, ion transfer devices 108, 112, and 116,
and MS 120 includes at least one of these chambers. Thus,
the MS system 100 defines a flow path for ions and gas
molecules generally from the chamber of the ion source 104,
through the chambers of the ion transfer devices 108, 112,
and 116, and into the chamber of the MS 120. From the
perspective of FIG. 4, the flow path is generally directed
from the left to the right. Each chamber is physically
separated from an adjacent chamber by at least one struc-
tural boundary, e.g., a wall. The wall includes at least one
opening to accommodate the flow path. The wall opening
may be quite small relative to the overall dimensions of the
chambers, thus serving as a gas conductance barrier that
limits transfer of gas from a preceding chamber to a suc-
ceeding chamber, and facilitating independent control of
respective vacuum levels in adjacent chambers. The wall
may serve as an electrode or ion optics component. Alter-
natively or additionally, electrodes and/or ion optics com-
ponents may be mounted to or positioned proximate to the
wall. Any of the chambers may include one or more ion
guides, such as a linear multipole ion guide (e.g., quadru-
pole, hexapole, octopole, etc.) or an ion funnel.

[0055] At least some of the chambers may be considered
to be pressure-reducing chambers, or vacuum stages, that
operate at controlled, sub-atmospheric internal gas pres-
sures. For this purpose, the MS system 100 includes a
vacuum system communicating with vacuum ports of such
chambers. In the illustrated embodiment, each of the ion
source 104, ion transfer devices 108, 112, and 116, and MS
120 includes at least one chamber having a respective
vacuum port 124,126, 128, 130, and 132 that communicates
with a vacuum system. Generally, when the MS system 100
is operated to analyze a sample, each chamber successively
reduces the gas pressure below the level of the preceding
chamber, ultimately down to the very low vacuum-level
required for operating the MS 120 (e.g., ranging from 10~*
to 10~° Torr).

[0056] The ion source 104 may be any type of continuous-
beam or pulsed ion source suitable for producing analyte
ions for mass spectral analysis. Examples of ion sources 104
include, but are not limited to, electrospray ionization (ESI)
sources, photo-ionization (PI) sources, electron ionization
(EI) sources, chemical ionization (CI) sources, field ioniza-
tion (FI) sources, plasma or corona discharge sources, laser
desorption ionization (LDI) sources, and matrix-assisted
laser desorption ionization (MALDI) sources. Some of the
examples just noted are, or may optionally be, atmospheric
pressure ionization (API) sources in that they operate exclu-
sively at or near atmospheric pressure such as ESI sources,
or may be configured to do so such as atmospheric pressure
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photo-ionization (APPI) sources and atmospheric pressure
chemical ionization (APCI) sources. An API source none-
theless includes a vacuum port 124 (exhaust port) by which
gas, contaminants, etc. may be removed from the chamber.
The chamber of the ion source 104 is an ionization chamber
in which sample molecules are broken down to analyte ions
by an ionization device (not shown). The sample to be
ionized may be introduced to the ion source 104 by any
suitable means, including hyphenated techniques in which
the sample is an output 136 of an analytical separation
instrument such as, for example, a gas chromatography (GC)
or liquid chromatography (LC) instrument (not shown). The
ion source 104 may include a skimmer 140 (or two or more
skimmers axially spaced from each other), also referred to as
a skimmer plate, skimmer cone, or sampling cone. The
skimmer 140 has a central aperture. The skimmer 140 is
configured for preferentially allowing ions to pass through to
the next chamber while blocking non-analyte components.
The ion source 104 may also include other components
(electrodes, ion optics, etc., not shown) useful for organizing
as-produced ions into a beam that may be efficiently trans-
ferred into the next chamber. Voltages on the ion optics can
be supplied from an appropriate voltage supply 180 operated
or controlled by an appropriate electronic processor 182.

[0057] The first ion transfer device 108 may be configured
primarily as a pressure-reducing stage. For this purpose, the
ion transfer device 108 may include ion transfer optics 144
configured for keeping the ion beam focused along a main
optical axis of the MS system 100. The ion transfer optics
144 may have various configurations known to persons
skilled in the art, such as, for example, a multipole arrange-
ment of electrodes elongated along the axis (e.g., a multipole
ion guide), a serial arrangement of ring electrodes, an ion
funnel, a split cylinder electrode, etc. In some embodiments,
the ion transfer optics 144 may be configured as an ion trap.
One or more lenses 146 may be positioned between the ion
transfer device 108 and the adjacent ion transfer device 112.

[0058] The second ion transfer device 112 may be con-
figured as a mass filter or an ion trap configured for selecting
ions of a specific m/z ratio or n/z ratio range. For this
purpose, the ion transfer device 108 may include ion transfer
optics 148 such as a multipole arrangement of electrodes
(e.g., a quadrupole mass filter). One or more lenses 150 may
be positioned between the ion transfer device 112 and the
adjacent ion transfer device 116. In other embodiments, the
ion transfer device 112 may be configured primarily as a
pressure-reducing stage.

[0059] The third ion transfer device 116 may be config-
ured as a cooling cell. For this purpose, the ion transfer
device 116 may include ion transfer optics 152 such as a
multipole arrangement of electrodes, configured as a non-
mass-resolving, RF-only device. A cooling gas (or damping
gas) such as, for example, argon, nitrogen, helium, etc., may
be flowed into the chamber of the ion transfer device 116 to
cool down (or “thermalize,” i.e., reduce the kinetic energy
of) the ions by way of collisions between the ions and the gas
molecules. In other embodiments, the ion transfer device
116 may be configured as an ion fragmentation device such
as a collision cell. In one example, ion fragmentation is
accomplished by way of collision induced dissociation
(CID), in which case the gas added to the chamber (the
“collision gas”) results in a gas pressure sufficient to enable
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fragmentation by CID. In other embodiments, the ion trans-
fer device 116 may be configured primarily as a pressure-
reducing stage.

[0060] Ion beam shaping optics 154 may be positioned
between the ion transfer device 116 and the MS 120. In an
embodiment of the present disclosure, the ion beam shaping
optics 154 may be or include an AP lens configured accord-
ing to the principles of the invention disclosed herein.
[0061] The MS 120 may be any type of MS. The MS 120
generally includes a mass analyzer 158 and an ion detector
162. In the illustrated embodiment, by example only, the MS
120 is depicted as a time-of-flight mass spectrometer
(TOFMS). In this case, the mass analyzer 158 includes an
evacuated, electric field-free flight tube into which ions are
injected by an ion pulser 166 (or ion pusher, ion puller, ion
extractor, ion accelerator, etc.). As appreciated by persons
skilled in the art, the beam shaping optics 154 direct the ion
beam into the ion pulser 166, which pulses the ions into the
flight tube as ion packets. The ions drift through the flight
tube toward the ion detector 162. Ions of different masses
travel through the flight tube at different velocities and thus
have different overall times-of-flight, i.e., ions of smaller
masses travel faster than ions of larger masses. Each ion
packet spreads out (is dispersed) in space in accordance with
the time-of-flight distribution. The ion detector 162 detects
and records the time that each ion arrives at (impacts) the ion
detector 162. A data acquisition device then correlates the
recorded times-of-flight with m/z ratios. The ion detector
162 may be any device configured for collecting and mea-
suring the flux (or current) of mass-discriminated ions
outputted from the mass analyzer 158. Examples of ion
detectors include, but are not limited to, multi-channel
plates, electron multipliers, photomultipliers, and Faraday
cups. In some embodiments, as illustrated, the ion pulser 166
accelerates the ion packets into the flight tube in a direction
orthogonal to the direction along which the beam shaping
optics 154 transmit the ions into the ion pulser 166, which
is known as orthogonal acceleration TOF (0a-TOF). In this
case, the flight tube often includes an ion mirror (or reflec-
tron) 171 to provide a 180° reflection or turn in the ion flight
path for extending the flight path and correcting the kinetic
energy distribution of the ions. In other embodiments, the
MS 120 may include another type of mass analyzer such as,
for example, a mass filter, an ion trap, an ion cyclotron
resonance (ICR) cell, an electrostatic ion trap, or a static
electric and/or magnetic sector analyzer.

[0062] In operation, a sample is introduced to the ion
source 104. The ion source 104 produces sample ions
(analyte ions and background ions) from the sample and
transfers the ions to one or more ion transfer devices 108,
112, and 116. The ion transfer device(s) 108, 112, and 116
transfer the ions through one or more pressure-reducing
stages and into the MS 120. Depending on what type or
types of ion transfer devices 108, 112, and 116 are included,
the ion transfer device(s) 108, 112, and 116 may perform
additional ion processing operations such as mass filtering,
ion fragmentation, beam shaping, etc., as described above.
The MS 120 mass-resolves the ions as described above. The
measurement signals outputted from the ion detector 162 are
processed by electronics of the MS system 100 to produce
analytical data such as mass spectra, chromatograms, etc.
[0063] In the present embodiment, the ion beam shaping
optics 154 focus the ion beam and transmit the ions into the
entrance of the MS 120, specifically into the ion pulser 166
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in the illustrated example. The focusing and transmission of
the ions at the stage depicted by the ion beam shaping optics
154 entail implementing the concept of the AP lens
described herein.

[0064] FIG. 5A is a schematic view of a telescopic lens
arrangement positioned between an RF ion guide 52 (e.g., a
quadrupole ion guide) and an ion pusher 54. The telescopic
lens arrangement may be utilized, for example, in a qua-
drupole time-of-flight (QTOF) mass spectrometer for focus-
ing and transporting ions from the exit end of the ion guide
52 into ion pusher 54. The ion pusher 54 then accelerates the
ions (typically in a direction orthogonal to the lens axis) into
the flight tube of the TOF analyzer in the known manner. As
an example, the telescopic lens arrangement is formed by a
first electrostatic lens (or first set of lenses) 56 and a second
electrostatic lens (or second set of lenses) 58. Typically, ions
at the exit of the RF ion guide 52 are, relatively speaking, of
small spatial distribution and large velocity distribution in
the transverse dimension orthogonal to the lens axis, corre-
sponding to a phase-space distribution represented by Area
Tin FIG. 5B. Ideally, as depicted by solid lines in FIG. 5A,
ions would be first converged by the first set of lenses 56 and
then transformed by the second set of lenses 58 into a
collimated beam parallel to the lens axis when injected into
the orthogonal accelerator region of the ion pusher 54,
corresponding to a final phase-space distribution represented
by Area II in FIG. 5B. However, due to the aberrations
described herein, ions are usually not focused on the same
point after the first set of lenses 56, and consequently cannot
be transformed into parallel rays by the second set of lenses
58, as depicted by dashed lines in FIG. 5A, which situation
corresponds to a phase-space distribution represented by
Area I1I in FIG. 5B.

[0065] FIG. 6 is a schematic cross-sectional side (length-
wise) view of an electrostatic lens composed of two axially
opposing hollow cylindrical electrodes 22, 24 to which
different voltages V* and V™ are applied, similar to FIG. 3A.
FIG. 6 illustrates a conventional approach involving the
provision of a slit 62 positioned at the focal plane of the
electrostatic lens. The slit 62 serves as an ion slicer to
“aperture” the ion beam. With this type of beam shaping, the
slit 62 rejects ions corresponding to large aberrations, lead-
ing to reduced aberrations for ion propagation in down-
stream optics. However, the inventors have found that this
conventional approach inadequately addresses the long felt
but unsolved need of reducing aberrations. In particular,
while this approach reduces aberrations, it does so at the
expense of ion transmission efficiency and contamination of
the electrostatic lens, leading to a significant decrease in
sensitivity of the associated ion measurement instrument
(e.g., mass spectrometer). The inset of FIG. 6 depicts the loss
of ions at the slit 62. Also, as time passes by with continued
use of the electrostatic lens, ions caught/accumulated at the
edges of the ion slicer gradually build up a patch potential
which deflects the ion trajectories and induces further aber-
rations. Another example of a known ion slicer is described
in U.S. Pat. No. 8,481,963, the entire content of which is
incorporated by reference herein.

[0066] According to the present disclosure, an axially
progressive electrostatic lens (AP lens) is provided. The AP
lens is configured to reduce geometrical aberrations by
progressively spreading focusing power across an axial
distance, i.e., a predetermined axial distance corresponding
to all or part of the axial length of the electrode structure
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defining the AP lens. The AP lens accomplishes this by
creating an electrostatic potential field having an electro-
static potential profile that progressively changes (varies, or
transitions) in the axial direction, according to a predeter-
mined function that preferably optimizes focusing power
and minimizes geometrical aberrations. The function char-
acterizing the axially progressive variance in the electro-
static potential field may be in the manner of a gradient
which, depending on the electrode structure of the AP lens,
may be a (substantially) continuous or step-wise gradient,
and in either case may be gradual or at least not abrupt like
in conventional electrostatic lenses. The progressively
spreading focusing power may, in a sense, be analogized to
the effect of a gradient-index lens utilized in light optics.
[0067] The AP lens may be employed, for example, to
eliminate the need for the aforementioned ion-beam slicer/
aperture, resulting in a substantial increase in ion transmis-
sion while delivering an ion beam of the same or better
phase-space distribution. The AP lens is suitable for a mass
spectrometer such as, for example, one utilizing a TOF mass
analyzer, or other types of ion analyzing instruments such as
an ion mobility spectrometer. The AP lens may also have
applications in other areas where electrostatic lenses of
reduced aberrations are required or desirable, such as ion
mirrors, ion deflectors, electrostatic ion traps, and other
types of instruments that handle charged particles (e.g., an
electron microscope).

[0068] The principle of the AP lens disclosed herein may
be further understood by comparing the schematic or con-
ceptual diagrams of FIGS. 7A and 7B, and referring also to
the data plots of FIGS. 7C and 7D.

[0069] FIG. 7A is a schematic view of a conventional
electrostatic lens 20 that includes a first electrode 22 and a
second electrode 24 separated by an axial gap 26. The first
electrode 22 defines a lens entrance 8 and the second
electrode 24 defines an axially opposing lens exit 12 of the
conventional electrostatic lens 20. A first DC potential (V*)
is applied to the first electrode 22, and a second DC potential
of different polarity (V™) is applied to the second electrode
24, as described elsewhere herein, resulting in an axial
electrostatic potential field having axial electrostatic poten-
tial profile 27 that extends through a transition region 28 as
illustrated in FIG. 7A. Typically, the first DC potential is
uniformly applied across the axial length of the first elec-
trode 22 (from the lens entrance 8 to the axial gap 26), and
the second DC potential is uniformly applied across the axial
length of the second electrode 24 (from the axial gap 26 to
the lens exit 12). The transition region 28 of the conventional
electrostatic lens 20 spans a relatively narrow band (or short
axial distance) in the vicinity of the axial gap 26, i.e., at the
interface between the adjacent end edges of the first elec-
trode 22 and second electrode 24. This is further illustrated
by a peak 29 in FIG. 7A representing the rate of change in
the axial electrostatic potential profile 27. The narrow tran-
sition region 28 has limitations or disadvantages as
described above.

[0070] By comparison, FIG. 7B is a schematic view of an
AP lens 700 representative of one or more embodiments of
the present disclosure. The AP lens 700 includes a first
electrode 722 configured to receive a first DC potential from
a DC voltage source, and a second electrode 724 configured
to receive a second DC potential from the DC voltage source
different from the first DC potential (different in magnitude
and/or polarity and/or varying profile or function, etc.). As
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shown by more specific examples below, the first electrode
722 may include a first group (or plurality, or set, etc.) of first
electrodes, and the second electrode 724 may include a
second group (or plurality, or set, etc.) of second electrodes.
Depending on the embodiment, one or more of the first
electrode(s) 722, or one or more of both the first electrode(s)
722 and the second electrode(s) 724, define a lens entrance
708 of the AP lens 700; and one or more of the second
electrode(s) 724, or one or more of both the first electrode(s)
722 and the second electrode(s) 724, define an axially
opposing lens exit 712 of the AP lens 700. Thus, the first
electrode 722 (or first group of first electrodes 722) and the
second electrode 724 (or second group of second electrodes
724) cooperatively or collectively define a lens interior 731
extending along the lens axis from the lens entrance 708 to
the lens exit 712. The first electrode(s) 722 and/or the second
electrode(s) 724 have a geometric feature that progressively
varies along the axial direction. To facilitate varying the
geometry in a uniform and symmetric manner, the first
electrode(s) 722 and the second electrode(s) 724 may be
interdigitated with each other, some examples of which are
described below and illustrated in FIGS. 8A-10C. FIGS. 7B
schematically illustrates the geometry of the first electrode
(s) 722 transitioning into the geometry of the second elec-
trode(s) 724.

[0071] In response to the first DC potential applied to the
first electrode(s) 722 and the second DC potential applied to
the second electrode(s) 724, the first electrode(s) 722 is
configured to generate a first electrostatic potential field in
the lens interior 731, and the second electrode(s) 724 is
configured to generate a second electrostatic potential field
in the lens interior 731. Consequently, the first electrode 722
(or first group of first electrodes 722) and the second
electrode 724 (or second group of second electrodes 724) are
cooperatively configured to generate a composite or overall
electrostatic potential field that is a linear superposition of
the first electrostatic potential field and the second electro-
static potential field. The structure of the AP lens 700, in
particular the first electrode(s) 722 and the second electrode
(s) 724, may be considered as comprising (or defining or
establishing) a transition region 728 along the axial direc-
tion, through which the composite electrostatic potential
field progressively varies (changes) along the axial direction
in accordance with the progressively varying geometric
feature(s) of the first electrode(s) 722 and/or the second
electrode(s) 724, as depicted by an axial electrostatic poten-
tial profile 727. By this configuration, the relative influences
that the first electrode(s) 722 and the second electrode(s) 724
(and thus the applied first and second electrostatic potential
fields) have on charged particles (e.g., ions) in the lens
interior 731 progressively varies along the axial direction, in
particular through the extent of the transition region 728. In
other words, the relative weights of the contributions of the
first electrostatic potential field/first electrode(s) 722 and the
second electrostatic potential field/second electrode(s) 724
to the composite electrostatic potential field progressively
varies along the axial direction as dictated by the predeter-
mined electrostatic potential profile 727 through the transi-
tion region 728. The axially progressive change in the
electrostatic field or potential profile so created (and thus the
varying influence on the charged particles) may be quanti-
fied by any parameter (or property or attribute) appropriately
characteristic of the applied first and second electrostatic
potential fields and thus the resulting composite electrostatic
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potential field or potential profile 727. Generally, the poten-
tial profile 727 may be expressed as a variance or change in
the superposition ratio of the first and second electrostatic
potential fields generated by the first electrode(s) 722 and
the second electrode(s) 724 (and their attendant voltages) as
one moves along the lens axis. As non-limiting examples,
the electrostatic field strength (in volts per meter, V/m) or
the magnitude of the electrostatic potential (in V) of the
composite electrostatic potential field, or the ratio of the
electrostatic field strength to electrostatic potential of the
composite electrostatic potential field, or the ratio of the
respective field strengths or magnitudes of the first electro-
static field and the second electrostatic field, may progres-
sively change in the axial direction. The superposition ratio
(or relative weights or influences) exhibited by the AP lens
700 is fully at the discretion of the designer of the AP lens
700 who determines the configuration (e.g., geometry and
arrangement) of the first electrode(s) 722 and second elec-
trode(s) 724.

[0072] As one non-exclusive example, at some axial point
or over some portion of the axial lens length (e.g., from lens
entrance 708 to lens exit 712) of the AP lens 700, the first
electrostatic potential field may be the significant or domi-
nant component of the composite electrostatic potential
field, while at another axial point or over another portion the
second electrostatic potential field may be the significant or
dominant component. For example, the first electrostatic
potential field may be the dominant component at or near the
lens entrance 708, the second electrostatic potential field
may be the dominant component at or near the lens exit 712,
and the relative contributions of the first and second elec-
trostatic potential fields may be more equalized or similar at
some intermediate point or region between the lens entrance
708 and the lens exit 712, and/or the first and second
electrostatic potential fields may in effect progressively
transform into each other in the axial dimension. In some
embodiments (not shown), the first electrode(s) 722 and the
second electrode(s) 724 may have uniform geometries in
one or more axial sections of the AP lens 700 (as one
example, at the entrance end region and/or the exit end
region), where the composite electrostatic potential field is
constant (does not vary).

[0073] By the configuration of the AP lens 700 and more
specific embodiments thereof (a few examples of which are
described below), with the axially progressively varying
geometry of the electrode structure, the transition region 728
is substantially extended in the axial dimension as compared
to the relatively abrupt transition region 28 of the conven-
tional electrostatic lens 20 described above, thereby spread-
ing the focusing power of the AP lens 700 over a relatively
broad band (or longer axial distance, relative to the conven-
tional electrostatic lens 20). This illustrated in FIG. 7B by a
peak 729 representing the rate of change in the axial
electrostatic potential profile 727, which may be compared
to the peak 29 shown in FIG. 7A. It is seen that AP lens 700
is able to broaden the peak width in the axial electrostatic
potential profile 727 while, if desired, preserving the integ-
rity of the peak shape, thereby spreading the converging/
diverging power of the AP lens 700 over a broader axial
distance according to the predetermined axial electrostatic
potential profile 727. Such broadening (i.e., peak shape) may
be asymmetric if desired, for example the rate of change in
the axial electrostatic potential profile 727 may change over
some or all of the axial extent of the transition region 728.
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Consequently, compared to the conventional electrostatic
lens 20, ions injected with the same initial conditions are
much better focused in the AP lens 700, as reflected by the
substantially reduced geometrical aberrations, which is due
at least in part to the smoother axial electrostatic potential
axial profile 727 of the electrostatic potential field shown in
FIG. 7B. Accordingly, the electrostatic potential profile 727
of the electrostatic field generated by the AP lens 700 is of
higher fidelity, i.e., closer to the ideal electric potential
profile with optimum focusing power, than that generated by
the conventional lens 20.

[0074] Generally, the transition region 728 of the AP lens
700 may extend over some (such as the majority or at least
a significant portion of) or all of (or substantially all of) the
axial lens length of the AP lens 700. As a few non-exclusive
examples, the axial length of the transition region 728 may
be at least 25% (in the range of 25% to 100%), or in the
range of 25% to 50%, or at least 50% (in the range of 50%
to 100%), or in the range of 50% to 75%, or at least 75% (in
the range of 75% to 100%), or 100% of the axial lens length.
[0075] The advantages of the AP lens 700 are further
evident from FIGS. 7C and 7D. FIG. 7C is a plot of
simulated data comparing the spherical aberration of the
respective ion beams focused and transported by a conven-
tional electrostatic lens such as the lens 20 illustrated in FIG.
7A and the AP lens 700 generally represented in FIG. 7B. In
FIG. 7C, oy, is the initial divergent angle, r is the radial offset
at the image plane, and M is the linear magnification. FIG.
7D is a plot of simulated data comparing the positional
aberration (distortion) of the respective ion beams focused
and transported by the conventional electrostatic lens 20 and
the AP lens 700. In FIG. 7D, 1, is the initial radial offset, r
is the radial offset at the focal plane, and f'is the focal length.
FIGS. 7C and 7D demonstrate significant reductions in
spherical aberration and positional aberration, respectively,
in the case of the AP lens 700.

[0076] FIGS. 8A-8F illustrate an example of an axially
progressive electrostatic lens (AP lens) 800 according to
some embodiments of the present disclosure. The AP lens
800 is configured for focusing and transporting charged
particles. As such, the AP lens 800 may be utilized in an
instrument or system that processes charged particles.
[0077] FIG. 8A is a schematic perspective view of the AP
lens 800. The AP lens 800 includes a plurality (or first group)
of first electrodes 804A (or “A” electrodes) and a plurality
(or second group) of second electrodes 804B (or “B” elec-
trodes). The first electrodes 804A and the second electrodes
804B surround a lens axis of the AP lens 800 (i.e., the device
axis of the assembled AP lens 800, which may be a longi-
tudinal or central axis) and corresponding lens interior, and
(from the perspective of a transverse plane orthogonal to the
lens axis) are positioned at radial distances from the lens
axis. By this configuration, the first electrodes 804A and the
second electrodes 804B cooperatively define a lens entrance
(or charged particle entrance, e.g. ion entrance) 808 coaxial
with the lens axis, a lens exit (or charged particle exit, e.g.
ion exit) 812 coaxial with the lens axis and axially spaced
from the lens entrance 808 along the lens axis, and a lens
interior extending along the lens axis between the lens
entrance 808 and the lens exit 812. The first electrodes §04A
and the second electrodes 804B may be held in fixed
positions as an assembly in any suitable manner, with
electrical insulators supporting and separating each of the
electrodes 804A, 804B.
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[0078] Specifically in the present embodiment, as best
shown in FIG. 8A, the first electrodes 804 A and the second
electrodes 804B are elongated in the axial direction. Also,
FIG. 8B is a schematic end view of the AP lens 800 in the
transverse plane at (or near) the lens entrance 808, and FIG.
8C is a schematic end view of the AP lens 800 in the
transverse plane at (or near) the lens exit 812. As best shown
in FIGS. 8B and 8C, the first electrodes 804 A and the second
electrodes 804B are circumferentially (azimuthally)
arranged about the lens axis.

[0079] In the present embodiment, after assembly, the first
electrodes 804A and the second electrodes 804B are inter-
digitated with each other in an alternating manner, and
separated from each other by gaps. In particular, the first
electrodes 804A and the second electrodes 804B are inter-
digitated in a circumferential direction in the transverse
plane. Accordingly, from the perspective of the transverse
plane, each first electrode 804A is disposed between two
adjacent second electrodes 804B, and each second electrode
804B is disposed between two adjacent first electrodes
804A. Each gap is bounded by the respective radial sides of
a pair of adjacent electrodes 804A, 804B. Generally, the gap
size between adjacent first electrodes 804A and second
electrodes 804B (i.e., the circumferential or azimuthal spac-
ing in the transverse plane) may be small (e.g., on the order
of millimeters (mm)), but should be large enough to avoid
voltage breakdown (e.g., electrical arcing) under the oper-
ating conditions (e.g., applied voltages and fluid pressure)
utilized. As non-exclusive examples, the minimum circum-
ferential spacing between adjacent first electrodes 804 A and
second electrodes 804B may be 50 mm or less, or 25 mm or
less, or 5 mm or less.

[0080] In the present embodiment, the first electrodes
804A and the second electrodes 804B have planar geom-
etries, i.e. are plate-shaped.

[0081] According to an aspect of the present disclosure,
the first electrodes 804 A and/or the second electrodes 804B
(both electrodes 804A, 804B in the illustrated embodiment)
have a geometric (or structural) feature (e.g., shape or
dimension) that progressively varies (changes) in the axial
direction (i.e., in at least one direction along the lens axis).
In the present embodiment, the first electrodes 804 A and the
second electrodes 804B are axially tapered, i.e. have a
geometric feature or dimension that tapers (up or down)
along the lens axis.

[0082] Specifically, FIGS. 8D and 8E illustrate the axial
profiles (shapes) of each first electrode 804A and second
electrode 804B of the AP lens 800 from one axial end to the
other axial end. That is, FIGS. 8D and 8E illustrate one side
or face of the first electrode 804 A and second electrode 804B
in a longitudinal plane extending radially from the lens axis.
Accordingly, this side or face of the first electrode 804A and
second electrode 804B has a radial dimension (e.g., height)
orthogonal to the lens axis, and an axial or longitudinal
dimension (e.g., length) parallel to the lens axis. Specifically,
FIG. 8D is a schematic side (lengthwise) view of one pair of
a first electrode 804A and a second electrode 804B in an
assembled position relative to the lens axis (the dashed/
dotted horizontal line in FIG. 8D). The assembly of the AP
lens 800 is completed by arranging a number of such
electrode pairs in rotational symmetry about the lens axis, as
depicted by the curved arrow in FIG. 8D. FIG. 8E is a
schematic exploded side (lengthwise) view of the pair of
electrodes 804A, 804B illustrated in FIG. 8D, i.e., showing
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the first electrode 804A and the second electrode 804B
axially spaced apart from each other for illustrative pur-
poses. Each first electrode 804 A has a first inside surface (or
edge) 816A, and each second electrode 8048 has a second
inside surface (or edge) 816B, facing the interior of the AP
lens 800. In assembled form, the first inside surfaces 816 A
and second inside surfaces 816B collectively define the size
and the shape of the lens interior. In the present embodiment,
the inside surfaces 816A, 816B are axially tapered. That is,
as best shown in FIGS. 8D and 8E, the radial distance of
each first inside surface 816A and second inside surface
816B from the lens axis varies (as one moves) in the axial
direction.

[0083] In the present embodiment, the geometric feature
of the first electrodes 804 A progressively varies along the
lens axis in an opposite manner in which the geometric
feature of the second electrodes 804B progressively varies
along the lens axis. Specifically in the illustrated embodi-
ment, the first electrodes 804A and the second electrodes
804B are axially tapered in opposite directions along the
lens axis. Thus, the radial distance from the lens axis of each
first electrode 804 A (at the first inside surface 816A) is at a
minimum at the lens entrance 808, is at a maximum at the
lens exit 812, and increases in the axial direction from the
minimum at the lens entrance 808 to the maximum at the
lens exit 812. The radial distance from the lens axis of each
second electrode 804B (at the second inside surface 816B)
is at a maximum at the lens entrance 808, is at a minimum
at the lens exit 812, and decreases in the axial direction from
the maximum at the lens entrance 808 to the minimum at the
lens exit 812. Consequently, as can be taken from FIG. 8D,
the size (e.g. diameter) of the lens interior surrounded by the
first electrodes 804A and second electrodes 804B is at a
minimum at the lens entrance 808, tapers up (increases) in
the axial direction to a maximum at an intermediate axial
point (e.g. midpoint) between the lens entrance 808 and the
lens exit 812, and tapers back down (decreases) to a mini-
mum at the lens exit 812.

[0084] In one embodiment, a first DC potential is applied
to the first electrodes 804A, and a second DC potential is
applied to the second electrodes 804B. Suitable electronics
(electrical circuitry) may be provided to communicate
with—and supply controllable, adjustable first DC potentials
and second DC potentials to—the respective first electrodes
804 A and second electrodes 804B, as appreciated by persons
skilled in the art. For example, such electronics may be
considered to include a first DC voltage source configured to
supply the first DC potential to the first electrodes 804A, and
a second DC voltage source configured to supply the second
DC potential to the second electrodes 804B. The voltage
supply 180 or electronics-based processor 182 shown in
FIG. 4 (and/or the power supply 1152 shown in FIG. 11,
described below) may be taken to schematically represent
the electronics that include the first and second DC voltage
sources.

[0085] In one embodiment, the first DC potential and the
second DC potential are different from each other as needed
to impart a potential difference (voltage) between adjacent
pairs of the first electrode 804 A and second electrode 804B.
Thus, the first DC potential and the second DC potential so
applied may differ as to magnitude (e.g., the first DC
potential may be higher in absolute value relative to the
second DC potential, and the second DC potential may be
lower in absolute value relative to the first DC potential, or
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vice versa) and/or polarity (e.g., one or both of the first DC
potential and the second DC potential may be negative, or
one or both of the first DC potential and the second DC
potential may be positive, or one of the first DC potential and
the second DC potential may be negative while the other is
positive). The magnitude of the first DC potential or the
second DC potential may be zero (0 V). In one embodiment,
the same first DC potential is applied to all of the first
electrodes 804A, and the same second DC potential is
applied to all of the second electrodes 804B. For this
purpose, the first electrodes 804A may be interconnected to
each other and the second electrodes 804B may be inter-
connected to each other in a known manner.

[0086] In operation, the application of the first DC poten-
tial to the first electrodes 804A and the second DC potential
to the second electrodes 804B establishes an electrostatic
field in the lens interior having an axial electrostatic poten-
tial profile. In the present embodiment, the axial electrostatic
potential profile may be defined based on the geometries of
the lens electrodes (first electrodes 804A and second elec-
trodes 804B) that make up the AP lens 800. By selecting
appropriate tapering slopes for the lens electrodes (e.g., the
function describing or defining the taper), an axial electric
field gradient at the vicinity of the lens axis may be estab-
lished and modified to progressively spread focusing power
across a predefined axial distance (e.g., along the axial
length of the electrode structure of the AP lens 800 from the
entrance end to the exit end) and according to a predefined
function. Consequently, in operation, this configuration
reduces the geometrical aberrations of the AP lens 800, and
may do so substantially.

[0087] In one embodiment, both the first electrodes 804 A,
and the second electrodes 804B have an axially progressive
change in shape. In other embodiments, either the first
electrodes 804A or the second electrodes 804B have an
axially progressive change in shape. For example, in the
embodiment best shown in FIGS. 8D and 8E, both the first
electrodes 804A, and the second electrodes 804B have
tapering slopes along the axial direction, i.e., progressively
varying radial distances from the lens axis. However, in an
alternative embodiment (not shown), only the first elec-
trodes 804 A, or only the second electrodes 804B, have the
tapering slope, while the corresponding radial distance from
the lens axis of the electrodes of the other group remains
constant along the axial direction.

[0088] In the embodiment illustrated in FIGS. 8 A-8E, the
tapering slopes of the first inside surface 816A and the
second inside surface 816B of the first electrodes 804A and
second electrodes 804B are linear (straight). In other
embodiments, the tapering slopes may be curved according
to other predetermined functions. The curved surface or
edge may be concave, convex, or include both concave and
convex portions, relative to the lens axis. FIG. 8F illustrates
a few non-exclusive examples of curved inside surfaces
816C, 816D, and 816E that may be utilized for electrodes
804 (first and/or second electrodes) of the AP lens 800, in
comparison to a straight inside surface 816.

[0089] It will be understood that in the various embodi-
ments of the AP lens disclosed herein, the number of lens
electrodes actually provided in practice may be greater than
(or less than) the number of electrodes schematically
depicted in the drawing figures, as needed to realize a
high-fidelity electrostatic field. Generally, the fidelity (and
hence smoothness) of the electric potential may be expected
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to increase or improve as the number of lens electrodes
provided in a given embodiment increases. For example, for
an electrode structure with lens electrodes circumferentially
(azimuthally) arranged about the lens axis, as in the embodi-
ments illustrated in FIGS. 8 A-8D or FIGS. 9A-9F (described
below), the fidelity of the electric potential in the circum-
ferential dimension (i.e., transverse plane) may improve
with an increasing number of lens electrodes. For an elec-
trode structure with lens electrodes axially arranged in series
along the lens axis, as in the embodiment illustrated in FIGS.
10A-10C (described below), the fidelity of the electric
potential in the axial dimension may improve with an
increasing number of lens electrodes.

[0090] In configurations of the AP lens where the lens
electrodes are circumferentially (or azimuthally) arranged
about the lens axis (e.g., the AP lens 800 of FIGS. 8A-8F)
the electrodes of each group (e.g., the first electrodes 804A,
and the second electrodes 804B) may be further designated
or divided into an even number of subgroups (e.g., two, four,
six, etc.) in the azimuthal dimension (or transverse plane) for
receiving a differential DC voltage. This may be imple-
mented, for example, to allow for steering the ion beam to
compensate for mechanical tolerance in manufacturing and
assembly.

[0091] FIGS. 9A-9F illustrate an example of an AP lens
900 according to another embodiment. The AP lens 900 is
configured for focusing and transporting charged particles.
As such, the AP lens 900 may be utilized in an instrument
or system that processes charged particles.

[0092] FIG. 9A is a transparent view of the AP lens 900
showing the overall space (or envelope) occupied by its
electrode structure 904. The overall geometry of the elec-
trode structure 904 is that of a hollow cylinder positioned on
and surrounding the lens axis of the AP lens 900. The hollow
cylindrical electrode structure 904 defines a conical (or
tapering) axial conduit (or lens interior) 906 extending from
a lens entrance (or charged particle entrance, e.g. ion
entrance) 908 to a lens exit (or charged particle exit, e.g. ion
exit) 912. The size and shape of the axial conical conduit 906
is defined by an inside surface or envelope 916 of the
electrode structure 904.

[0093] As shown in FIGS. 9B-9F, from the perspective of
the transverse plane (or azimuthal dimension) orthogonal to
the lens axis, the electrode structure 904 is circumferentially
(or azimuthally) segmented into two groups of electrodes—
namely, a plurality (or first group) of first electrodes 904A
(or “A” electrodes) and a plurality (or second group) of
second electrodes 904B (or “B” electrodes). Hence, the first
electrodes 904A and the second electrodes 904B are cir-
cumferentially or azimuthally arranged about the lens axis,
and are positioned at radial distances from the lens axis. By
this configuration, the first electrodes 904A and the second
electrodes 904B cooperatively define the lens entrance 908
coaxial with the lens axis, the lens exit 912 coaxial with the
lens axis and axially spaced from the lens entrance 908 along
the lens axis, and the lens interior extending along the lens
axis between the lens entrance 908 and the lens exit 912. As
in other embodiments, the first electrodes 904A and the
second electrodes 904B may be held in fixed positions in an
assembly in any suitable manner, with electrical insulators
supporting and separating each of the electrodes 904A,
904B.

[0094] As in other embodiments, after assembly, the first
electrodes 904A and the second electrodes 904B are inter-
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digitated with each other in an alternating manner. In par-
ticular, the first electrodes 904A and the second electrodes
904B are interdigitated in a circumferential direction in the
transverse plane. Accordingly, from the perspective of the
transverse plane, each first electrode 904A is disposed
between two adjacent second electrodes 904B, and each
second electrode 904B is disposed between two adjacent
first electrodes 904A. FIG. 9E is a schematic end view of the
AP lens 900 in the transverse plane E-E at (or near) the lens
entrance 908. FIG. 9F is a schematic end view of the AP lens
900 in the transverse plane F-F at (or near) the lens exit 912.
As best shown in FIGS. 9E and 9F, the first electrodes 904 A
and the second electrodes 904B are separated from each
other by gaps. Each gap is bounded by the respective radial
sides of a pair of adjacent electrodes 904A, 904B. As in
other embodiments, the gap size (i.e., the spacing in the
transverse plane) between adjacent first electrodes 904 A and
second electrodes 904B may be on the order of millimeters
(mm), with the minimum gap size being, for example, 50
mm or less, or 25 mm or less, or 5 mm or less.

[0095] FIGS. 9E and 9F illustrate the transverse cross-
sections (the cross-sections in the transverse plane) of the
first electrodes 904A and the second electrodes 904B. The
transverse cross-sections (also referred to as radial profiles
or angular profiles) may be wedge-shaped, for example
shaped as circular sectors. Each first electrode 904A has a
first inside surface 916A, and each second electrode 904B
has a second inside surface 916B, facing the interior of the
AP lens 900. The first inside surfaces 916A and second
inside surfaces 916B define the size and the shape of the lens
interior, particularly the axial conduit 906 depicted in FIG.
9A.

[0096] For each first electrode 904 A and second electrode
904B, the wedge shape or sector shape of the transverse
cross-section is defined in part by the two radial sides of the
electrode 904A, 9048, which meet at or adjoin the inside
surface 916A, 916B. The two radial sides are non-parallel,
thus having an angle between them (i.e., the wedge or sector
has a central angle). As evident from FIG. 9E, the intersec-
tion of the two radial sides of the electrode 904A, 904B may
not coincide with lens axis. Moreover, the angle between the
two radial sides of the first electrode 904A may be different
from the angle between the two radial sides of the second
electrode 904B. This may be characterized as (the transverse
cross-section of) the first electrode 904A being angled
differently from (the transverse cross-section of) the second
electrode 904B.

[0097] As in other embodiments, the first electrodes 904A
and/or the second electrodes 904B (both electrodes 904 A,
904B in the illustrated embodiment) have a geometric (or
structural) feature (e.g., shape or dimension) that progres-
sively varies (changes) in the axial direction (i.e., in at least
one direction along the lens axis). In the present embodi-
ment, the first electrodes 904A and the second electrodes
904B are axially tapered, i.e. have a geometric feature or
dimension that tapers along the lens axis. Specifically in the
present embodiment, the first inside surfaces 916A and the
second surfaces 916B are axially tapered. That is, the radial
distance of each first inside surface 916A and second inside
surface 916B from the lens axis varies (as one moves) in the
axial direction. In the present embodiment, the first inside
surfaces 916A and the second surfaces 916B are axially
tapered in the same direction, thereby collectively forming
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the conical (or tapering) axial conduit 906 shown in FIG.
9A, [text missing or illegible when filed]

[0098] In the illustrated embodiment, as shown in FIGS.
9B, 9C, 9E, and 9F, the first electrodes 904 A and the second
electrodes 904B are axially tapered such that the radial
distance from the lens axis of each first electrode 904 A (at
the first inside surface 916A) and each second electrode
904B (at the second inside surface 916B) is at a minimum
at the lens entrance 908, is at a maximum at the lens exit 912,
and increases in the axial direction from the minimum at the
lens entrance 908 to the maximum at the lens exit 912.
Accordingly, the minimum radius (and diameter) of the lens
interior (axial conduit 906) is located at the lens entrance
908, and the maximum radius (and diameter) of the lens
interior is located at the lens exit 912.

[0099] Alternatively, the first electrodes 904 A and second
electrodes 904B may be axially tapered in the opposite
direction (not shown), such that the maximum radius of the
lens interior is located at the lens entrance 908 and the
minimum radius of the lens interior is located at the lens exit
912—in other words, such that the lens interior (or axial
conduit 906) converges instead of diverges in the direction
from lens entrance 908 to lens exit 912.

[0100] As illustrated, the transverse cross-sections of the
first electrode 904A and/or second electrode 904B may be
truncated, such that the first inside surface 916A and/or
second inside surface 916B has an appreciable dimension
(e.g., width or arc length) in the transverse plane (as com-
pared to being a sharper, apical line edge). Due to the axial
taper of the first electrodes 904A and second electrodes
904B and the wedge or sector shape of their transverse
cross-sections, the extent of truncation of the transverse
cross-sections (and accordingly the dimension of the first
inside surface 916A and/or second inside surface 916B)
varies in the axial direction. In the illustrated example, the
extent of truncation (and accordingly the dimension of the
first inside surface 916A and/or second inside surface 916B)
increases in the axial direction from the lens entrance 908 to
the lens exit 912.

[0101] Accordingly, in the present embodiment, in addi-
tion to the first electrodes 904 A and/or the second electrodes
904B being axially tapered, the shape of the transverse
cross-sections of the first electrode 904A and/or second
electrode 904B progressively varies (as another type of
geometric or structural feature) in the axial direction. This is
evident, for example, from a comparison of FIG. 9E and 9F,
which show the transverse cross-sections of the first elec-
trodes 904A and second electrodes 904B at two different
positions along the lens axis.

[0102] Moreover, as best shown in FIGS. 9E and 9F, due
to the first electrode 904A and the second electrode 904B
being angled differently as noted above, the dimension of the
first inside surface 916A is different from the dimension of
the second inside surface 916B at any given axial position
along the lens axis. Further, the dimension of the first inside
surface 916 A may vary in the axial direction (e.g., increase
in the illustrated embodiment) at a different rate than the
dimension of the second inside surface 916B. Consequently,
the ratio of exposure of the first electrodes 904 A (at the first
inside surfaces 916A) to exposure of the second electrodes
904B (at the second inside surfaces 916B) to the lens interior
may progressively vary (as another type of geometric or
structural feature) in the axial direction. Stated in another
way, the ratio of exposure of the inner surface areas of the
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first electrodes 904 A and second electrodes 904B to the lens
interior (or, the ratio of the amounts of inner surface areas
exposed to the lens interior) may vary in the axial direction.
[0103] In addition, with the first electrode 904A and the
second electrode 904B being angled differently, the shape of
the transverse cross-section of the first electrodes 904A is
different from the shape of the transverse cross-section of the
second electrodes 904B at any given axial position along the
lens axis.

[0104] In one embodiment, a first DC potential is applied
to the first electrodes 904A, and a second DC potential is
applied to the second electrodes 904B, utilizing suitable
electronics (e.g., a first DC voltage source and a second DC
voltage source) as described herein. In one embodiment, the
first DC potential and the second DC potential are different
from each other—in terms of magnitude (e.g., high and low
(or zero)) and/or polarity (e.g., positive and negative)—as
needed to impart a potential difference (voltage) between
adjacent pairs of the first electrode 904A and second elec-
trode 904B. In one embodiment, the same first DC potential
is applied to all of the first electrodes 904 A, and the same
second DC potential is applied to all of the second electrodes
904B. For this purpose, the first electrodes 904A may be
interconnected to each other and the second electrodes 904B
may be interconnected to each other in a known manner.
[0105] In operation, the application of the first DC poten-
tial to the first electrodes 904A and the second DC potential
to the second electrodes 904B establishes an electrostatic
field in the lens interior having an axial electrostatic poten-
tial profile. As in other embodiments, the axial electrostatic
potential profile is defined based on the geometries of the
electrodes (first electrodes 904A, and second electrodes
904B) that make up the AP lens 900. In the present embodi-
ment, the electrostatic potential profile progressively varies
in the axial direction (longitudinal dimension) with, for
example, the varying ratio of exposure of the inner surface
areas of the first electrodes 904A and second electrodes
904B to the lens interior. By selecting appropriate tapering
slopes for the first electrodes 904A and second electrodes
904B, which in the present embodiment corresponds to
selecting an appropriate apex angle of the conical axial
conduit 906 or lens interior, an axial electric field at the
vicinity of lens axis with a target (or desired) field gradient
may be established and modified to progressively spread
focusing power across a predefined axial distance (e.g.,
along the axial length of the electrode structure 904 of the
AP lens 900 from the entrance end to the exit end) and
according to a predefined function. The AP lens 900 can
produce an axially progressive electric field that is the same
as or similar to the AP lens 800 described above in con-
junction with FIGS. 8A-8D. Thus, this configuration can
reduce the geometrical aberrations of the AP lens 900
according to the same or similar concept of the AP lens 800,
and the reduction in geometrical aberrations may be sub-
stantial.

[0106] FIGS. 10A-10C illustrate an example of an AP lens
1000 according to another embodiment. The AP lens 1000 is
configured for focusing and transporting charged particles.
As such, the AP lens 1000 may be utilized in an instrument
or system that processes charged particles.

[0107] FIG. 10Ais a schematic cut-away perspective view
of the AP lens 1000. The AP lens 1000 includes a plurality
(or first group) of first electrodes 1004 A (or “A” electrodes)
and a plurality (or second group) of second electrodes
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1004B (or “B” electrodes). FIG. 10B illustrates the set of
first electrodes 1004A, and FIG. 10C illustrates the set of
second electrodes 1004B, prior to assembly of the AP lens
1000. The first electrodes 1004A are axially arranged in
series along the lens axis of the AP lens 1000. The second
electrodes 1004B also are axially arranged in series along
the lens axis. As in other embodiments, after assembly, the
first electrodes 1004 A and the second electrodes 1004B are
interdigitated with each other in an alternating manner, and
are separated from each other by gaps. In the present
embodiment, the first electrodes 1004A and the second
electrodes 1004B are interdigitated in the axial direction
(along the lens axis), and the gaps are axial gaps. Accord-
ingly, in the axial/longitudinal dimension, each first elec-
trode 1004 A (unless it is an axial end electrode) is disposed
between two adjacent second electrodes 1004B, and each
second electrode 1004B (unless it is an axial end electrode)
is disposed between two adjacent first electrodes 1004A.
[0108] As in other embodiments, the gap size (here, the
spacing in the axial, or longitudinal, dimension) between
adjacent first electrodes 1004 A and second electrodes 1004B
may be on the order of millimeters (mm), with the minimum
gap size being, for example, 50 mm or less, or 25 mm or less,
or 5 mm or less. The first electrodes 1004 A and the second
electrodes 1004B may be held in fixed positions in an
assembly in any suitable manner, with electrical insulators
supporting and separating each of the electrodes 1004A,
1004B.

[0109] In the present embodiment, each first electrode
1004A has a first inside surface 1016A defining a first
electrode aperture 1020A coaxial with the lens axis, and
each second electrode 1004B has a second inside surface
1016B defining a second electrode aperture 1020B coaxial
with the lens axis, whereby the apertures 1020A, 1020B are
positioned in alignment with each other on the lens axis. By
this configuration, the first electrodes 1004 A and the second
electrodes 1004B cooperatively define a lens entrance (or
charged particle entrance, e.g. ion entrance) 1008 coaxial
with the lens axis, a lens exit (or charged particle exit, e.g.
ion exit) 1012 coaxial with the lens axis and axially spaced
from the lens entrance 1008 along the lens axis, and a lens
interior extending along the lens axis between the lens
entrance 1008 and the lens exit 1012.

[0110] In the illustrated embodiment, the first electrodes
1004 A and the second electrodes 1004B have planar geom-
etries, i.e. are plate-shaped, with the first apertures 1020A
and second apertures 1020B formed through the plate thick-
nesses. The planar geometry of the first electrodes 1004A
and second electrodes 1004B may be polygonal, disk-
shaped, or some combination of polygonal and disk-shaped
features. Alternatively, the first electrodes 1004A and the
second electrodes 10048 may be toroidal or ring-shaped to
realize the first apertures 1020A and second apertures
1020B. In a typical embodiment, the first apertures 1020A
and second apertures 1020B are circular (as illustrated), but
alternatively may be polygonal.

[0111] As in other embodiments, the first electrodes
1004 A and/or the second electrodes 1004B (both electrodes
1004 A, 1004B in the illustrated embodiment) have a geo-
metric (or structural) feature (e.g., shape or dimension) that
progressively varies (changes) in an axial direction (i.e., in
at least one direction along the lens axis). In the present
embodiment, the first electrodes 1004A (by way of the first
apertures 1020A, as an axially arranged group) and/or the
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second electrodes 1004B (by way of the second apertures
1020B, as an axially arranged group) are (collectively)
axially tapered along the lens axis, in the sense that the size
of the first apertures 1020A varies (increases or decreases)
progressively from one first electrode 1004A to the next,
and/or the size of the second apertures 1020B varies (in-
creases or decreases) progressively from one second elec-
trode 1004B to the next. Accordingly, in the present embodi-
ment, the aperture size of the first electrodes 1004A and/or
the second electrodes 1004B varies (as another type of
geometric or structural feature) in the axial direction. The
sizes of the first apertures 1020A and the second apertures
1020B may be defined by their respective radii, i.e., radial
distances in the transverse plane from the lens axis to the
first inside surface 1016A or second inside surface 1016B.
Hence, the first inside surfaces 1016 A and second inside
surfaces 10168 define the size and the shape of the lens
interior, and the size varies (as one moves) in the axial
direction.

[0112] In the present embodiment, the geometric feature
of the first electrodes 1004 A progressively varies along the
lens axis in an opposite manner in which the geometric
feature of the second electrodes 1004B progressively varies
along the lens axis. Specifically in the illustrated embodi-
ment, the first electrodes 1004A and the second electrodes
1004B are axially tapered in opposite directions. Specifi-
cally, the first of the first electrodes 1004 A (the leftmost first
electrode 1004A in FIGS. 10A and 10B) has the smallest
first aperture 1020A, and the last of the first electrodes
1004 A (the rightmost first electrode 1004A in FIGS. 10A
and 10B) has the largest first aperture 1020A. On the other
hand, the first of the second electrodes 1004B (the lefimost
second electrode 1004B in FIGS. 10A and 10C) has the
largest second aperture 1020B, and the last of the second
electrodes 1004B (the rightmost second electrode 1004B in
FIGS. 10A and 10C) has the smallest second aperture
1020B. The smallest first aperture 1020A corresponds to or
defines the lens entrance 1008, and the smallest second
aperture 1020B corresponds to or defines the lens exit 1012.

[0113] Thus, the radius of the first apertures 1020A is at a
minimum at the lens entrance 1008, is at a maximum at (or
near) the lens exit 1012, and increases in the axial direction
from the minimum at the lens entrance 1008 to the maxi-
mum at the lens exit 1012. The radius of the second
apertures 1020B is at a maximum at (or near) the lens
entrance 1008, is at a minimum at the lens exit 1012, and
decreases in the axial direction from the maximum at the
lens entrance 1008 to the minimum at the lens exit 1012.
Consequently, as can be taken from FIG. 10A, and similar
to the embodiment described above in conjunction with FIG.
8D, the size (e.g. diameter) of the lens interior surrounded by
the first electrodes 1004 A and second electrodes 1004B is at
a minimum at the lens entrance 1008, tapers up (increases)
in the axial direction to a maximum at an intermediate axial
point (e.g. midpoint) between the lens entrance 1008 and the
lens exit 1012, and tapers back down (decreases) to a
minimum at the lens exit 1012.

[0114] In one embodiment, a first DC potential is applied
to the first electrodes 1004 A, and a second DC potential is
applied to the second electrodes 1004B, utilizing suitable
electronics (e.g., a first DC voltage source and a second DC
voltage source) as described herein. In one embodiment, the
first DC potential and the second DC potential are different
from each other—in terms of magnitude (e.g., high and low
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(or zero)) and/or polarity (e.g., positive and negative)—as
needed to impart a potential difference (voltage) between
adjacent pairs of the first electrode 1004A and second
electrode 1004B. In one embodiment, the same first DC
potential is applied to all of the first electrodes 1004A, and
the same second DC potential is applied to all of the second
electrodes 1004B. For this purpose, the first electrodes
1004 A may be interconnected to each other and the second
electrodes 1004B may be interconnected to each other in a
known manner. For example, the electrode structures shown
in FIGS. 10B and 10C may be comb-like.

[0115] In operation, the application of the first DC poten-
tial to the first electrodes 1004 A and the second DC potential
to the second electrodes 1004B establishes an electrostatic
field in the lens interior having an axial electrostatic poten-
tial profile. As in other embodiments, the axial electrostatic
potential profile is defined based on the geometries of the
electrodes (first electrodes 1004A and second electrodes
1004B) that make up the AP lens 1000. In the present
embodiment, the electrostatic potential profile varies in the
axial direction (longitudinal dimension) in accordance with
the step-wise, progressive varying of the radii of the first
apertures 1020 A and the second apertures 1020B in opposite
directions. The step-wise, progressive variation in radii in
the groups of first electrodes 1004 A and second electrodes
1004B may be in accordance with a predefined function. By
selecting an appropriate function or pattern of the variation
in radii, the AP lens 1000 can produce an axially progressive
electric field that is the same as or similar to the AP lens 800
described above in conjunction with FIGS. 8A-8D. Thus,
this configuration can reduce the geometrical aberrations of
the AP lens 1000 according to the same or similar concept
of the AP lens 800, and the reduction in geometrical aber-
rations may be substantial.

[0116] FIG. 11 is a schematic view of an example of a
charged particle processing apparatus 1100 (or device,
instrument, system, etc.) according to some embodiments.
The apparatus 1100 includes an AP lens 1150 configured
according to any of the embodiments disclosed herein.
Depending on the specific type of apparatus, the apparatus
1100 may include other components configured for trans-
porting or guiding charged particles, and/or for performing
other types of processing of charged particles such as, for
example, charged particle beam production, beam steering,
acceleration, cooling, filtering, analyzing, detecting, mea-
suring, imaging, etc. As one non-exclusive example, the
apparatus 1100 may be an ion processing apparatus such as,
for example, a mass spectrometer, ion mobility spectrom-
eter, gas leak detector, or ion optics. One example of a mass
spectrometer is described above and illustrated in FIG. 4. As
another non-exclusive example, the apparatus 1100 may be
an electron microscope such as a transmission electron
microscope (TEM), scanning electron microscope (SEM),
or the like, or an electron gun, or electron optics.

[0117] In the general example of FIG. 1, the apparatus
1100 includes a power supply 1152 in electrical communi-
cation with the AP lens 1150. Generally, the power supply
1152 is or includes a DC voltage source, and is configured
to supply the electric potentials required to operate the AP
lens 1150 in accordance with the concepts disclosed herein.
For example, the power supply 1152 may be considered to
include a first DC voltage source DC1 for supplying the first
DC potential to the first (“A”) electrodes, and a second DC
voltage source DC2 for supplying the second DC potential
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to the second (“B”) electrodes, as described herein. In some
embodiments, the power supply 1152 (or first DC voltage
source DC1 and second DC voltage source DC2) may be
considered as being part of the AP lens 1150 (e.g., as an
assembly).

[0118] The apparatus 1100 may further include any appro-
priate type of charged particle source 1154 configured to
supply a beam of charged particles to the AP lens 1150,
and/or any appropriate type of charged particle receiver
1156 configured to receive a beam of charged particles from
the AP lens 1150.

[0119] The charged particle source 1154 may communi-
cate with the lens entrance of the AP lens 1150 via a charged
particle path defined by the type of apparatus 1100 provided,
which may include one or more intermediate components
for processing or transporting the charged particles such as
other charged particle optics, etc. The charged particle
source 1154 may include components configured to produce
(e.g., ionize, emit, etc.) charged particles (e.g., via ionization
of a substance, emission from a material, etc.) and/or focus
charged particles into a beam and/or transmit (a beam of)
charged particles to the AP lens 1150. Examples of a charged
particle source 1154 include, but are not limited to, an ion
source or ion processing device (such as described above in
conjunction with FIG. 4), an ion analyzer (e.g., mass filter,
mass analyzer, ion mobility cell, etc.), an electron source
(e.g., an electron emitter such as a directly or indirectly
heated thermionic cathode or filament, electron gun, etc.),
etc.

[0120] The charged particle receiver 1156 may communi-
cate with the lens exit of the AP lens 1150 via a charged
particle path defined by the type of apparatus 1100 provided,
which may include one or more intermediate components
for processing or transporting the charged particles such as
other charged particle optics, etc. Examples of a charged
particle receiver 1156 include, but are not limited to, an ion
analyzer (e.g., mass filter, mass analyzer, TOF analyzer, ion
mobility cell, etc.), a sample to be irradiated or imaged, a
sample holder or sample stage, a charged particle detector
(e.g., ion detector, electron detector, imaging device, etc.),
an electron collector, trap or anode, etc.

EXEMPLARY EMBODIMENTS

[0121] Exemplary embodiments provided in accordance
with the presently disclosed subject matter include, but are
not limited to, the following:

[0122] 1. An electrostatic lens for transporting charged
particles in an axial direction of a lens axis, the electrostatic
lens comprising: a first group of first electrodes configured
to receive a first DC potential from a DC voltage source and
generate a first electrostatic field; and a first group of first
electrodes configured to receive a first DC potential from a
DC voltage source and generate a first electrostatic field;
and; and a second group of second electrodes configured to
receive a second DC potential from the DC voltage source
different from the first DC potential and generate a second
electrostatic field, wherein: the first electrodes are interdigi-
tated with the second electrodes; at least one of the first
group or the second group has a geometric feature that
progressively varies along the axial direction; the first group
and the second group are configured to generate a composite
electrostatic field in the lens interior comprising a superpo-
sition of the first electrostatic field and the second electro-
static field; and the first group and the second group define
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a transition region through which a ratio of respective field
strengths of the first electrostatic field and the second
electrostatic field progressively varies along the axial direc-
tion in accordance with the progressively varying geometric
feature.

[0123] 2. The electrostatic lens of embodiment 1, wherein
the electrostatic lens has an axial lens length from the lens
entrance to the lens exit, and the transition region has an
axial length selected from the group consisting of: at least
25% of the axial lens length; at least 50% of the axial lens
length; and at least 75% of the axial lens length.

[0124] 3. The electrostatic lens of embodiment 1 or 2,
wherein both the first group and the second group have the
geometric feature that progressively varies along the axial
direction.

[0125] 4. The electrostatic lens of embodiment 3, wherein
the geometric feature of the first group progressively varies
along the lens axis, and the geometric feature of the second
group progressively varies in an opposite manner along the
lens axis.

[0126] 5. The electrostatic lens of any of the preceding
embodiments, wherein the first electrodes and the second
electrodes are elongated in the axial direction.

[0127] 6. The electrostatic lens of any of the preceding
embodiments, wherein the first electrodes and the second
electrodes are plate-shaped.

[0128] 7. The electrostatic lens of any of the preceding
embodiments, wherein the first electrodes and the second
electrodes surround the lens axis, and are interdigitated in a
circumferential direction in a transverse plane orthogonal to
the lens axis.

[0129] 8. The electrostatic lens of any of the preceding
embodiments, wherein the first electrodes and the second
electrodes surround the lens axis, and have apertures on the
lens axis.

[0130] 9. The electrostatic lens of any of the preceding
embodiments, wherein the first electrodes and the second
electrodes surround the lens axis, and are interdigitated
along the lens axis.

[0131] 10. The electrostatic lens of any of the preceding
embodiments, wherein the first electrodes have first inside
surfaces facing a lens interior of the electrostatic lens, the
second electrodes have second inside surfaces facing the
lens interior, and at least one of the first inside surfaces or the
second inside surfaces are axially tapered.

[0132] 11. The electrostatic lens of embodiment 10,
wherein at least one of the first inside surfaces or the second
inside surfaces are linearly tapered.

[0133] 12. The electrostatic lens of embodiment 10,
wherein at least one of the first inside surfaces or the second
inside surfaces are tapered according to a curve function.
[0134] 13. The electrostatic lens of any of embodiments
10-12, wherein both the first inside surfaces and the second
inside surfaces are axially tapered.

[0135] 14. The electrostatic lens of embodiment 13,
wherein the first inside surfaces and the second inside
surfaces are axially tapered in the same direction.

[0136] 15. The electrostatic lens of embodiment 13,
wherein the first inside surfaces and the second inside
surfaces are axially tapered in opposite directions.

[0137] 16. The electrostatic lens of any of the preceding
embodiments, wherein: the first electrodes and the second
electrodes surround the lens axis; the first electrodes have
first transverse cross-sections in a transverse plane orthogo-
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nal to the lens axis; the second electrodes have second
transverse cross-sections in the transverse plane; and at least
one of the first transverse cross-sections or the second
transverse cross-sections has a shape that progressively
varies along the axial direction.

[0138] 17. The electrostatic lens of embodiment 16,
wherein at least one of the first transverse cross-sections or
the second transverse cross-sections are wedge-shaped.
[0139] 18. The electrostatic lens of embodiment 16 or 17,
wherein the shape of the first transverse cross-sections is
different from the shape of the second transverse cross-
sections at any position along the lens axis.

[0140] 19. The electrostatic lens of any of the preceding
embodiments, wherein the first electrodes have first inside
surfaces facing a lens interior of the electrostatic lens, the
second electrodes have second inside surfaces facing the
lens interior, and the ratio of exposure of the first inside
surfaces to exposure of the second inside surfaces to the lens
interior progressively varies along the axial direction.
[0141] 20. The electrostatic lens of any of the preceding
embodiments, wherein: the first electrodes and the second
electrodes surround the lens axis; the first electrodes have
first apertures on the lens axis; the second electrodes have
second apertures on the lens axis; and at least one of the first
apertures or the second apertures progressively vary in size
along the axial direction.

[0142] 21. The electrostatic lens of embodiment 20,
wherein both the first apertures and the second apertures
progressively vary in size along the axial direction.

[0143] 22. The electrostatic lens of embodiment 21,
wherein the first apertures and the second apertures vary in
size in opposite directions.

[0144] 23. The electrostatic lens of any of the preceding
embodiments, comprising a first DC voltage source config-
ured to apply the first DC potential to the first electrodes, and
a second DC voltage source configured to apply the second
DC potential to the second electrodes.

[0145] 24. An electrostatic lens for transmitting charged
particles in an axial direction of a lens axis, the electrostatic
lens comprising: a first group of first electrodes configured
to receive a first DC potential from a DC voltage source; and
a second group of second electrodes configured to receive a
second DC potential from the DC voltage source different
from the first DC potential, wherein: the first group and the
second group surround a lens entrance, a lens exit, and a lens
interior extending along the lens axis from the lens entrance
to the lens exit; and the first group and the second group are
configured to generate an axial potential profile in the lens
interior that progressively changes along the axial direction
and progressively spreads focusing power along the axial
direction.

[0146] 25. The electrostatic lens of embodiment 24,
wherein at least one of the first group or the second group
has a geometric feature that progressively varies along the
axial direction.

[0147] 26. The electrostatic lens of embodiment 24, com-
prising one or more features of one or more of the preceding
embodiments.

[0148] 27. A charged particle processing apparatus, com-
prising: the electrostatic lens of any of the preceding
embodiments; and one or more of the following features: a
charged particle receiver configured to receive charged
particles from the electrostatic lens; a DC voltage source
configured to apply the first DC potential to the first elec-
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trodes and the second DC potential to the second electrodes;
and/or a charged particle source configured to supply
charged particles to the electrostatic lens.

[0149] 28. The charged particle processing apparatus of
embodiment 27, configured as a mass spectrometer, an ion
mobility spectrometer, or an electron microscope.

[0150] 29. A method for transporting charged particles in
an axial direction of a lens axis, the method comprising:
supplying charged particles to a lens interior of the electro-
static lens of any of the preceding embodiments; and apply-
ing the first DC potential to the first electrodes and the
second DC potential to the second electrodes to generate an
axial potential profile in the lens interior to which the
charged particles are subjected, wherein the axial potential
profile progressively changes along the axial direction and
progressively spreads focusing power along the axial direc-
tion.

[0151] 30. The method of embodiment 29, wherein the
supplying comprises transmitting the charged particles from
a charged particle source.

[0152] 31. The method of embodiment 29 or 30, wherein
the supplying comprises producing ions from a sample or
emitting electrons from a material.

[0153] 31. The method of any of embodiments 29-31,
comprising transmitting the charged particles from the elec-
trostatic lens to a charged particle receiver.

[0154] 32. The method of embodiment 31, comprising
operating the charged particle receiver to collect, detect,
analyze, measure, or count the charged particles received.
[0155] It will be understood that terms such as “commu-
nicate” and “in . . . communication with” (for example, a
first component “communicates with” or “is in communi-
cation with” a second component) are used herein to indicate
a structural, functional, mechanical, electrical, signal, opti-
cal, magnetic, electromagnetic, ionic or fluidic relationship
between two or more components or elements. As such, the
fact that one component is said to communicate with a
second component is not intended to exclude the possibility
that additional components may be present between, and/or
operatively associated or engaged with, the first and second
components.

[0156] It will be understood that various aspects or details
of the invention may be changed without departing from the
scope of the invention. Furthermore, the foregoing descrip-
tion is for the purpose of illustration only, and not for the
purpose of limitation—the invention being defined by the
claims.

1. An electrostatic lens for transporting charged particles
in an axial direction of a lens axis, the electrostatic lens
comprising:

a first group of first electrodes configured to receive a first
DC potential from a DC voltage source and generate a
first electrostatic field; and

a second group of second electrodes configured to receive
a second DC potential from the DC voltage source
different from the first DC potential and generate a
second electrostatic field, wherein:

the first electrodes are interdigitated with the second
electrodes;

the first group and the second group define a lens interior
extending along the lens axis from a lens entrance to a
lens exit;



US 2024/0038521 Al

at least one of the first group or the second group has a
geometric feature that progressively varies along the
axial direction;

the first group and the second group are configured to
generate a composite electrostatic field in the lens
interior comprising a superposition of the first electro-
static field and the second electrostatic field; and

the first group and the second group define a transition
region through which a ratio of respective field
strengths of the first electrostatic field and the second
electrostatic field progressively varies along the axial
direction in accordance with the progressively varying
geometric feature.

2. The electrostatic lens of claim 1,

wherein the electrostatic lens has an axial lens length from
the lens entrance to the lens exit, and the transition
region has an axial length selected from the group
consisting of: at least 25% of the axial lens length; at
least 50% of the axial lens length; and at least 75% of
the axial lens length.

3.-10. (canceled)

11. The electrostatic lens of claim 1, wherein both the first
group and the second group have the geometric feature that
progressively varies along the axial direction.

12. The electrostatic lens of claim 11, wherein the geo-
metric feature of the first group progressively varies along
the lens axis, and the geometric feature of the second group
progressively varies in an opposite direction in an opposite
manner along the lens axis.

13. The electrostatic lens of claim 1, wherein the first
electrodes and the second electrodes are elongated in the
axial direction.

14. The electrostatic lens of claim 1, wherein the first
electrodes and the second electrodes are plate-shaped.

15. The electrostatic lens of claim 1, wherein the first
electrodes and the second electrodes surround the lens axis,
and are interdigitated in a circumferential direction in a
transverse plane orthogonal to the lens axis.

16. The electrostatic lens of claim 1, wherein the first
electrodes and the second electrodes surround the lens axis,
and have a configuration selected from the group consisting
of: the first electrodes and the second electrodes have
apertures on the lens axis; the first electrodes and the second
electrodes are interdigitated along the lens axis; and both of
the foregoing.

17. The electrostatic lens of claim 1, wherein the first
electrodes have first inside surfaces facing a lens interior of
the electrostatic lens, the second electrodes have second
inside surfaces facing the lens interior, and at least one of the
first inside surfaces or the second inside surfaces are axially
tapered.

18. The electrostatic lens of claim 17, wherein both the
first inside surfaces and the second inside surfaces are
axially tapered.

19. The electrostatic lens of claim 18, wherein the first
inside surfaces and the second inside surfaces have a con-
figuration selected from the group consisting of: the first
inside surfaces and the second inside surfaces are axially
tapered in the same direction; and the first inside surfaces
and the second inside surfaces are axially tapered in opposite
directions.
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20. The electrostatic lens of claim 1, wherein:

the first electrodes and the second electrodes surround the

lens axis;

the first electrodes have first transverse cross-sections in

a transverse plane orthogonal to the lens axis;

the second electrodes have second transverse cross-sec-

tions in the transverse plane; and

at least one of the first transverse cross-sections or the

second transverse cross-sections has a shape that pro-
gressively varies along the axial direction.

21. The electrostatic lens of claim 20, wherein at least one
of the first transverse cross-sections or the second transverse
cross-sections are wedge-shaped.

22. The electrostatic lens of claim 20, wherein the shape
of the first transverse cross-sections is different from the
shape of the second transverse cross-sections at any position
along the lens axis.

23. The electrostatic lens of claim 1, wherein the first
electrodes have first inside surfaces facing a lens interior of
the electrostatic lens, the second electrodes have second
inside surfaces facing the lens interior, and the ratio of
exposure of the first inside surfaces to exposure of the
second inside surfaces to the lens interior progressively
varies along the axial direction.

24. The electrostatic lens of claim 1, wherein:

the first electrodes and the second electrodes surround the

lens axis;

the first electrodes have first apertures on the lens axis;

the second electrodes have second apertures on the lens

axis; and

at least one of the first apertures or the second apertures

progressively vary in size along the axial direction.

25. The electrostatic lens of claim 24, wherein both the
first apertures and the second apertures progressively vary in
size along the axial direction.

26. The electrostatic lens of claim 25, wherein the first
apertures and the second apertures vary in size in opposite
directions.

27. A charged particle processing apparatus, comprising:

the electrostatic lens of claim 1; and

a component selected from the group consisting of: a DC

voltage source configured to apply the first DC poten-
tial to the first electrodes and the second DC potential
to the second electrodes; a charged particle source
configured to supply charged particles to the electro-
static lens; a charged particle receiver configured to
receive charged particles from the electrostatic lens;
and a combination of two or more of the foregoing.

28. A method for transporting charged particles in an axial
direction of a lens axis, the method comprising:

supplying charged particles to a lens interior of the

electrostatic lens of claim 1; and

applying the first DC potential to the first electrodes and

the second DC potential to the second electrodes to
generate an axial potential profile in the lens interior to
which the charged particles are subjected,
wherein the axial potential profile progressively changes
along the axial direction and progressively spreads focusing
power along the axial direction.
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