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Direct An Ion Beam Along An Axis Towards A 2D Scanning
Magnet Configured To Scan The Ion Beam Across A 2D
Target Area, The 2D Scanning Magnet Comprising:

(A) A Vertical Field Trapezoidal Coil Oriented Along An Axis
Comprising: A Top Coil That Is Configured To Receive A First
Input Electrical Current Flowing Through The Top Coil In A
First Direction, And A Bottom Coil That Is Configured To
Receive A Second Input Electrical Current Flowing Through

The Bottom Coil In The First Direction; And 502
(B) A Horizontal Field Trapezoidal Coil That Is Disposed
Proximate To The Vertical Field Trapezoidal Coil And Is
Rotated About The Axis Relative To The Vertical Field
Trapezoidal Coil By An Angle, The Horizontal Field Trapezoidal
Coil Comprising: A Left Coil That Is Configured To Receive A
Third Input Electrical Current Flowing Through The Left Coil
In A Second Direction, And A Right Coil That Is Configured To
Receive A Fourth Input Electrical Current Flowing Through
The Right Coil In The Second Direction

|

Scan The Ion Beam Across The 2D Target Area In A First
Direction And A Second Direction By Sequentially Adjusting A |~504
Propagation Direction Of The Ion Beam With The 2D Scanning

Magnet, Wherein The First Direction And The Second
Direction Are Orthogonal To The Axis

FIG. 5
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COMPACT 2D SCANNER MAGNET WITH
TRAPEZOIDAL COILS

STATEMENT REGARDING FEDERALLY
SPONSORED RESEARCH OR DEVELOPMENT

This invention was made with government support under
Contract No. DE-AC02-06CH11357 awarded by the United
States Department of Energy to UChicago Argonne, LLC,
operator of Argonne National Laboratory and under Con-
tract No. DE-DE-SC0012704 awarded by the United States
Department of Energy to Brookhaven Science Associates,
LLC operator of Brookhaven National Laboratory. The
government has certain rights in the invention.

FIELD OF THE DISCLOSURE

The present disclosure relates to methods and systems for
scanning ion beams, and specifically, to compact two-
dimensional (“2D”) scanning magnets for scanning ion
beams.

BACKGROUND

Particle therapy has been a staple of cancer treatment
regimens for decades. Particle therapy generally involves
directing a beam of high energy particles such as electrons,
protons, or heavy ions into a target volume (e.g., a tumor or
lesion) in a patient. Particle therapy has proven to be a
precise and conformal technique where a high dose of these
high energy particles to a target volume can be delivered
while minimizing the dose to surrounding healthy tissues.

A standard particle therapy apparatus includes an accel-
erator producing energetic charged particles, a beam trans-
port system for guiding the particle beam to one or more
treatment rooms and, for each treatment room, a particle
beam delivery system. Generally, beam delivery systems are
categorized into one of two broad categories: fixed beam
delivery systems delivering the particle beam to the target
from a fixed irradiation direction, and rotating beam delivery
systems capable of delivering the particle beam to the target
from multiple irradiation directions. Such a rotating beam
delivery system is typically called a gantry, and the target
volume in such systems is generally positioned at a fixed
position defined by the crossing of the rotation axis of the
gantry and the particle beam propagation axis.

Each beam delivery system includes devices for shaping
the particle beam to match the target. Typically, particle
beam shaping is performed by one of two techniques:
passive scattering techniques or dynamic radiation tech-
niques. One example of a dynamic radiation technique is the
pencil beam scanning (PBS) technique. In PBS, a narrow
pencil-shaped particle beam is magnetically scanned on a
plane orthogonal to the propagation direction of the particle
beam. Fine-tuned control of the scanning magnets enables
PBS techniques (and other dynamic radiation techniques) to
achieve significant lateral conformity with the target vol-
ume. Further, these dynamic radiation techniques are gen-
erally capable of irradiating different layers in the target
volume by varying the energy of the particle beam, thereby
enabling delivery of particle radiation doses to the entire
three-dimensional (3D) target volume.

However, despite the successes of particle therapy tech-
niques, such techniques still suffer from particle beam
delivery inaccuracy that inadvertently places healthy tissue
in the path of harmful radiation intended for the target
volume. In particular, conventional scanning magnets used
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in such therapy techniques generate magnetic fields that are
non-uniform in both scanning directions (e.g., X and Y
directions relative to the Z direction of the particle beam
propagation), causing the particle beam to deviate from the
intended position during treatment. The scanning patterns
produced by such conventional scanning magnets usually
start at the most distal edge of the target volume at a given
depth until the scanned particle beam irradiates each point of
the target volume at the given depth and reaches the most
proximal edge of the target object. When conventional
scanning magnets direct a particle beam along the distal,
proximal, and any other edge of the target object, the
non-uniformities of the magnetic fields within the conven-
tional scanning magnets may cause a charged particle (or
more often, many charged particles) to deviate from the
intended target area on the target volume.

The issues stemming from such deviations are two-fold.
First, the deviated charged particles may inadvertently irra-
diate healthy tissue, causing damage to otherwise healthy
organs. Second, portions of the target volume may not
receive the intended dose of radiation, and may thereby
remain intact/undamaged within the patient. Both issues can
result in additional complications for a patient that would
likely not have developed but for the inaccuracy of the
conventional scanning magnets. For example, irradiating
healthy tissue and failing to irradiate a target volume can
lead to continued health issues for a patient (e.g., cancer
recurrence), which can result in additional visits to a health-
care professional, vastly increased healthcare costs, and an
overall lower quality of life.

Accordingly, there is a need for improved scanning mag-
nets that can accurately scan particle beams during particle
therapy to avoid the above-referenced issues.

SUMMARY OF THE DISCLOSURE

In an example embodiment, a compact two-dimensional
(2D) scanning magnet for scanning ion beams is provided.
The compact 2D scanning magnet may include a vertical
field trapezoidal coil oriented along an axis comprising: a
top coil that is configured to receive a first input electrical
current flowing through the top coil in a first direction, and
a bottom coil that is configured to receive a second input
electrical current flowing through the bottom coil in the first
direction; and a horizontal field trapezoidal coil that is
disposed proximate to the vertical field trapezoidal coil and
is rotated about the axis relative to the vertical field trap-
ezoidal coil by an angle, the horizontal field trapezoidal coil
comprising: a left coil that is configured to receive a third
input electrical current flowing through the left coil in a
second direction, and a right coil that is configured to receive
a fourth input electrical current flowing through the right
coil in the second direction, wherein the vertical field
trapezoidal coil and the horizontal field trapezoidal coil are
configured to scan an input ion beam across a 2D target area.

In another example embodiment, a system for scanning
ion beams is provided. The system may include an accel-
erator for accelerating an ion beam towards a two-dimen-
sional (2D) target area, and a 2D scanning magnet config-
ured to scan the ion beam across the 2D target area. The 2D
scanning magnet may include: a vertical field trapezoidal
coil oriented along an axis comprising: a top coil that is
configured to receive a first input electrical current flowing
through the top coil in a first direction, and a bottom coil that
is configured to receive a second input electrical current
flowing through the bottom coil in the first direction; and a
horizontal field trapezoidal coil that is disposed proximate to
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the vertical field trapezoidal coil and is rotated about the axis
relative to the vertical field trapezoidal coil by an angle, the
horizontal field trapezoidal coil comprising: a left coil that is
configured to receive a third input electrical current flowing
through the left coil in a second direction, and a right coil
that is configured to receive a fourth input electrical current
flowing through the right coil in the second direction.

In a further example embodiment, a method for scanning
ion beams is provided. The method may include directing an
ion beam along an axis towards a 2D scanning magnet
configured to scan the ion beam across a 2D target area. The
2D scanning magnet may include: a vertical field trapezoidal
coil oriented along an axis comprising: a top coil that is
configured to receive a first input electrical current flowing
through the top coil in a first direction, and a bottom coil that
is configured to receive a second input electrical current
flowing through the bottom coil in the first direction; and a
horizontal field trapezoidal coil that is disposed proximate to
the vertical field trapezoidal coil and is rotated about the axis
relative to the vertical field trapezoidal coil by an angle, the
horizontal field trapezoidal coil comprising: a left coil that is
configured to receive a third input electrical current flowing
through the left coil in a second direction, and a right coil
that is configured to receive a fourth input electrical current
flowing through the right coil in the second direction; and.
The method may also include scanning the ion beam across
the 2D target area in a first direction and a second direction
by sequentially adjusting a propagation direction of the ion
beam with the 2D scanning magnet, wherein the first direc-
tion and the second direction are orthogonal to the axis.

BRIEF DESCRIPTION OF THE DRAWINGS

The Figures described below depict various aspects of the
system and methods disclosed therein. It should be under-
stood that each figure depicts an example of a particular
aspect of the disclosed system and methods, and that each of
the figures is intended to accord with a possible example
thereof. Further, wherever possible, the following descrip-
tion refers to the reference numerals included in the follow-
ing figures, in which features depicted in multiple figures are
designated with consistent reference numerals.

There are shown in the drawing arrangements which are
presently discussed, it being understood, however, that the
present examples are not limited to the precise arrangements
and instrumentalities shown, wherein:

FIG. 1A illustrates an example system for scanning ion
beams with a two-dimensional (2D) scanning magnet con-
figured in accordance with the techniques of the present
disclosure, in accordance with some embodiments;

FIG. 1B illustrates an example scanning configuration for
the 2D scanning magnet configured in accordance with the
techniques of the present disclosure, such as the 2D scanning
magnet of FIG. 1A;

FIG. 2A is an example prior art scanning magnet;

FIG. 2B is an example graph illustrating magnetic field
components across a horizontal scanning direction of the
prior art scanning magnet of FIG. 2A;

FIG. 2C is an example graph illustrating magnetic field
components across a vertical scanning direction of the prior
art scanning magnet of FIG. 2A;

FIG. 3A is an example 2D scanning magnet configured in
accordance with the techniques of the present disclosure for
scanning ion beams, in accordance with some embodiments;

FIG. 3B is a cross-sectional view of an example 2D
scanning magnet with an iron yoke, in accordance with some
embodiments;
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FIG. 3C is a representative three-quarter view of an
example vertical field trapezoidal coil of an example 2D
scanning magnet, in accordance with some embodiments;

FIGS. 3D and 3E are representative of top and bottom
coils of the example vertical field trapezoidal coil of FIG.
3C, in accordance with some embodiments;

FIG. 3F is a cross-sectional view of the example vertical
field trapezoidal coil of FIG. 3C with an iron yoke, in
accordance with some embodiments;

FIG. 3G is a representative three-quarter view of an
example horizontal field trapezoidal coil of an example 2D
scanning magnet, in accordance with some embodiments;

FIGS. 3H and 31 are representative of left and right coils
of the example horizontal field trapezoidal coil of FIG. 3G,
in accordance with some embodiments;

FIG. 3] is a cross-sectional view of the example horizon-
tal field trapezoidal coil of FIG. 3G with an iron yoke, in
accordance with some embodiments;

FIG. 3K is a representative perspective view of a coil that
includes input/output electrical current leads for each indi-
vidual coil layer, in accordance with some embodiments;

FIGS. 3L-3Q are representative perspective views of the
individual coil layers that comprise the coil of FIG. 3K, in
accordance with some embodiments.

FIG. 3R is a representative perspective view of a coil that
includes a single input/output electrical current lead for all
coil layers, in accordance with some embodiments;

FIG. 4A is an example graph illustrating horizontal and
vertical magnetic field components across a horizontal scan-
ning plane generated by the example 2D scanning magnet of
FIG. 3A, in accordance with some embodiments;

FIG. 4B is an example graph illustrating horizontal and
vertical magnetic field components across a vertical scan-
ning plane generated by the example 2D scanning magnet of
FIG. 3A, in accordance with some embodiments;

FIG. 5 is a flow diagram of an example method for
scanning ion beams with a two-dimensional (2D) scanning
magnet configured in accordance with the techniques of the
present disclosure.

DETAILED DESCRIPTION

The present disclosure is directed to a scanning magnet
design that improves the accuracy of a particle beam (ref-
erenced herein as an “ion beam”) delivered during ion beam
therapy. Scanning magnets may include multiple magnets
generating tunable magnetic fields that adjust the propaga-
tion direction of an input ion beam along orthogonal axes to
the ion beam propagation axis. Each magnet generally
includes an electrically conductive material, and electrical
current is run through the material to generate the magnetic
fields. As the electrical current is adjusted, so too is the
corresponding magnetic field, resulting in the adjustments to
the propagation direction of the input ion beam. However, in
conventional scanning magnets, these magnetic fields are
non-uniform in at least one direction, causing inaccuracies
in the adjustments to the ion beam propagation direction.

The scanning magnet design of this disclosure includes
trapezoidal coils of different sizes and at different orienta-
tions. The two trapezoidal coils are arranged such that the
magnetic fields generated by both coils are significantly
more uniform than conventional scanning magnets. In par-
ticular, the two trapezoidal coils of the present disclosure
yield a more uniform transverse magnetic field than con-
ventional scanning magnets. Such uniform and symmetrical
magnetic fields result in a more uniform 2D scanning of ion
beams during ion therapy. As a result, the scanning magnets
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of the present disclosure increase the accuracy of ion beams
delivered during ion therapy, thereby minimizing the inad-
vertent irradiation of healthy tissue and maximizing the
intended dose of radiation delivered to the target volume.

Of course, it should be appreciated that the scanning
magnet design of this disclosure is discussed in the context
of ion beam therapy for discussion purposes only. The
scanning magnet design of this disclosure may be adapted
for any charged beam scanning, such as electrons, protons,
etc., and for any suitable application wherein greater field
uniformity is desired.

The scanning magnet design of this disclosure is primarily
referred to with reference to FIGS. 3A-4B. FIGS. 1A and 1B
are included to illustrate example environments and example
operations that include the scanning magnet design of this
disclosure. FIGS. 2A-2C are included to provide a better
understanding of conventional scanning magnets and the
issues arising therefrom.

Turning to the Figures, FIG. 1A illustrates an example
system 100 for scanning ion beams with a two-dimensional
(2D) scanning magnet 102 configured in accordance with
the techniques of the present disclosure, in accordance with
some embodiments. It should be appreciated that the
example system 100 is merely an example and that alterna-
tive or additional components are envisioned. The system
100 includes the 2D scanning magnet 102, an accelerator
104, and a controller 106. Collectively, the system 100
operates to irradiate a target volume 108, which may be a
tumor or other foreign object within a patient.

Generally, the accelerator 104 (e.g., a linear accelerator)
may accelerate an ion beam until the beam is extracted from
the accelerator 104 in order to irradiate a target volume 108.
Prior to reaching the target volume 108, the ion beam passes
through the 2D scanning magnet 102, where the ion beam is
steered by the 2D scanning magnet in order to scan across
a 2D target area of the target volume 108. The controller 106
operates to control the accelerator 104 and the 2D scanning
magnet 102 such that the ion beam energy and scanning
direction are adjusted appropriately to complete an ion
therapy treatment. Optionally, one or more additional
devices, such as a monitoring unit (not shown), an energy
degrader (not shown), and/or any other suitable devices or
combinations thereof may be placed along the propagation
direction of the ion beam.

The target volume 108 to be irradiated by the ion beam as
part of ion beam therapy treatment has a three-dimensional
configuration. In some instances, to carry-out the ion beam
therapy treatment, the target volume 108 is divided into
target layers 108a-¢ along the irradiation direction of the ion
beam so that the irradiation can be done on a layer-by-layer
basis. Broadly speaking, the penetration depth (or which
target layer 108a-¢ the ion beam reaches) within the target
volume 108 is largely determined by the energy of the ion
beam. An ion beam of a given energy does not reach
substantially beyond a corresponding penetration depth for
that energy. Thus, to move the ion beam irradiation from one
layer to another layer of the target volume 108, thereby
irradiating the entirety of the target volume 108, the con-
troller 106 may change the energy of the ion beam.

In the example shown in FIG. 1A, the target volume 108
is divided into five target layers 108a-108¢ along the propa-
gation direction of the ion beam from the 2D scanning
magnet 102 to the target volume 108. In an example ion
beam therapy treatment, the irradiation starts from the
deepest target layer 108¢, gradually moves to the shallower
target layers (e.g., 1085, 108¢, 108d) one layer at a time, and
finishes with the shallowest target layer 108a. Before appli-
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cation to the patient’s body (e.g., the target volume 108), the
energy of the ion beam is controlled by the controller 106 to
exit the accelerator 104 at a level sufficient to enable the ion
beam to stop at a desired target layer (e.g., any of target
layers 108a-108¢), without substantially penetrating further
into the patient’s body or the target volume 108. Accord-
ingly, and in reference to the prior example, the energy of the
ion beam may sequentially decrease corresponding to the
depth of the desired target layer 108a-108¢ relative to the
system 100. In certain instances, the ion beam energy
difference for treating adjacent target layers 108a-¢ of the
target volume 108 may be between 3 Mega electron-volts
(MeV) and 100 MeV. However, other ion beam energy
differences may also be possible, depending on, e.g., the
thickness of the target layers 108a-108e and the properties
of the ion beam.

The energy variation for treating different target layers
108a-e of the target volume 108 is generally performed at
the accelerator 104 such that, in some instances, no addi-
tional energy variation is required after the ion beam is
extracted from the accelerator 104. In certain instances, the
accelerator 108 can output ion beams having an energy that
varies between about 100 MeV and about 300 MeV. The ion
beam energy variation can be continuous or non-continuous
(e.g., stepwise). In some instances, the accelerator 104 may
vary the ion beam energy, continuously or non-continuously,
at between 50 MeV per second and 20 MeV per second.
More specifically, the accelerator 104 may vary the ion beam
energy non-continuously with a step size between 10 MeV
and 90 MeV.

When irradiation is complete in one target layer 108a-e,
the accelerator 104 may vary the energy of the ion beam for
irradiating a subsequent layer within several seconds or
within less than one second. In some instances, the treatment
of the target volume 108 may be continued without substan-
tial interruption or without any interruption. Moreover, in
certain circumstances, the step size of the non-continuous
energy variation may be selected to correspond to the energy
difference needed for irradiating two adjacent target layers
108a-¢ of the target volume 108. For example, the step size
can be identical to, or a fraction of, the energy difference
needed to irradiate two adjacent target layers 108a-108e.

Regardless, when the accelerator 104 has adjusted the
energy of the ion beam to irradiate a target layer 108a-e, the
ion beam passes through the 2D scanning magnet 102 where
it is scanned across the surface of the target layer 108a-e.
The 2D scanning magnet 102 of the present disclosure
includes two trapezoidal coils that optimally scan the ion
beam across the surface of a target layer 108a-¢ without
inadvertently misdirecting the ion beam due to non-unifor-
mity of the steering magnetic fields. The controller 106 may
adjust the electrical current sent to drive the 2D scanning
magnet 102, and as a result, may adjust the propagation
direction of the ion beam as the ion beam passes through the
2D scanning magnet 102.

To provide a better understanding of the scanning per-
formed by the 2D scanning magnet 102, FIG. 1B illustrates
an example scanning configuration 120 for the 2D scanning
magnet 102 configured in accordance with the techniques of
the present disclosure. The example scanning configuration
120 includes the 2D scanning magnet 102 directing an ion
beam 122 (also referenced herein as a “carbon ion beam
122”) towards a target volume surface 124. Generally, the
2D scanning magnet 102 may have a given length 126, and
may be placed at a scan distance 128 from the target volume
surface 124. As an example, the given length 126 of the 2D
scanning magnet 102 may be between 50 centimeters and 80
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centimeters, such as 65 centimeters, and/or any other suit-
able length or combinations thereof. The scan distance 128
from the 2D scanning magnet 102 to the target volume
surface 124 may be between 2 meters and 4 meters, such as
3 meters, and/or any other suitable distance or combinations
thereof.

However, the scan distance 128 may be determined, in
part, based on the necessary scanning range of the 2D
scanning magnet 102. As illustrated in FIG. 1B, the 2D
scanning magnet 102 may adjust (steer) the propagation
direction of the ion beam 122 through a range of motion
defined by the scanning angle 130. The scanning angle 130
may represent a maximum deviation from the original
propagation direction of the ion beam 122 as it enters the 2D
scanning magnet 102 by which the magnet 102 is configured
to adjust the propagation direction of the ion beam in order
to target a portion of the target volume surface 124. For
example, the adjusted ion beam paths 132a, 1326 may
illustrate the outer extremities of a range of paths across
which the ion beam 122 may travel to irradiate the target
volume surface 124.

Accordingly, if the target volume surface 124 is suffi-
ciently large such that the ion beam 122 does not reach the
edge portions of the target volume surface 124 at a particular
scanning angle 130 and scan distance 128, the scan distance
128 and/or the scanning angle 130 may need to be adjusted.
Typically, though, the scan distance 128 and a maximum
scanning angle (e.g., scanning angle 130) are predetermined
and/or otherwise properly configured such that the entirety
of the target volume surface 124 are irradiated by the ion
beam 122 during treatment. In any event, the scanning angle
130 may be between 3° and 5°, such as 4°, and/or any other
suitable angle or combinations thereof.

More specifically, the ion beam 122 propagating through
the 2D scanning magnet 102 may have a range of charac-
teristics suitable for ion beam therapy. For example, the ion
beam 122 may be comprised of carbon ions (e.g., '*C®*)
with a corresponding energy of 430 MeV per atomic mass
unit (MeV/u) and magnetic rigidity of 6.6 tesla-meters (Tm).
In order to scan an ion beam 122 comprised of heavy ions
(e.g., 12C®), the 2D scanning magnet 102 may generate a
peak magnetic field between 0.1 Tesla (T) and 1.5 T, such as
1 T, and/or any other suitable magnetic field strength value.
Of course, as previously mentioned, the ion beam 122 may
be comprised of any suitable particle(s) (e.g., electrons,
protons).

Turning now to FIG. 2A, a prior art scanning magnet
design is discussed. FIG. 2A is an example prior art scanning
magnet 200. The prior art scanning magnet 200 includes a
first coil 202 and a second coil 204 that are configured to
receive electrical current and generate corresponding mag-
netic fields that steer an input particle beam. The first coil
202 is typically referenced as an “elephant ear” magnet
design, and the second coil 204 is typically referenced as a
“saddle design™ corresponding to their respective shapes.
The prior art scanning magnet 200 also includes a central
aperture 206, through which, a particle beam may propagate
in order to be scanned across a target volume by the prior art
scanning magnet 200.

Generally, the prior art scanning magnet 200 suffers from
a critical drawback. Namely, the generated magnetic fields
are non-uniform in at least one direction in which the prior
art scanning magnet 200 is intended to steer the particle
beam. The prior art scanning magnet 200 is designed for a
particle beam composed of relatively light particles (e.g.,
protons), and as a result, is only configured to generate
magnetic fields sufficient to steer these lighter particles.
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However, even with these relatively light particles, the prior
art scanning magnet 200 fails to achieve uniform magnetic
field scanning as a consequence of the physical configura-
tion of the magnet 200. Thus, the prior art scanning magnet
200 is insufficient to accurately steer heavier ion beams (e.g.,
carbon ion beam 122) that may be desirable for particular
ion therapy or other therapies/applications due to the high
levels of non-uniformity in the generated magnetic fields.

Moreover, as a consequence of the designs of the first coil
202 and the second coil 204, the magnetic fields generated
by both coils 202, 204 are non-uniform in at least one
direction in which the particle beam is scanned by the prior
art scanning magnet 200. To illustrate this non-uniformity,
FIG. 2B provides a graph 220 showing the magnetic field
components of the prior art scanning magnet 200 in the
horizontal scanning direction. The graph 220 may show a
measure of uniformity corresponding to the respective mag-
netic field components of the prior art scanning magnet 200
plotted as a function of the horizontal position within the
central aperture 206 of the prior art scanning magnet 200.
The central aperture 206 may generally have a diameter of
approximately 6 centimeters (cm), such that the horizontal
center of the central aperture 206 is designated by 0 on the
x-axis, and the +/-3 cm values on the x-axis may approxi-
mately represent the horizontal extremities of the central
aperture 206.

As illustrated in FIG. 2B, the prior art scanning magnet
200 generates a magnetic field that has components in the
horizontal direction (e.g., a lateral direction) relative to the
propagation direction of the particle beam, represented by
the horizontal field plot line 222. The magnetic field gen-
erated by the prior art scanning magnet 200 also has com-
ponents in the vertical direction relative to the propagation
direction of the particle beam, represented by the vertical
field plot line 224. The graph 220 shows that the magnetic
field is relatively uniform in the horizontal direction, and is
generally within 1% of complete uniformity throughout the
lateral width of the central aperture 206 of the prior art
scanning magnet 200.

However, the graph 220 also shows that the magnetic field
is relatively non-uniform in the vertical direction, and devi-
ates by up to approximately 10% of complete uniformity
near the center of the central aperture 206 of the prior art
scanning magnet 200. As previously mentioned, this non-
uniformity in the vertical direction may cause inadvertent
adjustments to the scanning of the particle beam, which in
turn, may result in inadvertent damage to healthy tissue
surrounding a target volume (e.g., target volume 108).
Accordingly, a particle traveling as part of the particle beam
along the central aperture 206 of the prior art scanning
magnet 200 may travel through the center of the central
aperture 206, experience an unintended adjustment to its
propagation direction resulting from the non-uniformity in
the vertical magnetic field component, and exit the central
aperture 206 on a collision course with healthy tissue.

This non-uniformity issue is also present in the magnetic
fields generated by the prior art scanning magnet 200 in the
vertical scanning plane, as illustrated in FIG. 2C. In par-
ticular, FIG. 2C provides a graph 230 showing magnetic
field components across a vertical scanning plane of the
prior art scanning magnet 200. The graph 230 may show a
measure of uniformity corresponding to the respective mag-
netic field components of the prior art scanning magnet 200
plotted as a function of the vertical position within the
central aperture 206 of the prior art scanning magnet 200. As
previously mentioned, the central aperture 206 may gener-
ally have a diameter of approximately 6 centimeters, and as
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a result, the vertical center of the central aperture 206 is
designated by 0 on the x-axis, and the +/-3 centimeter values
on the x-axis may approximately represent the vertical
extremities of the central aperture 206.

As illustrated in FIG. 2C, the prior art scanning magnet
200 generates a magnetic field that has components in the
horizontal direction (e.g., a lateral direction) relative to the
propagation direction of the particle beam, represented by
the horizontal field plot line 232. The magnetic field gen-
erated by the prior art scanning magnet 200 also has com-
ponents in the vertical direction relative to the propagation
direction of the particle beam, represented by the vertical
field plot line 234. The graph 230 shows that the magnetic
field is relatively uniform in the horizontal direction, and is
generally within 1% of complete uniformity throughout the
vertical width of the central aperture 206 of the prior art
scanning magnet 200.

However, the graph 230 also shows that the magnetic field
is relatively non-uniform in the vertical direction, and devi-
ates by up to approximately 10% of complete uniformity
near the vertical extremities of the central aperture 206 of the
prior art scanning magnet 200. As previously mentioned,
this non-uniformity in the vertical direction may cause
inadvertent adjustments to the scanning of the particle beam,
which in turn, may result in inadvertent damage to healthy
tissue surrounding a target volume (e.g., target volume 108).
Accordingly, a particle traveling as part of the particle beam
along the central aperture 206 of the prior art scanning
magnet 200 may travel near a vertical extremity of the
central aperture 206, experience an unintended adjustment
to its propagation direction resulting from the non-unifor-
mity in the vertical magnetic field component, and leave the
central aperture 206 on a collision course with healthy
tissue.

Advantageously, these magnetic field non-uniformity
issues are overcome by the 2D scanning magnet design of
the present disclosure. In particular, the 2D scanning magnet
design of the present disclosure is illustrated in FIG. 3A.
Generally speaking, the 2D scanning magnet 300 is com-
prised of multiple trapezoidal coils, including a horizontal
field trapezoidal coil 302 that comprises a right coil 302«
and a left coil 3024, a vertical field trapezoidal coil 304 that
comprises a top coil 304a and a bottom coil 3045, and a
central aperture 305 through which an ion beam may propa-
gate to be scanned across a 2D target area of a target volume
(e.g. target volume 108). The coils are referenced herein as
“trapezoidal” in shape due to the cross-sectional configura-
tion of the coils, as discussed herein in reference to FIG. 3B.
Namely, each trapezoidal coil herein features a trapezoidal
cross-section, and each coil referenced herein may include
multiple layers of wires forming the trapezoidal cross-
sectional shape.

The vertical field trapezoidal coil 304 and the horizontal
field trapezoidal coil 302 may be rotated relative to one
another in order to generate a magnetic field with almost no
high-order components. For example, the rotated configu-
ration of the vertical field trapezoidal coil 304 and the
horizontal field trapezoidal coil 302 in the 2D scanning
magnet 300 may dramatically reduce the sextupole compo-
nent of conventional scanning magnets (e.g., prior art scan-
ning magnet 200). In this manner, the vertical field trap-
ezoidal coil 304 and the horizontal field trapezoidal coil 302
generate magnetic fields that enhance the total field unifor-
mity relative to prior art systems, such that the magnetic
field in both scanning directions is uniform to within
approximately 1% or better. In certain instances, the 2D
scanning magnet 300 may be the 2D scanning magnet 102
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10
of FIGS. 1A and 1B. As illustrated in FIG. 3A, the 2D
scanning magnet 300 also includes current direction indica-
tors 303a, 303H, 303¢, 3034 that represent the flow of
current through the various coils 302a, 30254, 304a, 3045.

To more clearly explain how the coils are oriented, the
coordinates in FIG. 3A may be used for reference. The
coordinates include an X axis 306a, a Y axis 3065, and a Z
axis 306¢. The Z axis 306¢ may be parallel to the propaga-
tion direction of an ion beam along the central aperture 305
of the 2D scanning magnet 300. The Y axis 3065 may be
perpendicular to the propagation direction of an ion beam
through the 2D scanning magnet 300, and may correspond
to vertical movement relative to the propagation direction of
the ion beam. The X axis 306a may be perpendicular to the
propagation direction of an ion beam through the 2D scan-
ning magnet 300, and may correspond to horizontal move-
ment relative to the propagation direction of the ion beam.
Thus, as illustrated in FIG. 3A, the right coil 3035 may be
located adjacent to the left coil 3025 (i.e., to the right of the
left coil 3025) along the X axis 306a to create the horizontal
field trapezoidal coil 302, and the top coil 304a may be
located adjacent to the bottom coil 3046 (i.e., above the
bottom coil 3045) along the Y axis 3065 to create the vertical
field trapezoidal coil 304.

Moreover, the vertical field trapezoidal coil 304 may be
rotated around the Z axis 306¢ relative to the horizontal field
trapezoidal coil 302. For example, the vertical field trap-
ezoidal coil 304 may be rotated, and thereby offset, relative
to the horizontal field trapezoidal coil 302 by an angle of
between 80°-100° around the Z axis 306¢, and more par-
ticularly, by an angle (referenced herein as a “relative
offset”) of 90° around the Z axis 306¢. Of course, the relative
offset for any particular coil 302, 304 may be measured from
any one of the three axes 306a-c. For example, the relative
offset for the vertical field trapezoidal coil 304 may be
measured relative to the Z axis 306¢ or the X axis 306a.
Similarly, the relative offset for the horizontal field trapezoi-
dal coil 302 may be measured relative to the Z axis 306c¢ or
the Y axis 3065. However, for the purposes of discussion
only, the relative offsets referenced herein are relative to the
respective axes that are perpendicular to the propagation
direction of an ion beam through the 2D scanning magnet
300 (here, the Z axis 306¢).

Further, coils may be described as rotated relative to one
another herein based on the relative orientation of the
trapezoidal cross-sections for those particular coils. For
example, the top coil 304a of the vertical field trapezoidal
coil 304 may be rotated relative to the right coil 302a of the
horizontal field trapezoidal coil 302 because the trapezoidal
cross-section of both coils 304a, 3024 is identical, and the
trapezoid formed by the cross-section of the top coil 304a is
rotated (e.g., by 90° around the Z axis 306¢) relative to the
trapezoid formed by the cross-section of the right coil 302a.
Thus, in a similar manner, the vertical field trapezoidal coil
304 may be rotated relative to the horizontal field trapezoi-
dal coil 302 because the trapezoidal cross-sections of both
coils 302, 304 is identical, and the trapezoids formed by the
cross-sections of the vertical field trapezoidal coil 304 is
rotated (e.g., by 90° around the Z axis 306¢) relative to the
trapezoids formed by the cross-sections of the horizontal
field trapezoidal coil 302.

As illustrated in FIG. 3A, the top coil 304a, the bottom
coil 3045, the left coil 3025, and the right coil 302a may
each have 10 layers, such that the vertical field trapezoidal
coil 304 and the horizontal field trapezoidal coil 302 may be
comprised of two 10-layered coils. For example, each of the
top coil 304a, the bottom coil 3045, the left coil 3025, and
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the right coil 302a may include an outermost layer that is a
single wire conformed to the shape of the coils. The outer-
most layer may extend/run along the longitudinal dimension
(e.g., along the Z-axis 306¢) of the 2D scanning magnet 300
in parallel with the central aperture 305 twice, and as such
may account for one “turn” along the central aperture 305.
Each subsequent layer up to the innermost layer may include
two additional wires conformed to the shape of the coils,
resulting in two additional turns along the central aperture
305, and forming a triangular cross-section.

However, for optimal magnetic field control of the ion
beam, the meeting point between two adjacent coils (e.g.,
the top coil 304a and the bottom coil 3045) within the
central aperture 305 may not include one or more wires on
the meeting point side of the innermost layer. As a result, the
innermost layer and/or one or more other layers proximate
to the innermost layer (e.g., the N-1, N-2 layers, where N
is the total number of layers) may include a non-symmetric
number of layers on either side of the outermost layer,
thereby creating the trapezoidal cross-section for all coils
302a, 3025, 304a, 3045. This trapezoidal cross-section is
also illustrated and discussed in reference to FIG. 3B.

As another example, the top coil 304a includes an out-
ermost layer 30441 that is a single wire conformed to the
shape of the top coil 304a. As illustrated in FIG. 3 A, the top
coil 304q also includes an innermost layer 30442 that has
seventeen wires stacked on top of one another and displaced
behind (e.g., in a direction antiparallel to the Z axis 306¢) the
outermost layer 304a1. The innermost layer 30442 has seven
wires extending above the outermost layer 30441 (e.g., in
the direction of the Y axis 3065), one wire in the same
vertical position as the outermost layer 304a1, and nine
wires extending below the outermost layer 304al (e.g., in
the antiparallel direction of the Y axis 3065). In this
example, the innermost layer 30442 may include as many
wires extending above the outermost layer 30441 as the two
prior layers because the two additional wires extending
below the outermost layer 30441 are not included on the top
of the innermost layer 30442. Thus, the cross-section for the
top coil 304a may appear trapezoidal due to the asymmetry
resulting from the different number of wires included in the
innermost layer 30402 and/or other prior layers. In any
event, it will be appreciated that the top coil 3044, the
bottom coil 3045, the left coil 3025, and the right coil 302a
may have any suitable number of coil layers, such as 5, 10,
and/or any other suitable number.

Additional coil layers may, for example, add approxi-
mately 0.1 T to the peak magnetic field. However, in order
to maintain a uniform and symmetric magnetic field, for
every additional layer added to any coil 302a, 3025, 304a,
3045, an additional layer must be added to the adjacent coil
to cancel the unwanted components of the magnetic field.
For example, if an additional coil layer is added to the right
coil 302a, then an additional coil layer must be added to the
left coil 3026 in order to keep the resulting magnetic field
symmetric and uniform. Additionally, the vertical field trap-
ezoidal coil 304 and the horizontal field trapezoidal coil 302
may be independently configured to have different peak
magnetic field values that are sufficient for steering particle
beams comprising any suitable particles (e.g., proton beams,
ion beams). As an example, the horizontal field trapezoidal
coil 302 may be configured for a peak magnetic field value
between 0.3-0.5 T, and the vertical field trapezoidal coil 304
may be configured for a peak magnetic field value between
0.8-1.0 T. Of course, the peak magnetic field values for the
vertical field trapezoidal coil 304 and the horizontal field
trapezoidal coil 302 may be any suitable values.
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As previously mentioned, both the vertical field trapezoi-
dal coil 304 and the horizontal field trapezoidal coil 302 may
include a certain number of coil turns representing wires
extending/running along the central aperture 305. For
example, the top coil 3044, the bottom coil 3045, the left coil
3025, and the right coil 302¢ may include 96 turns, such that
the vertical field trapezoidal coil 304 and the horizontal field
trapezoidal coil 302 may include two set of coils with 96
turns each.

With continued reference to FIG. 3A, the coil lengths and
other physical features of the coils of the 2D scanning
magnet 300 also provide advantageous results that balance
magnetic field uniformity and field strength. For example,
the 2D scanning magnet 300 may be made with square
copper wire that is approximately 10 millimeters by 10
millimeters in dimension, or the 2D scanning magnet 300
may utilize thinner wires that are, for example, 5 millimeters
square. Such thick square copper wires utilized for the 2D
scanning magnet 300 coils 302, 304 may be chosen in order
to reduce the overall current density through the 2D scan-
ning magnet 300 and current losses if direct current is used
to drive the 2D scanning magnet 300. In some aspects, the
coil wires may be round and/or any other suitable geometry,
and the coil wires may be any suitable dimension.

Moreover, in certain instances, the copper wire chosen to
construct the 2D scanning magnet 300 may also include
cooling wire holes drilled through the center of the 10 or 5
millimeter square wire to enable more efficient cooling of
the 2D scanning magnet 300 during operation. These wire
holes may be, for example, 3 millimeter or 5 millimeter
circular wire holes located in the center of the coil wires
allowing water to pass through the holes thereby cooling the
2D scanning magnet 300. As a result, the wire holes may
enable the 2D scanning magnet 300 to operate consistently
for multiple minutes (e.g., 3 minutes or longer, as required
to treat a patient) without requiring additional cooling. When
an individual patient’s scanning procedure is complete, the
2D scanning magnet 300 may stop operation (e.g., turn-off,
reset) prior to resuming operation to treat a subsequent
patient. In this manner, the 3 millimeter wire holes may
increase the reliability of the 2D scanning magnet 300 by
lengthening the effective operating time of the magnet 300.
Of course, it should be understood that any suitable cooling
mechanism may be utilized, such as air cooling, in order to
regulate the operating temperature of the 2D scanning
magnet 300. Moreover, as previously mentioned, the wires
may be round and/or any other suitable geometry, such that
the wire holes are drilled through the round wire and/or the
wire of any suitable geometry.

In any event, to provide a better understanding of the coil
turns and coil layers, FIG. 3B is a cross-sectional view of an
example 2D scanning magnet 310 with an iron yoke 312, in
accordance with some embodiments. For ease of discussion,
the coils of the example 2D scanning magnet 310 may
include fewer layers and turns than the 2D scanning magnet
300 illustrated in FIG. 3A. Namely, the coils of the example
2D scanning magnet 310 may include five layers and 24
turns.

As illustrated in FIG. 3B, the 2D scanning magnet 310
includes a first set of coil turns 313a, a second set of coil
turns 31354, a third set of coil turns 313c¢, a fourth set of coil
turns 3134, a fifth set of coil turns 313e, a sixth set of coil
turns 313f; a seventh set of coil turns 313g, and an eighth set
of coil turns 313/%. Generally speaking, the first set of coil
turns 313a and the sixth set of coil turns 313/ may corre-
spond to the top coil 3044, the second set of coil turns 3135
and the fifth set of coil turns 313e may correspond to the
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bottom coil 30454, the third set of coil turns 313¢ and the
eighth set of coil turns 313/% may correspond to the left coil
3025, and the fourth set of coil turns 3134 and the seventh
set of coil turns 313g may correspond to the right coil 302a.

As an example, the eighth set of coil turns 313/ may be
grouped in accordance with a trapezoid profile 314. As
illustrated in FIG. 3B, the trapezoid profile 314 may repre-
sent the cross-sectional profile of each individual set of coil
turns 313a-4. The eighth set of coil turns 313/ included
within the trapezoid profile 314 may include 24 turns, as
represented by the 24 squares located within the trapezoid
profile 314. Each of the 24 squares located within the
trapezoid profile 314 may represent a wire extending/run-
ning along the central aperture 305.

The 2D scanning magnet 310 may also include five layers,
as illustrated by the layers 31351, 31352, 31353, 31354, and
31365 of the second set of coil turns 3135. Each layer
31351-5 may include a different number of wires extending
along the central aperture 305. For example, the first layer
31351 may include a single wire extending along the central
aperture 305, while the fifth layer 31355 may include eight
wires extending along the central aperture 305. In this
example, the first layer 31351 may be an outermost layer of
the corresponding coil (e.g., an outermost layer of the
bottom coil 30456 of FIG. 3A), and the fifth layer 31355 may
be an innermost layer of the corresponding coil (e.g., an
innermost layer of the bottom coil 3045).

Moreover, as previously mentioned, each of the layers
31351-5 may include a progressively increasing number of
wires, such that the first layer 31341 includes the fewest
wires extending along the central aperture 305 (i.e., a single
wire), and the fifth layer 31345 includes the most wires
extending along the central aperture 305 (i.e., eight wires).
The fifth layer 31365 may also be the only layer that is
asymmetric relative to the first layer 31361. The second
layer 31352, the third layer 31363, and the fourth layer
31354 may all include equal numbers of wires above/below
the first layer 31361 within the central aperture 305. How-
ever, the fifth layer 313565 may include three wires extending
along the central aperture 305 above the first layer 31351
and four wires extending along the central aperture 305
below the first layer 31351. This asymmetry may cause the
upper portion of the fifth layer 31355 to align (i.e., not
extend beyond) with the upper half of the fourth layer
31364, and may cause the meeting point between the first set
of coil turns 313a and the second set of coil turns 3135 to
include four adjacent coil turns. For clarity, a similar meet-
ing point 315 is illustrated between the fitth set of coil turns
313e and the sixth set of coil turns 313/ that includes four
adjacent coil turns.

The 2D scanning magnet 310 may also include an iron
yoke 312 that encompasses the magnet 310, and the iron
yoke 312 may serve to enhance the resulting magnetic field
of the 2D scanning magnet 310. The iron yoke 312 may be
disposed around the sets of coil turns 313a-/ and oriented
along the same axis as the sets of coil turns 313a-% in order
to enhance the resulting magnetic field generated by the 2D
scanning magnet 310. In particular, the iron yoke 312 may
serve to enhance the resulting magnetic fields by approxi-
mately 25%, 50%, or higher for the sets of coil turns 313a-5.
Additionally, the iron yoke 312 may also reduce negative
field tails in the longitudinal magnetic field of the sets of coil
turns 313a-4.

Moreover, to provide a clearer illustration of the 2D
scanning magnet 300 structure, FIG. 3C is a representative
three-quarter view 320 of an example vertical field trapezoi-
dal coil 304 of an example 2D scanning magnet (e.g., 300),
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in accordance with some embodiments. The example verti-
cal field trapezoidal coil 304 includes ten coil layers extend-
ing between the outermost layer 30441 and the innermost
layer 30442. The representative three-quarter view 320 also
includes three axes, a first axis 324a, a second axis 3245, and
a third axis 324c¢. For ease of discussion, the first axis 324a
may be the Y axis (e.g., Y axis 3065), the second axis 3245
may be the X axis (e.g., X axis 306a), the third axis 324c¢
may be the Z axis (e.g., Z axis 306c).

As illustrated in FIG. 3C, the example vertical field
trapezoidal coil 304 is oriented along the Z axis 324c¢, such
that an ion beam transmitting through the center of the
vertical field trapezoidal coil 304 may transmit in a direction
parallel to the Z axis 324c. When an electrical current is
input to the vertical field trapezoidal coil 304, the electrical
current may flow through the innermost layer 30442, the
outermost layer 30441, and all layers in between the inner-
most layer 30442 and the outermost layer 30441 in the first
direction 303¢, 303d.

In particular, the input electrical current may flow through
each ofthe coil layers 30441, 30442, etc., in both the top coil
3044 and the bottom coil 3045 in a continuous manner. For
example, the input electrical current to the example vertical
field trapezoidal coil 304 may initially be received at an
input lead where the input electrical current may flow
through the outermost layer 304al. Thereafter, the input
electrical current may flow from the outermost layer 304al
sequentially through each layer to the innermost layer
30442. When the input electrical current flows through the
innermost layer 30442, the input electrical current may exit
the top coil 304a through an exit lead.

In certain instances, the electrical current lead may also be
included as part of the innermost layer 30442, such that the
electrical current may flow from the innermost layer 304a2
to the outermost layer 304al. Thus, the input electrical
current may flow from the innermost layer 30442 sequen-
tially through each layer to the outermost layer 304al. In
these instances, the input electrical current may flow through
the outermost layer 30441, and the input electrical current
may exit the top coil 304a through an exit lead included as
part of the outermost layer 304al. Of course, it should be
understood that the electrical current may flow through the
top coil 3044 or the bottom coil 3045 to other of the top coil
304a or the bottom coil 3044, and/or the electrical current
may be identical through both the top coil 304a and the
bottom coil 3045.

Additionally, each layer of the example vertical field
trapezoidal coil 304 may include a different number of turns.
For example, the outermost layer 30441 may be a single
wire conformed to the shape of the top coil 304a. The
innermost layer 30402 may have seventeen wires stacked on
top of one another and displaced behind (e.g., in a direction
antiparallel to the Z axis 324c¢) the outermost layer 304al.
More specifically, the innermost layer 304a2 may have
seven wires extending above the outermost layer 304al
(e.g., in the direction of the Y axis 324a), one wire in the
same vertical position as the outermost layer 30441, and
nine wires extending below the outermost layer 30441 (e.g.,
in the antiparallel direction of the Y axis 324a).

FIGS. 3D and 3E are each representative of individual
coils of the example vertical field trapezoidal coil 304 of
FIG. 3C, and in accordance with some embodiments. In
particular, the top coil 304q is illustrated in FIG. 3D, and the
bottom coil 3045 is illustrated in FIG. 3E. As previously
mentioned, both of these coils 304a, 3045 may include
multiple coil layers. These coil layers may be created by, for
example, fabricating individual layers of coils that are
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stacked on top of one another, and arranging the coil layers
together in a manner that creates the top/bottom coils 304a,
3045. In these instances, the electrical current may flow
through each of the coil layers simultaneously, as each coil
layer may have an independent electrical input/output. Alter-
natively, the coil layers may be a single continuous wire that
is fabricated into the shape of the top/bottom coils 304a,
3045. In these instances, the electrical current may flow
through each of the coil layers continuously, as the entire
coil 3044, 3045 may have only one electrical input/output.

FIG. 3F is a cross-sectional view 330 of the example
vertical field trapezoidal coil 304 of FIG. 3C with an iron
yoke 312, in accordance with some embodiments. The
cross-sectional view 330 generally represents the configu-
ration of the example vertical field trapezoidal coil 304 as
viewed along the Z axis 324¢ of FIG. 3C.

As illustrated in FIG. 3F, the cross-sectional view 330
includes representations of the top coil 3044 and the bottom
coil 3045 extending beyond the iron yoke 312, as well as the
turns of the top and bottom coils 304a, 3045. Namely, the
cross-sectional view 330 includes representations of the first
set of coil turns 313a, the second set of coil turns 3135, the
fifth set of coil turns 313e, and the sixth set of coil turns 313f.
As indicated by the current arrows 332, 334, the input
current may flow through the fifth set of coil turns 313e and
the sixth set of coil turns 3137 in a first direction (e.g.,
antiparallel to the Z axis 324¢), and may cycle back through
the first set of coil turns 3134 and the second set of coil turns
3135 in a second direction (e.g., parallel to the Z axis 324¢).

The input current may be varied and/or otherwise changed
in the coil turns corresponding to the top and bottom coils
304a, 3045 to change the steering direction of the input ion
beam along the central aperture 305. For example, the input
current through the top coil 304a may be reduced/increased
relative to the input current through the bottom coil 3045.
This reduction/increase of input current may cause a corre-
sponding reduction/increase in the magnetic field strength
emitted by the first set of coil turns 313a and the second set
of coil turns 31356. Accordingly, the input ion beam may be
steered left/right (e.g., parallel or antiparallel to the X axis
324b) in response to the reduction/increase of the magnetic
field strength of the top coil 304a relative to the bottom coil
3045.

Of course, it should be appreciated that the input current
through the top coil 304a and the bottom coil 3045 may
generally be an identical or substantially similar current
value. Moreover, variations in the input current to the top
coil 304a and the bottom coil 3045 may generally be
identical or substantially similar variations to generate uni-
form changes to the magnetic field amplitude.

Moreover, the cross-sectional view 330 indicates the
overall symmetry of the vertical field trapezoidal coil 304,
resulting in symmetric magnetic fields for scanning an ion
beam, and that the central aperture 305 remains unobscured
by the top coil 3044 and the bottom coil 3045. As illustrated
in FIG. 3F, the central aperture 305 may be approximately
square with sides approximately 6 centimeters in length.

FIG. 3G is a representative three-quarter view 340 of the
example horizontal field trapezoidal coil 302 of an example
2D scanning magnet (e.g., 300), in accordance with some
embodiments. The example horizontal field trapezoidal coil
302 includes ten coil layers extending between the outer-
most layer 30241 and the innermost layer 302a2. The
representative three-quarter view 340 also includes three
axes, a first axis 354a, a second axis 3545, and a third axis
354c. For ease of discussion, the first axis 354a may be the
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Y axis (e.g., Y axis 3065), the second axis 3545 may be the
X axis (e.g., X axis 306a), the third axis 354¢ may be the Z
axis (e.g., Z axis 306¢).

As illustrated in FIG. 3G, the example horizontal field
trapezoidal coil 302 is oriented along the Z axis 354c¢, such
that an ion beam transmitting through the center of the
horizontal field trapezoidal coil 302 may transmit in a
direction parallel to the Z axis 354c. When an electrical
current is input to the horizontal field trapezoidal coil 302,
the electrical current may flow through the innermost layer
30242, the outermost layer 30241, and all layers in between
the innermost layer 30242 and the outermost layer 30241 in
the first direction 303a, 3035.

In particular, the input electrical current may flow through
each of the coil layers 302al, 30242, etc., in both the right
coil 302a and the left coil 3024 in a continuous manner. For
example, the input electrical current to the example hori-
zontal field trapezoidal coil 302 may initially be received at
an input lead of the right coil 3024 where the input electrical
current may flow through the outermost layer 302a1. There-
after, the input electrical current may flow from the outer-
most layer 30241 sequentially through each layer to the
innermost layer 302a2. When the input electrical current
flows through the innermost layer 30242, the input electrical
current may exit the right coil 302a through an exit lead.

In certain instances, the electrical current lead may also be
included as part of the innermost layer 30242, such that the
electrical current may flow from the innermost layer 302a2
to the outermost layer 302al1. Thus, the input electrical
current may flow from the innermost layer 30242 sequen-
tially through each layer to the outermost layer 302a1. In
these instances, the input electrical current may flow through
the outermost layer 302a1, and the input electrical current
may exit the right coil 3024 through an exit lead included as
part of the outermost layer 302a1. Of course, it should be
understood that the electrical current may flow through the
left coil 3045 or the right coil 302a to other of the left coil
3025 or the right coil 302a, and/or the electrical current may
be identical through both the left coil 3025 and the right coil
302a.

Additionally, each layer of the example horizontal field
trapezoidal coil 302 may include a different number of turns.
For example, the outermost layer 30241 may be a single
wire conformed to the shape of the right coil 302a. The
innermost layer 30242 may have seventeen wires stacked on
top of one another and displaced behind (e.g., in a direction
antiparallel to the Z axis 354c¢) the outermost layer 30241.
More specifically, the innermost layer 30242 may have
seven wires extending to the right of the outermost layer
30241 (e.g., in the direction of the X axis 3545), one wire in
the same horizontal position as the outermost layer 302a1,
and nine wires extending to the left of the outermost layer
30241 (e.g., in the antiparallel direction of the X axis 3545).

FIGS. 3H and 31 are each representative of individual
coils of the example horizontal field trapezoidal coil 302 of
FIG. 3G, and in accordance with some embodiments. In
particular, the left coil 3025 is illustrated in FIG. 3H, and the
right coil 302q is illustrated in FIG. 31. As previously
mentioned, both of these coils 302q, 3026 may include
multiple coil layers. These coil layers may be created by, for
example, fabricating individual layers of coils that are
stacked on top of one another, and arranging the coil layers
together in a manner that creates the left/right coils 302a,
30256. In these instances, the electrical current may flow
through each of the coil layers simultaneously, as each coil
layer may have an independent electrical input/output. Alter-
natively, the coil layers may be a single continuous wire that
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is fabricated into the shape of the left/right coils 302a, 3025.
In these instances, the electrical current may flow through
each of the coil layers continuously, as the entire coil 302a,
3025 may have only one electrical input/output.

FIG. 3] is a cross-sectional view 350 of the example
horizontal field trapezoidal coil 302 of FIG. 3G with an iron
yoke 312, in accordance with some embodiments. The
cross-sectional view 350 generally represents the configu-
ration of the example horizontal field trapezoidal coil 302 as
viewed along the Z axis 354c¢ of FIG. 3G.

As illustrated in FIG. 3], the cross-sectional view 350
includes representations of the left coil 3025 and the right
coil 302a extending beyond the iron yoke 312, as well as the
turns of the left and right coils 302a, 3025. Namely, the
cross-sectional view 350 includes representations of the
third set of coil turns 313c¢, the fourth set of coil turns 3134,
the seventh set of coil turns 313g, and the eighth set of coil
turns 313/%. As indicated by the current arrows 356, 358, the
input current may flow through the third set of coil turns
313c¢ and the fourth set of coil turns 3134 in a first direction
(e.g., antiparallel to the Z axis 354c¢), and may cycle back
through the seventh set of coil turns 313g and the eighth set
of coil turns 313/ in a second direction (e.g., parallel to the
Z axis 354c).

The input current may be varied and/or otherwise changed
in the coil turns corresponding to the left and right coils
302a, 3025 to change the steering direction of the input ion
beam along the central aperture 305. For example, the input
current through the left coil 3025 may be reduced/increased
relative to the input current through the right coil 302a. This
reduction/increase of input current may cause a correspond-
ing reduction/increase in the magnetic field strength emitted
by the third set of coil turns 313¢ and the eighth set of coil
turns 313/%. Accordingly, the input ion beam may be steered
upward/downward (e.g., parallel or antiparallel to the Y axis
354a) in response to the reduction/increase of the magnetic
field strength of the left coil 30254 relative to the right coil
302a.

Of course, it should be appreciated that the input current
through the left coil 3025 and the right coil 302a may
generally be an identical or substantially similar current
value. Moreover, variations in the input current to the left
coil 3025 and the right coil 3024 may generally be identical
or substantially similar variations to generate uniform
changes to the magnetic field amplitude.

Moreover, the cross-sectional view 350 indicates the
overall symmetry of the horizontal field trapezoidal coil 302,
resulting in symmetric magnetic fields for scanning an ion
beam, and that the central aperture 305 remains unobscured
by the left coil 3025 and the right coil 302a. As illustrated
in FIG. 3], the central aperture 305 may be approximately
square with sides approximately 6 centimeters in length.

FIG. 3K is a representative perspective view of a coil 360
that includes input/output electrical current leads 362, 364
for each individual coil layer, in accordance with some
embodiments. The coil 360 may be any suitable coil
described herein, such as the top coil 304a, the bottom coil
3045, the left coil 3026, and/or the right coil 302q. In
particular, the coil 360 includes a set of input electrical
current leads 362 where electrical current may be supplied
to the coil 360. The electrical current supplied to the coil 360
may flow through the coil 360 in a first direction and may
flow sequentially through each turn of the respective layer
until it reaches the set of output electrical current leads 364.

For example, the electrical current may enter the coil 360
at a first input electrical current lead 362a from the set of
input electrical current leads 362. As illustrated in FIG. 3K,
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the first input electrical current lead 362a may correspond to
an outermost layer that includes a single turn along the
central aperture (e.g., central aperture 305). The input elec-
trical current may flow through the outermost layer, and may
exit the coil 360 through the first output electrical current
lead 364a. Similarly, the fifth input electrical current lead
3625 may correspond to an innermost layer that includes
nine turns along the central aperture (e.g., central aperture
305). The input electrical current may flow through all nine
turns of the innermost layer, and may exit the coil 360
through the fifth output electrical current lead 3645.

This configuration of the sets of input/output electrical
current leads 362, 364 for each individual coil layer thus
enables fine tuning of the magnetic fields emitted by the coil
360. Namely, a user may adjust the input current through the
input electrical current lead for any layer of the coil 360, and
may thereby adjust the magnetic field emitted by any of the
layers of the coil 360. For example, the user may adjust the
input current through the fifth input electrical current lead
3625, and may accordingly adjust the magnetic field emitted
by the entire innermost layer. The user may also adjust the
input electrical current through the first input electrical
current lead 362a, and may accordingly adjust the magnetic
field emitted by the entire outermost layer.

The individual input/output electrical current lead con-
figuration illustrated in FIG. 3K is further illustrated in
FIGS. 3L-3Q. In particular, FIGS. 3L.-3Q are representative
perspective views of the individual coil layers that comprise
the coil 360 of FIG. 3K, in accordance with some embodi-
ments. FIG. 3L illustrates an innermost layer 370 that has the
fifth input electrical current lead 3625 and the second output
electrical current lead 3645. As illustrated in FIG. 3K, the
input electrical current may flow from the fifth input elec-
trical current lead 3625 through each of the nine turns of the
innermost layer 370. The input electrical current may then
reach the second output electrical current lead 3645, where
the input electrical current may exit the innermost layer 370.

FIG. 3M illustrates a fourth layer 373 that has a fourth
input electrical current lead 374 and a fourth output electri-
cal current lead 375. As illustrated in FIG. 3M, the input
electrical current may flow from the fourth input electrical
current lead 374 through each of the seven turns of the fourth
layer 373. The input electrical current may then reach the
fourth output electrical current lead 375, where the input
electrical current may exit the fourth layer 373.

FIG. 3N illustrates a third layer 376 that has a third input
electrical current lead 377 and a third output electrical
current lead 378. As illustrated in FIG. 3N, the input
electrical current may flow from the third input electrical
current lead 377 through each of the five turns of the third
layer 376. The input electrical current may then reach the
third output electrical current lead 378, where the input
electrical current may exit the third layer 376.

FIG. 30 illustrates a second layer 379 that has a second
input electrical current lead 380 and a second output elec-
trical current lead 381. As illustrated in FIG. 30, the input
electrical current may flow from the second input electrical
current lead 380 through each of the three turns of the
second layer 379. The input electrical current may then
reach the second output electrical current lead 381, where
the input electrical current may exit the second layer 379.

FIG. 3P illustrates an outermost layer 382 that has the first
input electrical current lead 362a and the first output elec-
trical current lead 364a. As illustrated in FIG. 3P, the input
electrical current may flow from the first input electrical
current lead 362a through the single turn of the outermost
layer 382. The input electrical current may then reach the
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first output electrical current lead 364a, where the input
electrical current may exit the outermost layer 382.

FIG. 3Q illustrates the coil 360 of FIG. 3K that is
comprised of the innermost layer 370, the fourth layer 373,
the third layer 376, the second layer 379, and the outermost
layer 382. Each of the layers 370-382 may be individually
fabricated, and may be placed next to one another in the
configuration illustrated in FIG. 3Q. For example, the sec-
ond layer 379 may be nested within the outermost layer 382,
the third layer 376 may be nested within the second layer
379, the fourth layer 373 may be nested within the third layer
376, and the innermost layer 370 may be nested within the
fourth layer 373. In this manner, the coil 360 may include a
nested series of layers 370-382 that have different numbers
of turns (e.g., one, three, five, etc.) and may have different
input/output electrical current leads 362, 364.

However, in certain instances, the coil 360 may be fab-
ricated in such a way that the layers 370-382 are not
independent, but are a single, continuous wire shaped to
form each of the layers 370-382. In these instances, the coil
360 may not have the sets of input/output electrical current
leads 362, 364, but may have a single input electrical current
lead and a single output electrical current lead. For example,
FIG. 3R is a representative perspective view of a coil 390
that includes a single input/output electrical current lead
392, 394 for all coil layers, in accordance with some
embodiments.

As illustrated in FIG. 3R, the coil 390 may be any suitable
coil described herein, such as the top coil 304a, the bottom
coil 3045, the left coil 3025, and/or the right coil 3024. In
particular, the coil 390 includes an input electrical current
lead 392 where electrical current may be supplied to the coil
390. The electrical current supplied to the coil 390 may flow
through the coil 390 in a first direction and may flow
sequentially through each turn of the coil 390 until it reaches
the output electrical current lead 394. Namely, the electrical
current may flow through the individual layers, and when the
current has flowed through each turn of a respective layer,
the current may pass through a layer transition point of the
set of layer transition points 396 to transition from one layer
to another layer.

For example, the electrical current may enter the coil 390
at the input electrical current lead 392, and the input
electrical current lead 392 may correspond to an innermost
layer (e.g., innermost layer 370) that includes nine turns
along the central aperture (e.g., central aperture 305). The
electrical current may thus sequentially flow through the
nine turns of the innermost layer, the seven turns of the
fourth layer, the five turns of the third layer, the three turns
of the second layer, and the single turn of the outermost
layer. Accordingly, the input electrical current may flow
from the input electrical current lead 392 through the coil
390, and may finally exit the coil 390 through the output
electrical current lead 394 corresponding to the outermost
layer (e.g., outermost layer 382).

More specifically, the input electrical current may flow
through the input electrical current lead 392 corresponding
to an innermost layer (e.g., innermost layer 370) that
includes nine turns along the central aperture (e.g., central
aperture 305). The input electrical current may flow through
each of the nine turns of the innermost layer, and may reach
the set of layer transition points 396. The input electrical
current may then flow through the first layer transition point
3964 to transition from the innermost layer to a fourth layer
(e.g., fourth layer 373). The input electrical current may
thereafter flow through each subsequent layer utilizing the
set of layer transition points 396 until the input electrical
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current flows through the single turn of the outermost layer
and exits the coil 390 through the output electrical current
lead 394.

This configuration of the single input/output electrical
current leads 392, 394 for all coil layers enables highly
responsive tuning of the magnetic field emitted by the coil
390. Namely, a user may adjust the input current through the
input electrical current lead 392 of the coil 390, and may
thereby adjust the magnetic field emitted by all of the layers
of the coil 390.

Regardless, and as a result of the design features of the 2D
scanning magnet 300 described herein in reference to FIGS.
3A-3R, the 2D scanning magnets of the present disclosure
overcome the issues experienced by conventional scanning
magnets (e.g., prior art scanning magnet 200). Specifically,
as a consequence of the designs of the horizontal field
trapezoidal coil 302 (e.g., right coil 302a and left coil 3025)
and the vertical field trapezoidal coil 304 (e.g., top coil 304a
and bottom coil 3045), the magnetic fields generated by both
coils 302, 304 are uniform in both directions in which the ion
beam is scanned by the 2D scanning magnet 300. To
illustrate this uniformity, FIG. 4A is an example graph 400
illustrating horizontal and vertical magnetic field compo-
nents across a horizontal scanning plane generated by the
example 2D scanning magnet 300 of FIG. 3A, in accordance
with some embodiments.

The graph 400 may show a measure of uniformity cor-
responding to the respective horizontal magnetic field com-
ponents and vertical magnetic field components of the
trapezoidal coils of the 2D scanning magnet 300 plotted as
a function of the lateral position within the central aperture
305 of the 2D scanning magnet 300. The central aperture
305 may generally have a width of approximately 6 centi-
meters, such that the lateral center of the central aperture 305
is designated by 0 on the x-axis, and the +/-3 centimeter
values on the x-axis may approximately represent the lateral
extremities of the central aperture 305.

As illustrated in FIG. 4A, the 2D scanning magnet 300
may generate a magnetic field that has components in the
horizontal direction (e.g., a lateral direction) and the vertical
direction relative to the propagation direction of the ion
beam. The uniformity of the horizontal magnetic field com-
ponents generated by the 2D scanning magnet 300 across the
horizontal scanning plane may be represented by the first
field plot line 402, and the uniformity of the vertical mag-
netic field components generated by the 2D scanning magnet
300 across the horizontal scanning plane may be represented
by the second field plot line 404. The graph 400 shows that
the magnetic field is relatively uniform in the horizontal
direction, such that the horizontal/vertical components of the
magnetic field generated by the 2D scanning magnet 300 are
generally within 1% of complete uniformity throughout the
lateral width of the central aperture 305 of the 2D scanning
magnet 300.

Similarly, the 2D scanning magnet 300 achieves high
levels of uniformity in the vertical scanning direction. To
illustrate this uniformity, FIG. 4B is an example graph 410
illustrating horizontal and vertical magnetic field compo-
nents across a vertical scanning plane generated by the
example 2D scanning magnet 300 of FIG. 3A, in accordance
with some embodiments.

The graph 410 may show a measure of uniformity cor-
responding to the respective horizontal magnetic field com-
ponents and the vertical magnetic field components of the
trapezoidal coils of the 2D scanning magnet 300 plotted as
a function of the vertical position within the central aperture
305 of the 2D scanning magnet 300. As previously men-
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tioned, the central aperture 305 may generally have a width
of approximately 6 centimeters, and as a result, the vertical
center of the central aperture 305 is designated by O on the
x-axis, and the +/-3 centimeter values on the x-axis may
approximately represent the vertical extremities of the cen-
tral aperture 305.

As illustrated in FIG. 4B, the 2D scanning magnet 300
may generate a magnetic field that has components in the
horizontal direction (e.g., a lateral direction) and the vertical
direction relative to the propagation direction of the ion
beam. The uniformity of the horizontal magnetic field com-
ponents generated by the 2D scanning magnet 300 across the
vertical scanning plane may be represented by the first field
plot line 412, and the uniformity of the vertical magnetic
field components generated by the 2D scanning magnet 300
across the vertical scanning plane may be represented by the
second field plot line 414. The graph 410 shows that the
magnetic field is relatively uniform in the vertical direction,
such that the horizontal/vertical components of the magnetic
field generated by the 2D scanning magnet 300 are generally
within 1% of complete uniformity throughout the vertical
width of the central aperture 305 of the 2D scanning magnet
300.

Accordingly, this uniformity in both scanning directions
(e.g., horizontal and vertical relative to the propagation
direction of the ion beam) may result in fewer inadvertent
adjustments to the scanning of the ion beam, which in turn,
may result in far less inadvertent damage to healthy tissue
surrounding a target volume (e.g., target volume 108). Thus,
the design illustrated and described herein in reference to
FIGS. 3A-4B improves over conventional scanning magnet
designs (e.g. prior art scanning magnet 200) by significantly
minimizing the non-uniformity in ion beam scanning direc-
tions.

FIG. 5 is a flow diagram of an example method 500 for
scanning ion beams with a two-dimensional (2D) scanning
magnet configured in accordance with the techniques of the
present disclosure. At block 502, the method 500 includes
directing an ion beam along an axis towards a 2D scanning
magnet configured to scan the ion beam across a 2D target
area. The 2D scanning magnet may include: a vertical field
trapezoidal coil oriented along an axis. The vertical field
trapezoidal coil may include: a top coil that is configured to
receive a first input electrical current flowing through the top
coil in a first direction, and a bottom coil that is configured
to receive a second input electrical current flowing through
the bottom coil in the first direction.

The 2D scanning magnet may further include: a horizon-
tal field trapezoidal coil that is disposed proximate to the
vertical field trapezoidal coil and is rotated about the axis
relative to the vertical field trapezoidal coil by an angle. The
horizontal field trapezoidal coil may include: a left coil that
is configured to receive a third input electrical current
flowing through the left coil in a second direction, and a right
coil that is configured to receive a fourth input electrical
current flowing through the right coil in the second direction.

In certain embodiments, the top coil, the bottom coil, the
left coil, and the right coil have a first number of coil layers
at a first edge of the top coil, the bottom coil, the left coil,
and the right coil; and the top coil, the bottom coil, the left
coil, and the right coil have a second number of coil layers
at a second edge of the top coil, the bottom coil, the left coil,
and the right coil, wherein the second number of coil layers
is greater than the first number of coil layers, such that the
top coil, the bottom coil, the left coil, and the right coil have
a trapezoidal cross section.
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For example, and as illustrated in FIG. 3B, the eighth set
of coil turns 313/ corresponding to a top coil may be
grouped in accordance with a trapezoid profile 314. The
trapezoid profile 314 may represent the cross-sectional pro-
file of each individual set of coil turns 313a-/. The eighth set
of coil turns 313/ included within the trapezoid profile 314
may include 24 turns, as represented by the 24 squares
located within the trapezoid profile 314. Each of the 24
squares located within the trapezoid profile 314 may repre-
sent a wire extending/running along the central aperture 305.
The right edge of the eighth set of coil turns 313/ includes
two coil layers (i.e., two coil turns at the meeting point), the
left edge of the eighth set of coil turns 313/ includes a single
coil layer (i.e., one coil turn at the meeting point), and the
center of the eighth set of coil turns 313% includes five coil
layers (i.e., five coil turns). Thus, the trapezoidal profile 314
results from the asymmetry of the number of layers between
the right side (two coil turns) and the left side (one coil turn)
of the center of the eighth set of coil turns 313/.

In some embodiments, the vertical field trapezoidal coil
304 and the horizontal field trapezoidal coil 302 may be
comprised of a square wire that has dimensions between 4
millimeters (mm) by 4 mm and 10 mm by 10 mm. Of course,
it should be understood that the coils 302, 304 may be
comprised of wire of any suitable dimensions. Further, in
certain embodiments, the axis may be a first axis, and the
vertical field trapezoidal coil is rotated relative to the hori-
zontal field trapezoidal coil by an absolute value of 90
degrees relative to a respective second axis that is orthogo-
nal to the first axis.

In some embodiments, the vertical field trapezoidal coil
304 and the horizontal field trapezoidal coil 302 may have
between 20 and 100 coil turns. Moreover, in certain embodi-
ments, the vertical field trapezoidal coil 304 may be between
60 centimeters (cm) and 80 cm in length, and the horizontal
field trapezoidal coil 302 may be between 60 cm and 80 cm
in length. In certain embodiments, the vertical field trap-
ezoidal coil 304 and/or the horizontal field trapezoidal coil
302 may include wire holes between 2 mm and 8 mm in
diameter. Of course, it should be understood that the coils
302, 304 may have any suitable number of coil turns, may
be of any suitable length, and may have holes of any suitable
dimension/diameter.

In certain embodiments, the 2D scanning magnet 300 may
further include: an iron yoke (e.g., iron yoke 312) disposed
around the vertical field trapezoidal coil 304 and the hori-
zontal field trapezoidal coil 302. Further, in some embodi-
ments, the vertical field trapezoidal coil 304 and the hori-
zontal field trapezoidal coil 302 may be comprised of copper
wire.

In some embodiments, the first electrical current input and
the second electrical current input may be between approxi-
mately 275 amperes (A) and 550 A, and the third electrical
current input and the fourth electrical current input may be
between approximately 275 A and 550 A. For example, the
top coil 304a and the bottom coil 3045 may receive elec-
trical current inputs that are approximately 550 A to accu-
rately steer the input ion beam in the horizontal direction
along the central aperture 305 and scan the ion beam across
a target volume 108. Similarly, the right coil 302a¢ and the
left coil 30256 may receive electrical current inputs that are
approximately 275 A to accurately steer the input ion beam
in the vertical direction along the central aperture 305 and
scan the ion beam across the target volume 108. Of course,
it should be understood that the electrical current inputs may
be of any suitable values, and may be adjusted to any other
suitable values, as necessary.



US 12,469,667 B2

23

At block 504, the method 500 may further include scan-
ning the ion beam across the 2D target arca in a first
direction and a second direction by sequentially adjusting a
propagation direction of the ion beam with the 2D scanning
magnet. The first direction and the second direction may be
orthogonal to the axis.

Aspects

The following list of aspects reflects a variety of the
embodiments explicitly contemplated by the present appli-
cation. Those of ordinary skill in the art will readily appre-
ciate that the aspects below are neither limiting of the
embodiments disclosed herein, nor exhaustive of all the
embodiments conceivable from the disclosure above, but are
instead meant to be exemplary in nature.

Aspect 1. A compact two-dimensional (2D) scanning
magnet for scanning ion beams, the compact 2D scanning
magnet comprising: a vertical field trapezoidal coil oriented
along an axis comprising: a top coil that is configured to
receive a first input electrical current flowing through the top
coil in a first direction, and a bottom coil that is configured
to receive a second input electrical current flowing through
the bottom coil in the first direction; and a horizontal field
trapezoidal coil that is disposed proximate to the vertical
field trapezoidal coil and is rotated about the axis relative to
the vertical field trapezoidal coil by an angle, the horizontal
field trapezoidal coil comprising: a left coil that is config-
ured to receive a third input electrical current flowing
through the left coil in a second direction, and a right coil
that is configured to receive a fourth input electrical current
flowing through the right coil in the second direction,
wherein the vertical field trapezoidal coil and the horizontal
field trapezoidal coil are configured to scan an input ion
beam across a 2D target area.

Aspect 2. The compact 2D scanning magnet of aspect 1,
wherein: the top coil, the bottom coil, the left coil, and the
right coil have a first number of coil layers at a first edge of
the top coil, the bottom coil, the left coil, and the right coil;
and the top coil, the bottom coil, the left coil, and the right
coil have a second number of coil layers at a second edge of
the top coil, the bottom coil, the left coil, and the right coil,
wherein the second number of coil layers is greater than the
first number of coil layers, such that the top coil, the bottom
coil, the left coil, and the right coil have a trapezoidal cross
section.

Aspect 3. The compact 2D scanning magnet of aspect 2,
wherein the first number of coil layers is one, and the second
number of coil layers is two.

Aspect 4. The compact 2D scanning magnet of any one of
aspects 1-3, wherein the vertical field trapezoidal coil and
the horizontal field trapezoidal coil are comprised of a
square wire that has dimensions between 4 millimeters (mm)
by 4 mm and 10 mm by 10 mm.

Aspect 5. The compact 2D scanning magnet of any one of
aspects 1-4, wherein the axis is a first axis, and the vertical
field trapezoidal coil is rotated relative to the horizontal field
trapezoidal coil by an absolute value of 90 degrees relative
to a respective second axis that is orthogonal to the first axis.

Aspect 6. The compact 2D scanning magnet of any one of
aspects 1-5, wherein the vertical field trapezoidal coil and
the horizontal field trapezoidal coil have between 20 and 100
coil turns.

Aspect 7. The compact 2D scanning magnet of any one of
aspects 1-6, wherein the vertical field trapezoidal coil is
between 60 centimeters (cm) and 80 cm in length, and the
horizontal field trapezoidal coil is between 60 cm and 80 cm
in length.
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Aspect 8. The compact 2D scanning magnet of any one of
aspects 1-7, wherein the vertical field trapezoidal coil and
the horizontal field trapezoidal coil include wire holes
between 2 millimeters (mm) and 8 mm in diameter.

Aspect 9. The compact 2D scanning magnet of any one of
aspects 1-8, further comprising: an iron yoke disposed
around the vertical field trapezoidal coil and the horizontal
field trapezoidal coil.

Aspect 10. The compact 2D scanning magnet of any one
of aspects 1-9, wherein the first electrical current input and
the second electrical current input are between approxi-
mately 275 amperes (A) and 550 A, and the third electrical
current input and the fourth electrical current input are
between approximately 275 A and 550 A.

Aspect 11. The compact 2D scanning magnet of any one
of aspects 1-10, wherein the vertical field trapezoidal coil
and the horizontal field trapezoidal coil are comprised of
copper wire.

Aspect 12. A system for scanning ion beams, the system
comprising: an accelerator for accelerating an ion beam
towards a two-dimensional (2D) target area; and a 2D
scanning magnet configured to scan the ion beam across the
2D target area, the 2D scanning magnet comprising: a
vertical field trapezoidal coil oriented along an axis com-
prising: a top coil that is configured to receive a first input
electrical current flowing through the top coil in a first
direction, and a bottom coil that is configured to receive a
second input electrical current flowing through the bottom
coil in the first direction; and a horizontal field trapezoidal
coil that is disposed proximate to the vertical field trapezoi-
dal coil and is rotated about the axis relative to the vertical
field trapezoidal coil by an angle, the horizontal field trap-
ezoidal coil comprising: a left coil that is configured to
receive a third input electrical current flowing through the
left coil in a second direction, and a right coil that is
configured to receive a fourth input electrical current flow-
ing through the right coil in the second direction.

Aspect 13. The system of aspect 12, wherein: the top coil,
the bottom coil, the left coil, and the right coil have a first
number of coil layers at a first edge of the top coil, the
bottom coil, the left coil, and the right coil; and the top coil,
the bottom coil, the left coil, and the right coil have a second
number of coil layers at a second edge of the top coil, the
bottom coil, the left coil, and the right coil, wherein the
second number of coil layers is greater than the first number
of coil layers, such that the top coil, the bottom coil, the left
coil, and the right coil have a trapezoidal cross section.

Aspect 14. The system of any one of aspects 12-13,
wherein the vertical field trapezoidal coil and the horizontal
field trapezoidal coil are comprised of a square wire that has
dimensions between 4 millimeters (mm) by 4 mm and 10
mm by 10 mm.

Aspect 15. The system of any one of aspects 12-14,
wherein the axis is a first axis, and the vertical field
trapezoidal coil is rotated relative to the horizontal field
trapezoidal coil by an absolute value of 90 degrees relative
to a respective second axis that is orthogonal to the first axis.

Aspect 16. The system of any one of aspects 12-15,
wherein the vertical field trapezoidal coil and the horizontal
field trapezoidal coil have between 20 and 100 coil turns.

Aspect 17. The system of any one of aspects 12-16,
wherein the vertical field trapezoidal coil and the horizontal
field trapezoidal coil include wire holes between 2 millime-
ters (mm) and 8 mm in diameter.

Aspect 18. The system of any one of aspects 12-17,
wherein the first electrical current input and the second
electrical current input are between approximately 275
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amperes (A) and 550 A, and the third electrical current input
and the fourth electrical current input are between approxi-
mately 275 A and 550 A.

Aspect 19. The system of any one of aspects 12-18,
wherein the vertical field trapezoidal coil is configured to
generate a magnetic field between 0.3 Tesla (T) and 1 T, and
the horizontal field trapezoidal coil is configured to generate
a magnetic field between 0.3 T and 1 T.

Aspect 20. A method for scanning ion beams, the method
comprising: directing an ion beam along an axis towards a
2D scanning magnet configured to scan the ion beam across
a 2D target area, the 2D scanning magnet comprising: a
vertical field trapezoidal coil oriented along an axis com-
prising: a top coil that is configured to receive a first input
electrical current flowing through the top coil in a first
direction, and a bottom coil that is configured to receive a
second input electrical current flowing through the bottom
coil in the first direction; and a horizontal field trapezoidal
coil that is disposed proximate to the vertical field trapezoi-
dal coil and is rotated about the axis relative to the vertical
field trapezoidal coil by an angle, the horizontal field trap-
ezoidal coil comprising: a left coil that is configured to
receive a third input electrical current flowing through the
left coil in a second direction, and a right coil that is
configured to receive a fourth input electrical current flow-
ing through the right coil in the second direction; and
scanning the ion beam across the 2D target area in a first
direction and a second direction by sequentially adjusting a
propagation direction of the ion beam with the 2D scanning
magnet, wherein the first direction and the second direction
are orthogonal to the axis.

Additional Considerations

The following additional considerations apply to the
foregoing discussion. Throughout this specification, plural
instances may implement functions, components, opera-
tions, or structures described as a single instance. Although
individual functions and instructions of one or more meth-
ods are illustrated and described as separate operations, one
or more of the individual operations may be performed
concurrently, and nothing requires that the operations be
performed in the order illustrated. Structures and function-
ality presented as separate components in exemplary con-
figurations may be implemented as a combined structure or
component. Similarly, structures and functionality presented
as a single component may be implemented as separate
components. These and other variations, modifications,
additions, and improvements fall within the scope of the
subject matter herein.

As used herein any reference to “some embodiments” or
“one embodiment” or “an embodiment” means that a par-
ticular element, feature, structure, or characteristic described
in connection with the embodiment is included in at least
one embodiment. The appearances of the phrase “in one
embodiment” in various places in the specification are not
necessarily all referring to the same embodiment.

Some embodiments may be described using the expres-
sion “coupled” and “connected” along with their derivatives.
For example, some embodiments may be described using
the term “coupled” to indicate that two or more elements are
in direct physical or electrical contact. The term “coupled,”
however, may also mean that two or more elements are not
in direct contact with each other, but yet still co-operate or
interact with each other. The embodiments are not limited in
this context.

As used herein, the terms “comprises,” “comprising,”
“includes,” “including,” “has,” “having” or any other varia-
tion thereof, are intended to cover a non-exclusive inclusion.
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For example, a function, process, method, article, or appa-
ratus that comprises a list of elements is not necessarily
limited to only those elements but may include other ele-
ments not expressly listed or inherent to such process,
method, article, or apparatus. Further, unless expressly
stated to the contrary, “or” refers to an inclusive or and not
to an exclusive or. For example, a condition A or B is
satisfied by any one of the following: A is true (or present)
and B is false (or not present), A is false (or not present) and
B is true (or present), and both A and B are true (or present).

In addition, use of the “a” or “an” are employed to
describe elements and components of the embodiments
herein. This is done merely for convenience and to give a
general sense of the description. This description should be
read to include one or at least one and the singular also
includes the plural unless it is obvious that it is meant
otherwise.

Still further, the figures depict preferred embodiments of
a system 100 for purposes of illustration only. One of
ordinary skill in the art will readily recognize from the
following discussion that alternative embodiments of the
structures and methods illustrated herein may be employed
without departing from the principles described herein.

Upon reading this disclosure, those of skill in the art will
appreciate still additional alternative structural and func-
tional designs for methods and systems for scanning ion
beams through the disclosed principles herein. Thus, while
particular embodiments and applications have been illus-
trated and described, it is to be understood that the disclosed
embodiments are not limited to the precise construction and
components disclosed herein. Various modifications,
changes and variations, which will be apparent to those
skilled in the art, may be made in the arrangement, operation
and details of the method and apparatus disclosed herein
without departing from the spirit and scope defined in the
appended claims.

What is claimed is:

1. A compact two-dimensional (2D) scanning magnet for
scanning ion beams, the compact 2D scanning magnet
comprising:

a vertical field trapezoidal coil oriented along an axis

comprising:

a top coil that is configured to receive a first input
electrical current flowing through the top coil in a
first direction, and

a bottom coil that is configured to receive a second
input electrical current flowing through the bottom
coil in the first direction; and

a horizontal field trapezoidal coil that is disposed proxi-

mate to the vertical field trapezoidal coil and is rotated

about the axis relative to the vertical field trapezoidal
coil by an angle, the horizontal field trapezoidal coil
comprising:

a left coil that is configured to receive a third input
electrical current flowing through the left coil in a
second direction, and

a right coil that is configured to receive a fourth input
electrical current flowing through the right coil in the
second direction,

wherein the vertical field trapezoidal coil and the hori-

zontal field trapezoidal coil are configured to scan an

input ion beam across a 2D target area.

2. The compact 2D scanning magnet of claim 1, wherein:

the top coil, the bottom coil, the left coil, and the right coil

have a first number of coil layers at a first edge of the
top coil, the bottom coil, the left coil, and the right coil;
and
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the top coil, the bottom coil, the left coil, and the right coil
have a second number of coil layers at a second edge
of the top coil, the bottom coil, the left coil, and the
right coil,

wherein the second number of coil layers is greater than

the first number of coil layers, such that the top coil, the
bottom coil, the left coil, and the right coil have a
trapezoidal cross section.

3. The compact 2D scanning magnet of claim 2, wherein
the first number of coil layers is one, and the second number
of coil layers is two.

4. The compact 2D scanning magnet of claim 1, wherein
the vertical field trapezoidal coil and the horizontal field
trapezoidal coil are comprised of a square wire that has
dimensions between 4 millimeters (mm) by 4 mm and 10
mm by 10 mm.

5. The compact 2D scanning magnet of claim 1, wherein
the axis is a first axis, and the vertical field trapezoidal coil
is rotated relative to the horizontal field trapezoidal coil by
an absolute value of 90 degrees relative to a respective
second axis that is orthogonal to the first axis.

6. The compact 2D scanning magnet of claim 1, wherein
the vertical field trapezoidal coil and the horizontal field
trapezoidal coil have between 20 and 100 coil turns.

7. The compact 2D scanning magnet of claim 1, wherein
the vertical field trapezoidal coil is between 60 centimeters
(cm) and 80 cm in length, and the horizontal field trapezoi-
dal coil is between 60 cm and 80 cm in length.

8. The compact 2D scanning magnet of claim 1, wherein
the vertical field trapezoidal coil and the horizontal field
trapezoidal coil include wire holes between 2 millimeters
(mm) and 8 mm in diameter.

9. The compact 2D scanning magnet of claim 1, further
comprising:

an iron yoke disposed around the vertical field trapezoidal

coil and the horizontal field trapezoidal coil.

10. The compact 2D scanning magnet of claim 1, wherein
the first electrical current input and the second electrical
current input are between approximately 275 amperes (A)
and 550 A, and the third electrical current input and the
fourth electrical current input are between approximately
275 A and 550 A.

11. The compact 2D scanning magnet of claim 1, wherein
the vertical field trapezoidal coil and the horizontal field
trapezoidal coil are comprised of copper wire.

12. A system for scanning ion beams, the system com-
prising:

an accelerator for accelerating an ion beam towards a

two-dimensional (2D) target area; and

a 2D scanning magnet configured to scan the ion beam

across the 2D target area, the 2D scanning magnet

comprising:

a vertical field trapezoidal coil oriented along an axis
comprising:

a top coil that is configured to receive a first input
electrical current flowing through the top coil in a
first direction, and

a bottom coil that is configured to receive a second
input electrical current flowing through the bottom
coil in the first direction; and

a horizontal field trapezoidal coil that is disposed
proximate to the vertical field trapezoidal coil and is
rotated about the axis relative to the vertical field
trapezoidal coil by an angle, the horizontal field
trapezoidal coil comprising:
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a left coil that is configured to receive a third input
electrical current flowing through the left coil in a
second direction, and

a right coil that is configured to receive a fourth input
electrical current flowing through the right coil in
the second direction.

13. The system of claim 12, wherein:

the top coil, the bottom coil, the left coil, and the right coil

have a first number of coil turns at a first layer of the
top coil, the bottom coil, the left coil, and the right coil;
and

the top coil, the bottom coil, the left coil, and the right coil

have a second number of coil turns at a second layer of
the top coil, the bottom coil, the left coil, and the right
coil,

wherein the second number of coil turns is greater than the

first number of coil turns, such that the top coil, the
bottom coil, the left coil, and the right coil have a
trapezoidal cross section.

14. The system of claim 12, wherein the vertical field
trapezoidal coil and the horizontal field trapezoidal coil are
comprised of a square wire that has dimensions between 4
millimeters (mm) by 4 mm and 10 mm by 10 mm.

15. The system of claim 12, wherein the axis is a first axis,
and the vertical field trapezoidal coil is rotated relative to the
horizontal field trapezoidal coil by an absolute value of 90
degrees relative to a respective second axis that is orthogo-
nal to the first axis.

16. The system of claim 12, wherein the vertical field
trapezoidal coil and the horizontal field trapezoidal coil have
between 20 and 100 coil turns.

17. The system of claim 12, wherein the vertical field
trapezoidal coil and the horizontal field trapezoidal coil
include wire holes between 2 millimeters (mm) and 8 mm in
diameter.

18. The system of claim 12, wherein the first electrical
current input and the second electrical current input are
between approximately 275 amperes (A) and 550 A, and the
third electrical current input and the fourth electrical current
input are between approximately 275 A and 550 A.

19. The system of claim 12, wherein the vertical field
trapezoidal coil is configured to generate a magnetic field
between 0.3 Tesla (T) and 1.0 T, and the horizontal field
trapezoidal coil is configured to generate a magnetic field
between 0.3 Tand 1 T.

20. A method for scanning ion beams, the method com-
prising:

directing an ion beam along an axis towards a 2D scan-

ning magnet configured to scan the ion beam across a

2D target area, the 2D scanning magnet comprising:

a vertical field trapezoidal coil oriented along an axis
comprising:

a top coil that is configured to receive a first input
electrical current flowing through the top coil in a
first direction, and

a bottom coil that is configured to receive a second
input electrical current flowing through the bottom
coil in the first direction; and

a horizontal field trapezoidal coil that is disposed
proximate to the vertical field trapezoidal coil and is
rotated about the axis relative to the vertical field
trapezoidal coil by an angle, the horizontal field
trapezoidal coil comprising:

a left coil that is configured to receive a third input
electrical current flowing through the left coil in a
second direction, and
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a right coil that is configured to receive a fourth input
electrical current flowing through the right coil in
the second direction; and

scanning the ion beam across the 2D target area in a first
direction and a second direction by sequentially adjust- 5
ing a propagation direction of the ion beam with the 2D
scanning magnet, wherein the first direction and the
second direction are orthogonal to the axis.
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