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COIL POSITIONING SYSTEM

CROSS-REFERENCE TO RELATED APPLICATIONS
[0001] This application is a continuation-in part of U.S. Patent Application No.
15/074,975 which was filed on March 18, 2016, which is a continuation of U.S.
Patent Application No. 14/039,342 which was filed on September 27, 2013 (now,
U.S. Patent No. 9,301,384). The contents of U.S. Patent Applications Nos.
15/074,975 and 14/039,342 are hereby incorporated by reference into this
application. This application also claims priority to U.S. Provisional Application No.
61/707,515 which was filed on September 28, 2012. The contents of U.S.
Provisional Application No. 61/707,515 are hereby incorporated by reference into

this application.

TECHNICAL FIELD
[0002] This application relates generally to systems for physically moving coils

of a magnet in order to adjust its magnetic field distribution.

BACKGROUND
[0003] Movement of a magnet can impact its operation. Rotation, in
particular, can cause coils of the magnet to move in unwanted or unexpected ways.
In some cases, even very small movements - e.g., on the sub-millimeter level - can
affect the magnitude and/or the shape of a magnetic field produced by the magnet.
For applications, such as radiation therapy, that require accurate and predictable
magnetic fields, changes in the magnetic field produced by unwanted or unexpected

coil movement can be consequential.

SUMMARY
[0004] An example system comprises a magnet comprising one or more coils
to conduct current to generate a magnetic field. The magnetic field is for affecting
output of radiation to a target. The system also comprises one or more actuators.

An actuator among the one or more actuators is at least part of a physical coupling
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to the one or more coils. The actuator is controllable to move the one or more coils
via the physical coupling based on movement of the magnet. The example system
may include one or more of the following features, either alone or in combination.
[0005] A housing may at least partly enclose the magnet. Movement of the
magnet causes the one or more coils to move relative to the housing in a first
direction. The one or more actuators is controllable to move the one or more coils
relative to the housing in a second direction that is substantially opposite to the first
direction in response to movement of the one or more coils in the first direction.
[0006] A housing may border the magnet. Movement of the magnet causes
the one or more coils to move relative to the housing. The one or more actuators
are controllable to move the one or more coils relative to the housing to compensate,
at least partly, for movement of the one or more coils relative to the housing caused
by movement of the magnet.

[0007] A housing may hold the magnet. The magnet is movable from a first
orientation to a second orientation, with the movement of the magnet causing the
one or more coils to move from a first position relative to the housing at the first
orientation to a second position relative to the housing at the second orientation.
The one or more actuators are controllable to move the one or more coils so that the
one or more coils are at the first position relative to the housing when the housing is
at the second orientation.

[0008] The magnet may comprise a support structure to hold the one or more
coils. The physical coupling may comprise the support structure, and the actuator
may be configured to move the one or more coils by moving the support structure. A
vacuum enclosure may be around the magnet. The physical coupling may comprise
a strap connected between the actuator and the support structure. The actuator
may be connected to the vacuum enclosure and to the strap. The actuator may be
configured to increase tension on the strap to move the one or more coils. The
actuator may comprise a differential screw that connects to the strap, and a motor
connected to drive the differential screw to increase tension on the strap. The

magnet may be a superconducting magnet. The system may comprise a cryostat to
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maintain the one or more coils at temperatures that enable superconductivity in the
one or more coils. The cryostat may include the support structure.

[0009] The one or more actuators may comprise a group of actuators. Each
actuator in the group may be at least part of a separate physical coupling to the one
or more coils. Each actuator in the group may be controllable to move the one or
more coils via a respective physical coupling based on movement of the magnet. An
enclosure may house the magnet. The group of actuators are may be inside an
external perimeter of the enclosure. Each actuator may be configured to pull the
one or more coils at least partly inwards towards an interior of the external
perimeter. Each actuator in the group of actuators may be configured to pull the one
or more coils at least partly outwards relative to an external perimeter of the
enclosure. The group of actuators may be mounted in a symmetric arrangement on
the enclosure and are controllable to act in concert.

[0010] An enclosure may at least partly surround the magnet. The system
may also comprise one or more sensors to detect movement of the one or more
coils relative to the enclosure. The actuator may be controllable based on detection
of the movement of the one or more coils relative to the enclosure. The one or more
sensors may comprise one or more magnetic field sensors mounted to the
enclosure. The one or more magnetic field sensors may be configured to detect a
change in the magnetic field generated by the one or more coils relative to the one
or more magnetic field sensors. The detected change in the magnetic field may be
indicative of the movement of the one or more coils relative to the enclosure. The
one or more sensors may comprise one or more displacement sensors mounted to
the enclosure to obtain measurements based on positions of the one or more coils.
The system may comprise one or more processing devices to determine the
movement of the one or more coils based on the measurements.

[0011] The system may comprise a particle accelerator. The magnet may be
part of the particle accelerator. The particle accelerator may be configured for
movement that is at least partly rotational, translational, and/or pivotal. The magnet
may be configured for movement as a result of the magnet being part of the particle

accelerator. The particle accelerator may be a synchrocyclotron, the magnet may
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be a superconducting magnet, and the system may comprise a gantry on which the
particle accelerator is mounted to produce the movement of the particle accelerator
and of the magnet.

[0012] The radiation may comprise a particle beam, and current in the one or
more coils is controllable to affect the particle beam prior to application to an
irradiation target. The current may be controllable to direct the particle beam to one
or more points in the irradiation target. The current may be controllable to focus the
particle beam prior to output to the irradiation target.

[0013] An example particle therapy system comprises a magnet comprising
one or more coils to conduct current to generate a magnetic field, with the magnetic
field to affect output of a particle beam; a housing to hold the magnet; a mount to
which the housing is connected to enable movement of the housing, with the
movement causing a displacement of the one or more coils relative to the housing;
and one or more actuators that are part of a physical coupling to the one or more
coils, with the one or more actuators being controllable to move, via the physical
coupling, the one or more coils relative to the housing to at least partly correct the
displacement. The example particle therapy system may include one or more of the
following features, either alone or in combination.

[0014] Two or more of the actuators may be controllable to act in concert to
move the one or more coils. The displacement may occur along a first direction, and
the one or more actuators may be controllable to move the one or more coils in a
second direction that is substantially opposite to the first direction. The one or more
actuators may be controllable to move the one or more coils in real-time during
movement of the housing. The one or more actuators may be controllable to move
the one or more coils following the movement of the housing that caused the
displacement.

[0015] The magnet may comprise a support structure to hold the one or more
coils. The physical coupling may comprise the support structure. The one or more
actuators may be configured to move the coil by moving the support structure
physically. For an actuator among the one or more actuators, a physical coupling

comprises a strap connected between the actuator and the support structure, and
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the actuator is connected to the housing and to the strap. The actuator may be
configured to increase tension on the strap to move the one or more coils.

[0016] The actuator may comprise a differential screw that connects to the
strap, and the actuator mat comprise, or be associated with, a motor connected to
drive the differential screw to increase tension on the strap.

[0017] The magnet may be a superconducting magnet. The system may
comprises a cryostat to maintain the one or more coils at temperatures that enable
superconductivity in the one or more coils. The cryostat may include the support
structure (e.g., a reverse bobbing). The one or more actuators may comprise a
group of actuators, with each actuator in the group being at least part of a separate
physical coupling to the one or more coils, and with each actuator in the group being
controllable to move the one or more coils via a respective physical coupling.

[0018] The group of actuators may be mounted inside of an exterior perimeter
of the housing, with each actuator being configured to pull the one or more coils at
least partly inwards towards an interior of the exterior perimeter. Each actuator in
the group of actuators may be configured to pull the one or more coils at least partly
outwards relative to an exterior perimeter of the housing. The group of actuators
may be mounted in a symmetric arrangement on the housing and are controllable to
act in concert.

[0019] The example system may comprise one or more sensors to detect
movement of the one or more coils relative to the housing. The one or more
actuators may be controllable based on detection of the movement of the one or
more coils relative to the housing. The one or more sensors may comprise one or
more magnetic field sensors mounted to the housing, with the one or more magnetic
field sensors being configured to detect a change in the magnetic field generated by
the one or more coils relative to the one or more magnetic field sensors, and with the
detected change in the magnetic field being indicative of the movement of the one or
more coils relative to the housing. The one or more sensors may comprise one or
more displacement sensors mounted to the housing to obtain measurements based

on the positions of the one or more coils. The system may comprise one or more
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processing devices to determine the movement of the one or more coils based on
the measurements.

[0020] The example system may comprise a particle accelerator. The magnet
and the housing may be part of the particle accelerator. The particle accelerator
may be configured for movement that is at least partly rotational. The magnet and
the housing may be configured for movement as a result of the magnet and the
housing being part of the particle accelerator. The particle accelerator may be a
synchrocyclotron. The magnet may be a superconducting magnet. The mount may
comprise a rotatable gantry on which the particle accelerator is mounted. The
current in the one or more coils may be controllable to affect the particle beam prior
to application to an irradiation target. The current may be controllable to direct the
particle beam to one or more points in the irradiation target. The current may be
controllable to focus the particle beam prior to output to the irradiation target.

[0021] An example system comprises means for rotating a magnet. The
magnet may comprise one or more coils to conduct current to generate a magnetic
field. Movement of the magnet may cause displacement of the one or more coils
away from a predefined position. The example system may comprise means for
physically moving the one or more coils so that, following movement of the magnet,
the one or more coils are in the predefined position.

[0022] An example system comprises a magnet comprising one or more coils
to conduct current to generate a magnetic field; and one or more actuators, with an
actuator among the one or more actuators being at least part of a physical coupling
to the one or more coils. The actuator is controllable to move the one or more coils
via the physical coupling to arrive at a target distribution of the magnetic field. The
example system may include one or more of the following features, either alone or in
combination.

[0023] The system may comprise one or more sensors to detect movement of
the one or more coils relative to a reference. The actuator may be controllable
based on detection of the movement of the one or more coils relative to the
enclosure. The one or more sensors may comprise one or more magnetic field

sensors. The one or more magnetic field sensors may be configured to detect a
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change in the magnetic field generated by the one or more coils relative to the one
or more magnetic field sensors. The detected change in the magnetic field may be
indicative of the movement of the one or more coils. The one or more sensors may
comprise one or more displacement sensors to obtain measurements based on
positions of the one or more coils. The system may comprise one or more
processing devices to determine the movement of the one or more coils based on
the measurements.

[0024] The system may comprise a particle accelerator. The magnet may be
part of the particle accelerator. The particle accelerator may be configured for
movement. The magnet may be configured for movement as a result of the magnet
being part of the particle accelerator. The particle accelerator may be a
synchrocyclotron. The magnet is a superconducting magnet, and the system may
comprise a gantry on which the particle accelerator is mounted to produce the
movement of the particle accelerator and of the magnet.

[0025] The magnet may be configured to accelerate particles in a cavity of the
particle accelerator to produce a particle beam. The magnet may be configured to
focus particles during extraction of a particle beam from the particle accelerator.
The magnet may be configured to control movement of a particle beam output from
the particle accelerator relative to a target of the particle beam.

[0026] An example particle accelerator includes a colil to provide a magnetic
field to a cavity; a particle source to provide a plasma column to the cavity; a voltage
source to provide a radio frequency (RF) voltage to the cavity to accelerate particles
from the plasma column, where the magnetic field causes particles accelerated from
the plasma column to move orbitally within the cavity; an enclosure containing an
extraction channel to receive the particles accelerated from the plasma column and
to output the received particles from the cavity; and a structure arranged proximate
to the extraction channel to change an energy level of the received particles. This
example particle accelerator may include one or more of the following features,
either alone or in combination.

[0027] The structure may have multiple thicknesses. The structure may have

variable thickness ranging from a maximum thickness to a minimum thickness. The
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structure may be movable relative to the extraction channel to place one of the
multiple thicknesses in a path of the received particles. The structure may be wheel-
shaped and may be rotatable within the extraction channel. The structure may
include at least one of the following materials: beryllium, carbon and plastic.

[0028] The particle accelerator may be rotatable relative to a fixed position.
The particle accelerator may include a control system to control movement of the
structure based on a rotational position of the particle accelerator.

[0029] The particle accelerator may include a regenerator to adjust the
magnetic field within the cavity to thereby change successive orbits of the particles
accelerated from the plasma column so that, eventually, the particles output to the
extraction channel.

[0030] An example proton therapy system may include the foregoing particle
accelerator, where the particles comprise protons; and a gantry on which the particle
accelerator is mounted. The gantry may be rotatable relative to a patient position.
Protons may be output essentially directly from the particle accelerator to the patient
position.

[0031] An example particle accelerator includes a colil to provide a magnetic
field to a cavity; a particle source to provide a plasma column to the cavity; a voltage
source to provide a radio frequency (RF) voltage to the cavity to accelerate particles
from the plasma column, where the magnetic field causes particles accelerated from
the plasma column to move orbitally within the cavity; an enclosure containing an
extraction channel to receive the particles accelerated from the plasma column and
to output the received particles from the cavity; and a regenerator to adjust the
magnetic field within the cavity to thereby change successive orbits of the particles
accelerated from the plasma column so that, eventually, the particles output to the
extraction channel. The regenerator is movable within the cavity relative to orbits of
the particles. This example particle accelerator may include one or more of the
following features, either alone or in combination.

[0032] The regenerator may be configured to move radially relative to an
approximate center of the cavity. An actuator may be configured to move the

regenerator in response to a control signal. The particle accelerator may be
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rotatable relative to a fixed position. The particle accelerator may include a control
system to generate the control signal to control movement of the regenerator based
on a rotational position of the particle accelerator. The regenerator may include a
ferromagnetic material, such as iron.

[0033] An example proton therapy system may include the foregoing particle
accelerator, where the particles comprise protons; and a gantry on which the particle
accelerator is mounted. The gantry may be rotatable relative to a patient position.
Protons may be output essentially directly from the particle accelerator to the patient
position.

[0034] An example particle accelerator includes a colil to provide a magnetic
field to a cavity; a particle source to provide a plasma column to the cavity; a voltage
source to provide a radio frequency (RF) voltage to the cavity to accelerate particles
from the plasma column, where the magnetic field causes particles accelerated from
the plasma column to move orbitally within the cavity; an enclosure containing an
extraction channel to receive the particles accelerated from the plasma column and
to output the received particles from the cavity; and a regenerator to adjust the
magnetic field within the cavity to thereby change successive orbits of the particles
accelerated from the plasma column so that, eventually, the particles output to the
extraction channel. The enclosure includes magnetic structures, where at least one
of the magnetic structures has a slot therein, where the slot contains a magnetic
shim that is ferromagnetic and movable within the slot, where the magnetic shim is
movable relative to the regenerator to affect an amount by which the regenerator
adjusts the magnetic field. This example particle accelerator may include one or
more of the following features, either alone or in combination.

[0035] The at least one magnetic structure may have multiple slots therein.
Each slot may contain a magnetic shim that is ferromagnetic and that is movable
within the slot. Each magnetic shim may be movable relative to the regenerator to
affect an amount by which the regenerator adjusts the magnetic field.

[0036] The particle accelerator may be rotatable relative to a fixed position.
The particle accelerator may include a control system to generate a control signal to

control movement of the magnetic shim (or multiple magnetic shims) based on a
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rotational position of the particle accelerator. The magnetic shim (or multiple
magnetic shims) may be or include an electromagnet.

[0037] An example proton therapy system may include the foregoing particle
accelerator, where the particles comprise protons; and a gantry on which the particle
accelerator is mounted. The gantry may be rotatable relative to a patient position.
Protons may be output essentially directly from the particle accelerator to the patient
position.

[0038] An example particle accelerator may include a cryostat comprising a
superconducting coil, where the superconducting coil conducts a current that
generates a magnetic field; magnetic structures adjacent to the cryostat, where the
cryostat is attached to the magnetic structures and the magnetic structures contain a
cavity; a particle source to provide a plasma column to the cavity; a voltage source
to provide a radio frequency (RF) voltage to the cavity to accelerate particles from
the plasma column, where the magnetic field cause particles accelerated from the
plasma column to move orbitally within the cavity; an extraction channel to receive
the particles accelerated from the plasma column and to output the received
particles from the cavity; and an actuator that is controllable to move the cryostat
relative to the magnetic structures. This example particle accelerator may include
one or more of the following features, either alone or in combination.

[0039] The particle accelerator may be rotatable relative to a fixed position.
The particle accelerator may include a control system to generate a control signal to
control the actuator based on a rotational position of the particle accelerator. The
actuator may be controlled to control movement of the cryostat so as to compensate
for effects of gravity on the superconducting coil.

[0040] An example proton therapy system may include the foregoing particle
accelerator, where the particles comprise protons; and a gantry on which the particle
accelerator is mounted. The gantry may be rotatable relative to a patient position.
Protons may be output essentially directly from the particle accelerator to the patient
position.

[0041] An example variable-energy particle accelerator includes: magnetic

structures defining a cavity in which particles are accelerated for output as a particle
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beam that has a selected energy from among a range of energies; an extraction
channel to receive the particle beam; and a structure proximate to the extraction
channel to intercept the particle beam prior to the particle beam entering the
extraction channel, where the structure is movable based on the selected energy,
and where the structure is for absorbing at least some energy of the particle beam
prior to the particle beam entering the extraction channel. The example variable-
energy particle accelerator may include one or more of the following features, either
alone or in combination.

[0042] The structure may be a wheel having varying thickness, where
different thicknesses are capable of absorbing different amounts of energy. The
variable-energy particle accelerator may include a magnetic regenerator to
implement a magnetic field bump at a particle orbit that corresponds to the selected
energy. The magnetic regenerator may be movable based on movement of the
variable-energy particle accelerator. The magnetic regenerator may be movable to
intercept a particle orbit having the selected energy.

[0043] Two or more of the features described in this disclosure, including
those described in this summary section, may be combined to form implementations
not specifically described herein.

[0044] Control of the various systems described herein, or portions thereof,
may be implemented via a computer program product that includes instructions that
are stored on one or more non-transitory machine-readable storage media, and that
are executable on one or more processing devices. The systems described herein,
or portions thereof, may be implemented as an apparatus, method, or electronic
system that may include one or more processing devices and memory to store
executable instructions to implement control of the stated functions.

[0045] The details of one or more implementations are set forth in the
accompanying drawings and the description below. Other features, objects, and

advantages will be apparent from the description and drawings, and from the claims.

DESCRIPTION OF THE DRAWINGS

[0046] Fig. 1 is a perspective view of an example therapy system.
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[0047] Fig. 2 is an exploded perspective view of components of an example
synchrocyclotron.
[0048] Figs. 3, 4, and 5 are cross-sectional views of example

synchrocyclotron structures.

[0049] Fig. 6 is a perspective view of an example synchrocyclotron.
[0050] Fig. 7 is a cross-sectional view of a portion of an example reverse
bobbin and windings.

[0051] Fig. 8 is a cross sectional view of an example cable-in-channel

composite conductor.

[0052] Fig. 9 is a cross-sectional view of an example ion source.

[0053] Fig. 10 is a perspective view of an example dee plate and an example
dummy dee.

[0054] Fig. 11 is a perspective view of an example vault.

[0055] Fig. 12 is a perspective view of an example treatment room with a
vault.

[0056] Fig. 13 shows an example of a patient relative to an accelerator.
[0057] Fig. 14 shows a patient positioned within an example inner gantry in a

treatment room.

[0058] Fig. 15 is a cut-away, top view of an example acceleration cavity and
extraction channel.

[0059] Fig. 16 is a graph showing magnetic field strength versus radial
distance from a plasma column, along with a cross-section of an example part of a
cryostat of a superconducting magnet.

[0060] Fig. 17 is a top view of an example acceleration cavity and extraction
channel, which depicts orbits moving to enter the extraction channel.

[0061] Fig. 18 is a perspective view of an example structure used to change
the energy of a particle beam in the extraction channel.

[0062] Fig. 18A is a side view of the structure of Fig. 18.

[0063] Figs. 19, 20, and 21 are top views of an example acceleration cavity
and extraction channel, which depict moving the regenerator to primarily impact

certain orbits of particles in the cavity.
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[0064] Fig. 22 is a perspective view of an example magnetic shim.

[0065] Fig. 23 is cut-away side view of magnetic yokes, an acceleration cavity
and a cold mass, which includes magnetic shims.

[0066] Fig. 24 is a cut-away perspective view of an example part of a cryostat.
[0067] Fig. 25 is a conceptual view of an example particle therapy system that
may use a variable-energy particle accelerator.

[0068] Fig. 26 is an example graph showing energy and current for variations
in magnetic field and distance in a particle accelerator.

[0069] Fig. 27 is a side view of an example structure for sweeping voltage on
a dee plate over a frequency range for each energy level of a particle beam, and for
varying the frequency range when the particle beam energy is varied.

[0070] Fig. 28 is a perspective, exploded view of an example magnet system
that may be used in a variable-energy particle accelerator.

[0071] Fig. 29 is a block diagram showing an example of a coil positioning
system installed on a moveable magnet.

[0072] Fig. 30 is a front view of components of an example implementation of
a particle therapy system from the perspective of a treatment space.

[0073] Fig. 31 is a perspective view of components of the particle therapy
system of Fig. 30 from the perspective of a treatment space.

[0074] Fig. 32 is a front, perspective view of another example implementation
of a particle therapy system from the perspective of a treatment space.

[0075] Fig. 33 is a system diagram depicting a control system and example
particle therapy system components.

[0076] Fig. 34 is a perspective view of an example coil positioning actuator.
[0077] Fig. 35, comprised of Figs. 35A and 35B, includes engineering
diagrams showing, respectively, a side view of the example coil positioning actuator
of Fig. 34 and a cut-away, side view of the example coil positioning actuator of Fig.
34.

[0078] Fig. 36 is a cut-away, side view of components of an example
synchrocyclotron that may be used in a particle therapy system, and that may

incorporate the coil positioning system described herein.
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[0079] Fig. 37 is a perspective view of components of an example
synchrocyclotron, including a cold mass and a vacuum enclosure, with the vacuum
enclosure shown in outline to enable the cold mass to be seen.

[0080] Fig. 38. is a cut-away, perspective view of components of an example
synchrocyclotron, including part of the vacuum enclosure cut-away to reveal the cold
mass and shielding.

[0081] Fig. 39 is a perspective view of components of an example
synchrocyclotron, including the vacuum enclosure, magnetic yokes, and a cooling
turret, with the magnet yokes shown in outline to enable the vacuum enclosure to be
seen.

[0082] Fig. 40 is a conceptual, perspective view of an example cold mass,
showing straps for suspension from a vacuum enclosure.

[0083] Fig. 41 is a perspective view of part of a particle accelerator, which
shows a magnetic yoke and an example coil positioning actuator connected to, and
through, the magnetic yoke.

[0084] Fig. 42 is a side view of example components that may be used to
implement scanning in a particle therapy system.

[0085] Fig. 43 is a perspective view of the example components that may be
used to implement scanning in the particle therapy system.

[0086] Fig. 44 is a side view of an example scanning magnet that may be part
of the scanning components.

[0087] Fig. 45 is a perspective view of an example scanning magnet that may
be part of the scanning components.

[0088] Like reference symbols in the various drawings indicate like elements.

DETAILED DESCRIPTION
[0089] Described herein is an example of a particle accelerator for use in a
system, such as a proton or ion therapy system. The system includes a particle
accelerator — in this example, a synchrocyclotron — mounted on a gantry. The
gantry enables the accelerator to be rotated around a patient position, as explained

in more detail below. In some implementations, the gantry is steel and has two legs
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mounted for rotation on two respective bearings that lie on opposite sides of a
patient. The particle accelerator is supported by a steel truss that is long enough to
span a treatment area in which the patient lies and that is attached stably at both
ends to the rotating legs of the gantry. As a result of rotation of the gantry around
the patient, the particle accelerator also rotates.

[0090] In an example implementation, the particle accelerator (e.g., the
synchrocyclotron) includes a cryostat that holds a superconducting coil for
conducting a current that generates a magnetic field (B). In this example, the
cryostat uses liquid helium (He) to maintain the coil at superconducting
temperatures, e.g., 4° Kelvin (K). Magnetic yokes are adjacent (e.g., around) the
cryostat, and define a cavity in which particles are accelerated. The cryostat is
attached to the magnetic yokes through straps or the like. While this attachment,
and the attachment of the superconducting coil inside the cryostat, restricts
movement of the superconducting coil, coil movement is not entirely prevented. For
example, in some implementations, as a result of gravitational pull during rotation of
the gantry, the superconducting coil is movable by small amounts (e.g., tenths of
millimeters in some cases). As described below, this movement can affect the
amount of energy in a particle beam that is received at an extraction channel and
thereby affect the output of the particle accelerator.

[0091] In this example implementation, the particle accelerator includes a
particle source (e.g., a Penning lon Gauge — PIG source) to provide a plasma
column to the cavity. Hydrogen gas is ionized to produce the plasma column. A
voltage source provides a radio frequency (RF) voltage to the cavity to accelerate
particles from the plasma column. As noted, in this example, the particle accelerator
is a synchrocyclotron. Accordingly, the RF voltage is swept across a range of
frequencies to account for relativistic effects on the particles (e.g., increasing particle
mass) when extracting particles from the column. The magnetic field produced by
the coil causes particles accelerated from the plasma column to accelerate orbitally
within the cavity. A magnetic field regenerator is positioned in the cavity to adjust
the existing magnetic field inside the cavity to thereby change locations of

successive orbits of the particles accelerated from the plasma column so that,
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eventually, the particles output to an extraction channel that passes through the
yokes. The regenerator may increase the magnetic field at a point in the cavity (e.g.,
it may produce a magnetic field “bump” at an area of the cavity), thereby causing
each successive orbit of particles at that point to precess outward toward the entry
point of the extraction channel, eventually reaching the extraction channel. The
extraction channel receives particles accelerated from the plasma column and
outputs the received particles from the cavity.

[0092] Movement of the superconducting coil can affect the locations of the
orbits inside the cavity. For example, movement in one direction can cause lower-
energy orbits to impact the regenerator, while movement in another direction can
cause higher-energy orbits to impact the regenerator (particle orbit energy is
proportional to the radial distance from the originating plasma column). So, in a
case where overly low-energy orbits impact the regenerator, the particle beam may
collide with the inner edge of the extraction channel, as noted above. In a case
where overly high-energy orbits impact the regenerator, the particle beam may
collide with the outer edge of the extraction channel, as noted above. The example
systems described herein use techniques to compensate for these effects resulting
from motion of the superconducting coil due to its rotation (e.g., due to the effect of
gravity). A summary of these techniques is provided below, followed by a
description of an example particle therapy system in which they may be
implemented and more detailed descriptions of these various techniques.

[0093] In an example technique, a structure is incorporated proximate to (e.g.,
at the entry to or inside of) the extraction channel. The structure may be a rotatable
variable-thickness wedge having a wheel-like shape. The structure absorbs energy
of the particle beam, thereby allowing a lower-energy (e.g., appropriately energized)
beam to pass through the extraction channel. The thicker portions of the structure
absorb more energy than the thinner portions of the structure. In some
implementations, the structure may contain no material at a point where the particle
beam is meant to pass without any energy absorption. Alternatively, the structure
may be movable out of the beam path. The structure thus enables the amount of

energy in the beam to be variably adjusted. In some implementations, the structure
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is controlled based on a rotational position of the particle accelerator. For example,
the position of the gantry may be determined, and that position may be used to
control the rotational position of the energy-absorbing structure. Ideally, the
structure minimizes scattering of the beam; however, in practice, there may be
amounts of scatter that are present and that are tolerable.

[0094] In another example technique, the physical position of the regenerator
within the cavity may be adjustable to compensate for movement of the
superconducting coil. For example, computer-controlled actuators may be used to
adjust the position of the regenerator within the cavity based, e.g., on a rotational
position of the particle accelerator. By so adjusting the position of the regenerator, it
may be possible to position the regenerator so that the appropriate adjustment to the
magnetic field resulting from the regenerator impacts the proper particle orbits
regardless of the rotational position of the particle accelerator.

[0095] The regenerator is typically made of a ferromagnetic material. Itis
therefore possible to adjust the magnetic strength of the regenerator using one or
more magnetic shims. Accordingly, in another example technique, it is possible to
adjust the magnetic field of the regenerator (e.g., to increase or decrease the
magnetic field bump produced by the regenerator) or to move the effective location
of the magnetic field perturbation produced by the regenerator without physically
moving the regenerator. For example, if movement of the superconducting coil
results in lower-energy orbits impacting the regenerator, the magnetic field of the
regenerator can be decreased so that it doesn’t begin to perturb beam orbits until
higher energy orbits reach it. It could also be effectively moved radially outward
while maintaining the same overall strength (peak field) so that the orbits gain higher
energy before being effected by the regenerator. Likewise if the superconducting
coil movement results in higher energy orbits impacting the regenerator the strength
of the regenerator can be increased or positioned radially inward to interact with
orbits at lower energies. In an example implementation, the magnetic field is
adjusted by moving a magnetic shim (e.g., a metal plunger) within a slot/hole in a
magnetic yoke that is near to the regenerator. The magnetic shim is made of

ferromagnetic material and its proximity to the regenerator affects the magnetic field
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of the regenerator. Moving the magnetic shim closer to the regenerator (e.g., further
inside the slot increases the magnetic field produced by the regenerator; and moving
the magnetic shim away from the regenerator (e.g., upwards in, or outside of, the
slot) decreases the magnetic field produced by the regenerator. In another example
the magnetic shim can be placed radially closer to the center of the cyclotron than
the regenerator magnetic center. When the shim is place closer to the acceleration
plane, it moves the effective center of the regenerator magnetic perturbation without
appreciably changing the peak magnetic field strength. The magnetic shim may be
computer-controlled to vary its position based, e.g., on a rotational position of the
particle accelerator.

[0096] In some implementations, more than one magnetic shim may be used.
In still other implementations, miniature electromagnet(s) may be used as a
magnetic shim, and the current therethrough controlled based, e.g., on a rotational
position of the particle accelerator.

[0097] In another example, the entire cryostat may be moved relative to the
yokes to compensate for movement of the superconducting coil. For example,
movement of the cryostat can affect which orbits of particles impact the regenerator.
So, if movement of the superconducting coil occurs in one direction, the cryostat
may be moved in the direction to compensate for that movement and cause the
superconducting coil to be properly repositioned.

[0098] The foregoing techniques for adjusting the energy of a particle beam in
a particle accelerator may be used individually in a single particle accelerator, or any
two or more of those techniques may be used in any appropriate combination in a
single particle accelerator. An example of a particle therapy system in which the
foregoing techniques may be used is provided below.

[0099] Referring to Fig 1, a charged particle radiation therapy system 500
includes a beam-producing particle accelerator 502 having a weight and size small
enough to permit it to be mounted on a rotating gantry 504 with its output directed
straight (that is, essentially directly) from the accelerator housing toward a patient
506.
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[00100] In some implementations, the steel gantry has two legs 508, 510
mounted for rotation on two respective bearings 512, 514 that lie on opposite sides
of the patient. The accelerator is supported by a steel truss 516 that is long enough
to span a treatment area 518 in which the patient lies (e.g., twice as long as a tall
person, to permit the person to be rotated fully within the space with any desired
target area of the patient remaining in the line of the beam) and is attached stably at
both ends to the rotating legs of the gantry.

[00101] In some examples, the rotation of the gantry is limited to a range 520
of less than 360 degrees, e.g., about 180 degrees, to permit a floor 522 to extend
from a wall of the vault 524 that houses the therapy system into the patient treatment
area. The limited rotation range of the gantry also reduces the required thickness of
some of the walls, which provide radiation shielding of people outside the treatment
area. A range of 180 degrees of gantry rotation is enough to cover all treatment
approach angles, but providing a larger range of travel can be useful. For example
the range of rotation may be between 180 and 330 degrees and still provide
clearance for the therapy floor space.

[00102] The horizontal rotational axis 532 of the gantry is located nominally
one meter above the floor where the patient and therapist interact with the therapy
system. This floor is positioned about 3 meters above the bottom floor of the
therapy system shielded vault. The accelerator can swing under the raised floor for
delivery of treatment beams from below the rotational axis. The patient couch
moves and rotates in a substantially horizontal plane parallel to the rotational axis of
the gantry. The couch can rotate through a range 534 of about 270 degrees in the
horizontal plane with this configuration. This combination of gantry and patient
rotational ranges and degrees of freedom allow the therapist to select virtually any
approach angle for the beam. If needed, the patient can be placed on the couch in
the opposite orientation and then all possible angles can be used.

[00103] In some implementations, the accelerator uses a synchrocyclotron
configuration having a very high magnetic field superconducting electromagnetic
structure. Because the bend radius of a charged particle of a given kinetic energy is

reduced in direct proportion to an increase in the magnetic field applied to it, the very
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high magnetic field superconducting magnetic structure permits the accelerator to be
made smaller and lighter. The synchrocyclotron uses a magnetic field that is
uniform in rotation angle and falls off in strength with increasing radius. Such a field
shape can be achieved regardless of the magnitude of the magnetic field, so in
theory there is no upper limit to the magnetic field strength (and therefore the
resulting particle energy at a fixed radius) that can be used in a synchrocyclotron.
[00104] Superconducting materials lose their superconducting properties in the
presence of very high magnetic fields. High performance superconducting wire
windings are used to allow very high magnetic fields to be achieved.

[00105] Superconducting materials typically need to be cooled to low
temperatures for their superconducting properties to be realized. In some examples
described here, cryo-coolers are used to bring the superconducting coil windings to
temperatures near absolute zero. Using cryo-coolers can reduce complexity and
cost.

[00106] The synchrocyclotron is supported on the gantry so that the beam is
generated directly in line with the patient. The gantry permits rotation of the
cyclotron about a horizontal rotational axis that contains a point (isocenter 540)
within, or near, the patient. The split truss that is parallel to the rotational axis,
supports the cyclotron on both sides.

[00107] Because the rotational range of the gantry is limited, a patient support
area can be accommodated in a wide area around the isocenter. Because the floor
can be extended broadly around the isocenter, a patient support table can be
positioned to move relative to and to rotate about a vertical axis 542 through the
isocenter so that, by a combination of gantry rotation and table motion and rotation,
any angle of beam direction into any part of the patient can be achieved. The two
gantry arms are separated by more than twice the height of a tall patient, allowing
the couch with patient to rotate and translate in a horizontal plane above the raised
floor.

[00108] Limiting the gantry rotation angle allows for a reduction in the thickness
of at least one of the walls surrounding the treatment room. Thick walls, typically

constructed of concrete, provide radiation protection to individuals outside the
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treatment room. A wall downstream of a stopping proton beam may be about twice
as thick as a wall at the opposite end of the room to provide an equivalent level of
protection. Limiting the range of gantry rotation enables the treatment room to be
sited below earth grade on three sides, while allowing an occupied area adjacent to
the thinnest wall reducing the cost of constructing the treatment room.

[00109] In the example implementation shown in Fig. 1, the superconducting
synchrocyclotron 502 operates with a peak magnetic field in a pole gap of the
synchrocyclotron of 8.8 Tesla. The synchrocyclotron produces a beam of protons
having an energy of 250 MeV. In other implementations the field strength could be
in the range of 4 to 20 Tesla or 6 to 20 Tesla and the proton energy could be in the
range of 150 to 300 MeV

[00110] The radiation therapy system described in this example is used for
proton radiation therapy, but the same principles and details can be applied in
analogous systems for use in heavy ion (ion) treatment systems.

[00111] As shown in Figs. 2, 3, 4, 5, and 6, an example synchrocyclotron 10
(e.g., 502 in Fig. 1) includes a magnet system 12 that contains an particle source 90,
a radiofrequency drive system 91, and a beam extraction system 38. The magnetic
field established by the magnet system has a shape appropriate to maintain focus of
a contained proton beam using a combination of a split pair of annular
superconducting coils 40, 42 and a pair of shaped ferromagnetic (e.g., low carbon
steel) pole faces 44, 46.

[00112] The two superconducting magnet coils are centered on a common axis
47 and are spaced apart along the axis. As shown in Figs. 7 and 8, the coils are
formed by of Nb;Sn-based superconducting 0.8 mm diameter strands 48 (that
initially comprise a niobium-tin core surrounded by a copper sheath) deployed in a
twisted cable-in-channel conductor geometry. After seven individual strands are
cabled together, they are heated to cause a reaction that forms the final (brittle)
superconducting material of the wire. After the material has been reacted, the wires
are soldered into the copper channel (outer dimensions 3.18 x 2.54 mm and inner
dimensions 2.08 x 2.08 mm) and covered with insulation 52 (in this example, a

woven fiberglass material). The copper channel containing the wires 53 is then
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wound in a coil having a rectangular cross-section of 8.55 cm x 19.02 cm, having 26
layers and 49 turns per layer. The wound coil is then vacuum impregnated with an
epoxy compound. The finished coils are mounted on an annular stainless steel
reverse bobbin 56. Heater blankets 55 are placed at intervals in the layers of the
windings to protect the assembly in the event of a magnet quench.

[00113] The entire coil can then be covered with copper sheets to provide
thermal conductivity and mechanical stability and then contained in an additional
layer of epoxy. The precompression of the coil can be provided by heating the
stainless steel reverse bobbin and fitting the coils within the reverse bobbin. The
reverse bobbin inner diameter is chosen so that when the entire mass is cooled to 4
K, the reverse bobbin stays in contact with the coil and provides some compression.
Heating the stainless steel reverse bobbin to approximately 50 degrees C and fitting
coils at a temperature of 100 degrees Kelvin can achieve this.

[00114] The geometry of the coil is maintained by mounting the coils in a
reverse rectangular bobbin 56 to exert a restorative force 60 that works against the
distorting force produced when the coils are energized. As shown in Fig. 5, the coil
position is maintained relative to the magnet yoke and cryostat using a set of warm-
to-cold support straps 402, 404, 406. Supporting the cold mass with thin straps
reduces the heat leakage imparted to the cold mass by the rigid support system.
The straps are arranged to withstand the varying gravitational force on the coil as
the magnet rotates on board the gantry. They withstand the combined effects of
gravity and the large de-centering force realized by the coil when it is perturbed from
a perfectly symmetric position relative to the magnet yoke. Additionally the links act
to reduce dynamic forces imparted on the coil as the gantry accelerates and
decelerates when its position is changed. Each warm-to-cold support includes one
S2 fiberglass link and one carbon fiber link. In some implementations, the carbon
fiber link is supported across pins between the warm yoke and an intermediate
temperature (50 - 70 K), and the S2 fiberglass link 408 is supported across the
intermediate temperature pin and a pin attached to the cold mass. Each link is 5 cm
long (pin center to pin center) and is 17 mm wide. The link thickness is 9 mm. Each

pin is made of high strength stainless steel and is 40 mm in diameter.
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[00115] Referring to Fig. 3, the field strength profile as a function of radius is
determined largely by choice of coil geometry and pole face shape; the pole faces
44, 46 of the permeable yoke material can be contoured to fine tune the shape of the
magnetic field to ensure that the particle beam remains focused during acceleration.
[00116] The superconducting coils are maintained at temperatures near
absolute zero (e.g., about 4 degrees Kelvin) by enclosing the coil assembly (the coils
and the bobbin) inside an evacuated annular aluminum or stainless steel cryostatic
chamber 70 that provides a free space around the coil structure, except at a limited
set of support points 71, 73. In an alternate version (Fig. 4) the outer wall of the
cryostat may be made of low carbon steel to provide an additional return flux path for
the magnetic field.

[00117] In some implementations, the temperature near absolute zero is
achieved and maintained using one single-stage Gifford-McMahon cryo-cooler and
three two-stage Gifford McMahon cryo-coolers. Each two stage cryo-cooler has a
second stage cold end attached to a condenser that recondenses Helium vapor into
liquid Helium. The cryo-cooler heads are supplied with compressed Helium from a
compressor. The single-stage Gifford-McMahon cryo-cooler is arranged to cool high
temperature (e.g., 50 - 70 degrees Kelvin) leads that supply current to the
superconducting windings.

[00118] In some implementations, the temperature near absolute zero is
achieved and maintained using two Gifford-McMahon cryo-coolers 72, 74 that are
arranged at different positions on the coil assembly. Each cryo-cooler has a cold
end 76 in contact with the coil assembly. The cryo-cooler heads 78 are supplied
with compressed Helium from a compressor 80. Two other Gifford-McMahon cryo-
coolers 77, 79 are arranged to cool high temperature (e.g., 60 - 80 degrees Kelvin)
leads that supply current to the superconducting windings.

[00119] The coil assembly and cryostatic chambers are mounted within and
fully enclosed by two halves 81, 83 of a pillbox-shaped magnet yoke 82. In this
example, the inner diameter of the coil assembly is about 74.6 cm. The iron yoke 82
provides a path for the return magnetic field flux 84 and magnetically shields the

volume 86 between the pole faces 44, 46 to prevent external magnetic influences
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from perturbing the shape of the magnetic field within that volume. The yoke also
serves to decrease the stray magnetic field in the vicinity of the accelerator. In some
implementations, the synchrocyclotron may have an active return system to reduce
stray magnetic fields. An example of an active return system is described in U.S.
Patent No. 8,791,656, entitled “Active Return System”, the contents of which are
incorporated herein by reference. In the active return system, the relatively large
magnetic yokes described herein are replaced by smaller magnetic structures,
referred to as pole pieces. Superconducting coils run current opposite to the main
coils described herein in order to provide magnetic return and thereby reduce stray
magnetic fields.

[00120] As shown in Figs. 3 and 9, the synchrocyclotron includes a particle
source 90 of a Penning ion gauge geometry located near the geometric center 92 of
the magnet structure 82. The particle source may be as described below, or the
particle source may be of the type described in U.S. Patent No. 8,581,523, entitled
“Interrupted Particle Source”, the contents of which are incorporated herein by
reference.

[00121] Particle source 90 is fed from a supply 99 of hydrogen through a gas
line 101 and tube 194 that delivers gaseous hydrogen. Electric cables 94 carry an
electric current from a current source 95 to stimulate electron discharge from
cathodes 192, 190 that are aligned with the magnetic field, 200.

[00122] In some implementations, the gas in gas tube 101 may include a
mixture of hydrogen and one or more other gases. For example, the mixture may
contain hydrogen and one or more of the noble gases, e.g., helium, neon, argon,
krypton, xenon and/or radon (although the mixture is not limited to use with the noble
gases). In some implementations, the mixture may be a mixture of hydrogen and
helium. For example, the mixture may contain about 75% or more of hydrogen and
about 25% or less of helium (with possible trace gases included). In another
example, the mixture may contain about 90% or more of hydrogen and about 10% or
less of helium (with possible trace gases included). In examples, the
hydrogen/helium mixture may be any of the following: >95%/<5%, >90%/<10%,
>85%/<15%, >80%/<20%, >75%/<20%, and so forth.
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[00123] Possible advantages of using a noble (or other) gas in combination
with hydrogen in the particle source may include: increased beam intensity,
increased cathode longevity, and increased consistency of beam output.

[00124] In this example, the discharged electrons ionize the gas exiting through
a small hole from tube 194 to create a supply of positive ions (protons) for
acceleration by one semicircular (dee-shaped) radio-frequency plate 100 that spans
half of the space enclosed by the magnet structure and one dummy dee plate 102.
In the case of an interrupted particle source (an example of which is described in
U.S. Patent No. 8,581,523), all (or a substantial part) of the tube containing plasma
is removed at the acceleration region, thereby allowing ions to be more rapidly
accelerated in a relatively high magnetic field.

[00125] As shown in Fig. 10, the dee plate 100 is a hollow metal structure that
has two semicircular surfaces 103, 105 that enclose a space 107 in which the
protons are accelerated during half of their rotation around the space enclosed by
the magnet structure. A duct 109 opening into the space 107 extends through the
yoke to an external location from which a vacuum pump 111 can be attached to
evacuate the space 107 and the rest of the space within a vacuum chamber 119 in
which the acceleration takes place. The dummy dee 102 comprises a rectangular
metal ring that is spaced near to the exposed rim of the dee plate. The dummy dee
is grounded to the vacuum chamber and magnet yoke. The dee plate 100 is driven
by a radio-frequency signal that is applied at the end of a radio-frequency
transmission line to impart an electric field in the space 107. The radio frequency
electric field is made to vary in time as the accelerated particle beam increases in
distance from the geometric center. The radio frequency electric field may be
controlled in the manner described in U.S. Patent No. 8,933,650, entitled “Matching
A Resonant Frequency Of A Resonant Cavity To A Frequency Of An Input Voltage”,
the contents of which are incorporated herein by reference.

[00126] For the beam emerging from the centrally located particle source to
clear the particle source structure as it begins to spiral outward, in some
implementations, a large voltage difference is required across the radio frequency

plates. 20,000 Volts is applied across the radio frequency plates. In some versions
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from 8,000 to 20,000 Volts may be applied across the radio frequency plates. To
reduce the power required to drive this large voltage, the magnet structure is
arranged to reduce the capacitance between the radio frequency plates and ground.
This is done by forming holes with sufficient clearance from the radio frequency
structures through the outer yoke and the cryostat housing and making sufficient
space between the magnet pole faces.

[00127] The high voltage alternating potential that drives the dee plate has a
frequency that is swept downward during the accelerating cycle to account for the
increasing relativistic mass of the protons and the decreasing magnetic field. The
dummy dee does not require a hollow semi-cylindrical structure as it is at ground
potential along with the vacuum chamber walls. Other plate arrangements could be
used such as more than one pair of accelerating electrodes driven with different
electrical phases or multiples of the fundamental frequency. The RF structure can
be tuned to keep the Q high during the required frequency sweep by using, for
example, a rotating capacitor having intermeshing rotating and stationary blades.
During each meshing of the blades, the capacitance increases, thus lowering the
resonant frequency of the RF structure. The blades can be shaped to create a
precise frequency sweep required. A drive motor for the rotating condenser can be
phase locked to the RF generator for precise control. One bunch of particles is
accelerated during each meshing of the blades of the rotating condenser.

[00128] In some implementations, the vacuum chamber 119 in which the
acceleration occurs is a generally cylindrical container that is thinner in the center
and thicker at the rim. The vacuum chamber encloses the RF plates and the particle
source and is evacuated by the vacuum pump 111. Maintaining a high vacuum
insures that accelerating ions are not lost to collisions with gas molecules and
enables the RF voltage to be kept at a higher level without arcing to ground.

[00129] Protons traverse a generally spiral orbital path beginning at the particle
source. In half of each loop of the spiral path, the protons gain energy as they pass
through the RF electric field in space 107. As the ions gain energy, the radius of the
central orbit of each successive loop of their spiral path is larger than the prior loop

until the loop radius reaches the maximum radius of the pole face. At that location a
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magnetic and electric field perturbation directs ions into an area where the magnetic
field rapidly decreases, and the ions depart the area of the high magnetic field and
are directed through an evacuated tube 38, referred to herein as the extraction
channel, to exit the yoke of the cyclotron. A magnetic regenerator may be used to
change the magnetic field perturbation to direct the ions. The ions exiting the
cyclotron will tend to disperse as they enter the area of markedly decreased
magnetic field that exists in the room around the cyclotron. Beam shaping elements
107, 109 in the extraction channel 38 redirect the ions so that they stay in a straight
beam of limited spatial extent.

[00130] In some implementations, the magnetic field within the pole gap needs
to have certain properties to maintain the beam within the evacuated chamber as it

accelerates. The magnetic field index n, which is shown below,

n = -(r/B)dB/dr,

should be kept positive to maintain this “weak” focusing. Here r is the radius of the
beam and B is the magnetic field. Additionally, in some implementations, the field
index needs to be maintained below 0.2, because at this value the periodicity of
radial oscillations and vertical oscillations of the beam coincide inavr =2 v,
resonance. The betatron frequencies are defined by v; = (1-n)"? and v, = n"2. The
ferromagnetic pole face is designed to shape the magnetic field generated by the
coils so that the field index n is maintained positive and less than 0.2 in the smallest
diameter consistent with a 250 MeV beam in the given magnetic field.

[00131] As the beam exits the extraction channel it is passed through a beam
formation system 125 (Fig. 5) — e.g., a scanning system or a scattering system — that
can be programmably controlled to create a desired combination of scattering angle
and range modulation for the beam. Beam formation system 125 may be used in
conjunction with an inner gantry 601 (Fig. 14) to direct a beam to the patient.
[00132] During operation, the plates absorb energy from the applied radio
frequency field as a result of conductive resistance along the surfaces of the plates.
This energy appears as heat and is removed from the plates using water cooling

lines 108 that release the heat in a heat exchanger 113 (Fig. 3).
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[00133] Stray magnetic fields exiting from the cyclotron are limited by both the
pillbox magnet yoke (which also serves as a shield) and a separate magnetic shield
114. The separate magnetic shield includes of a layer 117 of ferromagnetic material
(e.g., steel or iron) that encloses the pillbox yoke, separated by a space 116. This
configuration that includes a sandwich of a yoke, a space, and a shield achieves
adequate shielding for a given leakage magnetic field at lower weight.

[00134] As mentioned, the gantry allows the synchrocyclotron to be rotated
about the horizontal rotational axis 532. The truss structure 516 has two generally
parallel spans 580, 582. The synchrocyclotron is cradled between the spans about
midway between the legs. The gantry is balanced for rotation about the bearings
using counterweights 122, 124 mounted on ends of the legs opposite the truss.
[00135] The gantry is driven to rotate by an electric motor mounted to one or
both of the gantry legs and connected to the bearing housings by drive gears . The
rotational position of the gantry is derived from signals provided by shaft angle
encoders incorporated into the gantry drive motors and the drive gears.

[00136] At the location at which the ion beam exits the cyclotron, the beam
formation system 125 acts on the ion beam to give it properties suitable for patient
treatment. For example, the beam may be spread and its depth of penetration
varied to provide uniform radiation across a given target volume. The beam
formation system can include passive scattering elements as well as active scanning
elements, as described herein (see, e.g., Figs. 42 to 45).

[00137] All of the active systems of the synchrocyclotron (the current driven
superconducting coils, the RF-driven plates, the vacuum pumps for the vacuum
acceleration chamber and for the superconducting coil cooling chamber, the current
driven particle source, the hydrogen gas source, and the RF plate coolers, for
example), may be controlled by appropriate synchrocyclotron control electronics (not
shown), which may include, e.g., one or more computers programmed with
appropriate programs to effect control.

[00138] The control of the gantry, the patient support, the active beam shaping
elements, and the synchrocyclotron to perform a therapy session is achieved by

appropriate therapy control electronics (not shown).
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[00139] As shown in Figs. 1, 11, and 12, the gantry bearings are supported by
the walls of a cyclotron vault 524. The gantry enables the accelerator to be swung
through a range 520 of 180 degrees (or more) including positions above, to the side
of, and below the patient. The vault is tall enough to clear the gantry at the top and
bottom extremes of its motion. A maze 146 sided by walls 148, 150 provides an
entry and exit route for therapists and patients. Because at least one wall 152 is not
in line with the proton beam directly from the cyclotron, it can be made relatively thin
and still perform its shielding function. The other three side walls 154, 156, 150/148
of the room, which may need to be more heavily shielded, can be buried within an
earthen hill (not shown). The required thickness of walls 154, 156, and 158 can be
reduced, because the earth can itself provide some of the needed shielding.

[00140] Referring to Figs. 11, 12 and 13, for safety and aesthetic reasons, a
therapy room 160 may be constructed within the vault. The therapy room is
cantilevered from walls 154, 156, 150 and the base 162 of the containing room into
the space between the gantry legs in a manner that clears the swinging gantry and
also maximizes the extent of the floor space 164 of the therapy room. Periodic
servicing of the accelerator can be accomplished in the space below the raised floor.
When the accelerator is rotated to the down position on the gantry, full access to the
accelerator is possible in a space separate from the treatment area. Power
supplies, cooling equipment, vacuum pumps and other support equipment can be
located under the raised floor in this separate space. Within the treatment room, the
patient support 170 can be mounted in a variety of ways that permit the support to
be raised and lowered and the patient to be rotated and moved to a variety of
positions and orientations.

[00141] In system 602 of Fig. 14, a beam-producing particle accelerator of the
type described herein, in this case synchrocyclotron 604, is mounted on rotating
gantry 605. Rotating gantry 605 is of the type described herein, and can angularly
rotate around patient support 606. This feature enables synchrocyclotron 604 to
provide a particle beam directly to the patient from various angles. For example, as
in Fig. 14, if synchrocyclotron 604 is above patient support 606, the particle beam

may be directed downwards toward the patient. Alternatively, if synchrocyclotron
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604 is below patient support 6086, the particle beam may be directed upwards toward
the patient. The particle beam is applied directly to the patient in the sense that an
intermediary beam routing mechanism is not required. A routing mechanism, in this
context, is different from a shaping or sizing mechanism in that a shaping or sizing
mechanism does not re-route the beam, but rather sizes and/or shapes the beam
while maintaining the same general trajectory of the beam.

[00142] Further details regarding an example implementation of the foregoing
system may be found in U.S. Patent No. 7,728,311 entitled “Charged Particle
Radiation Therapy”, and in U.S. Patent No. 8,344,340 entitled “Inner Gantry”. The
contents of U.S. Patent No. 7,728,311 and of U.S. Patent No. 8,344,340 are hereby
incorporated by reference into this disclosure. In some implementations, the
synchrocyclotron may be a variable-energy device, such as that described in U.S.
Patent Publication No. 2014/0371511, entitled “Particle Accelerator That Produces
Charged Particles Having Variable Energies”, the contents of which are incorporated
herein by reference.

[00143] Fig. 15 shows a top view of a portion of a cavity 700 in which particles
are accelerated orbitally (e.g., in outward spiral orbits). A particle source 701,
examples of which are described above, is disposed at about the center of the
cavity. Charged particles (e.g., protons or ions) are extracted from a plasma column
generated by particle source 701. The charged particles accelerate outwardly in
orbits 740 toward, and eventually reaching, magnetic regenerator 702. In this
example implementation, regenerator 702 is a ferromagnetic structure made, e.g., of
steel, iron, or any other type of ferromagnetic material. Regenerator 702 alters the
background magnetic field that causes the outward orbital acceleration. In this
example, regenerator 702 augments that magnetic field (e.g., it provides a bump in
the field). The bump in the background magnetic field affects the particle orbits in a
way that causes the orbits to move outwardly towards extraction channel 703.
Eventually, the orbits enter extraction channel 703, from which they exit.

[00144] In more detail, a particle beam orbit approaches and interacts with
regenerator 702. As a result of the increased magnetic field, the particle beam turns

a bit more there and, instead of being circular, it precesses to the extraction channel.
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Fig. 16 shows the magnetic field (B) plotted against the radius (r) relative to the
particle source 702. As shown in Fig. 16, in this example, B varies from about 9
Tesla (T) to about -2T. The 9T occurs at about the center 699 of cavity 700. The
polarity of the magnetic field changes after the magnetic field crosses the
superconducting coil, resulting in about -2T on the exterior of the coil, eventually
fading to about zero. The magnetic field bump 705 occurs at the point of the
regenerator. Fig. 16 also shows the magnetic field plot relative to a cross-section
706 of a reverse bobbin 706 having extraction channel 703 between two
superconducting coils 709, 710.

[00145] Referring to Fig. 17, regenerator 702 causes changes in the angle and
pitch of orbits 710 so that they move toward extraction channel 703. At the point of
the extraction channel, the magnetic field strength is sufficiently low to enable the
particle beam to enter the extraction channel and to proceed therethrough.
Referring back to Fig. 15, extraction channel 703 contains various magnetic
structures 711 for adding and/or subtracting dipole fields to direct the entering
particle beam through extraction channel 703, to beam shaping elements. Other
examples of magnetic structures in the extraction channel include, but are not limited
to, structures 107, 109 of Fig. 5.

[00146] In order to reach the exit point, the particle beam should have the
appropriate amount of energy. The amount of energy required to reach that point
may vary based, e.g., on the size of the accelerator and the length of the extraction
channel (in this example, the extraction channel is about 1.7 or 2 meters in length).
In this regard, at least part of extraction channel 703 is above the superconducting
coil. As such, the magnetic field in the extraction channel may change little in
response to accelerator rotation. Accordingly, the amount of energy needed for a
particle beam to traverse the extraction channel may not change appreciably in
response to the rotation of the particle accelerator.

[00147] As explained above, as the superconducting coil moves during
rotation, orbits that are affected by regenerator 702 change due to gravitational
movement of the coil. As noted, this movement can be as little as tenths of

millimeters. Nevertheless, as a result, the energy of the particle beam that enters
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the extraction channel may be different from the energy required to traverse the
entire channel. To adjust for this change in the energy of particles entering the
extraction channel, a structure 715 may be placed inside, or at the entry point to,
extraction channel 703. The structure may be used to absorb excess energy in the
particle beam. In this example, structure 715 is a rotatable, variable-thickness
wedge, which may have a wheel-like shape. An example of structure 715 is shown
in Figs. 18 and 18A. As shown in these figures, structure 715 may have
continuously varying thickness. Alternatively, the thicknesses may vary step-wise.
[00148] The structure may be moved (e.g., rotated) to absorb an appropriate
amount of energy from a particle beam in/entering the extraction channel. In this
implementation, thicker parts 715a of the structure absorb more energy than thinner
parts 715b. Accordingly, the structure may be moved (e.g., rotated) to absorb
different amounts of energy in a particle beam. In some implementations, the
structure may have a part containing no material (e.g., a “zero” thickness), which
allows the particle beam to pass unaltered. Alternatively, in such cases, the
structure may be moved entirely or partly out of the beam path. In some
implementations, the maximum thickness may be on the order of centimeters;
however, the maximum thickness will vary from system-to-system based, e.g., on
energy absorbing requirements. Fig. 18A also shows a motor 716 that controls an
axle to rotate structure 715, e.g., in response to a detected gantry position.

[00149] The structure may be made of any appropriate material that is capable
of absorbing energy in a particle beam. As noted above, ideally, the structure
minimizes scattering of the particle beam in the extraction channel; however, in
practice, there may be amounts of scatter that are present and that are tolerable.
Examples of materials that may be used for the structure include, but are not limited
to, beryllium, plastic containing hydrogen, and carbon. These materials may be
used alone, in combination, or in combination with other materials.

[00150] The movement (e.g., rotation) of the structure may be computer-
controlled using a control system that is part of the broader particle therapy system.
Computer control may include generating one or more control signals to control

movement of mechanical devices, such as actuators and motors that produce the
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motion. The rotation of structure 715 may be controlled based on a rotational
position of the particle accelerator, as measured by the rotational position of the
gantry (see, e.g., Figs. 1, 11 and 12 showing gantry rotation) on which the particle
accelerator is mounted. The various parameters used to set the rotational position
of the structure vis-a-vis the position of the gantry may be measured empirically, and
programmed into the control system computer.

[00151] As noted above, in some implementations, the magnetic field in the
extraction channel may change, albeit very little, in response to accelerator rotation.
The amount of the change may be, e.g., a few tenths of a percent. In a specific
example, this is reflected by a change of about six amperes (amps) of current out of
a normal ~2000 amps running through the superconducting coil. This can affect the
energy required for a particle beam to traverse the extraction channel. This small
change in magnetic field may be adjusted by controlling the current through the
superconducting coil or by controlling the rotation of structure 715.

[00152] In other implementations, adjusting the energy of particle beams
reaching the extraction channel may be achieved by physically moving regenerator
702 so that, at different rotational positions, the regenerator affects different particle
orbits. As above, the movement or regenerator 702 may be computer-controlled
through a control system that is part of the particle therapy system. For example,
the movement of regenerator 702 may be controlled based on a rotational position of
the particle accelerator, as measured by the rotational position of the gantry on
which the particle accelerator is mounted. The various parameters used to set the
location of the regenerator vis-a-vis the rotational position of the gantry may be
measured empirically, and programmed into the control system computer. One or
more computer-controlled actuators may effect actual movement of the regenerator.
[00153] Referring to Fig. 19 for example, regenerator 702 may be positioned at
location 717 initially, e.g., at a predefined initial position of the accelerator. In this
position, the magnetic field bump produced by the regenerator has a primary impact
on orbit 719 (to direct particles at that orbital position to the extraction channel).
Orbit 720 is further from the location 721 of the plasma column than orbit 719.

Consequently, orbit 720 has higher energy than orbit 719. Orbit 722 is closer to the
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location 721 of the plasma column than orbit 719. Consequently, orbit 722 has
lower energy than orbit 719. As shown in Fig. 20, movement of the superconducting
coil as a result of rotation can cause lower-energy orbit 722 to move into the path of
regenerator 702 such that regenerator 702 primarily affects orbit 722. However,
because orbit 722 is lower energy, it may not be capable of traversing the extraction
channel and may impact the inner wall of the extraction channel before exiting.
Accordingly, regenerator 702 may be moved from location 717 to location 723 (as
depicted by arrow 724 of Fig. 21) so that regenerator 702 again primarily impacts
orbit 719. The converse may be true as well. That is, if the superconducting coil
moves such that an overly high-energy orbit 720 is primarily impacted by
regenerator 702, regenerator 702 may be moved in the other direction (e.g., towards
location 721) so that it primarily impacts the lower-energy orbit 719 (which has also
moved). Although the figures depict movement of the regenerator in one dimension
(radially), the regenerator may be moved in two or three dimensions, e.g., it may be
moved in the Cartesian X, Y and/or Z directions.

[00154] In other implementations, the orbit that is affected primarily by the
regenerator may be changed by altering the magnetic field (the magnetic field
bump). This may be done, e.g., by changing the amount of ferromagnetic material in
proximity to the regenerator. In an implementation, one or more magnetic shims
may be used to alter the shape and/or strength of the magnetic field produced by the
regenerator. In this regard, the regenerator may be made of a ferromagnetic
material, such as steel (although other materials may be used in place of, or in
addition to, steel). The magnetic shims may be a ferromagnetic material that is
different from, or the same as, the material of which the regenerator is made.
[00155] In this implementation, the magnetic shims includes one or iron or steel
magnetic shims. An example is magnetic shim 730 is shown in Fig. 22; however,
any appropriate shape may be used. For example, magnetic shim 730 may be in
the shape of a rod or may have other appropriate shapes. Referring to Fig. 23,
magnetic shims 730a, 730b may be placed in a slot of the corresponding yoke 731a,
731b near to the regenerator 702 or in the regenerator itself. Moving the magnetic

shim downward, further inside a slot in the yoke increases the amount of
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ferromagnetic material near to the regenerator and thereby alters the location and
size of the magnetic field bump produced by the regenerator. By contrast, moving a
magnetic shim upward and out of the yoke decreases the amount of ferromagnetic
material near to the regenerator and thereby alters the location and size of the
magnetic field bump produced by the regenerator. Increasing the amount of
ferromagnetic material causes the magnetic field bump to be moved inward (towards
the plasma column — see, e.g., Figs. 19 to 21) to thereby primarily affect lower-
energy particle orbits. Decreasing the amount of ferromagnetic material causes the
magnetic field bump to be moved outward (away the plasma column) to thereby
primarily affect higher-energy particle orbits.

[00156] The magnetic shims may be permanently screwed into the yoke and
held in place there using screws or they may be controlled in real-time. In this
regard, movement or the magnetic shim(s) may be computer-controlled through a
control system that is part of the particle therapy system. For example, the
movement of each magnetic shim 730a, 730b may be controlled based on a
rotational position of the particle accelerator, as measured by the rotation position of
the gantry on which the particle accelerator is mounted. The various parameters
used to set the magnetic shim location vis-a-vis the rotational position of the
accelerator may be measured empirically, and programmed into the control system
computer. One or more computer-controlled actuators may effect actual movement
of the magnetic shim(s). Although only two magnetic shims are depicted, any
number of magnetic shims may be used (e.g., one or more).

[00157] In some implementations, the magnetic shim(s) (e.g., the magnetic
shim(s) described above) may instead be, or include, one or more miniature
electromagnets, the current through which is controlled to affect the magnetic field
produced by the regenerator in the manner described above. The current through
the one or more electromagnets may be computer-controlled through a control
system that is part of the particle therapy system. For example, the current may be
controlled based on a rotational position of the particle accelerator, as measured by
the rotation position of the gantry on which the particle accelerator is mounted. The

various parameters used to set the current vis-a-vis the rotational position of the
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accelerator may be measured empirically, and programmed into the control system
computer.

[00158] In other implementations, adjusting the energy of particle beams
reaching the extraction channel may be achieved by physically moving the cryostat
to compensate for movement of the coil as a result of rotation. For example, the
cryostat may be moved in a direction opposite to the direction that the coil moves.
As above, the movement of the cryostat may be computer-controlled through a
control system that is part of the particle therapy system. For example, the
movement of cryostat may be controlled based on a rotational position of the particle
accelerator, as measured by the rotation position of the gantry on which the particle
accelerator is mounted. The various parameters used to set the movement of the
cryostat vis-a-vis the rotational position of the gantry may be measured empirically,
and programmed into the control system computer. One or more computer-
controlled actuators may effect actual movement of the cryostat. Examples of
actuators that may be used to move the cryostat, and thus the coils contained
therein, are described with respect to Figs. 34 and 35 below.

[00159] Referring to Fig. 24, for example, rotation of the accelerator may cause
coils 709, 710 to move in the direction of arrow 735 within their respective chambers.
In response, the position of cryostat 736 may be changed, e.g., cryostat 736 may be
moved, e.g., in the direction of arrow 737 (e.g., in the opposite direction by an
opposite amount). This movement causes a corresponding movement of coil 709,
710, thereby bringing coils 709, 710 back into their original position in proper
alignment relative to the regenerator.

[00160] The particle accelerator used in the example particle therapy systems
described herein may be a variable-energy particle accelerator.

[00161] The energy of the extracted particle beam (the particle beam output
from the accelerator) can affect the use of the particle beam during treatment. In
some machines, the energy of the particle beam (or particles in the particle beam)
does not increase after extraction. However, the energy may be reduced based on
treatment needs after the extraction and before the treatment. Referring to Fig. 25,

an example treatment system 910 includes an accelerator 912, e.g., a
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synchrocyclotron, from which a particle (e.g., proton) beam 914 having a variable
energy is extracted to irradiate a target volume 924 of a body 922. Optionally, one
or more additional devices, such as a scanning unit 916 or a scattering unit 916, one
or more monitoring units 918, and an energy degrader 920, are placed along the
irradiation direction 928. The devices intercept the cross-section of the extracted
beam 914 and alter one or more properties of the extracted beam for the treatment.
[00162] A target volume to be irradiated (an irradiation target) by a particle
beam for treatment typically has a three-dimensional configuration. In some
examples, to carry-out the treatment, the target volume is divided into layers along
the irradiation direction of the particle beam so that the irradiation can be done on a
layer-by-layer basis. For certain types of particles, such as protons, the penetration
depth (or which layer the beam reaches) within the target volume is largely
determined by the energy of the particle beam. A particle beam of a given energy
does not reach substantially beyond a corresponding penetration depth for that
energy. To move the beam irradiation from one layer to another layer of the target
volume, the energy of the particle beam is changed.

[00163] In the example shown in Fig. 25, the target volume 924 is divided into
nine layers 926a-926i along the irradiation direction 928. In an example process, the
irradiation starts from the deepest layer 926i, one layer at a time, gradually to the
shallower layers and finishes with the shallowest layer 926a. Before application to
the body 922, the energy of the particle beam 914 is controlled to be at a level to
allow the particle beam to stop at a desired layer, e.g., the layer 926d, without
substantially penetrating further into the body or the target volume, e.g., the layers
926e-926i or deeper into the body. In some examples, the desired energy of the
particle beam 914 decreases as the treatment layer becomes shallower relative to
the particle acceleration. In some examples, the beam energy difference for treating
adjacent layers of the target volume 924 is about 3 MeV to about 100 MeV, e.g.,
about 10 MeV to about 80 MeV, although other differences may also be possible,
depending on, e.g., the thickness of the layers and the properties of the beam.
[00164] The energy variation for treating different layers of the target volume

924 can be performed at the accelerator 912 (e.qg., the accelerator can vary the
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energy) so that, in some implementations, no additional energy variation is required
after the particle beam is extracted from the accelerator 912. So, the optional
energy degrader 920 in the treatment system 10 may be eliminated from the system.
In some implementations, the accelerator 912 can output particle beams having an
energy that varies between about 100 MeV and about 300 MeV, e.g., between about
115 MeV and about 250 MeV. The variation can be continuous or non-continuous,
e.g., one step at atime. In some implementations, the variation, continuous or non-
continuous, can take place at a relatively high rate, e.g., up to about 50 MeV per
second or up to about 20 MeV per second. Non-continuous variation can take place
one step at a time with a step size of about 10 MeV to about 90 MeV.

[00165] When irradiation is complete in one layer, the accelerator 912 can vary
the energy of the particle beam for irradiating a next layer, e.g., within several
seconds or within less than one second. In some implementations, the treatment of
the target volume 924 can be continued without substantial interruption or even
without any interruption. In some situations, the step size of the non-continuous
energy variation is selected to correspond to the energy difference needed for
irradiating two adjacent layers of the target volume 924. For example, the step size
can be the same as, or a fraction of, the energy difference.

[00166] In some implementations, the accelerator 912 and the degrader 920
collectively vary the energy of the beam 914. For example, the accelerator 912
provides a coarse adjustment and the degrader 920 provides a fine adjustment or
vice versa. In this example, the accelerator 912 can output the particle beam that
varies energy with a variation step of about 10-80 MeV, and the degrader 920
adjusts (e.g., reduces) the energy of the beam at a variation step of about 2-10 MeV.
[00167] The reduced use (or absence) of the energy degrader, which can
include range shifters, helps to maintain properties and quality of the output beam
from the accelerator, e.g., beam intensity. The control of the particle beam can be
performed at the accelerator. Side effects, e.g., from neutrons generated when the
particle beam passes the degrader 920 can be reduced or eliminated.

[00168] The energy of the particle beam 914 may be adjusted to treat another

target volume 930 in another body or body part 922’ after completing treatment in
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target volume 924. The target volumes 924, 930 may be in the same body (or
patient), or may belong to different patients. It is possible that the depth D of the
target volume 930 from a surface of body 922’ is different from that of the target
volume 924. Although some energy adjustment may be performed by the degrader
920, the degrader 920 may only reduce the beam energy and not increase the beam
energy.

[00169] In this regard, in some cases, the beam energy required for treating
target volume 930 is greater than the beam energy required to treat target volume
924. In such cases, the accelerator 912 may increase the output beam energy after
treating the target volume 924 and before treating the target volume 930. In other
cases, the beam energy required for treating target volume 930 is less than the
beam energy required to treat target volume 924. Although the degrader 920 can
reduce the energy, the accelerator 912 can be adjusted to output a lower beam
energy to reduce or eliminate the use of the degrader 920. The division of the target
volumes 924, 930 into layers can be different or the same. And the target volume
930 can be treated similarly on a layer by layer basis to the treatment of the target
volume 924.

[00170] The treatment of the different target volumes 924, 930 on the same
patient may be substantially continuous, e.g., with the stop time between the two
volumes being no longer than about 30 minutes or less, e.g., 25 minutes or less, 20
minutes or less, 15 minutes or less, 10 minutes or less, 5 minutes or less, or 1
minute or less. As is explained herein, the accelerator 912 can be mounted on a
movable gantry and the movement of the gantry can move the accelerator to aim at
different target volumes. In some situations, the accelerator 912 can complete the
energy adjustment of the output beam 914 during the time the treatment system
makes adjustment (such as moving the gantry) after completing the treatment of the
target volume 924 and before starting treating the target volume 930. After the
alignment of the accelerator and the target volume 930 is done, the treatment can
begin with the adjusted, desired beam energy. Beam energy adjustment for different
patients can also be completed relatively efficiently. In some examples, all

adjustments, including increasing/reducing beam energy and/or moving the gantry
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are done within about 30 minutes, e.g., within about 25 minutes, within about 20
minutes, within about 15 minutes, within about 10 minutes or within about 5 minutes.
[00171] In the same layer of a target volume, an irradiation dose is applied by
moving the beam across the two-dimensional surface of the layer (which is
sometimes called scanning beam) using a scanning unit 916. Alternatively, the layer
can be irradiated by passing the extracted beam through one or more scatterers of
the scattering unit 16 (which is sometimes called scattering beam).

[00172] Beam properties, such as energy and intensity, can be selected before
a treatment or can be adjusted during the treatment by controlling the accelerator
912 and/or other devices, such as the scanning unit/scatterer(s) 916, the degrader
920, and others not shown in the figures. In this example implementation, as in the
example implementations described above, system 910 includes a controller 932,
such as a computer, in communication with one or more devices in the system.
Control can be based on results of the monitoring performed by the one or more
monitors 918, e.g., monitoring of the beam intensity, dose, beam location in the
target volume, etc. Although the monitors 918 are shown to be between the device
916 and the degrader 920, one or more monitors can be placed at other appropriate
locations along the beam irradiation path. Controller 932 can also store a treatment
plan for one or more target volumes (for the same patient and/or different patients).
The treatment plan can be determined before the treatment starts and can include
parameters, such as the shape of the target volume, the number of irradiation layers,
the irradiation dose for each layer, the number of times each layer is irradiated, etc.
The adjustment of a beam property within the system 910 can be performed based
on the treatment plan. Additional adjustment can be made during the treatment,
e.g., when deviation from the treatment plan is detected.

[00173] In some implementations, the accelerator 912 is configured to vary the
energy of the output particle beam by varying the magnetic field in which the particle
beam is accelerated. In an example implementation, one or more sets of coils
receives variable electrical current to produce a variable magnetic field in the cavity.
In some examples, one set of coils receives a fixed electrical current, while one or

more other sets of coils receives a variable current so that the total current received
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by the coil sets varies. In some implementations, all sets of coils are
superconducting. In other implementations, some sets of coils, such as the set for
the fixed electrical current, are superconducting, while other sets of coils, such as
the one or more sets for the variable current, are non-superconducting. In some
examples, all sets of coils are non-superconducting.

[00174] Generally, the magnitude of the magnetic field is scalable with the
magnitude of the electrical current. Adjusting the total electric current of the coils in
a predetermined range can generate a magnetic field that varies in a corresponding,
predetermined range. In some examples, a continuous adjustment of the electrical
current can lead to a continuous variation of the magnetic field and a continuous
variation of the output beam energy. Alternatively, when the electrical current
applied to the coils is adjusted in a non-continuous, step-wise manner, the magnetic
field and the output beam energy also varies accordingly in a non-continuous (step-
wise) manner. The scaling of the magnetic field to the current can allow the
variation of the beam energy to be carried out relatively precisely, although
sometimes minor adjustment other than the input current may be performed.
[00175] In some implementations, to output particle beams having a variable
energy, the accelerator 912 is configured to apply RF voltages that sweep over
different ranges of frequencies, with each range corresponding to a different output
beam energy. For example, if the accelerator 912 is configured to produce three
different output beam energies, the RF voltage is capable of sweeping over three
different ranges of frequencies. In another example, corresponding to continuous
beam energy variations, the RF voltage sweeps over frequency ranges that
continuously change. The different frequency ranges may have different lower
frequency and/or upper frequency boundaries.

[00176] The extraction channel may be configured to accommodate the range
of different energies produced by the variable-energy particle accelerator. Particle
beams having different energies can be extracted from the accelerator 912 without
altering the features of the regenerator that is used for extracting particle beams
having a single energy. In other implementations, to accommodate the variable

particle energy, the regenerator can be moved to disturb (e.g., change) different
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particle orbits in the manner described above and/or iron rods (magnetic shims) can
be added or removed to change the magnetic field bump provided by the
regenerator. More specifically, different particle energies will typically be at different
particle orbits within the cavity. By moving the regenerator in the manner described
herein, it is possible to intercept a particle orbit at a specified energy and thereby
provide the correct perturbation of that orbit so that particles at the specified energy
reach the extraction channel. In some implementations, movement of the
regenerator (and/or addition/removal of magnetic shims) is performed in real-time to
match real-time changes in the particle beam energy output by the accelerator. In
other implementations, particle energy is adjusted on a per-treatment basis, and
movement of the regenerator (and/or addition/removal of magnetic shims) is
performed in advance of the treatment. In either case, movement of the regenerator
(and/or addition/removal of magnetic shims) may be computer controlled. For
example, a computer may control one or more motors that effect movement of the
regenerator and/or magnetic shims.

[00177] In some implementations, the regenerator is implemented using one or
more magnetic shims that are controllable to move to the appropriate location(s).
[00178] In some implementations, structure 715 (described above) is controlled
to accommodate the different energies produced by the particle accelerator. For
example, structure 715 may be rotated so that an appropriate thickness intercepts a
particle beam having a particular energy. Structure 715 thus absorbs at least some
of the energy in the particle beam, enabling the particle beam to traverse the
extraction channel, as described above.

[00179] As an example, table 1 shows three example energy levels at which
example accelerator 912 can output particle beams. The corresponding parameters
for producing the three energy levels are also listed. In this regard, the magnet
current refers to the total electrical current applied to the one or more coil sets in the
accelerator 912; the maximum and minimum frequencies define the ranges in which
the RF voltage sweeps; and "r" is the radial distance of a location to a center of the

cavity in which the particles are accelerated.
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Beam Magnet | Maximum Minimum Magnetic Field | Magnetic Field
Energy | Current | Frequency Frequency at r=0 mm at r=298 mm
(MeV) (Amps) (MHz) (MHz) (Tesla) (Tesla)

250 1990 132 99 8.7 8.2
235 1920 128 97 8.4 8.0
211 1760 120 93 7.9 7.5

Table 1. Examples of beam energies and respective parameters.

[00180]

Details that may be included in an example particle accelerator that

produces charged particles having variable energies are described below. The

accelerator can be a synchrocyclotron and the particles may be protons. The

particles may be output as pulsed beams. The energy of the beam output from the

particle accelerator can be varied during the treatment of one target volume in a

patient, or between treatments of different target volumes of the same patient or

different patients. In some implementations, settings of the accelerator are changed

to vary the beam energy when no beam (or particles) is output from the accelerator.

The energy variation can be continuous or non-continuous over a desired range.

[00181]

Referring to the example shown in Fig. 1, the particle accelerator

(synchrocyclotron 502), which may be a variable-energy particle accelerator like

accelerator 912 described above, may be configured to particle beams that have a

variable energy. The range of the variable energy can have an upper boundary that
is about 200 MeV to about 300 MeV or higher, e.g., 200 MeV, about 205 MeV, about
210 MeV, about 215 MeV, about 220 MeV, about 225 MeV, about 230 MeV, about
235 MeV, about 240 MeV, about 245 MeV, about 250 MeV, about 255 MeV, about
260 MeV, about 265 MeV, about 270 MeV, about 275 MeV, about 280 MeV, about
285 MeV, about 290 MeV, about 295 MeV, or about 300 MeV or higher. The range
can also have a lower boundary that is about 100 MeV or lower to about 200 MeV,
e.g., about 100 MeV or lower, about 105 MeV, about 110 MeV, about 115 MeV,
about 120 MeV, about 125 MeV, about 130 MeV, about 135 MeV, about 140 MeV,
about 145 MeV, about 150 MeV, about 155 MeV, about 160 MeV, about 165 MeV,
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about 170 MeV, about 175 MeV, about 180 MeV, about 185 MeV, about 190 MeV,
about 195 MeV, about 200 MeV.

[00182] In some examples, the variation is non-continuous and the variation
step can have a size of about 10 MeV or lower, about 15 MeV, about 20 MeV, about
25 MeV, about 30 MeV, about 35 MeV, about 40 MeV, about 45 MeV, about 50
MeV, about 55 MeV, about 60 MeV, about 65 MeV, about 70 MeV, about 75 MeV, or
about 80 MeV or higher. Varying the energy by one step size can take no more than
30 minutes, e.g., about 25 minutes or less, about 20 minutes or less, about 15
minutes or less, about 10 minutes or less, about 5 minutes or less, about 1 minute or
less, or about 30 seconds or less. In other examples, the variation is continuous and
the accelerator can adjust the energy of the particle beam at a relatively high rate,
e.g., up to about 50 MeV per second, up to about 45 MeV per second, up to about
40 MeV per second, up to about 35 MeV per second, up to about 30 MeV per
second, up to about 25 MeV per second, up to about 20 MeV per second, up to
about 15 MeV per second, or up to about 10 MeV per second. The accelerator can
be configured to adjust the particle energy both continuously and non-continuously.
For example, a combination of the continuous and non-continuous variation can be
used in a treatment of one target volume or in treatments of different target volumes.
Flexible treatment planning and flexible treatment can be achieved.

[00183] A particle accelerator that outputs a particle beam having a variable
energy can provide accuracy in irradiation treatment and reduce the number of
additional devices (other than the accelerator) used for the treatment. For example,
the use of degraders for changing the energy of an output particle beam may be
reduced or eliminated. The properties of the particle beam, such as intensity, focus,
etc. can be controlled at the particle accelerator and the particle beam can reach the
target volume without substantial disturbance from the additional devices. The
relatively high variation rate of the beam energy can reduce treatment time and allow
for efficient use of the treatment system.

[00184] In some implementations, the accelerator, such as the
synchrocyclotron 502 of Fig. 1, accelerates particles or particle beams to variable

energy levels by varying the magnetic field in the accelerator, which can be achieved
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by varying the electrical current applied to coils for generating the magnetic field. As
shown in Figs. 3, 4, 5, 6, and 7, example synchrocyclotron 10 (502 in Fig. 1)
includes a magnet system that contains a particle source 90, a radiofrequency drive
system 91, and a beam extraction system 38. Fig. 28 shows an example of a
magnet system that may be used in a variable-energy accelerator. In this example
implementation, the magnetic field established by the magnet system 1012 can vary
by about 5% to about 35 % of a maximum value of the magnetic field that two sets of
coils 40a and 40b, and 42a and 42b are capable of generating. The magnetic field
established by the magnet system has a shape appropriate to maintain focus of a
contained proton beam using a combination of the two sets of coils and a pair of
shaped ferromagnetic (e.g., low carbon steel) structures, examples of which are
provided above.

[00185] Each set of coils may be a split pair of annular coils to receive
electrical current. In some situations, both sets of coils are superconducting. In
other situations, only one set of the colls is superconducting and the other set is non-
superconducting or normal conducting (also discussed further below). It is also
possible that both sets of coils are non-superconducting. Suitable superconducting
materials for use in the coils include niobium-3 tin (Nb3Sn) and/or niobium-titanium.
Other normal conducting materials can include copper. Examples of the coil set
constructions are described further below.

[00186] The two sets of coils can be electrically connected serially or in
parallel. In some implementations, the total electrical current received by the two
sets of coils can include about 2 million ampere turns to about 10 million ampere
turns, e.g., about 2.5 to about 7.5 million ampere turns or about 3.75 million ampere
turns to about 5 million ampere turns. In some examples, one set of coils is
configured to receive a fixed (or constant) portion of the total variable electrical
current, while the other set of coils is configured to receive a variable portion of the
total electrical current. The total electrical current of the two coil sets varies with the
variation of the current in one coil set. In other situations, the electrical current
applied to both sets of coils can vary. The variable total current in the two sets of

coils can generate a magnetic field having a variable magnitude, which in turn varies
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the acceleration pathways of the particles and produces particles having variable
energies.

[00187] Generally, the magnitude of the magnetic field generated by the coil(s)
is scalable to the magnitude of the total electrical current applied to the coil(s).
Based on the scalability, in some implementations, linear variation of the magnetic
field strength can be achieved by linearly changing the total current of the coil sets.
The total current can be adjusted at a relatively high rate that leads to a relatively
high-rate adjustment of the magnetic field and the beam energy.

[00188] In the example reflected in Table 1 above, the ratio between values of
the current and the magnetic field at the geometric center of the coil rings is:
1990:8.7 (approximately 228.7:1); 1920:8.4 (approximately 228.6:1); 1760:7.9
(approximately 222.8:1). Accordingly, adjusting the magnitude of the total current
applied to a superconducting coil(s) can proportionally (based on the ratio) adjust the
magnitude of the magnetic field.

[00189] The scalability of the magnetic field to the total electrical current in the
example of Table 1 is also shown in the plot of Fig. 26, where BZ is the magnetic
field along the Z direction; and R is the radial distance measured from a geometric
center of the coil rings along a direction perpendicular to the Z direction. The
magnetic field has the highest value at the geometric center, and decreases as the
distance R increases. The curves 1035, 1037 represent the magnetic field
generated by the same coil sets receiving different total electrical current: 1760
Amperes and 1990 Amperes, respectively. The corresponding energies of the
extracted particles are 211 MeV and 250 MeV, respectively. The two curves 1035,
1037 have substantially the same shape and the different parts of the curves 1035,
1037 are substantially parallel. As a result, either the curve 1035 or the curve 1037
can be linearly shifted to substantially match the other curve, indicating that the
magnetic field is scalable to the total electrical current applied to the coil sets.
[00190] In some implementations, the scalability of the magnetic field to the
total electrical current may not be perfect. For example, the ratio between the
magnetic field and the current calculated based on the example shown in Table 1 is

not constant. Also, as shown in Fig. 26, the linear shift of one curve may not
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perfectly match the other curve. In some implementations, the total current is
applied to the coil sets under the assumption of perfect scalability. The target
magnetic field (under the assumption of perfect scalability) can be generated by
additionally altering the features, e.g., geometry, of the coils to counteract the
imperfection in the scalability. As one example, ferromagnetic (e.g., iron) rods
(magnetic shims) can be inserted or removed from one or both of the magnetic
structures. The features of the coils can be altered at a relatively high rate so that
the rate of the magnetic field adjustment is not substantially affected as compared to
the situation in which the scalability is perfect and only the electrical current needs to
be adjusted. In the example of iron rods, the rods can be added or removed at the
time scale of seconds or minutes, e.g., within 5 minutes, within 1 minute, less than
30 seconds, or less than 1 second.

[00191] In some implementations, settings of the accelerator, such as the
current applied to the coll sets, can be chosen based on the substantial scalability of
the magnetic field to the total electrical current in the coll sets.

[00192] Generally, to produce the total current that varies within a desired
range, any combination of current applied to the two colil sets can be used. In an
example, the coil set 42a, 42b can be configured to receive a fixed electrical current
corresponding to a lower boundary of a desired range of the magnetic field. In the
example shown in table 1, the fixed electrical current is 1760 Amperes. In addition,
the coil set 40a, 40b can be configured to receive a variable electrical current having
an upper boundary corresponding to a difference between an upper boundary and a
lower boundary of the desired range of the magnetic field. In the example shown in
table 1, the coil set 40a, 40b is configured to receive electrical current that varies
between O Ampere and 230 Amperes.

[00193] In another example, the coil set 42a, 42b can be configured to receive
a fixed electrical current corresponding to an upper boundary of a desired range of
the magnetic field. In the example shown in table 1, the fixed current is 1990
Amperes. In addition, the coil set 40a, 40b can be configured to receive a variable
electrical current having an upper boundary corresponding to a difference between a

lower boundary and an upper boundary of the desired range of the magnetic field.
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In the example shown in table 1, the coil set 40a, 40b is configured to receive
electrical current that varies between -230 Ampere and O Ampere.

[00194] The total variable magnetic field generated by the variable total current
for accelerating the particles can have a maximum magnitude greater than 4 Tesla,
e.g., greater than 5 Tesla, greater than 6 Tesla, greater than 7 Tesla, greater than 8
Tesla, greater than 9 Tesla, or greater than 10 Tesla, and up to about 20 Tesla or
higher, e.g., up to about 18 Tesla, up to about 15 Tesla, or up to about 12 Tesla. In
some implementations, variation of the total current in the colil sets can vary the
magnetic field by about 0.2 Tesla to about 4.2 Tesla or more, e.g., about 0.2 Tesla to
about 1.4 Tesla or about 0.6 Tesla to about 4.2 Tesla. In some situations, the
amount of variation of the magnetic field can be proportional to the maximum
magnitude.

[00195] Fig. 27 shows an example RF structure for sweeping the voltage on
the dee plate 100 over an RF frequency range for each energy level of the particle
beam, and for varying the frequency range when the particle beam energy is varied.
The semicircular surfaces 103, 105 of the dee plate 100 are connected to an inner
conductor 1300 and housed in an outer conductor 1302. The high voltage is applied
to the dee plate 100 from a power source (not shown, e.g., an oscillating voltage
input) through a power coupling device 1304 that couples the power source to the
inner conductor. In some implementations, the coupling device 1304 is positioned
on the inner conductor 1300 to provide power transfer from the power source to the
dee plate 100. In addition, the dee plate 100 is coupled to variable reactive
elements 1306, 1308 to perform the RF frequency sweep for each particle energy
level, and to change the RF frequency range for different particle energy levels.
[00196] The variable reactive element 1306 can be a rotating capacitor that
has multiple blades 1310 rotatable by a motor (not shown). By meshing or
unmeshing the blades 1310 during each cycle of RF sweeping, the capacitance of
the RF structure changes, which in turn changes the resonant frequency of the RF
structure. In some implementations, during each quarter cycle of the motor, the
blades 1310 mesh with the each other. The capacitance of the RF structure

increases and the resonant frequency decreases. The process reverses as the
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blades 1310 unmesh. As a result, the power required to generate the high voltage
applied to the dee plate 103 and necessary to accelerate the beam can be reduced
by a large factor. In some implementations, the shape of the blades 1310 is
machined to form the required dependence of resonant frequency on time.

[00197] The RF frequency generation is synchronized with the blade rotation
by sensing the phase of the RF voltage in the resonator, keeping the alternating
voltage on the dee plates close to the resonant frequency of the RF cavity. (The
dummy dee is grounded and is not shown in Fig. 27).

[00198] The variable reactive element 1308 can be a capacitor formed by a
plate 1312 and a surface 1316 of the inner conductor 1300. The plate 1312 is
movable along a direction 1314 towards or away from the surface 1316. The
capacitance of the capacitor changes as the distance D between the plate 1312 and
the surface 1316 changes. For each frequency range to be swept for one particle
energy, the distance D is at a set value, and to change the frequency range, the
plate 1312 is moved corresponding to the change in the energy of the output beam.
[00199] In some implementations, the inner and outer conductors 1300, 1302
are formed of a metallic material, such as copper, aluminum, or silver. The blades
1310 and the plate 1312 can also be formed of the same or different metallic
materials as the conductors 1300, 1302. The coupling device 1304 can be an
electrical conductor. The variable reactive elements 1306, 1308 can have other
forms and can couple to the dee plate 100 in other ways to perform the RF
frequency sweep and the frequency range alteration. In some implementations, a
single variable reactive element can be configured to perform the functions of both
the variable reactive elements 1306, 1308. In other implementations, more than two
variable reactive elements can be used.

[00200] Also described herein are examples of systems for controlling positions
of magnet coils including, but not limited to, the magnet coils described with respect
to the systems of Figs. 1 to 28. In general, a magnet may include one or more coils
that conduct current to generate a magnetic field. Movement, including but not
limited to, full or partial rotation of the magnet, may result in unintended

displacement of the coils. For example, gravitational forces experienced during
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motion may cause a coil to move in a way that was neither desired nor predicted.
Other factors may also cause undesirable or unpredicted coil displacement as well.
For example, the magnet structure may be changed, e.g., components may be
substituted or components may become loose or settled. Coil displacement can
alter the magnetic field produced by the magnet in unexpected or unwanted ways.
In some examples, the shape and/or intensity of the magnetic field produced using
displaced coils may be different from those that were intended. An alteration of the
magnetic field can adversely impact the operation of a system employing the
magnet. As indicated, in some applications, even very small displacements — e.g.,
in the sub-millimeter range — can have a consequential impact.

[00201] Accordingly, the example systems described herein may be employed
to compensate for, e.g., to correct, displacement of one or more magnet coils. The
example systems described herein support moving magnet coils to correct for
displacement caused by gravitational forces including, but not limited to, those
resulting from full or partial rotation of the magnet. However, the coil positioning
systems are not limited to use in this context, and may be used in any appropriate
context to reposition magnet coils or other electromagnetic structures. The example
coil positioning systems may be configured to produce coil movement at any
appropriate granularity, e.g., from sub-millimeter movement to movement on the
order of millimeters, centimeters, decimeters, meters, and so forth.

[00202] In this regard, compensating for, e.g., correcting, displacement of one
or more magnet coils may include moving the coils back to their original (e.g., a
predefined) position or it may include moving the coils to any appropriate position to
produce a desired magnetic field shape and/or magnitude. For example, the
ultimate position to which the coils may be moved may, or may not, be their original
position relative to a reference point. Rather, movement may be performed in order
to adjust the magnetic field distribution of the coils so that the magnetic field
distribution is one that is desired for a particular application. In some
implementations, the coils(s) may be moved to arrive at a target distribution for the

magnetic field (e.g., one that is desired for a particular application). In some
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implementations, the target distribution includes a distribution that deviates by no
more, or no less, than an acceptable predefined amount from the nominal target.
[00203] In example implementations, the colil positioning system includes a
physical coupling to a coil (or coils) to be moved. This physical coupling can be a
direct physical connection between a device configured to move the coil, or an
indirect physical connection that includes one or more intervening structures
between the coil and the device configured to move the coil. In any case, an
example physical coupling is configured and arranged, and connected to the coil, so
that appropriate force applied to the physical coupling causes movement of the coil.
In some implementations, the force may include pulling on the physical coupling to
produce movement. For example, the physical coupling may include one or more
straps or other members to which tension may be increased to produce movement
of the coils. In some implementations, the force may include pushing on the
physical coupling to produce movement. For, example, the physical coupling may
include one or more rigid members that respond to applied pressure to produce
movement of the coil by pushing the coil. The physical coupling may include any
appropriate combination of rigid, semi-rigid, and non-rigid couplings.

[00204] Movement of the coil via the physical coupling may be computer-
controlled. For example, one or more processing devices (referred to as a
“processing device”) may execute appropriate instructions to control movement of
the coil via the physical coupling. A processing device may receive information
about a coil’s position before, during, and after movement, and control the physical
positioning of the coil so that the coil ends-up in the correct position.

[00205] The information about the coil’s position may include, or be,
measurements indicative of coil position or other information from which the coil’s
position may be determined or inferred. In some implementations, the coil
positioning system may include the one or more displacement sensors, which may
be mounted to a housing that holds the magnet or to another appropriate structure,
to obtain measurements of positions of the coil(s) (e.g., relative to the housing)
before, during, and after movement (e.g., rotation) of the magnet. Examples of

displacement sensors include, but are not limited to, optical sensors. The
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measurements obtained by the sensors may be used by the processing device to
determine the position of the coil(s) before, during, and after movement, and
thereby to determine if there if there has been unintended movement. The coil
positioning system may then control the position of the coil(s) via the physical
coupling to move the coil(s) to their intended position(s). For example, the coils may
be moved to predefined or other appropriate positions within the housing in order to
adjust (e.g., correct) a magnetic field distribution of the coills.

[00206] In some implementations, the coil positioning system may include one
or more magnetic field sensors mounted to the housing or to another appropriate
structure. Examples of magnetic field sensors include, but are not limited to, Hall
effect sensors. The magnetic field sensors may be configured to detect a change in
the magnetic field generated by the coil(s) relative to the magnetic field sensors.
This detected change in the magnetic field may be indicative of the movement of
coil(s) (e.g., relative to the housing) or some other unwanted or unintended cause,
and may be used to determine the magnitude and direction of that movement. For
example, the processing device may have access to data representing the expected
magnitude and shape of a magnetic field for a particular orientation of the magnet.
The magnetic field detected by the magnetic field sensors may also be represented
by data that is accessible to the processing device. The processing device may use
the data about the expected magnetic field and the data about the change in the
magnetic field detected by the magnetic field sensors to determine how to reposition
the coil(s) to produce the intended magnetic field. For example, the coil(s) may have
moved from a desired orientation to an undesired orientation. The coil positioning
system may control the position of the coil(s) via the physical coupling to move the
coil(s) back to the desired orientation, e.g., by moving the coil(s) in a direction
opposite to which they were originally moved. In some implementations, the coil
positioning system may move the coil(s) not back to their original position, but to any
appropriate positon that produces a desired magnetic field distribution.

[00207] Controlling positioning of the coil(s) physically — e.g., by applying force
to the coil(s) via a physical coupling — may have advantages over other methods of

coil positioning. For example, physical positioning provides direct control over coil
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movement, which may enable more precise positioning of the coil than systems that
control colil position without physically contacting the coil(s).

[00208] The coll positioning systems described herein may be used in any
appropriate context. Fig. 29 is a block diagram showing a magnet 1410 supported
on a mount 1411 for rotation, e.g., in the directions of arrow 1412, relative to ground
1416. Only part of mount 1411 is depicted in Fig. 29. The rotation enabled by the
mount may be a 360° rotation or less than a 360° rotation; in other words, a partial
rotation. Examples of mounts may include, but are not limited to, a rotatable gantry,
robotic arm(s), rotatable axles or shafts, tracks along which the accelerator may
move, or other appropriate structures. Magnet 1410 may include coils 1413, 1414
that conduct current to generate a magnetic field. Although two coils are shown, in
some implementations, the magnet may have a single coil or more than two coils.
The coils may be superconducting or non-superconducting. In the case of
superconducting coils, any appropriate superconducting material may be used. For
example, the superconducting material may include, but is not limited to, one or
more of the following materials, either alone or in combination: niobium-
tin/triniobium-tin (Nb3Sn), niobium-titanium (NbTi), vanadium-gallium (V3Ga),
bismuth strontium calcium copper oxide (BSCCOQ), yttrium barium copper oxide
(YBCO), or magnesium diboride (MgB2). For non-superconducting coils, the
material may be, or include, copper or any other appropriate conductor.

[00209] In the example of Fig. 29, magnet 1410 may include one or more pole
pieces (e.g., magnetic yokes) that shape the magnetic field generated by the coils.
In some implementations, the pole piece(s) may be omitted. In the example of Fig.
29, magnet 1410 includes a housing 1415 that holds magnet 1410 during
movement, such as rotation relative to a reference point, such as ground 1416.
Housing 1415 may be, or include, a vacuum enclosure, magnetic yoke(s), the pole
piece(s), any appropriate combination(s) thereof, or any other appropriate structure
alone or in combination with the vacuum enclosure, the magnetic yoke(s), or the
pole piece(s). In implementations that include a housing, supports may hold (e.g.,
suspend) the magnet inside the housing. Any appropriate number of supports may

be used. In this example, housing 1415 is depicted in dashed outline form to enable

53



WO 2018/175679 PCT/US2018/023694

the magnet inside the housing to be viewed, and to indicate that the housing is
exterior to the magnet. In this example, the housing substantially encloses the
magnet; however, in other examples, the housing may be adjacent to the magnet,
border the magnet, surround the magnet, or partly enclose the magnet. The housing
may be made of a conductive or non-conductive material, and may incorporate
magnetic and/or thermal shielding into its structure. In some implementations, the
housing may be omitted altogether, and the magnet may be coupled directly to the
mount 1411 instead of indirectly coupled via the housing.

[00210] Magnet 1410 may be a component of a larger system including, but
not limited to, a medical system, such as a patient treatment system or an imaging
system. In some implementations, the magnet may be part of a therapeutic
radiation system, such as a particle (e.g., proton) therapy system, examples of which
are described with respect to Figs. 1 to 28. For example, magnet 1410 may be an
accelerating magnet of a particle accelerator, as described herein. Magnet 1410
may be a bending magnet. For example, magnet 1410 may be configured to direct
a particle beam towards, and across, an irradiation target, as is the case in a particle
beam scanning system. Magnet 1410 may be a focusing magnet. For example,
magnet 1410 may be configured to focus a particle beam prior to output. This listing
of example magnet applications is illustrative and not exhaustive.

[00211] Forces (e.g., gravity) resulting from movement of the magnet including,
but not limited to, a change in orientation of the magnet, may cause an undesired
displacement of the coils. For example, the coils may be displaced relative to the
housing or simply relative to an expected, target position of the coils. This
displacement may affect the magnitude and/or the shape of the magnetic field
produced by the magnet, thereby affecting operation of the system of which the
magnet is part. For example, in the case of a particle therapy system, undesired
displacement of the coils can affect the energy of the particles output by the particle
accelerator, the targeting of a particle beam during scanning of a tumor, and/or the
definition or integrity of the particle beam if focusing is not performed correctly.
[00212] Accordingly, magnet 1410 is equipped with an implementation of the

coil positioning system described herein. In this example, the coil positioning system
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is computer-controlled; that is, the coil positioning system is controlled by one or
more processing device(s) executing appropriate instructions (e.g., computer
programs). In some implementations, the magnet, housing, or other connected
structure includes one or more embedded processing devices 1418 that control
operation of the coil positioning system either independently or in coordination with a
computing system 1419. In some implementations, the magnet does not include on-
board intelligence, and the coll positioning system is controlled by command and/or
control signals 1407 provided by computing system 1419 directly to electronics that
operate the coll positioning system. In this specification, reference to “a processing
device” may include more than one processing device, and reference to “a
computing system” or “a computer system” may include one or more processing
devices.

[00213] In this example, the coil positioning system includes one or more
actuators 1420a to 1420d that are mounted onto, or otherwise connected to, the
magnet or associated structure (e.g., a magnet housing). In the example of Fig. 29,
there are four actuators; however, as described herein, any appropriate number of
actuators may be used. In some implementations, each actuator is configured to
reproduce calibrated coil positions determined by testing in order to improve beam
performance for at least some rotation angles. In some implementations, each
actuator may be a servo-controlled actuator that is configured to actively maintain to
a control parameter, such as beam direction or read-outs from a sensor used to
measure a magnetic field produced by the coil that varies with coil position.

[00214] Each actuator is connected to a colil via a respective physical coupling
1421ato 1421d. Each physical coupling may be, or include, any appropriate
physical structure or combination of physical structures that enables transfer of force
between the actuator and the coils. Thus, the physical coupling between the
actuator and the coils may be a direct physical connection, or may be a physical
connection that includes one or more intervening components. Despite the
presence of these intervening components, in some implementations, the physical
coupling may be configured so that force can be directed from the actuator either

towards, or away from, the coils to control movement, and thus positions, of the
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coils. Positioning and repositioning of the coils may be performed in real-time, or
positioning of the coils may be performed after coil movement. In some examples,
real-time control includes positioning and repositioning the coils incrementally to
correct for unwanted coil movement while the coils are still moving.

[00215] In some implementations, a single actuator may be connected to
multiple coils via respective physical couplings. For example, in some
implementations, the single actuator may be configured to control selected one(s) of
the multiple coils to which the single actuator is connected. In some
implementations, the single actuator may be configured to control, concurrently, all
coils to which the single actuator is connected.

[00216] In some implementations, each physical coupling includes one or more
members connected at one end either directly or indirectly to the magnet coil and
connected at another end either directly or indirectly to the actuator. The physical
coupling may be a rigid coupling, a non-rigid coupling, or a semi-rigid coupling. A
coupling that is rigid may include a coupling that has little or no elasticity even in the
presence of weights on the order of tens of tons. A coupling that is semi-rigid may
include a coupling that has elasticity in the presence of higher weights, e.g., on the
order of tens of tons. A coupling that is non-rigid may include a coupling that has
elasticity even at example weights less than those described.

[00217] A rigid coupling may enable control of coil position through application
of force in a direction towards the coils, that is, by pushing the coils via the rigid
coupling. A rigid coupling may also enable control of coil position to be implemented
by applying force in a direction away from the coils, that is, by pulling the coils via
the rigid coupling. In some cases, depending upon the weight of the coils and
associated structure to be moved, a semi-rigid physical coupling may also be used
to control coil position through application of force towards, or away from, the coils.
A semi-rigid or non-rigid coupling may enable control of coil position to be
implemented by applying force in a direction away from the coils, that is, by pulling
the coils. In other words, tension on the coupling may be increased to pull the coils
to force movement. Material(s) to implement a semi-rigid or non-rigid physical

coupling will have sufficient tensile strength to withstand breakage under loads to

56



WO 2018/175679 PCT/US2018/023694

which they are subjected. For example, in the case of a load measured in tens of
tons (e.g., 30 tons), materials such as carbon fiber and fiberglass as described with
respect to Fig. 5, may be used to implement a physical coupling under tensile stress.
An example of part of a physical coupling is a strap 402, 404, 406 described with
respect to Fig. 5. This strap may be used in the physical couplings of Fig. 29;
however, other configurations for the physical couplings may also be used in the
system of Fig. 29 in addition to, or instead of, that strap.

[00218] Fig. 29 shows four actuators mounted proximate to magnet 1415 to
control positioning of coils 1413, 1414 — two actuators per coil. In this regard, in
some implementations, the actuators may be mounted on components of the
magnet, and in some implementations the actuators may be mounted elsewhere
(e.g., to the housing) but with physical couplings to the coils. Although four
actuators are shown in Fig. 29, any appropriate number of actuators may be used.
For example, there may be only one actuator or there may be two or more actuators.
In some implementations, as described below, there may be four actuators on each
side of a magnet. For example, as described herein, there may be eight actuators
arranged symmetrically — four on each side of the housing of a magnet. In this
regard, in some implementations, the actuators may be arranged symmetrically
relative to the magnet to balance the load on each actuator evenly and/or to provide
more flexibility in determining how to position the coils. In an example, one actuator
may be located on each magnet pole face, two actuators may be located on
opposite sides of a single magnet pole face, and so forth. The number of actuators
used, and their locations, may be dependent on a number of factors, such as the
size of the load (the magnet), anticipated direction of movement, and so forth. In
operation, any one, two, or more of the actuators may be controllable to act in
concert to move the coils in order to correct unwanted coil displacement.

[00219] In some implementations, magnet 1415 includes a support structure to
hold coils 1413, 1414. Examples of such a support structure is, or includes, a
reverse bobbin, such as those shown in Figs. 16 and 24; however, other types of
support structures may be used. In this example, the physical coupling to coils

1413, 1414 may include support structure/reverse bobbin, one or more members
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such as strap the straps of Fig. 5, and actuators 1420a to 1420d. In some
implementations, the physical coupling to each coil may include the support
structure/reverse bobbin and an actuator, but not the strap. In some
implementations, the physical coupling to each coil may include a strap and an
actuator, but not the support structure/reverse bobbin. Actuators 1420a to 1420d
are controllable, either individually or two or more in combination, to move the coils
by imparting force in either direction of respective arrows 1425a to 1425d. Not all
actuators need operate to move the magnet coils. For example, any one, two, or
other appropriate subset may impart force, while the other actuators remain inactive.
As described herein, the actuators may be computer-controlled based on outputs of
one or more sensors 1424 to correct for displacement of the coils relative to a
reference caused by movement (e.g., rotation) of the magnet.

[00220] Figs. 34 and 35 show an example of an actuator 1460 that may be
used in the coil positioning system. Fig. 34 shows a perspective view of the
actuator; Fig. 35A shows a side view of the actuator; and Fig. 35B shows a cut-
away, side view of the actuator of Fig. 35A along lines A-A. As explained, actuator
1460 connects to, and is part of, a physical coupling (e.g., 1421a, 1421b, 1421c, or
1421d of Fig. 29) to a coil (e.g., coil 1413 or 1414 of Fig. 29). As such, actuator
1460 is controllable to reposition one or more of the coils physically, rather than
through indirect means like magnetic field control. In this example, actuator 1460
includes a body 1461 and a high-gear ratio actuator called a differential screw 1462
that is included within, and that moves through and relative to, a shaft that passes
through the body.

[00221] In the example of Figs. 34 and 35, body 1461 of actuator 1460 may
mount to the magnet or a magnet housing. For example, the body and housing may
be welded together or mated in other any other appropriate manner. In some
implementations, the housing is, or includes, a vacuum enclosure, which maintains
the magnet in a vacuum environment. In examples like this, the connection between
the actuator and the magnet housing (the vacuum enclosure) is air-tight.

[00222] A hole (not shown) through housing aligns substantially with differential

screw 1462 and enables the actuator to connect to, and thus become part of, the
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physical coupling to the coils. In this example, differential screw 1462 connects to
members that connect to a support structure holding the coils. By controlling
movement of the differential screw through the shaft in body 1461, the physical
coupling to the corresponding coil makes it possible to move, and
position/reposition, the coil. In this example, differential screw 1462 is movable in
the direction of arrow 1463, thereby increasing the tension on the physical coupling
to the coil in order to implement movement of the coils. Differential screw 1462 may
move in the direction of arrow 1464 to release tension on the physical coupling to
the coil in order to enable movement of the coils in a different direction (e.g., to allow
another actuator to control movement). In some implementations, differential screw
1462 may move in the direction or arrow 1464 effectively to push the coils.

[00223] In examples where differential screw 1462 applies tensile load to the
physical coupling to move the coils, body 1461 of the actuator is under compression
against the structure to which it is mounted (e.g., a vacuum enclosure housing).
More specifically, in an example operation, differential screw 1462 moves in
direction 1463, increasing tension on the physical coupling (e.g., by pulling a strap of
Fig. 5 or other appropriate structure) in order to move the support structure (e.g., the
reverse bobbin of Figs. 16 and 24) and, thus, move the coils supported thereby.
This pulling action forces the actuator body 1461 against the housing. Accordingly,
the housing is typically made of metal or other material that is sufficient to resist
significant force without damage. A motor (not shown) may be included within, or
connected to, the body of the coil positioning actuator 1460 to drive movement of the
differential screw towards and away from the magnet. The motor (not shown) is
configured to drive the screw in response to commands from an embedded or
external processing device. Although four actuators are shown in Fig. 29, any
appropriate number of actuators may be used to position the coils, and the actuators
may be arranged at any appropriate locations on the housing.

[00224] The coll positioning system may be incorporated, as appropriate, into
the example particle therapy systems described with respect to Figs. 1 to 28. Figs.
30 to 33 and 36 to 45 also depict components of example particle therapy systems

that may include implementations of the coil positioning system.
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[00225] An example of a particle therapy system that may include the coil
positioning system is a proton or ion therapy system. The example particle therapy
system includes a particle accelerator — in this example, a synchrocyclotron —
mounted on a movable device. In some examples, the movable device is a gantry
that enables the accelerator to be rotated at least partially, and in some cases
completely, around a patient position to allow a particle beam from the
synchrocyclotron to hit any arbitrary target in the patient. Any appropriate device,
including a gantry, may be used to hold the particle accelerator and to move the
particle accelerator in a rotational, translational, and/or pivotal motion relative to the
patient. For example, the particle accelerator may be mounted to one or more
tracks to enable motion relative to the patient. In another example, the particle
accelerator may be mounted to one or more robotic arms to enable motion relative
to the patient. Any one or more of rotational, translational, and/or pivotal motion may
result in unwanted coil movement that can be corrected by the coil positioning
system.

[00226] Notably, the particle therapy system is not limited to use with a gantry,
to use with a rotational gantry, or to use with the example gantry configurations
described herein. In some implementations, the example synchrocyclotron has a
high magnetic field superconducting electromagnetic structure. In general, a
superconductor is an element or metallic alloy which, when cooled below a threshold
temperature, loses most, if not all, electrical resistance. As a result, current flows
through the superconductor substantially unimpeded. Superconducting coils,
therefore, are capable of conducting much larger currents in their superconducting
state than are ordinary wires of the same size. Because of the high current that
superconducting coils are capable of conducting, magnets that employ
superconducting coils are capable of generating high magnetic (B) fields for particle
acceleration. Furthermore, because the bend radius of a charged particle having a
given kinetic energy is reduced in direct proportion to an increase in the magnetic
field applied to the charged particle, a high magnetic field superconducting
electromagnetic structure enables the synchrocyclotron to be made compact, e.g.,

relatively small and light. More specifically, the higher the magnetic field used, the
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tighter the particle turn radius may be, thereby allowing for a larger numbers of turns
to be made within a relatively small volume (that is, relative to larger, non-
superconducting synchrocyclotrons). As a result, a desired particle energy — which
increases with an increase in the number of turns — can be achieved using a
synchrocyclotron having a relatively small size and weight. In some
implementations, the synchrocyclotron is configured to produce a particle beam
having sufficient energy to reach any arbitrary target within the patient from any
appropriate position in the proton center relative to the patient. Because of the tight
turn radius, a compact accelerator can be susceptible to small errors in magnetic
field, which can be produced, e.g., by sub-millimeter coil movements.

[00227] By way of example, in some implementations, a maximum magnetic
field produced in the acceleration cavity of the synchrocyclotron (e.g., at the center
of the cavity) may be between 4 Tesla (T) and 20T. In some implementations, the
synchrocyclotron weighs less than 40 Tons. For example, the synchrocyclotron may
have a weight that is within a range from 5 tons to 30 tons. In some
implementations, the synchrocyclotron occupies a volume of less than 4.5 cubic
meters. For example, the synchrocyclotron may occupy a volume in a range from
0.7 cubic meters to 4.5 cubic meters. In some implementations, the
synchrocyclotron produces a proton or ion beam having an energy level of at least
150 MeV. For example, the synchrocyclotron may produce a proton or ion beam
having an output energy level that is within a range from 150MeV to 300 MeV, e.g.,
230 MeV. Different implementations of the synchrocyclotron may have different
values or combinations of values for size, volume, and energy level, including values
not stated. Advantageously, the compact nature of the synchrocyclotron described
herein allows the treatment to be performed in one room, e.g., in a proton center.
[00228] Fig. 36 shows a cross-section of components 1480 of an example
superconducting synchrocyclotron that may be used in a particle therapy system.
For example components 1480 may be substituted for corresponding components in
the systems described with respect to Figs. 1 to 28. In this example, components
1480 include a superconducting magnet 1481. The superconducting magnet

includes superconducting coils 1482 and 1483. Each superconducting coil 1482 and
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1483 is mounted within a reverse bobbin 1488, 1489 which is the type of support
structure that is described herein.

[00229] The superconducting coils may be formed, e.g., of multiple
superconducting strands (e.g., four strands or six strands) wound around a center
strand which may itself be superconducting or non-superconducting (e.g., copper).
Each of the superconducting coils 1482, 1483 is for conducting a current that
generates a magnetic field (B). The resulting magnetic field is shaped by magnetic
yokes 1484, 1485. In an example, a cryostat uses liquid helium (He) to maintain
each coil at superconducting temperatures, e.g., around 4° Kelvin (K). The magnetic
yokes 1484, 1485 (or smaller magnetic pole pieces) define the shape of a cavity
1486 in which particles are accelerated. In some implementations, magnetic shims
(not shown) may pass through the magnetic yokes or pole pieces to change the
shape and/or magnitude of the magnetic field in the cavity. Changes to the locations
of the coils within the cryostat can affect the field shape, and thus the resulting
particle beam.

[00230] In this example, the superconducting magnet includes one or more
support structures, which include reverse bobbins 1488, 1489 that include coil
chambers to hold superconducting coils 1482, 1483 (see also Figs. 16 and 24).
Each coil chamber holds a pre-wound superconducting coil. In some
implementations, a superconducting coil is not fixed within a reverse bobbin, but
rather is simply placed, relatively free-floating, in a corresponding coil chamber.
During operation of the superconducting magnet, a hoop force may cause the
superconducting coil to expand outwardly, thereby forcing the superconducting coil
against the outer inside wall of the coil chamber. This hoop force can keep the coil
in place in the reverse bobbin during movement. However, a free-floating mounting
can make the coil more susceptible to unwanted movement during accelerator
rotation. The assembly that includes the reverse bobbins and the superconducting
coil is part of a structure referred to as a cold mass, since at least part of the
assembly is maintained at low, e.g., superconducting (4°K), temperatures during
operation. The cold mass may be suspended inside the vacuum enclosure by

support straps. These support straps may be under constant tension and, as
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described herein, may be part of a physical coupling (which may also include the
reverse bobbin in some implementations) between the coils and the coil positioning
actuators that are part of the coil positioning system.

[00231] Other features of magnet assembly shown in Fig. 36 include an
extraction channel 1490 and an RF (radio frequency) port 1491. Extraction channel
1490 is a pathway through which a particle beam passes. RF port 1491 is a
pathway through which RF energy is imparted to the acceleration cavity. In this
example, support straps 1492a to 1492d of Fig. 36 may be part of the magnet
assembly, and are used to connect the cold mass assembly to the vacuum
enclosure, as described in more detail below.

[00232] In some implementations, operation of the magnet is particularly
susceptible to coil movement relative to the radial direction of RF port 1491.
Movement of the coil relative to this direction can affect the magnetic field produced
by the coil vis-a-vis the regenerator, as described below.

[00233] Referring Figs. 37, 38, and 39, a superconducting magnet assembly
1444, e.g., the cold mass, is encased in a vacuum enclosure 1493. Fig. 37 shows
vacuum enclosure 1493 in outline form enclosing the superconducting magnet
assembly. Fig. 38 shows vacuum enclosure 1493 cut-away to expose a part of the
superconducting magnet assembly. A thermal shield 1497 around assembly 1444 is
also shown. Vacuum enclosure 1493 includes RF port 1491 for introducing
frequency-swept RF voltage into the acceleration cavity, and an extraction channel
1490 for outputting the particle beam. The magnetic yokes 1484, 1485, which are
shown in outline form in Fig. 39, and which are described with respect to Fig. 36,
encase the vacuum enclosure 1493 of Figs. 37 and 38. For example, there may be
a physical connection holding the vacuum enclosure in the yokes. In this example,
the superconducting magnet assembly 1444, including the cold mass, is mounted to
the vacuum enclosure via eight support straps 1492a, 1492b, 1492c, 1492d, 1492¢,
1492f, 14929, and 1492h although any appropriate number of support straps may be
used. Examples of straps are described herein.

[00234] Fig. 40 shows these straps 1492a to 1492h connected to cold the cold

mass (e.g., 1444). In these examples, there are eight support straps 1492a to
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1492h. Not all straps can be seen in each of Figs. 36 to 39. In these examples,
there are four straps on each side 1498, 1499 of the assembly. The straps are
under constant outward tension to support the cold mass from the vacuum
enclosure. Effectively, the cold mass is suspended within the vacuum enclosure by
the straps. In this context, example outward tension of the support straps (that is,
away from the cold mass) is represented in Fig. 40 by force vectors 1500a to 1500h
from the cold mass directed towards the vacuum enclosure.

[00235] Although the straps are under tension to pull the cold mass, in the
examples of Figs. 37 to 40 the straps pull the cold mass inward relative to an
exterior perimeter 1501 of the vacuum enclosure 1493 (see Fig. 40). By maintaining
inward tension on the straps, e.g., by pulling the straps in the directions of arrows
1500a to 1500h, inclusion of the straps may not significantly increase the overall size
of the accelerator. In other implementations (not shown), the straps may pull the
cold mass outward relative to the exterior perimeter 1501 of the vacuum enclosure.
[00236] As described, there may be multiple straps (e.g., eight straps) that
support a single cold mass within a single vacuum enclosure. As described in more
detail below, a coil positioning actuator of the type shown in Figs. 34 and 35 may be
connected to one or more of the straps, and may be used to control tension on the
strap in order to move the cold mass, and thus the magnet coils, relative to the
vacuum enclosure. This may be done to correct or compensate for unwanted
movement of the cold mass, and thus the magnet coils, during movement of the
accelerator as may occur during treatment of a patient. In some implementations,
the vacuum enclosure is connected to, and is inside, the yokes; accordingly, this
movement of the cold mass, and thus the magnetic coils, may also constitute
movement of the magnet coils with respect to the yokes.

[00237] In some implementations, a coil positioning actuator of the type shown
in Figs. 34 and 35 may be connected to one of more of straps 402, 404, 406 of the
type shown in Fig. 5, and may be used to control tension on the strap(s) in order to
move the cold mass, and thus the magnet coils, for reasons described herein.
[00238] Some or all of the multiple straps supporting the cold mass within the

vacuum enclosure may have configuration(s) different than those described herein.
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For example, the support straps may include a single element that acts as the
physical coupling between the cold mass and the vacuum enclosure. In general,
any appropriate physical coupling may be used to support the cold mass within the
vacuum enclosure, and may be used with a coil positioning actuator of the type
described herein.

[00239] Fig. 41 shows part of a particle accelerator 1530 (e.g., a
synchrocyclotron) of a type described herein. In this example, a magnetic yoke, an
example which is magnetic yoke 1484, houses the vacuum enclosure. A coil
positioning actuator 1460 connects, through a hole in yoke 1484, to a strap (not
shown) connected to the vacuum enclosure. The coil positioning actuator may be of
the type shown in Figs. 34 and 35. Referring to those figures, in this example,
differential screw 1462 passes through, and into, the structure of a strap. For
example, structure of the strap have an interior shaft that is threaded and that,
accepts, and mates/connects to, the differential screw of the coil positioning
actuator. Movement of the differential screw within the shaft of structure of the strap
causes the strap to move which, in turn, causes the cold mass to move which, in
turn, causes a coil supported by the cold mass to move. For example, movement of
the differential screw within the shaft of structure of the strap causes the strap to
become more or less tense, depending on how the differential screw is actuated.
[00240] In this regard, the strap is maintained under tension in order to support
the cold mass from the vacuum enclosure. The differential screw may be actuated
(e.g., in response to instructions from a processing device) to increase this tension
and thereby move the coils in a first direction to a desired location. If the strap is
already under increased tension by the differential screw, the differential screw may
be actuated to decrease the tension and thereby facilitate or enable movement of
the coils in a second direction, e.g., that is opposite to the first direction. Notably, in
this example, the coll positioning actuators are not used to decrease the tension in a
strap below the natural tension needed to keep the cold mass supported within the
vacuum enclosure. Any one, two, three, or more coil positioning actuators may be

controlled to act in concert to position the cold mass, and thus the superconducting
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coils, to an appropriate position. For example, the coil positioning actuators may be
used to place the coils in their original position relative to some reference.

[00241] As explained, the coil positioning actuators may be computer
controlled, and operable in real-time to correct coil movement incrementally, or
operable following coil movement to reposition the coil to an appropriate position to
achieve an intended magnetic field distribution, e.g., to the coil's predefined,
intended position. Fig. 41 shows a wired connection 1531 to transmit control signals
to the coil positioning actuator to control coil movement as described herein.
Alternatively, wireless signals may be used to control the coil positioning actuators.
[00242] Referring back to Fig. 36, in some implementations, the particle
accelerator includes a particle source 1487 (e.g., a Penning lon Gauge — PIG
source) to provide an ionized plasma column to the cavity 1486. The PIG source
may be of the type described above. For example, hydrogen gas, or a combination
of hydrogen gas and a noble gas, is ionized to produce the plasma column. A
voltage source provides a varying radio frequency (RF) voltage to cavity 1486 to
accelerate pulses of particles from the plasma column within the cavity. The
magnetic field in the cavity is shaped to cause particles to move orbitally within the
cavity. The coil positioning system may be used to ensure that magnetic field within
the cavity maintains the proper shape for all accelerator orientations. In some
implementations, the maximum magnetic field produced by the superconducting
coils may be within the range of 4 Tesla (T) to 20T, as explained herein. The
example synchrocyclotron employs a magnetic field that is uniform in rotation angle
and falls off in strength with increasing radius. In some implementations, such a
field shape can be achieved regardless of the magnitude of the magnetic field.
[00243] As noted, in an example, the particle accelerator is a synchrocyclotron.
Accordingly, the RF voltage is swept across a range of frequencies to account for
relativistic effects on the particles (e.g., increasing particle mass) when accelerating
particles within the acceleration cavity. The magnetic field produced by running
current through the superconducting coils, together with the shape of the cavity,
causes particles accelerated from the plasma column to accelerate orbitally within

the cavity and to increase in energy with an increasing number of turns.
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[00244] In the example synchrocyclotron, a magnetic field regenerator
(example of which are described with respect to Figs. 15, 17, and 19 to 21) is
positioned near the outside of the cavity (e.g., at an interior edge thereof) to adjust
the existing magnetic field inside the cavity to thereby change locations, such as the
pitch and angle, of successive orbits of the particles accelerated from the plasma
column so that, eventually, the particles output to an extraction channel that passes
through the cryostat. The regenerator may increase the magnetic field at a point in
the cavity (e.g., it may produce a magnetic field “bump” of about 2 Tesla or so at an
area of the cavity), thereby causing each successive orbit of particles at that point to
proceed outwardly toward the entry point of an extraction channel until the particles
reach the extraction channel. The extraction channel receives, from the cavity,
particles that have been accelerated within the cavity, and outputs the received
particles from the cavity in a pulsed particle beam. The extraction channel may
contain magnets and other structures to direct the particle beam out of the particle
accelerator and towards a scanning or scattering system. The coil positioning
system described herein may be used to reposition magnets and other structures of
the extraction channel following magnet movement.

[00245] In some implementations, coil movement relative to the regenerator,
e.g., in aradial direction, can have a particularly deleterious effect on operation of
the accelerator. For example, movement of the coils towards or away from the
regenerator can change the magnitude of the magnetic field at locations proximate
to the regenerator. This change in magnetic field can affect the shape of the particle
orbits at those locations and can affect the required magnetic field bump needed to
direct those orbits to the extraction channel. That is, the regenerator may be
calibrated based on an expected magnetic field. However, if the magnetic field at or
near the regenerator is different than expected, the magnetic field produced by the
regenerator may not be enough, or may be too strong, which can cause particles not
to be directed as expected into the extraction channel. These types of errors can
cause the output particle beam to have the wrong energy. The example coil
positioning system described herein may be used with the particle therapy system to

correct for displacement of the accelerator coils including, but not limited to,
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correcting displacement of the accelerating coils relative to the regenerator.
Examples of regenerators that the coil positioning system may be used with are
described in U.S. Patent Publication No. 2014/0094640 entitled “Magnetic Field
Regenerator”, the contents of which are incorporated herein by reference.

[00246] As noted, the superconducting coils (called the main coils) can
produce relatively high magnetic fields. In an example implementation, the
maximum magnetic field generated by a main coil (e.g., at the center of the
acceleration cavity) may be within a range of 4T to 20T or more. For example, the
superconducting coils may be used in generating magnetic fields at, or that exceed,
one or more of the following magnitudes: 4.0T, 4.1T, 4.2T, 4.3T, 4.4T, 4.5T, 4.6T,
47T, 4.8T, 4.9T, 5.0T, 5.1T, 5.2T, 5.3T, 5.4T, 5.5T, 5.6T, 5.7T, 5.8T, 5.9T, 6.0T,
6.1T, 6.2T, 6.3T, 6.4T, 6.5T, 6.6T, 6.7T, 6.8T, 6.9T, 7.0T, 71T, 7.2T, 7.3T, 7.4T,
7.5T, 7.6T,7.7T,7.8T, 7.9T, 8.0T, 8.1T, 8.2T, 8.3T, 84T, 8.5T, 8.6T, 8.7T, 8.8T,
8.9T, 9.0T, 9.1T, 9.2T, 9.3T, 9.4T, 9.5T, 9.6T, 9.7T, 9.8T, 9.9T, 10.0T, 10.1T, 10.2T,
10.3T, 10.4T, 10.5T, 10.6T, 10.7T, 10.8T, 10.9T, 11.0T, 11.1T, 11.2T, 11.3T, 11.4T,
11.5T, 11.6T, 11.7T, 11.8T, 11.9T, 12.0T, 12.1T, 12.2T, 12.3T, 12.4T, 12.5T, 12.6T,
12.7T, 12.8T, 12.9T, 13.0T, 13.1T, 13.2T, 13.3T, 13.4T, 13.5T, 13.6T, 13.7T, 13.8T,
13.9T, 14.0T, 14.1T, 14.2T, 14.3T, 14.4T, 14.5T, 14.6T, 14.7T, 14.8T, 14.9T, 15.0T,
15.1T, 15.2T, 15.3T, 15.4T, 15.5T, 15.6T, 15.7T, 15.8T, 15.9T, 16.0T, 16.1T, 16.2T,
16.3T, 16.4T, 16.5T, 16.6T, 16.7T, 16.8T, 16.9T, 17.0T, 17.1T, 17.2T, 17.3T, 17 4T,
17.5T, 17.6T, 17.7T, 17.8T, 17.9T, 18.0T, 18.1T, 18.2T, 18.3T, 18.4T, 18.5T, 18.6T,
18.7T, 18.8T, 18.9T, 19.0T, 19.1T, 19.2T, 19.3T, 19.4T, 19.5T, 19.6T, 19.7T, 19.8T,
19.9T, 20.0T, 20.1T, 20.2T, 20.3T, 20.4T, 20.5T, 20.6T, 20.7T, 20.8T, 20.9T, or
more. Furthermore, the superconducting coils may be used in generating magnetic
fields that are outside the range of 4T to 20T or that are within the range of 4T to
20T but that are not specifically listed herein.

[00247] In some implementations, such as the implementations shown in Figs.
3, 4, and 36, the relatively large ferromagnetic magnetic yokes act as returns for
stray magnetic fields produced by the superconducting coils. In some systems, a

magnetic shield (not shown) surrounds the yokes. The return yokes and the shield
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together act to reduce stray magnetic fields, thereby reducing the possibility that
stray magnetic fields will adversely affect the operation of the particle accelerator.
[00248] In some implementations, the return yokes and shield may be replaced
by, or augmented by, an active return system. An example active return system
includes one or more active return coils that conduct current in a direction opposite
to current through the main superconducting coils. In some example
implementations, there is an active return coil for each superconducting main coll,
e.g., two active return colils — one for each main superconducting coil. Each active
return coil may also be a superconducting coil that surrounds the outside of a
corresponding main superconducting coil concentrically. An example of an active
return system that may be used is described in U.S. Patent No. 8,791,656 entitled
“Active Return System”, the contents of which are incorporated herein by reference.
[00249] In an active return system, current passes through the active return
coils in a direction that is opposite to the direction of current passing through the
main coils. The current passing through the active return coils thus generates a
magnetic field that is opposite in polarity to the magnetic field generated by the main
coils. As a result, the magnetic field generated by an active return coil is able to
reduce at least some of the relatively strong stray magnetic field resulting from a
corresponding main coil. If the active return coils move unexpectedly during
movement of the accelerator, the magnetic field generated thereby may not be as
effective at reducing or dissipating fields produced by the main coils. The example
coil positioning system may be used with a particle therapy system having an active
return system to correct for displacement of active return coils.

[00250] At or near the output of the extraction channel of the particle
accelerator, there may be one or more beam shaping elements, such as a scanning
system and/or a scattering system. A scanning system and a scattering system are
examples of beam spreaders. Components of these systems may be mounted on,
or otherwise attached to, a nozzle for positioning relatively close to the patient during
treatment. In some implementations, however, components may be mounted closer
to (e.g., on) the accelerator or the gantry itself (e.g., mounted to the gantry in the

absence of an accelerator mounted there). The gantry is referred to as an outer
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gantry, since some implementations include an inner gantry that tracks movement of
the outer gantry and that includes a nozzle for delivering the beam.

[00251] Referring to Fig. 42, in an example implementation, at the output of
extraction channel 1540 of synchrocyclotron 1541 (which may have a configuration
as described herein — see, e.g., Figs. 3, 4, 36) are example scanning components
1542 that may be used to scan the particle beam across all or part of an irradiation
target. Fig. 43 also shows examples of the components of Fig. 42. These include,
but are not limited to, a scanning magnet(s) 1544, an ion chamber 1545, an energy
degrader 1546, and a configurable collimator 1548.

[00252] In an example operation, scanning magnet 1544 is controllable in two
dimensions (e.g., Cartesian XY dimensions) to position the particle beam in those
two dimensions, and to move the particle beam across at least a part (e.g., a cross-
section) of an irradiation target. lon chamber 1545 detects the dosage of the beam
and feeds-back that information to a control system to adjust beam movement.
Energy degrader 1546 is controllable to move material (e.g., one or more individual
plates) into, and out of, the path of the particle beam to change the energy of the
particle beam and therefore the depth to which the particle beam will penetrate the
irradiation target. Configurable collimator 1548 is controllable to trim the particle
beam prior to the particle beam reaching an irradiation target.

[00253] Figs. 44 and 45 show views of an example scanning magnet 1544. In
this example implementation, scanning magnet 1544 includes two coils 1561, which
control particle beam movement in the X direction, and two coils 1562, which control
particle beam movement in the Y direction. Control is achieved, in some
implementations, by varying current through one or both sets of coils to thereby vary
the magnetic field(s) produced thereby. By varying the magnetic field(s)
appropriately, the particle beam can be moved in the X and/or Y direction across the
irradiation target. The scanning magnet(s) may be leveraged to control the location
and/or direction of the particle beam in the treatment processes described herein.
[00254] In some implementations, the scanning magnet rotates along with the
particle accelerator. In some implementations, the scanning magnet is not movable

physically relative to the particle accelerator. In some implementations, the
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scanning magnet may be movable physically relative to the particle accelerator (e.g.,
in addition to the movement provided by the gantry). In some implementations, the
scanning magnet may be controllable to move the particle beam continuously so that
there is uninterrupted motion of the particle beam over at least part of, and possibly
all of, a layer of an irradiation target being scanned. In some implementations, the
scanning magnets are controllable at intervals or specific times. In some
implementations, there may be two or more different scanning magnets to position
the particle beam, and to control all or part movement of a particle beam in the X
and/or Y directions during scanning. In some implementations, scanning magnet
1544 may have an air core, a ferromagnetic (e.g., an iron) core, or a core that is a
combination of air and ferromagnetic material.

[00255] During motion, the scanning magnet is subjected to the same
gravitational forces as the superconducting magnet used for particle acceleration.
That is, the coils of the scanning magnet may move and, thus, be displaced relative
to their intended (predefined) position. The coil positioning system described herein
may be used to move coil(s) of the scanning magnet(s) to correct or compensate for
undesired movement of the scanning magnet(s) resulting from rotation. For
example, the coil positioning system may be used to move the coil(s) to their
original, intended positions or to any appropriate position that will achieve an
intended magnetic field distribution — which may, or may not be, the original position
of the coil(s).

[00256] Referring back to Fig. 42, a current sensor 1547 may be connected to,
or be otherwise associated with, scanning magnet 1544. For example, the current
sensor may be in communication with, but not connected to, the scanning magnet.
In some implementations, the current sensor samples current applied to the magnet,
which may include current to the coil(s) for controlling beam scanning in the X
direction and/or current to the coil(s) for controlling beam scanning in the Y direction.
During operation, the magnitude(s) (e.g., value(s)) of the magnet current(s)) may be
stored for each location at which a dose is delivered, along with the amount (e.g.,
intensity) of the dose. A computer system, which may be either on the accelerator

or remote from the accelerator and which may include memory and one or more
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processing devices, may correlate the magnet current to coordinates within the
radiation target, and those coordinates may be stored along with the amount of the
dose. For example, the location may be identified by depth-wise layer number and
Cartesian XY coordinates or by Cartesian XYZ coordinates (with the depth-wise
layer corresponding to the Z coordinate). In some implementations, both the
magnitude of the magnet current and the coordinate locations may be stored along
with the dose at each location. The foregoing information may be stored in memory
either on, or remote from, the accelerator. This information may be used during
scanning to apply multiple doses of the same or of different amounts to the same
locations to achieve target cumulative doses, including at areas of overlap between
adjacent/sequential beam fields, as described herein.

[00257] In some implementations, the scanning system is run open loop, in
which case, by controlling the scanning magnet(s), the particle beam is moved freely
and uninterrupted across an irradiation target so as to substantially cover the target
with radiation. As the radiation is delivered, the dosimetry controlled by the particle
therapy control system records (e.g., stores) the amount of the radiation per location
and information corresponding to the location at which the radiation was delivered.
The location at which the radiation was delivered may be recorded as coordinates or
as one or more magnet current values, and the amount of the radiation that was
delivered may be recorded as dosage in grays. Because the system is run open
loop, the delivery of the radiation is not synchronized to the operation of the particle
accelerator (e.g., to its radio frequency (RF) cycle). Locations on the target where
insufficient dose has been deposited can be treated with the particle beam any
appropriate number of times until a desired dosage is reached. Different treatments
of the same location may be from the same beam angle (e.g., from the same
projection/beam field) or from different beam angles (projections/beam fields) as is
the case intensity-modulated proton therapy (IMPT) described herein.

[00258] Configurable collimator 1548 may be located down-beam of the
scanning magnets and down-beam of the energy degrader, as shown in Figs. 42
and 43. The configurable collimator may trim the particle beam on a spot-by-spot

basis during movement of the particle beam during scanning. For example, the
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configurable collimator may include sets of leaves that face each other, and that are
movable into and out of carriages to create an aperture shape. Parts of the particle
beam that exceed the aperture shape are blocked, and do not pass to the patient.
The parts of the beam that pass to the patient are at least partly collimated, thereby
providing a beam with a relatively precise edge. In an example, each set of leaves
in the configurable collimator is controllable to define an edge that is movable into a
path of the particle beam such that a first part of the particle beam on a first side of
the edge is blocked by the multiple leaves and such that a second part of the particle
beam on a second side of the edge is not blocked by the multiple leaves. The
leaves in each set are individually controllable during scanning to trim an area as
small as a single spot, and can also be used to trim larger multi-spot areas.

[00259] Figs. 30 and 31 show parts an example of a particle therapy system
1582 containing a particle accelerator mounted on a gantry — in this example, a
superconducting synchrocyclotron — that may use the coil positioning system
described herein. In some implementations, the gantry is steel and has two legs
(not shown) mounted for rotation on two respective bearings that lie on opposite
sides of a patient. The gantry may be of the type described with respect to Fig. 1.
[00260] In the implementation of Figs. 30 and 31, a patient is disposed on a
treatment table 1584, which is controllable via arms 1585. The outer gantry (not
shown) moves with inner gantry 1580, which positions nozzle 1581 to treat the
patient. The nozzle, and any components mounted thereon, such as the
configurable collimator, configure the beam for output.

[00261] Fig. 32 shows an example of the gantry configuration described
elsewhere herein, and includes components of an alternative implementation of a
particle therapy system that is controllable in the manner described herein to
implement treatment. The example particle therapy system of Fig. 32 includes an
inner gantry 1590 having a nozzle 1591, a treatment couch 1592, and a particle
accelerator 1593 (e.g., a synchrocyclotron of the type described herein) mounted on
an outer gantry 1594 for rotation at least part-way around the patient to deliver
radiation to target(s) in the patient. Treatment couch 1592 is controllable and

configured to rotate and to translate the patient in the manner described herein.
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[00262] In the example of Fig. 32, particle accelerator is also mounted to outer
gantry 1594 also to enable linear movement (e.g., translational movement) of the
particle accelerator in the directions of arrow 1595 along arms 1596. Thus, the
accelerator is movable, relative to the treatment couch and thus the patient, from a
first location along arms 1596, to a second location along arms 1596, to a third
location along arms 1596, and so forth in order to position the accelerator, and thus
the beam, for treatment. This translational movement may be controlled by the
control system described herein, and used as an additional degree of freedom for
positioning the particle beam in the particle therapy system described herein.
Although single-dimensional translational movement (along arrow 1595) is shown in
Fig. 37, the particle therapy system may be configured for two-dimensional
translational movement, and/or three dimensional-translational movement as well
(e.g., along the X, Y, and Z directions of a Cartesian coordinate system).

[00263] As also shown in Fig. 32, the particle accelerator 1593 may be
connected to a gimbal 1599 for pivoting motion relative to the gantry. This pivoting
motion may be used to position the accelerator, and thus the beam, for treatment.
This pivoting movement may be controlled by the control system described herein,
and may be used as one or more additional degrees of freedom for positioning the
particle beam in the particle therapy system described herein. In some
implementations, pivoting may enable the accelerator to move from a first
orientation, to a second orientation, to a third orientation, and so forth during
treatment. The particle accelerator may be mounted to enable pivoting relative to
the patient in one, two, and/or three dimensions.

[00264] The types of accelerator movement achievable by the system of Fig.
32 may result in magnet coil displacement. Accordingly, the coil positioning system
described herein may be incorporated into the system of Fig. 32 and used to move
the magnet coils to correct for such displacement.

[00265] As described herein, in some implementations, rather than mounting
the entire particle accelerator to the outer gantry (or other device), a scanning or
other radiation-directing magnet alone may be mounted in lieu of, or in addition to,

the accelerator, and may be moved relative to the irradiation target. The coil
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positioning system described herein may be used in implementations like this, to
move the coils to correct for coil displacement.

[00266] Referring to Figs. 30, 31, and 32, an inner gantry may be configured to
move relative to the treatment couch to direct output of the beam toward the patient.
In these examples, the inner gantry is C-shaped, and its movement coincides with
movement of the outer gantry, on which the synchrocyclotron is mounted. As
explained, the inner gantry includes a nozzle, on which one or more beamline
components (e.g., the energy degrader and configurable collimator) are mounted to
shape and otherwise adjust the beam. In some implementations, the inner gantry
supports sub-millimeter beam positioning. In some implementations, there is no
inner gantry, and all components described herein as being mounted on the inner
gantry may be mounted to the accelerator or to the outer gantry.

[00267] Referring to Fig. 33, control of a particle therapy system 1551
described herein may include, but is not limited to, control over accelerator
movement and control over operation of the coil positioning system, including the
actuators described herein. Such control may implemented by a control system
1550. Control system 1550 may include one or more computer systems as
described herein and/or other control electronics. For example, control of the
particle therapy system and its various components may be implemented using
hardware or a combination of hardware and software. For example, a system like
the ones described herein may include various controllers and/or processing devices
located at various points, e.g., a controller or other type of processing device may be
embedded in each controllable device or system. A central computer may
coordinate operation among the various controllers or other types of processing
devices. The central computer, controllers, and/or processing devices may execute
various software routines to effect control and coordination of testing, calibration,
and particle therapy treatment.

[00268] Operation of the example particle therapy systems described herein,
and operation of all or some component thereof, can be controlled (as appropriate),
at least in part, using one or more computer program products, e.g., one or more

computer programs tangibly embodied in one or more non-transitory machine-
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readable media, for execution by, or to control the operation of, one or more data
processing apparatus, €.g., a programmable processor, a computer, multiple
computers, and/or programmable logic components.

[00269] A computer program can be written in any form of programming
language, including compiled or interpreted languages, and it can be deployed in
any form, including as a stand-alone program or as a module, component,
subroutine, or other unit suitable for use in a computing environment. A computer
program can be deployed to be executed on one computer or on multiple computers
at one site or distributed across multiple sites and interconnected by a network.
[00270] Actions associated with implementing all or part of the operations of
the example particle therapy systems described herein can be performed by one or
more programmable processors executing one or more computer programs to
perform the functions described herein. All or part of the operations can be
implemented using special purpose logic circuitry, e.g., an FPGA (field
programmable gate array) and/or an ASIC (application-specific integrated circuit).
[00271] Processors suitable for the execution of a computer program include,
by way of example, both general and special purpose microprocessors, and any one
or more processors of any kind of digital computer. Generally, a processor will
receive instructions and data from a read-only storage area or a random access
storage area or both. Elements of a computer (including a server) include one or
more processors for executing instructions and one or more storage area devices for
storing instructions and data. Generally, a computer will also include, or be
operatively coupled to receive data from, or transfer data to, or both, one or more
machine-readable storage media, such as mass PCBs for storing data, e.g.,
magnetic, magneto-optical disks, or optical disks. Non-transitory machine-readable
storage media suitable for embodying computer program instructions and data
include all forms of non-volatile storage area, including by way of example,
semiconductor storage area devices, e€.g., EPROM, EEPROM, and flash storage
area devices; magnetic disks, e.g., internal hard disks or removable disks; magneto-
optical disks; and CD-ROM and DVD-ROM disks.
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[00272] Any “electrical connection” as used herein may imply a direct physical
connection or a wired or wireless connection that includes intervening components
but that nevertheless allows electrical signals to flow between connected
components. Any “connection” involving electrical circuitry that allows signals to
flow, unless stated otherwise, is an electrical connection and not necessarily a direct
physical connection regardless of whether the word “electrical’ is used to modify
“connection”.

[00273] Elements of different implementations described herein may be
combined to form other implementations not specifically set forth above. Elements
may be left out of the processes, systems, apparatus, etc., described herein without
adversely affecting their operation. Various separate elements may be combined
into one or more individual elements to perform the functions described herein.
[00274] In some implementations, the synchrocyclotron used in the particle
therapy system described herein may be a variable-energy synchrocyclotron. In
some implementations, a variable-energy synchrocyclotron is configured to vary the
energy of the output particle beam by varying the magnetic field in which the particle
beam is accelerated. An example of a variable-energy synchrocyclotron that may be
used is described with respect to Figs. 25 to 28. For example, the current may be
set to any one of multiple values to produce a corresponding magnetic field. In an
example implementation, one or more sets of superconducting coils receives
variable electrical current to produce a variable magnetic field in the cavity. In some
examples, one set of coils receives a fixed electrical current, while one or more other
sets of coils receives a variable current so that the total current received by the coil
sets varies. In some implementations, all sets of coils are superconducting. In
some implementations, some sets of coils, such as the set for the fixed electrical
current, are superconducting, while other sets of coils, such as the one or more sets
for the variable current, are non-superconducting (e.g., copper) coils. The coil
positioning system described herein, including the coil positioning actuators, may be
used to move both the coils that received the fixed electrical current and the coils
that received the variable electrical current. An example of a variable-energy

synchrocyclotron that may be used in the example particle therapy systems is
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described in U.S. Patent Publication No. 2014/0371511 entitled “Particle Accelerator
That Produces Charged Particles Having Variable Energies”, the contents of which
are incorporated herein by reference.

[00275] In some implementations, a particle accelerator other than a
synchrocyclotron may be used in the particle therapy system described herein. For
example, a cyclotron, a synchrotron, a linear accelerator, or the like may be
substituted for the synchrocyclotron described herein. Although a rotational gantry
has been described (e.g., the outer gantry), the example particle therapy systems
described herein are not limited to use with rotational gantries. Rather, a particle
accelerator may be mounted, as appropriate, on any type of robotic or other
controllable mechanism(s) — characterized herein also as types of gantries — to
implement movement of the particle accelerator. For example, the particle
accelerator and/or a beam spreader may be mounted on or more robotic arms to
implement rotational, pivotal, and/or translational movement of the accelerator
and/or the spreader relative to the patient. The coil positioning system described
herein, including the colil positioning actuators, may be used to move the coils of
these other example particle accelerators under appropriate circumstances.
[00276] In some implementations, the particle accelerator itself may not move
relative to the patient, as described herein. For example, in some implementations,
the particle accelerator may be a stationary machine or at least not mounted for
movement relative the patient. In examples like this, the particle accelerator may
output its particle beam from the extraction channel to a transmission channel. The
transmission channel may include magnets and the like for controlling magnetic
fields contained therein in order to transport the particle beam to one or more remote
locations, such as one or more treatment rooms. In each treatment room, the
transmission channel may direct the beam to a beam spreader or other apparatus
that is mounted for movement as described herein (e.g., to an outer gantry or other
device). An example beam spreader may be, or include, a scanning magnet of the
type described with respect to Figs. 44 and 45. The colil positioning system
described herein, including the coil positioning actuators, may be used to move one

or more coils of the beam spreader to account for unwanted or unexpected motion
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during rotation. For example, the coil positioning system may be used to move the
coil(s) to their original, intended positions or to any appropriate position that will
achieve an intended magnetic field distribution — which may, or may not be, the
original position of the coil(s). In some implementations, the coils can be moved to
their expected (e.g., predefined) position, reducing the chances of treatment errors
resulting from the spreader.

[00277] In some implementations, factors other than movement of the magnet
may result in an unintended or unwanted magnetic field distribution. For example,
temperature may affect the conductivity of current through the magnet, which may
affect the magnet’s resulting magnetic field distribution. For example, environmental
humidity may affect the conductivity of current through the magnet, which may affect
the magnet’s resulting magnetic field distribution. For example, gases present in the
environment may affect the conductivity of current through the magnet, which may
affect the magnet’s resulting magnetic field distribution. The coil positioning system
described herein may be used to compensate for (e.g., to correct) an unwanted or
undesirable magnetic field distribution resulting from factors such as these either
alone or in combination with an unwanted or undesirable magnetic field distribution
resulting from coil movement. That is, the coil positioning system may move the
magnet coil(s), as described herein, so that the coil(s) produce a desired magnetic
field distribution or at least approximate the desired magnetic field distribution as
closely as possible or to an acceptable degree under the circumstances. The coil
positioning system may operate as described herein to sense the magnetic field
distribution and move the coil(s) as appropriate. Other sensors, such as
temperature, humidity, and gas sensors may inform the determination (e.g., by a
processing device) of the magnetic field distribution.

[00278] An example implementation of a particle therapy system in which the
coil positioning systems described herein may be implemented is described in U.S.
Patent No. 7,728,311 entitled “Charged Particle Radiation Therapy”, the contents of
which are incorporated herein by reference. The content incorporated by reference
includes, but is not limited to, the description of the synchrocyclotron and the gantry

system holding the synchrocyclotron found in U.S. Patent No. 7,728,311.
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[00279] Other implementations not specifically described herein are also within
the scope of the following claims.
[00280] What is claimed is:
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1. A system comprising:

a magnet comprising one or more coils to conduct current to generate a
magnetic field, the magnetic field to affect output of radiation to a target; and

one or more actuators, an actuator among the one or more actuators being at
least part of a physical coupling to the one or more coils, the actuator being
controllable to move the one or more coils via the physical coupling based on

movement of the magnet.

2. The system of claim 1, further comprising:

a housing that at least partly encloses the magnet;

wherein movement of the magnet causes the one or more coils to move
relative to the housing in a first direction; and

wherein the one or more actuators are controllable to move the one or more
coils relative to the housing in a second direction that is substantially opposite to the

first direction in response to movement of the one or more coils in the first direction.

3. The system of claim 1, further comprising:

a housing that borders the magnet;

wherein movement of the magnet causes the one or more coils to move
relative to the housing; and

wherein the one or more actuators are controllable to move the one or more
coils relative to the housing to compensate, at least partly, for movement of the one

or more coils relative to the housing caused by movement of the magnet.

4. The system of claim 1, further comprising:

a housing that holds the magnet;

wherein the magnet is movable from a first orientation to a second orientation,
the movement of the magnet causing the one or more coils to move from a first
position relative to the housing at the first orientation to a second position relative to

the housing at the second orientation; and
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wherein the one or more actuators are controllable to move the one or more
coils so that the one or more coils are at the first position relative to the housing

when the housing is at the second orientation.

5. The system of claim 1, wherein the magnet comprises a support structure
to hold the one or more coils; and
wherein the physical coupling comprises the support structure, the actuator

being configured to move the one or more coils by moving the support structure.

6. The system of claim 5, further comprising:

a vacuum enclosure around the magnet;

wherein the physical coupling comprises a strap connected between the
actuator and the support structure; and

wherein the actuator is connected to the vacuum enclosure and to the strap,
the actuator being configured to increase tension on the strap to move the one or

more coils.

7. The system of claim 6, wherein the actuator comprises a differential screw
that connects to the strap, and the actuator comprises a motor connected to drive

the differential screw to increase tension on the strap.

8. The system of claim 1, wherein the actuator is controllable to move the
one or more coils via the physical coupling based on movement of the magnet in

order to achieve a target magnetic field distribution.

9. The system of claim 6, wherein the magnet is a superconducting magnet;
wherein the system further comprises a cryostat to maintain the one or more
coils at temperatures that enable superconductivity in the one or more coils, the

cryostat including the support structure.
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10. The system of claim 1, wherein the one or more actuators comprise a
group of actuators, each actuator in the group being at least part of a separate
physical coupling to the one or more coils, each actuator in the group being
controllable to move the one or more coils via a respective physical coupling based

on movement of the magnet.

11. The system of claim 10, further comprising:

an enclosure that houses the magnet;

wherein the group of actuators are mounted inside an external perimeter of
the enclosure, each actuator being configured to pull the one or more coils at least

partly inwards towards an interior of the external perimeter.

12. The system of claim 10, further comprising:

an enclosure that houses the magnet;

wherein each actuator in the group of actuators is configured to pull the one
or more coils at least partly outwards relative to an external perimeter of the

enclosure.

13. The system of claim 10, further comprising:
an enclosure that houses the magnet;
wherein the group of actuators are mounted in a symmetric arrangement on

the enclosure and are controllable to act in concert.

14. The system of claim 1, further comprising:
an enclosure that at least partly surrounds the magnet;
wherein the system comprises:
one or more sensors to detect movement of the one or more coils
relative to the enclosure, the actuator being controllable based on detection of

the movement of the one or more coils relative to the enclosure.
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15. The system of claim 14, wherein the one or more sensors comprises one
or more magnetic field sensors mounted to the enclosure, the one or more magnetic
field sensors being configured to detect a change in the magnetic field generated by
the one or more coils relative to the one or more magnetic field sensors, the
detected change in the magnetic field being indicative of the movement of the one or

more coils relative to the enclosure.

16. The system of claim 14, wherein the one or more sensors comprises one
or more displacement sensors mounted to the enclosure to obtain measurements
based on positions of the one or more coils; and

wherein the system comprises one or more processing devices to determine

the movement of the one or more coils based on the measurements.

17. The system of claim 1, further comprising:

a particle accelerator, the magnet being part of the particle accelerator, the
particle accelerator being configured for movement, wherein the magnet is
configured for movement as a result of the magnet being part of the particle

accelerator.

18. The system of claim 17, wherein the particle accelerator is a
synchrocyclotron, the magnet is a superconducting magnet, and the system further
comprises:

a gantry on which the particle accelerator is mounted to produce the

movement of the particle accelerator and of the magnet.

19. The system of claim 1, wherein the radiation comprises a particle beam,
and wherein current in the one or more coils is controllable to affect the particle

beam prior to application to an irradiation target.

20. The system of claim 19, wherein the current is controllable to direct the

particle beam to one or more points in the irradiation target.
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21. The system of claim 19, wherein the current is controllable to focus the

particle beam prior to output to the irradiation target.

22. A particle therapy system comprising:

a magnet comprising one or more coils to conduct current to generate a
magnetic field, the magnetic field to affect output of a particle beam;

a housing to hold the magnet;

a mount to which the housing is connected to enable movement of the
housing, the movement causing a displacement of the one or more coils relative to
the housing; and

one or more actuators that are part of a physical coupling to the one or more
coils, the one or more actuators being controllable to move, via the physical
coupling, the one or more coils relative to the housing to at least partly correct the

displacement.

23. The particle therapy system of claim 22, wherein two or more of the

actuators are controllable to act in concert to move the one or more coils.

24. The particle therapy system of claim 22, wherein the displacement occurs
along a first direction, and the one or more actuators are controllable to move the
one or more coils in a second direction that is substantially opposite to the first

direction.

25. The particle therapy system of claim 22, wherein the one or more
actuators are controllable to move the one or more coils in real-time during

movement of the housing.

26. The particle therapy system of claim 22, wherein the one or more
actuators are controllable to move the one or more coils following the movement of

the housing that caused the displacement.
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27. The particle therapy system of claim 22, wherein the magnet comprises a
support structure to hold the one or more coils; and

wherein the physical coupling comprises the support structure, the one or
more actuators being configured to move the coil by moving the support structure

physically.

28. The system of claim 27, wherein, for an actuator among the one or more
actuators, a physical coupling comprises a strap connected between the actuator
and the support structure; and

wherein the actuator is connected to the housing and to the strap, the
actuator being configured to increase tension on the strap to move the one or more

coils.

29. The system of claim 28, wherein the actuator comprises a differential
screw that connects to the strap, and the actuator comprises a motor connected to

drive the differential screw to increase tension on the strap.

30. The system of claim 22, wherein the one or more actuators are
controllable to move the one or more coils via the physical coupling based on

movement of the magnet in order to achieve a target magnetic field distribution.

31. The system of claim 27, wherein the magnet is a superconducting
magnet;

wherein the system further comprises a cryostat to maintain the one or more
coils at temperatures that enable superconductivity in the one or more coils, the

cryostat including the support structure.

32. The system of claim 22, wherein the one or more actuators comprise a

group of actuators, each actuator in the group being at least part of a separate
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physical coupling to the one or more coils, each actuator in the group being

controllable to move the one or more coils via a respective physical coupling.

33. The system of claim 32, wherein the group of actuators are mounted
inside of an exterior perimeter of the housing, each actuator being configured to pull
the one or more coils at least partly inwards towards an interior of the exterior

perimeter.

33. The system of claim 32, wherein each actuator in the group of actuators
is configured to pull the one or more coils at least partly outwards relative to an

exterior perimeter of the housing.

34. The system of claim 32, wherein the group of actuators are mounted in a

symmetric arrangement on the housing and are controllable to act in concert.

35. The system of claim 22, further comprising:
one or more sensors to detect movement of the one or more coils relative to
the housing, the one or more actuators being controllable based on detection of the

movement of the one or more coils relative to the housing.

36. The system of claim 35, wherein the one or more sensors comprises one
or more magnetic field sensors mounted to the housing, the one or more magnetic
field sensors being configured to detect a change in the magnetic field generated by
the one or more coils relative to the one or more magnetic field sensors, the
detected change in the magnetic field being indicative of the movement of the one or

more coils relative to the housing.
37. The system of claim 35, wherein the one or more sensors comprises one

or more displacement sensors mounted to the housing to obtain measurements

based on the positions of the one or more coils; and
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wherein the system comprises one or more processing devices to determine

the movement of the one or more coils based on the measurements.

38. The system of claim 22, further comprising:

a particle accelerator, the magnet and the housing being part of the particle
accelerator, the particle accelerator being configured for movement that is at least
partly rotational, wherein the magnet and the housing are configured for movement

as a result of the magnet and the housing being part of the particle accelerator.

39. The system of claim 38, wherein the particle accelerator is a
synchrocyclotron, the magnet is a superconducting magnet, and the mount

comprises a rotatable gantry on which the particle accelerator is mounted.

40. The system of claim 22, wherein the current in the one or more coils is

controllable to affect the particle beam prior to application to an irradiation target.

41. The system of claim 22, wherein the current is controllable to direct the

particle beam to one or more points in the irradiation target.

42. The system of claim 22, wherein the current is controllable to focus the

particle beam prior to output to the irradiation target.

43. A system comprising:

means for rotating a magnet, the magnet comprising one or more coils to
conduct current to generate a magnetic field, wherein movement of the magnet
causes displacement of the one or more coils away from a predefined position; and

means for physically moving the one or more coils so that, following

movement of the magnet, the one or more coils are in the predefined position.

44, A system comprising:
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a magnet comprising one or more coils to conduct current to generate a
magnetic field; and

one or more actuators, an actuator among the one or more actuators being at
least part of a physical coupling to the one or more coils, the actuator being
controllable to move the one or more coils via the physical coupling to arrive at a

target distribution of the magnetic field.

45. The system of claim 44, further comprising:
one or more sensors to detect movement of the one or more coils relative to a
reference, the actuator being controllable based on detection of the movement of the

one or more coils relative to the enclosure.

46. The system of claim 45, wherein the one or more sensors comprises one
or more magnetic field sensors, the one or more magnetic field sensors being
configured to detect a change in the magnetic field generated by the one or more
coils relative to the one or more magnetic field sensors, the detected change in the

magnetic field being indicative of the movement of the one or more coils.

47. The system of claim 45, wherein the one or more sensors comprises one
or more displacement sensors to obtain measurements based on positions of the
one or more coils; and

wherein the system comprises one or more processing devices to determine

the movement of the one or more coils based on the measurements.

48. The system of claim 44, further comprising:

a particle accelerator, the magnet being part of the particle accelerator, the
particle accelerator being configured for movement, wherein the magnet is
configured for movement as a result of the magnet being part of the particle

accelerator.
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49. The system of claim 48, wherein the particle accelerator is a
synchrocyclotron, the magnet is a superconducting magnet, and the system further
comprises:

a gantry on which the particle accelerator is mounted to produce the

movement of the particle accelerator and of the magnet.

50. The system of claim 48, wherein the magnet is configured to accelerate

particles in a cavity of the particle accelerator to produce a particle beam.

51. The system of claim 48, wherein the magnet is configured to focus

particles during extraction of a particle beam from the particle accelerator.
52. The system of claim 48, wherein the magnet is configured to control

movement of a particle beam output from the particle accelerator relative to a target

of the particle beam.
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