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MAGNETIC SHIMS TO ALTER MAGNETIC FIELDS

CROSS-REFERENCE TO RELATEb APPLICATION
[0001] Priority is hereby claimed to U.S. Provisional Application No.

61/707,548, which was filed on September 28, 2012. The contents of U.S.
Provisional Application No. 61/707,548 are hereby incorporated by reference into

this disclosure.

TECHNICAL FIELD
[0002] This disclosure relates generally to use of magnetic shims in a

superconducting magnet of a particle therapy system.

BACKGROUND
[0003] Particle therapy systems use an accelerator to generate a particle

beam for treating afflictions, such as tumors. The accelerator typically includes an
elec;tromagnet having a superconducting coil. The superconducting coil is
maintained on a cryostat that is positioned between two magnetic structures called
yokes. Precise positioning of the coil can be important. If the coil is improperly
positioned, magnetic forces generated by the yokes can physically damage the coil -
and/or prevent the extraction of the particle beam. Physical movement of the

particle accelerator can, however, affect the position of the coil.

SUMMARY o
[0004] An example particle accelerator includes a coil to provide a magnetic

field to a cavity; a cryostat comprising a chamber for holding the coil, where the coil
1
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is arranged in the chamber to define an interior region of the coil and an exterior
region of the coil; magnetic structures adjacent to the cryostat, where the magnetic
structures have ohe or more slots at least part-way therethrough; and one or more
magnetic shims in one or more corresponding slots. The one or mbre magnetic
shims are movable to adjust a position of the coil by changing a magnetic field
produced by the magnetic structures. This example particle accelerafor may include
one or more of the following features, either alone or in combination.

[0005] The one or more magnetic shims may be controllable_ to move into or
out of corresponding slots. The one or more magnetic shims may be computer
controlled. The one or more magnetic shims may be controllable in response to
rotation of the particle accelerator. The one or more magnetic shims may be
controllable to adjust the position of the coil to compensate for motion of the coil
caused by rotation of the particle aécelerator. The one or more magnetic shims may
include ferromagnetic material. - |

[000‘6] At least oﬁe of fhe magnetic shims may be within the interior region.
All of the magnetic shims may be within the interior region, in which case no
magnetic shims are in an exterior region.

[0007] An example proton therapy system includes the foregoing particle
accelerator; and a gantry on which the particle accelerator is mounfed. The gantry is
rotatable relative to a patient position. Protons are output essentially difectly from
the particle accelerator to the patient position. In the example proton therapy
system, the particle accelerator may be rétatab|e relative to a fixed position, and the
proton therapy system may include a control system to control movement of the one

or more magnetic shims based on a rotational position of the gantry.
2
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[0008] An example eIectrdmagnet includes a superconducting coil arranged in
a substantially circulér configuration to generate a magnetic field, magnetic
structures adjacent to the superconducting coil, where the magnetic structures have
one or more slots at least part-Way therethrough; and one or more magnetic shims in
one or more corresponding slots, where the one or more magnetic shims are '
movable to adjust a position of the coil by changing a magnetic field produced by the
magnetic structures. This example electromagnet may include one or more of the
following features, either alone or in combination. |

[0009] The superconducting coil may be configured to generate a magnetic
field that is stronger in an interior of the circular configuration than in an exterior of
the circular configuration. The one or more magnetic shims may be closer to the
interior of the circular configuration than to the exterior of the circular configuration.
At least paﬁ of the one or more magnetic Shims may be within the interior of the
circular configuration. All of the magnetic shims may be within the interior of the
circular configuration (and none on an exterior thereof).

[0010] The one or more magnetic shims may be controllable to move into or
out of corresponding slofs. The one or more magnetic shims may be computer
controlled. The one or more mag‘netic shims may be controllable in response to
rotation of the electromagnet. The one or more magnetic shims may be controllable
to adjust the position of the coil to compensate for motion of the coil caused by
rotation of the electromagnet. The one or more magnetic shims may include one or
more magnetic shims comprised of ferromagnetic material.

[0011] An example proton therapy system may include a particle accelerator

comprising the foregoing electromagnet for outputting particles comprising protons;
3
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and a gahtry 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. The particle accelerator may be
~ rotatable relative to a fixed position. The proton therapy system may include a
control system to control movement of the one or more magnetic shims based on a
rotational position of the gantry.

[0012] An example method of adjusting a position of a superconducting coil in
an electromagnet may include the following: determining a rotational position
associated with the electromagnet; and, based on the rotational position, controlling
a position of one or more magnetic shims in a magnetic structure pro.ximate to the
superconducting coil. This exémple method may include one or more of the
following features, either alone or in combination.

[0013] The electromagnet may be part of a particle accelerator that is
mounted on a gantry that is rotatable. The rotational position may be a position of
the gantry. The superconducting coil may be arranged in a substantially circular
co.nﬁguration to generate a magnetic field. The magnetic field may be stronger in an
interior of the circular configuration than in an exterior of the circular configuration.
The one or more magnetic shims may be closer to the interior of the circular
configuration than to the exterior of the circular configuration. At least part of the
one or more magnetic shims may be within the interior of the circular configuration.
All of the one or more magnetic shims may be within the interior of the circular
configuration, and none on its exterior.

[0014] The one or more magnetic shims may be controllable to move into or

out of corresponding slots in the magnetic structure. The position of the one or more
4
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magnetic shims may be controlled using a compute;. The one or more magnetic
shims may be controllable to adjust the position pf the coil to compensate for motion
of the coil caused by rotation of the electromagnet. The one or more magnetic
shims may include one or more magnetic shims comprised of ferromagnetic
material.

[0015] An example particle accelerator includes: a coil to provide a magnetic
field to a cavity in which particles are accelerated; a cryostat comprising a chamber
for holding the coil; magnetic structures adjacfent to the cryostat, where the magnetic
structures have one or more slots at least part-way therethrough; and one or more
magnetic shims in one or more correspondir\19 slots, where the one or more
magnetic shims are movable to adj.ust a magnetic field in the cavity in order to affect
a particle orbit within the cavity. The example particle accelerator may include one
.or more of the following features, either alone or in combination L

[0016] . The part'icle acéelerator may include an extraction channel, through
which the particles pass for output from the paﬁicle accelerator, where the extraction
channel has an entrance at the cavity. The one or more magnetic shims are
controlled in the one or more corresponding slots so that an energy of particles
entering the extraction channel from the cavity matches an energy required for the
‘particles to traverse the extraction channel. The entrance to the extraction channel
may not include an energy absorbing structure through which the particle beam
passes prior to entry to the extraction channel. The magnetic structures may
comprise pole pieces and the coil is a first coil. The particle accelerator may include
a second coil that operétes as an active return for magnetic.ﬁeld resulting from

current through the first coil.
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[0017] A proton therapy system may include the foregoing particle
accelerator. The system may also include a gantry on which the particle accelerator
is mounted, where the gantry is rotatable relative to a patient position. Protons may
be output essentially directly from the particle accelerator to the patient position.
[0018] Two or more of the features described in this disclosure, including
those described in this summary section, may be combined to form implementations
not speciﬂca'lly described herein.

[0019] " 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 machiﬁe-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.

[0020] The details of one or more implementations are set forth in the
aécompanying drawings and the description below. cher féatures, objects, and

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

DESCRIPTION OF THE DRAWINGS

[0021] Fig. 1 is a perspective view of an example therapy system.

[0022] Fig. 2 is an exploded perspective view of compénents of an example
synchrocyclotron.

[0023] Figs. 3, 4, and 5 are cross-sectional views of an example

synchrocyclotron.
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[0024] Fig. 6 is a perspective view of an example synchrocyclotron.
[0025] Fig. 7 is a cross-sectional view of a portion of an example reverse
bobbin and windings.

[0026]. Fig. 8 is a cross sectional view of an example cable-in-channel

composite conductor.

[0027] Fig. 9 is a cross-sectional view of an example ion source.
[0028] Fig. 10 is a perspective view of an example dee plate and an example
dummy dee.
[0029] Fig. 11 is a perspective view of an example vault.

' [0030]' | Fig. 12 is a perspective view of an example treatment room with a
vault.
[0031] Fig. 13 shows a patient positioned next to an example particle

accelerator.
[0032] Fig. 14 shows a patient positioned within an example inner gantry in a

treatment room.

[0033] Fig. 15 is a perspective cut-away view of part of an example cold
mass.

[0034] . Fig. 16 is a perspective view of the cold mass.

[0035] Fig. 17 is a cut-away view of an example yoke and acceleration cavity.
[0036] Fig. 18 is an exploded perspective view of a portion of an example

superconducting magnet.
[0037] Figs. 19 and 20 are perspective views of examples of different types of

magnetic shims.
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[0038] Fig. 21 is a perspective see-through view of magnetic.shims
incorporated into a yoke of a superconducting magnet.

[0039] Like reference symbols in the various drawings indicate like elements.

DETAILED DESCRIPTION

OVERVIEW
[0040] Described herein is an example of a particle accelerator for use in an
example system, such as a proton or ion therapy system. The system includes a
particle accélérator ~in this example, a synchrocyclotron — mounted on a gantry.
The gantry enables the accelerator to be rotated arouna a patient position, as
explained in more detail below. In some iﬁwplementations, the gantry is steel and
has two legs 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 trealtment area in which the patient lies and that is attached stably
at both ends to the rotating Iegs of the gantry. As a result of rotation of the gantry
around the patient, the particle accelerator also rotates.
[0041] A superconducting magnet is part of the particle accelerator. For
example the particle accelerator (e.g., the synchrocyclotron) may include 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). The superconducting coil is held
in a coil chamber in the cryostat. The coil chamber is substantially circular, and the

superconducting coil is thus held in a substantially circular configuration. As a result
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of this geometry, the magnetic field produced by the superconducting coil is greater
in an interior region surrounded by the superconducting coil than in an exterior of
that region.

[0042] Magnetic yokes are adjacent (e.g., around) the cryostat, and define a
cavity in which particles ére accelerated. The cryostat is attached to the magnetic
yokes. While this attachment, and the attachment of the superconducting coil in 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, the superconducting coil is movable by small
amounts (e.g., tenths of millimeters in some cases). This movement can afféct the
amount of energy in a particle beam that is received at an extraction channel and
thereby affect the outpﬁt of the particle. accelerator. If the movement is great
enough, ;;hysical damage to the coil supports can result, e.g., the coil supports may
break. .

[0043] In an example, the particle accelerator also 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. In this example, the particle accelerator is a synchrocyclotron. Accordinély,
the RF voltage is swept across a range of frequencieé to account for relativistic
effects on the particles (e.g., increasing particle mass). 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
9
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successive orbits of the particles accelerated from the plasma column so that,
eventually, the particles output to an extraction channel contained in the yokes. The
regenerator may inc\rease the magnetic field at an area of the cavity, thereby
causing each successive orbit of particles at that area 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.

[0044]) Movement of the superconducting coil can affect the locations of the |
orbits inside the cavity and thereby prevent é particle beam from exiting the
accelerator. 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 d.istance 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. In some implementations, movement of the
superconducting 'coil one the order of tenths (e.g., 2/10™) of a millimeter can effect
operation of the particle accelerator in this manner.

[0045] As noted aﬂove, if there is enough movement, the coil can suffer
physical damage during operation. For example, in some implementations, if the
superconducting coil is off-centered by as little as two millimeters, forces that occur

during operation of the electromagnet may damage the coil supports.

10
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[0046] The example systems described herein use techniques to adjust the
position of the superconducting coil within the cryostat chamber to correct for motion
of the superconducting coil due to its rotatfon (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.

[0047] In this regard, the yokes are made of a ferromagnetic material, such as
vsteel. Itis therefore possible to adjust the effective magnetic center of the yokes
using one or more magnetic shims. Forée resulting from. magnetic interaction of the
coil with the ferromagnetic yoke (or other ferromagnetic structure that replaces the
yoke) can be used to move the supefconducting coil from one position to another
position relative to the yoke. For example, the magnetic material in one area of the
coil magnetic field can be increased, resulting in force to move the superconducting
coil in one direction, or the magnetic material in that area can be decreased,
resulting in force to move the superconduc'ting coil in another, different direction.
[0048] in example implementations, the effective magnetic center of the yoke
Is adjusted by moving a magnetic shim within a hole (or slot) in a magnetic yoke that
is near to the superconducting coil. Any appropriate type of magnetic shim may be
used to implement the techniques described herein; however, the implementations
described herein use multiple ferromagnetic rod-shaped magnetic shims that are
movable into, and out from, slots in the yokes. For example, screws may be used to
control motion of the magnetic shims vis-a-vis the slots/holes.

[004§] In example implementations, each magnetic shim is made of

ferromagnetic material. A proximity of each magnetic shimto a corresponding
11
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s‘uperconducting coil affects the amount of force applied to the superconducting coil
by the resulting magnetic field. Moving a magnetic shim closer to the
superconducting coil (e.g., further inside a slot in a yoke) increases the magnetic
field force on the coil. Conversely, moving the magnetic shim away from the
superconducting coil (é.g., upwards |n or outside of, the slot) decreases the
magnetic field force on the coil. In other implementations, there may be opposite
reactions to magnetic shim movement into, and out of, slot in the yokes.

[0050] Multiple magnetic shims may be used at varying locations relative to
the supverconducting coil in order to properly position the superconducting coil. For
example, in some implementations, the positioning may be on the order of tenths-of-
millimeters. In other implementations, the positioning may be more or less than in
the tenths-of-millimeters rangé. The magnetic shims may be computer-controlled to
vary their positions based, e.g., on a rotational position of the particle accelerator.
[0051] The foregosing example techniques for adjusting the posi'tion of a
superconducting coil are not limited fo use with a particle accelerator or to use with a~
particle therapy system. Rather, such techniques, or variations thereof, may be
used with any abpropriate electromagnet that includes a superconducting coil in any
type of medical‘or non-medical application. An example of a particle therapy system

in which the foregoing techniques may be used is provided below.

EXAMPLE PARTICLE THERAPY SYSTEM
[0052] 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
12 :
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straight (that is, essentially directly) from the accelerator housing toward a patient
506.

[0053] .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 permft 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
bothlends to the rotating legs of the gantry.

[0054] In some examples, the rotation of the gantry is limited to alrange 520
of less than 360 degreés, 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 t_hickness'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 degreeé and still brovideA
clearance for the therapy floor space.

‘[0055] 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
13



WO 2014/052708 PCT/US2013/062102

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.

[0056] 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
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.
[0057] Supercondubting 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.

[0058] Superconducting materials typically néed 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 superconductihg coil windings to
temperatures near absolute zero. Using cryo-coolers can reduce complexity and

cost.
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[0059] 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 abou‘t 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.

[0060] 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 isoc_enter, 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 6f_ga_ntry rotation and table motion and rotation,
any angle of beam direction into.any part of the patient can Ee achieved. The two
gantry arms are separated by more thaq twice the height of a tall patient, allowing
the couch with patient to -rotate and translate in a horizontal plane above the raised
floor. |
[0061] Limiting the gantry rotation angle allows for a reduction in the thickness
of at least one of the wélls surrounding the treatment roovm. Thick walls, typically
constructed of concrete, provide radiation protection to individuals outside the
treatment room. A wall dow-nstream 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 Vadjacent to
the thinnest wall reducing the cost of constructing the treatment room.

[0062] In the example implementation shown in Fig. 1, the superconducting

synchrocyclotron 502 operates with a peak magnetic field in a pole gap of the
15 '
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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 6 to 20 Tesla or 4 to 20 Tesla and the proton energy could be in the
range of 150 to 300 MeV
[0063] 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.
[0064] 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 cohtains 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
supérconducting coils 40, 42 and a pair of shaped ferromagnetic (e.g., low carbon
| steel) pole faces 44, 46. |
[0065] The two superconducting magnet coils are centered on a common axis
47 and are spaced apart along the axis. As shown in Figs.l7 and 8, the coils are
formed by of NbsSn-based superconducting 0.8 mm diameter strands 48 (that
initially comprise a niobium-tin core serounded by a copper sheath) deployed in a
twisted cable-in-channel conductor geometry. After seven individual stlrands are
cabled together, they are heated fo 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 dime.nsions 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
16



WO 2014/052708 PCT/US2013/062102

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 blaced at intervals in the layers of the
windings to protect the assembly in the e\)ent of a magnet quench.

[0066] 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 stec?:l reverse bobbin to approximately 50 degrees C and fitting
.coils at a temperature of 100 degrees Kelvin can achieve this.

[0067] The geometry of the coil is maintained by mountian 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 Ieakage 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 thé 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
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decelerates when its position is changed. Each warm-to-cold support includes one
S2 fiberglass link and one carbon fiber link. The carbon fiber link is supported
across pins between the Warm yoke and an intermediate temperature (50 - 70 K),
and fhe 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 ;in is made of high strength
stainless steel and is 40 mm in diameter.

[0068] Referring to Fig. 3, the field strength profile as a function of radius is
determined Iargély 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 parﬁcle beam remains focused during acceleration.
[0069] The superconducting coils are maintained at temperatures near
absolute zero (e.g., ébout 4 degrees Kelvin) by enclosing the coil assembly (the coils
and the bobbin) inside an evacuated annular aluminum or stainless steel cryostatic
bhamber 70 that provides a free space around the coil structure, except at a limited
set of support points 71, 73. In an alternatelversion (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.

[0070] In some implementations, the temperature near absolute zero is
achieved and méintained 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 ci’yo-cooler is arranged to cool high
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temperature (e.g., 50 - 70 degrees Kelvin) leads that supply current to the
superconducting windings.

[007.1] In some implementations, the temperature near absolute zero is
achieved and maintained using two Gifford-McMahon cryo-coolers 72, 74 thaf are
arranged at different posiiions 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 Kelvih)
leads that supply current to the superconducting windings.

[0072] 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
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.
Patenf Application No. 13/907,601, which was filed on May 31, 2013, 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.
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[0073]) 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 Application No.
11/948,662 incorporated herein by reference.

[0074] 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.

[0075] 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 .Iimited 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.

[0076] Possible advantages of using a noble (or other) gas in combination
with hydrogen in the particle source may include: increased beam intehsity,

increased cathode longevity, and increased consistency of beam output.
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[0077] 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 mégnet 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 Application No. 11/948,662), all (or a substantial part) of the tube
containing plasma is removed at the acceleration region, thereby aIIowing' ions to be
more rapidly accelerated in a relatively high magnetic field. b

[0078] 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
thé 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 épaced 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 Application No. 11/948,359,
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.
21



WO 2014/052708 PCT/US2013/062102

[0079] For the beam emerging from the centrally located particle source to
clear the particle source structure as it begins to spiral outward, a large voltage
difference is required across the radio frequency plates. 20,000 Volts is applied
across the radio frequeﬁcy plates. In some versions 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. Thils is done by forming holes with
sufficient clearance from the radio freﬁuency structures through the outer yoke and
the cryostat housing and making sufficient space between the magnet pole faces.
[0080] The high voltage alternating potential lthat drives the dee plate has a
frequency that is swept downward during the accelerating cycle to account for the
inéreasing relativistic mass of the protons and the decreasing magnetic field. The
dummy dee does not reqqire a hollow semi-cylindrical structure as it is at ground
potential along with the vacuum chamber walls. Other plate arrangéments could be
used such as more than one pair of éccelerating electrodes driven with different
electrical phases or multiples of the fundamental fre'q'uency. 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.
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[0081] The vacuum chamber 119 in which the acceleration occurs is a
generally cylindrical confainer 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 moleculgs and enables the RF voltage to be kept at’
a Higher level without arcing to ground. |

[0082] 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 Iéop radius reaches the maximum radius of the pole'face. At that location a
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 fiéld perturbatio‘n 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.

[0083] The magnetic field within fhe 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, -
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n = -(r/B)dB/dr,

should be kept positive to maintain this “weak” focusing. Here r is the radiué 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 inva w=2v,
resonance. The betatron frequencies are defined ‘by vi=(1-n)"?and v, =n"% The
ferromagnetic pole faée 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.

[0084] As the beam exits the extraction channel it is passed through a beam
formation system 125 (Fig. 5) that can be programrﬁably controlled to create é
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.

[0085] Du.ring operation, the plates absgrb 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 113V(Fig. 3).

[0086] 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
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configuration that includes a sandwich of a yoke, a space, and a shield achieves
adequate shielding for a given Ieakage_ magnetic field at lower weight.

[0087] 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 betweén 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.
[0088] 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.

[0089] 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
fc_)rmation system can include passive scattering elements as well as actiVe scanning
elements. |

[0090] All of the active systems of the synchrocyclotron (the current driven
superconducting coils, the Rﬁ-driven plates, the vacuum pumps for the vacuﬁm
acceleration chan}ber 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.
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[0091] 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).

[0092] 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 cyclotron 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 fo clear the gantry at the top and
lbottom 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 airectly from the cyclotron, it éan 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.

[0093] Referring to Figs. 12 and 13, for safety and aesthetic reasons, a
therapy room 160 rhay 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 rqu. 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 pumbs and other support equipment can be

located under the raised floor in this separate space. Within the treatment room, the
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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 rﬁoved to a variety of
positions and orientations.

[0094] In system 602 of Fig. 14, a beam-producing particle accelerator qf the
type described herein, in this case synchfocyclotron 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 ‘
604 is below paﬁent support 606, the particle beam may be directed upwards iowafd
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.

[0095] Further details regarding an example implementation of the foregoing
system may be found in U.S. Patent No. 7,728,311, filed on November 16, 2006 and
entitled “Charged Particle Radiation Therapy”, and in U.S. Patent Application No.
12/275,103, filed on November 20, 2008 and entitled “Innér Gantry"A. Thé contents .
of U.S. Patent No. 7,728,311 and in U.S. Patent Application No. 12/275,103 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.
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Patent Application No. 13/916,401, filed on June 12, 2013, the contents of which are

incorporated herein by reference.

EXAMPLE IMPLEMENTATIONS
[0096] As explained above, ‘superconducting coils of a superconducting
magnet are typically cooled to low temperatures to. realize their superconducting
properties. In some implementations, the superconducting coils are maintained at _
temperatures near absolute zero (e.g., about 4° Kelvin (K)) by enclosing a coil
assembly (superconducting coils and a structure holding the coils) inside an
~ evacuated annular aluminum or stainless steel cryosfatic chamber that provides a
free space ardund the coil structure, except at a limited set of support points.
[0097] A cross-section of a part of a superconducting magnet 700 that may be
us_ed in particle accelerator 700 is shown in Fig. 15. A perspective view of the same
superconducting magnet is shown in Fig. 16. Superconducting magnet 700 includes
structured halves 701, 702 (referred to as “bobbins”), that include coil chambers 704,
705, into which are placed pre-wound supercoﬁducting coils.
[0998] The assembly that includes the bobbin and the superconducting coil is
part of a structure referred to as a “cold mass”, since at least pért of the assemb.ly is
mgintained at low, e.g., superconducting, temperatures during operation. In an
example impI‘ementation,.the cold mass is a split superconducting solenoid coil pair
supported in a structural stainless steel bobbin. A cooling turret is used to maintain
the superconducting coil at appropriate temperature. In some implementations, the
cooling turret includes a cryo-cooler condenser assembly (as described above),

current leads, and a diode pack assembly. The cold mass is part of a cryostat, to
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which the turret is assembled to form the superconducting magnet. The cold mass
may be suspended inside the yokes by support straps.

[0099] ~ Inthe example implementation of Figs. 15 and 16, a cooling chamber
707, 708 runs along an exterior circumference of each corresponding bobbin 701,
702. Cooling chamber 707, 708 may be machined‘ into the structure of the |
corresponding boBbin and enclosed (e.g., made liquid-tight) via a stainless steel
'plate 7i0, 711 (shown for bobbin 702 only in Fig. 15). Stainless steel is, generally, a
'poor conductor of heat, although it may conduct some heat. Liquid helium may be
used as coolant in-some implementations. As such, each cooling chamber may be
filled with liquid helium. Other liquid and/or gaseous coolants, however, may be
used, even though the implementations described herein use liquid helium.

[00100] In each bobbin, a coil chamber 704, 705 holds a pre-wound
superconducting coil. In some implementations, a superconducting coil is not wound
around the bobbin, but rather is simply placed in a corresponding coil chamber. The
coil may be held in place via support structures. The quuid helium and each
corresponding superconducting coil remain separated in different chambers (e.g., in
cooling chamber 707, 708 and coil chamber 704, 705, respectively). As a result,
there is no direct physical contact between the superconducting coil and the coolant,
e.g., the liquid helium. Furthermore, since the body of the bobbin is stainless steel,
there is little, if any, thermal contact between the superconducting coils and the
coolant via the body (e.g., 714, 715) of each bobbin. Accordingly, thermally-
conductive structures are introduced, which contact both the superconducting coil
and the liquid helium, and which are used.to transfer heat between the two and

thereby cool the superconducting coil.
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[00101]  As shown, the structure of each coil chamber 704, 705 is substantially
circular. Accordingly, when placed in a coil chamber, a superconducting coil
assumeé this substantially circular configuration. If a superconducting coil deviates
from this circular configuration, magnetic forces can affect the operation of the
particle accelerator or cause damage to the coil. For example; during operation of
the superconducting magnet, a hoop force may cause the superconducting coil to
expand outWardIy, thereby forcing the supercondbcting coil against the outer inside
wall of the coil'chamber. If the superconducting coil deviates enough from a circular
conﬁgura_tion, this hoop force can cause the coil to tear.

[00102] | Each superconducting coil generates a magnetic field that is stronger
in an interior region of the circular configuration than in an exterior region of the
circular configuration. Fdr example, the rhagnetic field within region 750 enclosed by
the superconducting coil is stronger than the magnetic field in a region 752, which is
outside the area enclosed by the superconducting coil.\ In some implementations,
‘the magnetic field in the interior region may be ten times as strong as the magnetic
field in the exterior regions; however, this is not the case in all implementations. The
magnetic field trails-off at distances from both the interior and the exterior regions of
the superconducting coil.

[00103] | Referring to Fig. 17, one or more magnetic shims may be introduced
into slots 755a, 755b, 755¢, 755d of yokes 753, 754 in order to‘affect the magnetic |
field, and thus the magnetic force, exerted on the superconducting coils by the
yokes. In some implementations, the magnetic shims are introduced into slots in the
interior reéion 750 of the superconducting co‘il, although this isknot a requirement.

Because the magnetic force is greater in the interior region than in the exterior
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region, smaller and/or fewer magnetic shims may be used in the interior region to
produce the same force that would be produced by larger and/or greater numbers of
magnetic shims located in the exterior region. In other implementations, one or
more of the magnetic shims may be in the interior region and/or one or more of the
magnetic shims may be in the exterior region. in some implementations, the.
magnetic shims may 'simply be closer to the interior region than to the exterior
region, or vice versa.

[00104] In this implementation, each yoke contains one or more slots
proximate to a corresponding superconducting coil. For example, slot 755a is near
to coil 756; slot 755c¢ is near to coil 757 and so forth. The number and size of the
slots and the magnetic shims varies from system-to-systém depending on various

| factors, such as the magnetic field generated by the superconducting magnet.
[00105] Fig. 18 shows an exploded perspective view df a portion of a
superconducting magnet, which includes yoke 753 and the cold mass 760. Slots
761a, 761b, 761c and 761d show where four magnetic shims of the type desqribed
above may be introducedlinto top yoke 753 (the yoke in the figuré). A correspondin"g
configuration may be present for the bottom yoke (not shown). |

[00106] In sohe implementations, the magnetic shims are implemented using
iron or steel magnetic shims, such as magnetic shim 762 shown in Fig. 19.
Magnetic shim 762 may be in the shape of a rod (or plunger) or may have other
appropriafe shapes. A magnetic shim may be placed in a slot of the yoke near to a
corresponding superconducting coil. Moving the magnetic shim downward, further
inside the yoke increases the amount of ferromagnetic material near to the

superconducting coil and thereby increases the amount of magnetic force exerted on
31 ' '



WO 2014/052708 PCT/US2013/062102

the porresponding supefconducting coil. By contrast, moving the magnetic shim
upward and out of the yoke decreases the amount of ferromagnetic material near to
the superconducting coil and thereby decreases the amount of magnetic force
exerted on the corresponding superconducting coil.

[00107] In the example of Fig. 19, magnetic shim 762 includes a rod like
fpor\tion inside of enclosure 763. That portion may be moved into, or out of, the yoke
using screw 764. Cap 765 may affix magnetic shim 762 to the yoke. Fig. 20 shows
a magnetic shim 770, which may be permanently fixed in a slot, and held in place via
cap 771. For example, magnetic shim 770 may be machined to a particular size,
introduced into a slot, and fixed, without the possibility of further adjustment.
[00108] -  Fig. 20 shows magnetic shims introduced info a cap 777 of a yoke.
Shim 772 is of the type shown in Fig. 19, and shim 774 is of the type shown in Fig.
20. Shim 773 is part-way installed, but does not yet incllude a cap, nor is it yet fixed
to the yoke. Slot 775 does not yet include a shim. It is noted that a yoke may
contain all of the same type of magnetic shim, or different types méy be used in the
same yoke (as shown in Fig. 21). Also, not all sloté require a shim.

[00109] = 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 magnetic shim 773 may be controlled based on a rotational
position of the particle accelerator (and, thus, a rotational position of the
electromagnet inside the 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.
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One or more computer-controlled actuators may be used to implement actual
movement of thé magnetic shim(s). |

[00110] In some implemehtations, movement of the magnetic shim(s) may be
controlled in real-time. [n other implementationé, optimal positions of 'the magnetic
shirﬁ(s) may be determined through testing, and the magnetic shims may be
permanently inserted into the slots in the yokes at appropriate depths. In some
implementations, there may be eight slots/magnetic shims (four per yoke half). In
other implementations, different numbers of slots/hwagnetic shims may be used. Fig
21 shows an example in which fogr magnetic shims may be introduced into the
corresponding yoke. In this example, a similar magnetic shim configuration is
provided for the other yoke (not shown).

[00111] 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 v
produced by the regenerator in the manner described above. The current through
the one or more elecrtomagnets 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 thé
accelerator may be measured empirically, and programmed into the control system
computer.

[00112] Referring back to Fig. 17, as explained above, in some

implementations, magnetic may be introduced into slots in interior region 750 of the
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superconducting coil for the purpose of adjusting the location of the superconducting
coil. In some impleméntations, magnetic shims of the type described herein,
although possibly magnetic shims that have a smaller size, may be introduced into
interior region 750 in order to affect the energies of particle orbits within region 750.
More specifically, as explained above, a magnetic field regenerator is positioned in
the cavity (region 750) to adjust the existing magnetic field inside the cavity to
fhereby change locations of successive orbits of the~ particles accelerated from the
plasma column so that, eventually, the particles output to an extracfion channel
contained in the yokes. The regenerator may increase the magnetic field at an area
of the cavity, thereby causing each successive orbit of particles at that area 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 putputs the received particles from the
cavity. |

[00113] In some cases, as the superconducting coil moves during rotation,
orbits that are affected Sy regenerator 702 change due to gravitational movemént of
the coil. This movement can be as little as tenths of millimeters. Nevertheless, as a
result, the energy of the particle beam that enters the extraction channel may be
different from the enefgy required to traverse the entire channel. To adjust for this
change in the energy of particles entering the extraction channel, in some cases, a
structure is placed inside, or at the entry point to, the extraction channel. The
structure may be used to absorb excess energy in the particle beam. However, the

structure can change the spots size of the resulting beam. In implementations of the
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particle therapy system that employ scanning to scan the particle beam across an
irradiation target, changes to the particle beam spot size can be undesirable.
[00114] Accordingly, magnetic shims, examples of which are described herein,
may be employed to eliminate the use of a structure inside, or at the entry point to,
the extraction channel to absorb excess energy of the particle beam. For example,
magnetic shims may be introduced into region 750 to change the magnetic field
inside region 750 and thereby change the orbits of particles in region 750 so that the
energy of the particles that reach the entrance to extraction channel (which
in.terfaces to region 750) closely match the energy required to traverse the extraction
channel. As a result of appropriate positioning of magnetic shims, an energy
absorber is not required at the extraction chanhel to absorb energy from the particle
beam and thereby affect the size of the particle beam spot.
[00115] More specifically, absent use of the magnetic shims or an absorbing
structure, some particles entering the extraction channel may have an energy that
exceeds that needed to traverse the extraction channel. As a result, such particles
may hit the walls of the extraction channel or other structures during traversal,
thereby preventing their output. In other cases, some particles may not have
sufficient energy to reach the extraction channel, thereby also preventing their
output. The magnetic shims described herein may be used to shape the magnetic
field at one or more locations within region 750 so as to perturb the particl_e orbits at
a barticular energy level(s) so that the particles at that energy level(s) that reach the
extraction channel have sufficient energy to enter the extraction channel and to

traverse the extraction channel for output.
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[00116] In some implementations, the magnetic shims may be used to shape
the magnetic field in the cavity without the use of a regenerator. For example,
described above is the case where one or more magnetic shims are used in concert
with the regenerator to shape the magnetic field in the cavity. In some
implementations, the regenerator itself may be replaced with one or more magnetic
shims of the type described herein. Accordingly, the entire magnetic field in the
cavity may be shaped using magnetic shims, making the system customizable.
[00117] Magnetic shims in regipn 750 may be computer-controlled. One or
more magnetic shim locations may be set beforehand so that they are positioned
without change during operation of the synchro'cyclotron. Alternatively, one or more
magnetic shims may be»controlled interactively during operation of the
synchrocyclotron so as to shape theh magnetic field within region 750 in real time.
One or more magnetic shims may be used within region 750.

[00118] In fmplementations that employ an active return system, such as that
described iﬁ U.S. Patent Application No. 13/907,601, the sizes and locations of the
various magnetic shims will be different from those presented herein. The magnetic
shims may t">e introduced via holes in appropriate magnetic pole pieces in a manner
similar to how they are introduced in the magnetic yokes. If necessary, additional
ferromagnetic structures may be used to control coil position in implementations that
employ an active return system. |
[00119] Any two more of the foregoing features may be used in an appropriate
combination to adjust the positioning of a s'uperconducting coil in an electromagnet.
[00120] Elements of different implementations described herein may be

combined to form other implementations not specifically set forth above. Elements
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may be left out of the processes, systems, apparatus, etc., described herein without
adversely affecting their o‘peration. Various separate elements may be combined
ipto one or more individual elerﬁents to perform the functions described herein.
[00121] The example implementations described herein are noAt limited to use
with a particle therapy system or to use with the example particle therapy systems
described herein. Rather, the example implementations can be used in any
appropriate system that includes a superconducting coil.

[00122] Additional information concerning the design of an example
implementation of a particle accelerator that may be used in a system as described
herein can be found in U.S. Provisional Application No. 60/760,788, entit‘le'd "High-
Field Superconducting Synchrocyclotron” and filed January 20, 2006; U.S. Patent
Abblication No. 11/463,402, entitled "Magnet Structure For Particle Acceleration”
and filed August 9, 2006; and U.S. Provisional Application No. 60/850,565, entitled
"Cryogenic Vacuum Break Pneumatic Thermal Coupler" and filed October 10, 2006,
all of which are incorporated herein by reference. |
[00123] The following applications are incorporated by reference into the
subject application: the U.S. Provisional Application entitied “CONTROLLING
-INTENSITY OF A PARTICLE BEAM" (Application No. 61/707,466), the U.S.
" Provisional Application entitled “ADJUSTING E.NERGY OF A PARTICLE BEAM”
(Application No. 61/707,515), the U.S. Provisioﬁal Application entitled “ADJUSTING
COIL POSITION?” (Application No. 61/707,548), the US Provisional Application
entitled “FOCUSING A PARTICLE BEAM USING MAGNETIC FIELD FLUTTER”
(Apblication No. 61/707,572), the U.S. Provisional Application entitled “MAGNETIC

FIELD REGENERATOR” (Application No. 61/707,590), the U.S. Provisional
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Application entitled “FOCUSING A PARTICLE BEAM” (Application No. 61/707,704),
the U.S. Provisional Application entitled “CONTROLLING PARTICLE THERAPY
(Application No. 61/707,624), and the U.S. Provisional Application entitled
“CONTROL SYSTEM FOR A PARTICLE ACCELERATOR” (Application No.
61/707,645).

[0;)1 2'4] The following are also incorporated by reference into the subject
application: U.S. Patent No. 7,728,311 which issued on June 1, 2010, U.S. Patent
Application No; 11/948,359 which was filed on November 30, 2007, U.S. Patent
Application No. 12/275,103 which was filed on November 20, 2008, U.S. Patent
Application No. 11/948,662 which was filted on November 30, 2007, U.S. Provisional
Application No. 60/991,454 which was filed on November 30, 2007, U.S. Patent No.
8,003,964 which issued on August 23, 2011, U.S. Patent No. 7,208,748 which
issued on April 24, 2007, U.S. Patent No. 7,402,963 which issued on July 22, 2008,
U.S. Patent Application No. 13/148,000 filed February 9, 2010, U.S. Patent
Application No. 11/937,573 filed on November 9, 2007, U.S. Patent Application No.
11/187,633, titled “A Programmable Radio Frequency Waveform Generator for a
Synchrocyclotron,” filed July 21, 2005, U.S. Provisional Application No. 60/590,089,
filed on July 21, 2004, U.S. Patent Application No. 10/949,7 34, titled “A
Programmable Particle Scatterer for Radiation Therapy Beam Formation”, filed
September 24, 2004, and U.S. Provisional Application No.60/590,088, filed July 21,
2005.

[00125] Any features of the subject application may be combined with one or
rhore appropriate features of the following: the U.S. Provisional Application entitled

“‘CONTROLLING INTENSITY OF A PARTICLE BEAM" (Application No.
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61/707,466), the U.S. Provisional Application entitied “ADJUSTING ENERGY OF A
PARTICLE BEAM” (Application No. 61/707,515), the U.S. Provisional Application
entitled "ADJUSTING COIL POSITION" (Application No. 61/707,548), the U.S.
Provisional Application entitled “FOCUSING A PARTICLE BEAM USING
MAGNETIC FIELD FLUTTER” (Application No. 61/707,572), the U.S. Provisional
Application entitled “MA;GNET|C FIELD REGENERATOR" (Application No.
61/707,590), the U.S. Provisional Application entitied “FOCUSING A PARTICLE
BEAM” (Application No. 61/707,704), the U.S. Provisional Application entitled

- “CONTROLLING PARTICLE THERAPY (Application No. 61/707,624), and the US .
Provisional Application entitled “CONTROL SYSTEM FOR A PARTICLE
ACCELERATOR” (Application No. 61/707,645), U.S. Patent No. 7,728,311 which
issued on June 1, 2010, U.S. Patent Application No. 11/948,359 which was filed on
November 30, 2007, U.S. Patent Apblication No. 12/275,103 which was filed on
November 20, 2008, U.S. Patent Application No. _1'1/948,662 which was filed on
November 30, 2007, U.S. Pr—ovisional Application No. 60/991,454 which was filed on
November 30, 2007, U.S. Patent Application No. 13/907,601, which was filed on
May 31, 2013, U.S. Patent Application No. 13/916,401, filed on June 12, 2013, u.sS.
Patent No. 8,003,964 which issued on August 23, 2011, U.S. Patent No. 7,208,748
which issued on April 24, 2007, U.S. Patent No. 7,402,963 which issued oh July 22,
2008, U.S. Patent Application No. 13/148,000 filed February 9, 2010, U.S. Patent
Application No. 11/937,573 filed on November 9,‘ 2007, U.S. Patent Appliqation No.
11/187,633, titled “A Programmable Radio Frequency Waveform Generatér for a
Synchrocyclotron,” filed July 21, 2005, U.S. Provisional Application No. 60/590,089,

filed on July 21, 2004, U.S. Patent Application No. 10/949,734, titled “A
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Programmable Particle Scatterer for Radiation Therapy Beam Formation”, filed
September 24, 2004, and U.S. Provisional Application No. 60/590,088, filed July 21,
2005. |

[00126] Except for the provisional application from which this patent application
claims priority and the documents incorporated by reference above, no other
.documents are incorporated byA reference into this patent application.

[00127] Other implementations not specifically described herein are also within
the scope of the following claims.

[00128] What is claimed is:
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1. A particle accelerator comprising:

a coil to provide a magnetic field to a cavity;

a cryostat comprising a chamber for holding the coil, the coil being arranged in
the chambef to define an interior region of the coil and an exterior region of the coil,

magnetic structures adjacent to the cryostat, the magnetic structures having one
or more slots at least part-way therethrough; and

one or more magnetic shims in one or more corresponding slots, the one or more
magnetic shims being movable to adjust a position of the coil by changing a magnetic |

field produced by the magnetic structures.

2. The particle accelerator of claim 1, wherein the one or more magnetic shims

are controllable to move into or out of corresponding slots.

3. The particle accelerator of claim 2, wherein the one or more magnetic shims

are computer controlled.

4. The particle accelerator of claim 2, wherein the one or more magnetic shims

are controliable in response to rotation of the particle accelerator.
5. The particle accelerator of claim 4, wherein the one or more magnetic shims

are controllable to adjust the position of the éoil to compensate for motion of the coll

caused by rotation of the particle accelerator.
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6. The particle accelerator of claim 1, wherein at least one of the magnetic shims

is within the interior region.

7. The particle accelerator of claim 6, wherein all of the magnetic shims are

within the interior region.

8. The particle accelerator of claim 1, wherein the one or more magnetic shims

comprise ferromagnetic material.

9. AAproton therapy system/comprising:

the particle accelerator of claim 1; and

a gantry on which the particle accelerator is mounted, the gantry being rotatable
relative to a patient position;

wherein protons are output essentially directly from the particle accelerator to the

patient position.

10. The proton therapy system of claim 9, wherein the particle accelerator is

rotatable relative to a fixed position; and

wherein the proton therapy system further comprises a control system to control

movement of the one or more magnetic shims based on a rotational position of the

gantry.

11. An electromagnet comprising:
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a superconducting' coil arranged in a substantially circular conﬁguratien to
generate a magnetic field;

magnetic structures adjacent to the superconducting coil, the magnetic structures
having one or more slots at least part-way therethrough; and

one or more magnetic shims in one or more corresponding slots, the one or more
magnetic shims being movable to adjust a position of the coil by changing a magnetic

field produced by the magnetic structures.

12. The electromagnet of claim 11, wherein the superconducting coil is
configured to Qenerate a magnetic field that is stronger in an interior of the circular
configuration than in an exterior of the circular configuration; and

-wherein the one or more magnetic shims are closer to the interior of the circular

configuration than to the exterior of the circular configuration.

13. The electromagnet of claim 12, wherein at least part of the one or more

magnetic shims are within the interior of the circular configuration.

14. The electromagnet of claim 11, wherein all of the one or more magnetic

shims are withih the interior of the circular configuration.

15. The electromagnet of claim 11, wherein the one or more magnetic shims are

controllable to move into or out of corresponding slots.
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16. The electromagnet of claim 15, wherein the one or more magnetic shims are

computer controlled.

17. The electromagnet of claim 15, wherein the one or more magnetic shims are

controllable in response to rotation of the electromagnet.

18. The electromagnet of claim 17, wherein the one or more magnetic shims are
controliable to adjust the position of the coil to compensate for motion of the coil caused

by rotation of the electromagnet.

19. The particle accelerator of claim 11, wherein the one or more magnetic

shims comprise one or more magnetic shims comprised of ferromagnetic material.

20. A proton therapy system comprising:

a particle accelerator comprising the electromagnet of claim 11 for outputting
particles comprise protons; and

‘a gantry on which the particle accelerator is mounted, the gantry being rotatable
relative to a patient position; ‘

wherein protons are output essentially directly from the particle accelerator to the

patient position.

21. The proton therapy system of claim 20, wherein the particle accelerator is

rotatable relative to a fixed position; and
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wherein the proton therapy system further comprises a control systemto control

movement of the one or more magnetic shims based on a rotational position of the

gantry.

22. A method of adjusting a position of a superconducting coil in an
electromagnet, the method comprising:

determining a rotational position associated with the electromagnet; and

based on the rotational position, controlling a position of one or more magnetic

shims in a magnetic structure proximate to the superconducting coil.

23. The method of claim 22, wherein the electromagnet is part of a particle
accelerator that is mounted on a gantry that is rotatable; and

wherein the rotational position is a position of the gantry.

24. The method 6f claim 22, wherein the superc;onducting coil is arr_anged ina
substantially circular configuration to generate a magnetic field;

wherein the magnetic. field is stronger in an interior of the circular configuration
than in an exterior of the circular configuration; and

wherein the one or more magnetic shims are closer to the interior of the circular

configuration than to the exterior of the circular configuration.

25. The method of claim 24, wherein at least part of the one or more magnetic

shims are within the interior of the circular configuration.
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26. The method of claim 24, wherein all of the one or more magnetic shims are

within the interior of the circular configuration.

27. The method of claim 22, wherein the one or more magnetic shims are

controllable to move into or out of corresponding slots in the magnetic structure.

28. The method of claim 22, wherein the position of the one or more magnetic

~shims are controlled using a computer.

29. The method of claim 22, wherein the one or more magnetic shims are

controllable to adjust the position of the coil to compensate for motion of the coil caused

by rotation of the electromagnet.

30. The method of claim 22, wherein the one or more magnetic shims comprise

one or more magnetic shims comprised of ferromagnetic material.

31. A particle accelerator comprising:

a coil to provide a magnetic field toa cavity in whfch particles are accelerated,

a cryostat comprising a chamber for holding the coil;

magnetic structures adjacent to thre cryostat, the magnetic structures having one

or more slots at least part-way therethrough; and
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one or more magnetic shims in one or more corresponding slots, the one or more.
magnetic shims being movable to adjust a magnetic field in the cavity in order to affect a
/ .

particle orbit within the cavity.

32. The particle accelerator of claim 31, further comprising:

an extraction channel, through which the particles pass for output from the
particle accelerator, the extraction channel having an entrance at the cavity;

wherein the one or more magnetic shims are controlled in the one or more
corresponding slots so that an energy of particles entering the e*traction channei from
the cavity matches an energy required for the particlés to traverse the extraction

channel.

33. The particle accelerator of claim 32, wherein the entrance to the extraction
channel does not include an energy absorbing structure through which the particle

beam passes prior to entry to the extraction channel.

34. The particle accelerator of claim 31, wherein the magnetic structures
c'omprise pole pieces and wherein the coil is a first coil; and
wherein the particle accelerator further comprises a second coil that operates as

an active return for magnetic field resulting from current through the first coil.

35. A proton therapy system comprising:

the particle accelerator of claim 31; and
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a gantry on which the particle accelerator is mounted, the gantry being rotatable

relative to a patient position;

wherein protons are output essentially directly from the particle accelerator to the

patient position.
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