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(57) Abrégé/Abstract:

A radiation therapy system comprises a magnetic resonance imaging (MRI) system combined with an irradiation system, which can
include one or more linear accelerators (linacs) that can emit respective radiation beams suitable for radiation therapy. The MRI
system includes a split magnet system, comprising first and second main magnets separated by gap. A gantry is positioned in the
gap between the main MRI magnets and supports the linac(s) of the irradiation system. The gantry is rotatable independently of the
MRI system and can angularly reposition the linac(s). Shielding can also be provided in the form of magnetic and/or RF shielding.
Magnetic shielding can be provided for shielding the linac(s) from the magnetic field generated by the MRI magnets. RF shielding
can be provided for shielding the MRI system from RF radiation from the linac.
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(57) Abstract: A radiation therapy system
comprises a magnetic resonance imaging
(MRI) system combined with an irradiation
system, which can include one or more lin-
ear accelerators (linacs) that can emit re-
spective radiation beams suitable for radia-
tion therapy. The MRI system includes a
split magnet system, comprising first and
second main magnets separated by gap. A
gantry is positioned in the gap between the
main MRI magnets and supports the
linac(s) of the irradiation system. The
gantry is rotatable independently of the
MRI system and can angularly reposition
the linac(s). Shielding can also be provided
in the form of magnetic and/or RF shield-
ing. Magnetic shielding can be provided for
shielding the linac(s) from the magnetic
field generated by the MRI magnets. RF
shielding can be provided for shielding the
MRI system from RF radiation from the
linac.
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SPECIFICATION

METHOD AND APPARATUS FOR SHIELDING A LINEAR ACCELERATOR AND A
MAGNETIC RESONANCE IMAGING DEVICE FROM EACH OTHER

RELATED APPLICATION
[0001] This application claims the benefit of U.S. Provisional Application No. 61/225,771,
filed July 15, 2009, titled “Method and apparatus for shielding a linear accelerator and a

magnetic resonance imaging device from each other.”

BACKGROUND
1. Technical Field
[0002] The present application relates to systems and methods for combined radiotherapy
and magnetic resonance imaging, particularly systems and methods that involve shiclding
magnetic fields and radiofrequency radiation from the radiotherapy and magnetic
resonarnce irhaging systems.
2, Related Art
[0003] A linear particle accelerator (also called a linac) is a type of particle accelerator
used to accelerate subatomic ions at great speeds. Linacs are described, for example, by C.
J. KA..RZMARK ET AL., MEDICAL ELECTRON ACCELERATORS (McGraw-Hill, Inc., Health
Professions Division 1993). Medical grade or

clinical linacs (a.k.a. clinacs) accelerate electrons using a tuned-cavity waveguide in which
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the Radio frequency (RF) power typically creates a standing or traveling wave for the
generation of high energy electrons or Bremsstrahlung X-rays for medicinal purposes.
[0004] Magnetic Resonance Imaging (MRI), or nuclear magnetic resonance imaging
(NMRU), is primarily a medical imaging technique most commonly used in radiology to
visualize the internal structure and function of the body. MRI is described, for example, by
E. MARK HAACKE ET AL., MAGNETIC RESOI;IANCE IMAGING: PHYSICAL PRINCIPLES AND
SEQUENCE DESIGN (Wiley-Liss 1999),
[0005] 1t is desirable to be able to image with an MRI unit while being able to
simultaneously perform radiation therapy using a linac. However, there are two major
conflicts between the linac and MRI unit that should be overcome for these technologies to
work together in a clinically acceptable way. The first problem is that the MRI unit’s
magnetic field accelerates charged particles in the linac by the Lorentz force on charged
particles in a magnetic ficld determined by the equation F = q (v X B), where F is the force
on the charged particle, q is the charge of the particle, v is the velocity, and B is the
magnetic field. In linear accelerators, the electrons “ions” are typically generated by
heating a thermionic material (a material where the electrons become detached when

- heated), which is the cathode; and when a positive voltage is applied to an anode (which is
typically & wire grid), the electroné move from the cathode towards the anode. The anode
is pulsed at 100’s of megahertz such that the grouping of electrons pass thru the grid and
on to be further accelerated. The cathode, anode, and later accelerating components form
what is called the electron gun, and this gun can be shut down by an external magnetic

field such that it will not produce electrons for further acceleration. The MRI magnet is
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usually shielded to reduce the magnetic field surrounding the magnet. Usually this
magnetic fringe field remains above the level of the earth’s 1 gauss magnetic field for a
few meters from the MRI isocenter. The optimal distance for locating a linac near the
patient is with the source at approximately one meter from the radiotherapy isocenter. For
a system where the MRI and radiotherapy isocenters are substantially coincident, this puts
the linac in a fringe ficld that could casily be on the order of 0.1 tesla (T, 1T=10,000 gauss)
or higher. The magnetic field B vector is significant and oriented axial to the MR system
(Z). The velocity v vector approaches the speed of light and is nominally at right angles
(Y) to the B vector. The force F on the very light electron will accelerate the electrons
perpendicularly out of their desired trajectory.

[0006] The second problem is that the high-powered RF source of the linac causes
interference with the radiofrequency transmitter and receiver for signal detection in the
MRT unit. The RF frequency transmit and (especially) receive coils employed are
extremely sensitive and usually limited by thermal noise in the patient and RF coil
structure. Gradient magnetic fields are used to set a range of frequencies around this
central frequency to provide position information as a function of frequency. The high-
powered RF source in the linac typically generates megawatt to tens of megawatt bursts of
RF radiation tuned to the resonating cavity of the accelerator at several hundred Hertz
during operation. This high-powered RF radiation is typically not on resonance with the
MRI frequencics of opceration, but has side bands at the MRI frcquencics and can inducc
eddy currents in the conducting components of the MRI causing signal corruption or even

damaging the MRI electronics. MRI systems usually include an RF shielded room to limit
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interference from external RF sources. The sensitive MRI receive-RF coils also need to be
protected from the RF transmit field used for excitation. Usually this isolation is done with
PIN diodes and/or back-to-back diodes, switching in/out tuned/detuned circuit elements
that attenuate the RF induced signal. Further, it is important that the sensitive MRI pre-
amps do not go into saturation with RF energy from any source.

[0007] US patent 6,198,957 to Green, titled “Radiotherapy Machine Including Magnctic
Resonance Imaging System” (hereinafter “Green”), teaches the combination of a MRI
system and a horizontal linac. Green teaches that DC coils should extend around the
horizontal linac to shield the MRI from magnetic fields produced by the linac and that DC
coils should be used around the MRI to shield the linac from the leakage magnetic field of
the MRI. Also, Green teaches that, for a linac that uses an electron beam, the main
magnets of the MRI must be pulsed off while the electron beam of the linac is pulsed on.
In an analogous way, PCT International Publication WQ0Q2004/024235 to T.agendijk et al,
titled “MRI in Guided Radiotherapy Apparatus with Beam Heterogeneity Compensators”
(hereinafter “Lagendijk”), teaches integrating DC coils into the design of the main magnet
of the MRI to create a toroidal low field region outside the MRI to shield the linac electron
gun source from the MRI leakage magnetic field. Lagendijk also teaches the design of a
main magnet that provides limited shielding on the electron gun of the linac and allows
higher fields along the accelerating path toward the linac target, though this permits further
degradation of thc bcam and that requires corrcction with additional filters. Again, in a
similar way. PCT International Publication W0O2007/045076 to Fallone et al., titled

“Integrated External Beam Radiotherapy and MRI System” (hereinafter “Fallone™),
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teaches that a shielding interface between the MRI and linac can be used if the linac and
MRI are fixed to each other to allow shimming, as was disclosed by Green. Also, Fallone
teaches the use of steering coils associated with the linac for detecting and correcting for
deviations of the linac electron beam due to the magnetic field of the MRI. Finally, U.S.
Patent Application Publication 2008/0208036 to Amies et al., titled “Combined Radiation
Therapy and Magnetic Resonance Unit” (hereinafter “Amics”), tecaches that the linac can
be placed completely inside the MRI main magnet bore with the path of the accelerated
clectrons aligned with the main magnetic field lines, however, this shortens the distance of
the linac from isocenter. This also limits the beam path to be exactly along the central axis
of the magnet. In a horizontal bore magnet, the magnetic field lines begin to diverge away
from the central axis as you approach either end of the magnet, and in so doing turn in a
radial direction. Thus, the beam must be exactly along the central axis or else it will be
effected by the radial components of the field toward the ends. The MRT also uses “pulsed
gradient fields” which can also have significant radial components off the central axis.
Each of these references also teach the shielding of the linac from the MRI magnetic field
where shielding material is interposed or interfacing between the beam source and the
patient.

[0008] Prototypes of the devices taught by Lagendijk (and related its applications) and
Fallone have demonstrated that the shielding leads to very large devices that cannot fit in
the standard linac (or clinac) room and present many technical challenges where significant
compromises must be made in the quality of the radiotherapy that can be delivered, either

requiring the radiotherapy devices to treat from large distances or through a large amount
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of material that can scatter and attenuate the beam, compromising the quality of the
radiotherapy. Additionally, these prototypes have employed RF shielding boxes that
completely enclose the MRI from the linac and the treatment room, making patient access
an issue.

[0009] As will be appreciated, there exists a need for an improved solution to the shielding
of an MRI and linac from cach other that, among other things, mitigatcs the disadvantages
of having to pass the radiotherapy beams through a large amount of material or from long

distances.

SUMMARY
[0010] Disclosed herein are methods and apparatus embodiments that allow for the
production of a combined linac and MRI device. A method of shielding the RF radiation of
the linac without sealing off the MRI is also described. Embodiments disclosed herein
describe shielding to isolate the linac from the magnetic field of the MRI magnet and the
RF transmit/receive coils from the linac RF field. A novel method of shielding the linac
from the leakage magnetic field of the MRI at the standard position, i.e., about one meter
from the radiotherapy isocenter, without placing shielding material between the patient and
the incident beam, thereby preventing the degradation of the beam, is taught with
shimming and correction of the homogeneous MRI magnetic field with gantry and MRI
bore mounted shims; the gantry mounted shims being able to rotate with the linac.
Magnetic shielding can be done with ferromagnetic shields and local coils, or

combinations thereof, that are placed around the linac, yet not in the path of the beam. RF
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shielding of the MRI system is achieved by the selective use of a combination of uniform
RF radiation absorbing materials, such as carbon fiber mesh, and RF radiation reflective
materials, such as copper shielding. The beam is allowed to pass through the RF shiclding
as it can be constructed to be part of the flattening filter attenuation or can be made with a
thin section or hole to pass the beam. The absorbing and attenuating materials can be
laycred successively to reflect, attenuate, and/or absorb the RF radiation from the linac.
Cooling can be provided to the absorbing material as necessary to remove heat generated
by the RF radiation being absorbed.

[0011] According to some aspects of the present disclosure, a magnetic shield can be
provided about a linac. The shield can include one or more shells of high magnetic
susceptibility and permeability layers, current carrying coils, permanent magnets, or any
combination thereof, to shield the linac from the magnetic field of a MRI system in order
to allow for proper operation of the linac. The shells are preferrably cylindrical, but other
shapes can be used.

[0012] In embodiments that include more than one of the shells, the shells are preferrably
magnetically isolated from each other.

[0013] The shield can be arranged so that the magnetic field of the MRI system does not
attenuate the radiotherapy beam. The shield can operate at a preferred distance for linac
placement. The inner layers of the shicld can have higher permeability but saturate at a
lower flux density. The influence of the shicld on the homogencous region of the MRI

magnetic field can be diminished and balanced by an opposed dummy shield.
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[0014] The influence of the shield on the MRI magnetic field can be corrected by
shims. For example, gantry mounted shims can correct perturbations that follow the gantry
angle of linac. MRI bore mounted shims and/or magnet design can correct for perturbations

that are independent of the gantry angle of the linac.

[0015] According to further aspects of the present disclosure, an RF shield about a
linac can include one or more layers of RF absorbing materials, and/or RF reflecting
materials, or combinations of both, to contain the RF radiation and/or shield the MRI from the
high power RF radiation produced by the linac in order to allow for proper operation of the

MRI.

[0016] The RF shield can be arranged so that the beam passes through the shield with
uniform attenuation. The RF shield can also be arranged so that the flattening filter is part of

the RF shield. A thin section or hole can be used to limit beam attenuation.

[0017] Shielding can be improved by the application of RF absorbing materials to one
or more of the RF room interior walls, the MRI surfaces, and the former for winding the

gradient coils.

[0017a] According to one aspect of the present invention, there is provided a radiation
therapy system comprising: one or more magnets positioned along a longitudinal axis and
configured to generate a magnetic field, at least a portion of the magnetic field extending along
the longitudinal axis; a linear particle accelerator (linac) configured to direct a radiation beam
towards the longitudinal axis; and a magnetic shield configured to shield the linac from the
magnetic field, the magnetic shield comprising at least a first magnetic shield shell and a
second magnetic shield shell, the second magnetic shield shell positioned inside the first
magnetic shield shell, and the first magnetic shield shell and the second magnetic shield shell

at least partially surrounding the linac.

[0017Db] According to another aspect of the present invention, there is provided a
radiation therapy system comprising: one or more magnets positioned along a longitudinal axis
and configured to generate a magnetic field, at least a portion of the magnetic field extending

along the longitudinal axis; a linear particle accelerator (linac) configured to direct a radiation

8
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beam towards the longitudinal axis; and a magnetic shield configured to shield the linac from the
magnetic field, the magnetic shield comprising at least a first magnetic shield shell and a second
magnetic shield shell, the first magnetic shield shell and the second magnetic shield shell at least
partially surrounding the linac, the second magnetic shield shell separate from and nested within

the first magnetic shield shell.

[0017¢] According to still another aspect of the present invention, there is provided a
radiation therapy system comprising: one or more magnets positioned along a longitudinal axis
and configured to generate a magnetic field, at least a portion of the magnetic field extending
along the longitudinal axis; a linear particle accelerator (linac) configured to direct a radiation
beam towards the longitudinal axis; and a magnetic shield configured to shield the linac from the
magnetic field, the magnetic shield comprising at least a first magnetic shield shell and a second
magnetic shield shell, the second magnetic shield shell positioned inside the first magnetic shield
shell and having a higher permeability than the first magnetic shield shell, and the first magnetic
shield shell and the second magnetic shield shell at least partially surrounding the linac.

[0017d] According to yet another aspect of the present invention, there is provided a
radiation therapy system comprising: a magnetic resonance imaging system configured to
generate a magnetic field; a linear accelerator; an outer magnetic shield configured to shield the
linear accelerator from the magnetic field; and an inner magnetic shield at least partially inside of
the outer magnetic shield, wherein the inner magnetic shield has a higher permeability than the

outer magnetic shield.

BRIEF DESCRIPTION OF THE DRAWINGS

[0018] Features, aspects, and embodiments of the invention are described in conjunction

with the attached drawings, in which:

[0019] Figure 1A shows a plan view of a split-magnet radiation therapy system;

[0020] Figure 1B shows a perspective view of the split-magnet radiation therapy system
shown in Figure 1A;

8a
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[0021] Figure 1C shows a simplified block diagram of the split-magnet radiation therapy
system shown in Figure 1A;

[0022] Figure 1D shows another simplified block diagram of the split-magnet radiation
therapy system shown in Figure 1A;

[0023] Figure 1E shows another simplified block diagram of the split-magnet radiation
therapy system shown in Figure 1A;

[0024] Figures 2A and 2B shows charts of a magnetic field generated by main magnets of
an MRI of the system shown in Figures [A-1D;

[0025] Figures 3A and 3B show charts of the B-H curve and the relative permeability,
respectively, of magnetic shielding material used in some embodiments of the system
shown in Figures 1A-1D;

[0026] Figure 4A shows a simplified block diagram of some embodiments of the system
shown in Figures 1A-1D, including a section view of the main magnets shown in Figures
1C and 1D;

[0027] Figures 4B-4E show more detailed views of embodiments of the shielding that can
be used with the system shown in Figures lA-1D;

[0028] Figures SA and 5B show a comparison of the shielded and unshiclded Bz-field
generated by the main magnets of the MRI according to some embodiments;

[0029] Figures 6A and 6B show a comparison of the shiclded and unshielded Bz-field
gencerated by the main magncts of the MRI according to the preferred ecmbodiment;
[0030] Figures 7A and 7B show the Bz-field map inside the preferred embodiment of a

magnetic shield in the XY planes at Z=10mm and Z=20mm respectively;
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[0031] Figure 8 shows a simplified block diagram of some embodiments of the system
shown in Figures 1A-1D, including a section view of the main magnets shown in Figures
1C and 1D;

[0032] Figure 9 shows the Bz-field generated by the main MRI magnets as shielded
according to some embodiments;

[0033] Figurc 10 shows a simplificd block diagram of some cmbodiments of the system
shown in Figures 1A-1D;

[0034] Figure 11 shows an embodiment of an active shield that can be used in some
embodiments of the system shown in Figures 1A-1D; and

[0035] Figures 12A-12B show the z-component of the magnetic field generated by the
main MRI magnets before and after, respectively, activation of the active coil shown in

Figure 11.

DETAILED DESCRIPTION
[0036] Figures 1A-1E show various views of a split-magnet radiation therapy system 100.
Figures 1 A and 1B show plan and perspective views, respectively, of a split-magnet
radiation therapy system 100. The system 100 includes an integrated linear accelerator 107
and MRI system 102, and allows for simultaneous irradiation from the linear accelerator
107 and imaging from the MRI 102. For example, the MRI 102 can be used to pinpoint
the location of an objcct to be irradiatcd, and this information can be used to control the
irradiation from the linear accelerator 107. The present disclosure is not necessarily

limited to the specific MRI and linac systems shown in the Figures and referenced herein,

10
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but can apply equally to other MRI and linac systems. For example, RF and/or magnetic
shielding systems and methods disclosed herein can be used with known MRI and linac
systems that may differ from those shown in the Figures and described below.

[0037] The radiation therapy system 100 includes an open split solenoidal magnetic
resonance imaging (MRI) device 102, a radiation source 104, a gantry 106 for housing a
linac 107 and for changing the angle of radiation source 104, a patient couch 108, and a
patient 110 in position for imaging and treatment. A similar system is described in U.S.
Patent Application Publication 2005/0197564 to Dempscy, titled “System for Delivering
Conformal Radiation Therapy while Simultaneously Imaging Soft Tissue” (hereinafter
“Dempsey ‘564”),

[0038] The radiation therapy system 100 of the present disclosure differs in many respects
from that disclosed in Dempsey ‘564, a primary difference being that the radiation therapy
system 100 of the present disclosure includes a linac 107 rather than the isotopic radiation
system disclosed in Dempsey ‘564. Except as described herein, the linac 107 can be of
conventional design. In some embodiments, the linac 107, best shown in Figure 1E, can be
a medical grade or clinical linac (clinac) configured to accelerate electrons usihg a tuned-
cavity waveguide 107a in which the Radio frequency (RF) power creates a standing or
traveling wave for the generation of high energy electrons from an electron gun 107b. An
optional target 107¢ can be included that is installed for x-ray/photon-beam therapy and |
removed for electron-beam therapy. The X-ray/photon beams and electron beams
constitute examples of linac radiation beams. In some embodiments, the system 100 can

include a pre-collimator 107d and a multi-leaf collimator 107e, for example as disclosed in

11
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Dempsey 564, for the electron beam EB from the linac 107. As discussed in greater detail
below, the linac 107, particularly the waveguide 107a, can be protected by magnetic and/or
RF shielding 118, 120, and/or 122. The magnetic and/or RF shiclding 118, 120, and/or
122 can be in the form of one or more shells that are preferrably cylindrical, but other
shapes can be used. Also, as discussed in greater detail below, the radiation therapy system
100 can include a cooling system 115 for cooling the shiclding 118, 120, and/or 122. The
cooling system 115 can include, for example, liquid and/or air cooling systems.

[0039] The radiation therapy system 100 can include a split magnet system, such as
described in Dempsey ‘564. The split magnet system includes a pair of main magnets
112a and 112b as shown in Figure 1C as part of the MRI device 102. The MRI device 102
can also include conventional MRI components that are not shown, such as a split gradient
coil, one or more shim coils (also referred to as shims), and an RF system, including RF
coils. The strength of the magnetic field generated by the main magnets 112a and 112b can
vary. However, for convenience of explanation, the system 100 will be described with
reference to an embodiment where the main magnet field strength is 0.35 T, which is
chosen to prevent perturbations in the dose distribution caused by the Lorentz force acting
on secondary electrons in the patient. The magnets 112a and 112b are separated by a
central gap 114, for example of 0.28m. The MRI device 102 can be designed to provide an
MRI field-of-view of, for example, 50cm diameter around a center of the image field, and
at the same time provide an un-attcnuated radiation bcam in the gap 114 with the split

gradient coil of the MRI device 102. Preferrably, the system 100 is constructed such that

12
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the radiation beam from the split gradient coil only passes through RF coils, the patient
110, and the patient couch 108.

[0040] Figure 1C and 1D show a simplified block diagrams of the system 100. In Figure
1C, only the main magnets 112a and 112b of the MRI system 102 are illustrated; in Figure
1D only the main magnets 112a and 112b and the linac 107 are illustrated. The coordinate
system shown in Figures 1C and 1D, and uscd throughout this disclosure, refers to the
longitudinal axis through the MRI bore (lengthwise through patient 110) as the Z-axis.
The Z-axis is normal to a central axial plane CP, also referred to as transverse or central
plane CP, which is at least substantially centered within the gap 114 between the main
magnets 112a and 112b. Also, the main magnets 112a and 112b both extend radially about
the Z-axis. The central plane CP is also defined by an X-axis and a Y-axis. The X-axis
extends perpendicular to the Z-axis and from side to side of the MRI system 102; the Y-
axis extends perpendicular to the Z-axis and from bottom to top of the MRT system 102.
[0041] In the system 100 of the present embodiment, at a distance of Im from magnet
isocenter IC on the central plane CP, there is a magnetic field of Bz = 0.1T, shown as point
P1, which is a desired distance from isocenter for the source of the radiation of the linac
107. The magnetic field reverses direction from +Bz to —Bz at a radial distance of 0.81 m,
shown as point P2. The magnet field at 1m from isocenter, where the linac 107 radiation
source is preferrably located for optimal radiotherapy operation, is low enough that it can
be containcd in a ferromagnctic shicld or multiple laycred shiclds, as described below. In
the central axial plane CP, there is mainly axial magnetic field Bz because of coil

symmetry. In the central plane CP, we assume that Y is a vertical axis and the axis of a
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high magnetic susceptibility (and/or permeability in a linear domain) material, ¢.g., a non-
oriented silicon-steel shell, for shielding the linac 107.

[0042] The field generated by the main magnets 112a and 112b near the central plane CP
is shown in Figure 2A. For the linac 107 to operate properly, it is desirable for the
magnetic field in the center of the accelerating structure to be much less than the
unshiclded magnctic ficld ncar Y = 1000mm (c.g., point P1). Figurc 2A also shows that
there is a null point (Bz=0) in the vicinity of y=810mm where the Bz field reverses
direction, as must always happen due to the reversal of field direction. Figure 2B shows
the same field in the region of interest near Y = 900 mm, but with a rescaled Y-axis.
[0043] The linac 107 has a longitudinal axis p that is aligned with the Y-axis in Figure 1D.
While the linac 107 is shown and described as being aligned along the Y-axis, it is
preferable for the linac 107 to be rotatable about the Z-axis. For example, the gantry 106
shown in Figures 1A and 1B can support the linac 107 and carry the linac 107 about the 7-
axis (while the longitudinal axis p remains in the central plane CP), in the rotation
directions RD shown in Figure 1D, such that the linac 107 can emit an electron beam EB
towards the isocenter IC from any, or a range of, rotational positions about the Z-axis.
Also, the gantry 106 and linac 107 can rotate about the Z-axis independently of other
components of the system 100. For example, the gantry 106 and linac 107 can rotate
independently of the MRI 102.

[0044] Turning ncxt to Figurcs 3A-3B and Figurcs 4A-4B, we now describe a gencral
method for magnetically shielding the linac 107 from the magnetic field of the MRI system

102. Although specific examples are provided, this does not exclude similar approaches or
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variations in form or material to achieve the same goal. To suppress the magnetic field B in
the region where the linac 107 is located, a magnetic shield or shell 118 made of high
magnetic susceptibility and permeability material, is placed around the linac accelerating
structure 107. The shell 118 can be cylindrical in shape and aligned along axis p of the
linac 107, with one or both ends of the shell 118 being open. While a cylindrical shape is
preferred, the disclosed shicld shells can be other shapes. At Icast one end of the shell 118
is open for the electron beam EB (shown in Figure 1D) from the linac 107. The magnetic
shield 118 can have a thickness chosen according to characteristics of the shell material.
The magnetic shield 118 (as well as other magnetic shields disclosed herein) can be formed
of non-oriented silicon steel, for example a nickel-iron alloy, such as commercially-
available material sold by ThyssenKrupp Steel under the trade name 530-50 AP and
having a thickness of, for example, about be Smm. The B-H curve and relative
permeability of ”330-50AP” material are shown in Figures 3A and 3B, respectively.

Other material options for the magnetic shield 118 (as well as other magnetic shields
disclosed herein) include M19 steel, M45 steel, and Carpenter High Permeability “49”
Steel.

[0045] The magnets 112a and 112b, and the location of the magnetic shicld 118, are
illustrated in Figure 4A, while a close-up perspective view of the magnetic shield 118 and
linac 107 are shown in Figure 4B. The outer diameter OD and length L of the magnetic
shicld 118 can vary; in the present cmbodiment, the outer diamcter OD is about 30 cm, and
the length L is about 70 cm. A bottom edge 118A of the magnetic shield 118 is located at a

fixed distance from the isocenter IC (in the present embodiment, about 80cm) that is at or
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near the Bz field reversal location, although this is not a requirement. The location and
size of the magnetic shield 118 should be large enough to contain the linac 107, but not so
long or narrow that it limits the size of the beam emitted by the linac 107. The magnetic
shield 118 configuration is optimal for radiotherapy applications when combined with split
main magnets 112a and 112b and gradient coil set, as the magnetic shield 118 is not
imposcd between the radiation source of the linac 107 and the patient 110. This allows for
producing radiotherapy beams of the linac 107 of high quality and strength. In some
embodiments, such as shown in Figure 4C, the magnetic shielding can be provided by
multiple shield shells. In Figure 4C, the magnetic shielding is provided by the magnetic
shield 118 and a second magnetic shield 120, where the shields 118 and 120 can be
concentric layers of steel, which can be separated by layers of air or other insulating
material.

[0046] The model of the influence of the material, which in this embodiment is steel, in the
presence of the main magnets 112a and 112b was solved using Maxwell’s equations via
the boundary element method. Figure SA shows a comparison of the Bz-field generated by
the main magnets 1 12a and 112b, and the z-component of the Bz-field generated by the
main magnets 112a and 112b as shielded by an embodiment where the magnetic shielding
comprises an outer magnetic shield 118 and an inner magnetic shield 120, where the
shields 118 and 120 are separated by a layer of air. Figure 5B shows a close-up view of
Figurc 5A of the region of intercst ncar Y= 1200mm of thc z-componcent of the Bz-ficld
generated by the main magnets 112a and 112b as shielded by the magnetic shields 118 and

120. Table 1 lists the materials and dimensions of the magnetic shields 118 and 120
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according to the embodiment associated with Figures SA and 5B. In Table 1, “ID” is the
inner diameter, “OD” is the outer diameter, Length is the shell length L, and the “Starting
Y-position” is the distance from the isocenter (Z-axis) to the respective bottom edges of

the shields 118 and 120.

Two Shells of 530-50AP Steel

Layer ID [mm] OD [mm] Length [mm] Starting Y-position [mm]
Inner 260.0 270.0 700.0 900.0
Outer 280.0 300.0 700.0 900.0
Table 1

[0047] Thc residual magnctic ficld along the axis of a single Smm thick shell is about
4.5G, approximately ten times greater that the earth’s magnetic field and larger than
optimal for the linac 107. There are several options to further reduce this residual field.
As shown in Figure 4C, one option is to add a secondary shielding element 120 inside of
the magnetic shield 118 to further reduce the magnetic field that is magnetically isolated
from the first. For example, the secondary shielding element 120 can be a second shell
120 positioned inside of the first shell 118, where both shells are coaxial along the
longitudinal axis p of the linac 107. In such embodiments, the second shell 120 can be of
higher permeability, but of a lower saturation flux density of the outer shell 118§, as the
outer shell 118 has greatly reduced the magnetic field, e.g., mu-metal. It is preferable to
magnetically isolate the shells 118 and 120 in order to gain the highest shielding by
restarting the saturation of the metal.

[0048] Alternatively, the secondary shiclding element 120 can be a current carrying coil

that is located inside of the primary shell 118 to cancel the residual field. If the magnetic
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field remaining is sufficiently low and its value and direction in space are known, then it
can be possible to make small adjustments in the accelerating portion of the linac The
current linacs are configured to accommodate an electron beam that is at least substantially
straight; if the beam were bent only a small amount by the field, the anticipated beam path
can be calculated and the accelerating plates can be altered to accommodate the beam
bending. Given the azimuthally symmetric nature of the fringe ficld, the path deviation of
the electron beam should be largely independent of gantry position. As another alternative,
the secondary shielding element 120 can be an RF shield 120, as further described below.
[0049] The peak-to-peak field in-homogeneity of the system main magnets 112a and 112b
plus the double shell is 623.8ppm over 45cm DSV. This inhomogeneity is too large for
MRI system 102, so additional shimming is desirable. The field inhomogeneity is mostly
represented by a few of the tesseral harmonics; Si1—Y, C;,—(X2-Y2), and S3 1 —72X,

and S;3—X3. All of the major harmonics of significance are listed in Table 2.

Zonal Harmonics
[ppm]

Tesseral harmonics [ppm]

C

n

C

nm

S

n,m

1.625035E-03

6.6950990E-03

-2.6417408E+02

-9.190121E+01

-4.3762731E-03

-2.2226838E-03

4.274773E-03

-2.3791910E+01

-1.1871930E-03

8.878808E+00

-1.1657569E-04

1.5830479E+01

-2.132553E-03

-1.9884826E-04

5.8882723E-04

-6.259163E-01

-1.0577878E-04

1.2089904E+00

-7.645843E-03

3.2428894E-04

-2.8578203E-05

3.513474E-01

8.1373300E-01

3.6183409E-05

-9.504502E-03

7.2001599E-05

3.3853550E-05

2.238179E+00

4.2607165E-02

-5.3185952E-06
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-2.7178914E-04

-9.0437945E-01

Table 2. Spherical Harmonics over 45cm DSV
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[0050] The zonal harmonics can all be handled by shimming, and the shim setting does not
change with rotation of the linac 107 around the Z-axis. Hence, the shims can be located
on the MRI bore. The negative of the zonal harmonics could even be built into the
magnets 112a and 112b so that the combination of magnets 112a, 112b plus magnetic
shield 118 eliminates these terms. The tesseral harmonics are a larger problem because
they would move with the linac orientation. The tesseral harmonics could be shimmed out
with passive shims near the central plane CP on the gantry 106 that would move with the
gantry 106 /linac 107 rotation and/or with resistive shims built into the gradient coil that
could be electrically adjusted to match the rotation of the gantry 106.

[0051] According to some embodiments, the system 100 as shown in Figures 1A-1D
includes a linac 107 having a vertical acceleration axis and is mounted on the gantry 106 so
that the linac 107 can be rotated about the radiotherapy and MRI 102 isocenters. The linac
107 is also preferred to be of low energy, in the range of 4 to 6 MV, and have a standing
wave guide to keep it compact. The linac 107 can be configured to only produce photon
beams that can be used for intensity modulated radiation therapy or conformal radiation
therapy. The linac 107 can operate at either S-band or X-Band frequencies, but S-band is
preferred for high output and stability. Referring to Figure 4C, in this embodiment the
element 120 can be configured to serve as an RF shield 120. In order to provide RF
shielding, the RF shield shell 120 can be made of a suitable shielding material, for example
copper foil, aluminum foil, or carbon fibcr. Mctals such as copper and aluminum tend to
reflect RF radiation due to eddy currents on their surfaces. The carbon fiber materials tend

to absorb RF energy.
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[0052] In some embodiments, particularly where the RF shield shell is formed of
conductive material, the eddy currents can be reduced by providing one or more slots that
extend through the shield shell. For example, shield shell 120 is shown as having slots
120A and 120B in Figure 4C. However, the size, number, and configuration of the slots
can vary from that shown in Figure 4C. Also, while shield shell 120 is shown with slots,
such slots can also, or alternatively, be provided in shicld shell 118; also, any number of
such slots can be provided in any one or more of the shield shells in embodiments having
more than one shield shell. Such slots can also be desirable in the magnetic shielding
shells, and can thus be included in some embodiments of the magnetic shielding shells.
[0053] While Figure 4C shows two layers (shield shells 120 and 118), alternative
embodiments can include any number of layers. In some embodiments, the layers of
shield shells can be made of combinations of different materials or of the same material.
For example, in some embodiments, the shield shell layers can include alternating layers
formed of RF absorbing material and RF reflecting material. In such embodiments, it is
desirable to provide an air gap between the layers of shield shells.

[0054] Cooling can be provided by cooling system 115 (Figure 1E) as needed to the
absorbing material in the RF shield 120. A variety of known cooling methods can be used
for cooling the RF shield 120. The cooling system 115 can include, for example, fluid-
carrying conduit for circulating a fluid in the vicinity of one or more of the shield shells
that form the RF shicld 120. Also, air-cooling can be provided by incorporating a systcm

for moving air across one or more surfaces of the shicld shells that form the RF shield 120.
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[0055] The magnetic shield 118 and the RF shield 120 are placed around the linac 107 to
shield the path of the electrons from the electron gun 107b of the linac 107 to the target to
a magnetic field strength on the order of the size of the earth’s magnetic field strength. The
magnetic shield 118 is arranged such that it is not in the path of the radiotherapy beam, for
example as shown in Figures 4A and 4C. The RF shield 120 is also placed around the linac
107, rather than the MRI 102, and comprised of both absorptive and reflective laycers to
dissipate and absorb the RF radiation generated by the linac 107 before it can compromise
the MRI function and they can function as part of the flattening filter. In some
embodiments, the RF shield 120 can work in concert with a standard bore-mounted MRI
RF shield. The beam from the linac 107 is allowed to pass through the RF shield 120 (as
well as the bore mounted MRI RF shield in such embodiments) as long as the RF shield(s)
are uniformly and minimally attenuating to the radiotherapy beam. It should be noted that
in some embadiments, the RF shield 120 can be provided without the magnetic shield 118
where only the RF shielding may be desired.

[0056] As mentioned above, in some embodiments, the secondary shielding element 120
shown in Figure 4C can be a second magnetic shield 120. Referring to Figure 4D, to
suppress even further the magnetic B-field in the region where the linac 107 is located, a
magnetic shield device 122 can include one or more concentric magnetic shields, which
can include magnetic shiclds 118 and 120 as well as one or more additional magnetic
shiclds. The magnctic shicld device 122 can include the multiple magnctic shiclds,
including shields 118 and 120, that are made of high magnetic susceptibility (and

permeability) material. The shields of the magnetic shield device 122 can be
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concentrically placed inside of each other around the linac 107 accelerating structure. The
magnetic shields of the magnetic shield device 122 can be magnetically and electrically
isolated from each other with a suitable dielectric material such as air or plastic. Having
multiple magnetic shields is beneficial because the magnetic field shielding of the material
begins to saturate with depth. Introducing a new magnetic shield restarts the saturation
cffect providing increased shiclding. Also, some embodiments such as the one shown in
Figure 4E can include a linac 107 having a split radiotherapy magnets 126 and 128 and a
magnetic shield made of two isolated shells 130 and 132. The thickness of the magnetic
shields of the embodiments shown in Figures 4A-4E can be chosen to be, for example, 5
mm, and the material can be selected to be 530-50AP steel material. Other material options
for the magnetic shield 118 (as well as other magnetic shields disclosed herein) include
M19 steel, M45 steel, and steel sold by ThyssenKrupp Steel under the trade name 530-50
AP. The outer diameter OD and length 1. of the shielding shells can be, for example, 27cm
and 30cm, respectively, in a two-shell embodiment such as the one shown in Figure 4C.
The shells 118 and 120 can both be located at a fixed distance from the isocenter IC (in the
present embodiment, about 85¢m) that is at or near the Bz field reversal location, although
this is not a requirement. The location and size of the magnetic shields, including shields
118, 120, 130, 132, and any additional magnetic shields of the magnetic shield device 122,
should be large enough to contain the linac 107, but not so long or narrow that it limits the
sizc of the bcam from the linac 107.

[0057] Figure 6A shows a comparison of the Bz-field generated by the main magnets 112a

and 112b, and the z-component of the Bz-field generated by the magnets 112a and 112b as
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shielded using a magnetic shield device 122 that includes three concentric shield shells.
Figure 6B shows a close-up view of the region of interest near Y=1000mm of the z-
component of the Bz-field generated by the main magnets 112a and 112b as shielded by
the magnetic shield device 122. Table 3 lists the materials and dimensions of the magnetic
shield device 122 according to the embodiments associated with Figures 6A and 6B. In
the embodiment associated with Figurcs 6A and 6B and Table 3, the magnetic shicld
device 122 includes three concentric shells separated from each other by layers of air. As
with other shiclding shells disclosed herein, the shells of the shield device are preferrably
cylindrical, but can be other shapes. In Table 3, “ID” is the inner diameter, “OD” is the
outer diameter, Length is the shell length L, and the “Starting Y-position” is the distance

from the isocenter (Z-axis) to the respective bottom edges of the layers of the shield device

122.
Steel M19 and Two Shells of 530-50AP Steel
Layer Material ID [mm] OD [mm] | Length [mm] Starting Y-
position [mm]
Inner “M19” Steel 244.0 254.0 700.0 900.0
Middle | “530-50AP” Steel 260.0 270.0 700.0 900.0
Outer “530-50AP” Steel 280.0 300.0 700.0 900.0

Table 3

[0058] The residual B-field is less than 1 Gauss in the region 1100mm <y < [400mm.
This is roughly comparable to the earth’s field close to the axis p. The harmonics of the
magnetic field are close to the single shell model associated with the embodiment shown in
Figure 4B. The Peak-to-Peak field in-homogeneity over 45cm DSV generated by the main

magnets 112a and 112b plus the magnctic shiclds 118 and 120 is 623.6ppm. It is prefcrable
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to have the best shielding on the electron gun 107b of the linac 107 and less shielding can
be applied to the target end of the accelerating structure. This field in-homogeneity is

mostly represented by the y-harmonic . The spherical harmonics are listed in Table 4.

Zonal Harmonics
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Table 4. Two shells solution: Spherical Harmonics over 45¢cm DSV

[0059] The methods to be used to shim out this inhomogeneity are the same as those
proposed in the case of the single shell model. Figures 7A and 7B show the Bz-field map
inside the inner shell in the XY planes at Z=10mm and Z=20mm, respectively.

[0060] Referring next to Figure 8, another embodiment will be described that can reduce
field in-homogeneity caused by the presence of a linac shield, such as the shield 118
shown in Figures 4A and 4B. The embodiment shown in Figure 8 can be similar to the
embodiment shown in Figures 4A and 4B, and like components have retained the same
clement numbers; description of those components applies equally here, so the description
is not repeated. In the embodiment shown in Figure 8, the first shield 118 extends along a
first longitudinal axis p1 and a second shield 140 (which can optionally include a second

linac 107") extends along a second longitudinal axis p2 symmetrically 180° apart from the



CA 02760055 2011-10-25

WO 2011/008969 PCT/US2010/042156

first longitudinal axis p; of the first magnetic shicld 118. Each of the axes p; and p, is on
the central plane CP. In some embodiments, the second shield 140 can be formed of a
magnetically shielding material, such as steel sold by ThyssenKrupp Steel under the trade
name 530-50 AP, as described in connection with magnetic shield 118. Other material
options for the magnetic shield 118 (as well as other magnetic shiclds disclosed herein)
include M19 steel, M45 steel, and Carpenter 49 steel. If only a second symmetric shicld
140 is present, this solution can be thought of as a symmetric shim for the primary shell
118. In some embodiments, one or both of the magnetic shields 118 and 140 can be
magnetic shield devices that include two or more concentric magnetic shield shells, such as
shown in Figure 4C or Figure 4D.

[0061] Figure 9 shows the Bz-field generated by the main magnets 112a and 112b and in
an embodiment where both the magnetic shield 118 and the magnetic shield 140 include
twa concentric magnetic shielding shells. In this embodiment, the peak-to-peak field in-
homogeneity over 45cm DSV generated by the system main magnets 112a and 112b plus
the two double-shell shield (118 + 140) is 416.96ppm. This field in-homogeneity is mostly
generated by the Z2 harmonic. The Y-harmonics all become negligible small because of

the Y symmetry. The harmonics for this case are listed in Table 4.
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-7.1884515E-05 | -7.1884515E-05
1.6230890E+00 | 2.4395720E-04
-5.7802678E-06 | 5.7802678E-06
10 2.2510390E+00 8.3827275E-02 1.3021016E-05
11 1.0428939E-02 5.3620187E-05 5.3620187E-05
Table 4. Two double shells solution: Spherical Harmonics over 45cm DSV

7 -1.3414318E-02
8 4.0916507E-01
9 -1.8969599E-02
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[0062] The zonal harmonics are now twice as large as in the single shell model associated
with the embodiment shown in Figure 4B. However, they can all be handled by passive
shimming, and the shim setting does not change with rotation of the linac 107 around the
Z-axis. The negative of the zonal harmonics could even be built into the main magnets
112a and 112b so that the combination of main magnets 112a and 112b plus shield shells
118 and 140 eliminates these terms. The Tesseral harmonics are a larger problem because
they would move with the linac 107 ratational position. However, symmetry eliminates
the worst of the harmonics. The Tesseral harmonics can be shimmed out with passive
shims near the central plane on the linac gantry 106 and/or with resistive electrical shims.
Passive shims built into the rotating gantry 106 can be permanent magnet shims at these
magnetic field levels (oriented magnetization shims for more shim options). Passive shims
can be added at a smaller radius to reduce the material required in the shims. Resistive
electrical shims in the gradient would change with the rotation of the linac gantry.

[0063] In still further embodiments, there can be N sets of magnetic shicld shells identical
or similar to magnetic shield 118, each having a respective axis p; through px. Such
embodiments can be arranged in a manner similar to the embodiment shown in Figure 8.
Each of the axes p; through py is on the central plane CP and angularly separated by an

anglc = 360°/N. The higher the N, the more that the nct cffect of the Tesscral harmonics
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can be canceled out. Also, since the magnetic shield shells tend to act as RF shields,
multiple shells are advantageous for providing RF shielding.

[0064] In some embodiments, as shown in Figure 10, there can be two parallel annulus
discs 144 and 146 made of high relative permeability material. They can be a part of the
gantry 106 and on opposing sides of the linac 107. In this case, the Tesseral spherical
harmonics should be relatively small, and the Zonal harmonics should be relatively big.
Placing two annulus discs 144 and 146 in some sense are equivalent to two extra coils in
the main magnet 112a, 112b. Optimally, the main magnet 112a, 112b can be designed to
accommodate two annulus discs 144 and 146.

[0065] The magnetic field from the main magnets 112a and 112b at 1 meter from isocenter
along the Y-axis is difficult to shield without the field reduction of passive shields, such as
shield 118 described above. However, after the magnetic shielding provided by the
ferromagnetic material, the residual field is near 5-7 Gauss. This residual ficld can easily
be shimmed out with DC current in a coil, for example in embodiments where the
secondary shielding element 120 shown in Figure 4C is a coil 120". A schematic view of
the shielding coil 120" is shown in Figure 11. The coil 120’ can be cylindrical, having a
half-length L. and radius R and designed according to the following method (although
shapes other than cylindrical can be used). The shielding coil 120’ should preferrably
produce the magnetic flux field Bx (in local system of coordinates) that cancels the Bz
componcent of the magnetic ficld (in the original system of coordinatcs) generated by the

main magnets 112a and 112b.
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[0066] The current density on the cylinder of radius R can be presented in the following

form:

J(p,0.2) = 5(p— RV, f, (2)cos(p) + &, f, (2)sin(p) |
VIi=0= £,(2)=£,'(2)

[0067] The magnetic potentials generated by this current can be expressed as follows:

R* . 7
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¢ 0
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A,(p,9.2) =2 sin(p) T, k. o, ROF (. 2)
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Fy(k,2) = | £,(2)sin(k(z - =)z
I
T, (k, p,R) = 8(p — RV, (kKR)K,, (kp) + O(R ~ p)K, (kR)L, (kp), n=0,12
[0068] In this equation, /, (kp), K, (kp) are modified Bessel functions. The transverse

components of the magnetic field can be presented in the following form:
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[0069] The Bx-component of the magnetic flux field inside the cylinder of the coil 120’ is:

2 @© 2 ©
B (p.9.2)=— ‘f)‘i j k2dkI,(kp)K', (kR) F. (k,Z) — ‘ff; cos(2¢) j k*dkl,(kp)K', (kR) F, (k,z)
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[0070] This Bx-component (in the local system of coordinates) should cancel the Bz’-
component produced by the magnet. This suggests that a minimization procedure can be
applied (similar to that of the gradient design) to find the currents density fz(z). We

consider a functional to be minimized:

A i gnet |~ of /1 ak 2
W=E+—— 3 [B () - B T+% Slason] + 421 LD

2,57 S oz*
[0071] In the above equation, E is the energy of the coil 120, the second term is to
minimize the deviation of the field produced by the shielding coil 120’ from that of the
main magnets 112a, 112b, the third term is to minimize the effect of the shield coil 120’ on
the field in-homogeneity in the imaging volume, and the last term is introduced as to limit
the current density. The coefficients A, B, and A are the weighting factors; A can be a
regularization parameter to minimize the current in the shielding coil 120",

[0072] The current density f,(z) can be expressed in terms of a basis functions. It should

be mentioned that the current density f,(z) is zero at the ends of the shielding coil 120".

(@)= a0z 0+ Y ho3 1)

n=1 n=1
D€ (z,L) = cos(k z),®’(z,L) = sin(k’ z)

kc _ 71'(2}’1 — 1)
" 2L

S n
9kn =

L

[0073] Thc cocfficicnts @, can be found from the following cquation:

W _ o W _
oa,  ob

I n
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[0074] This is leading to a system of linear equation for the coefficients @,. The energy E
has the following form:

HR®
2

E——

lec(lcR)zl'l (kRYK', (kR) < f, cos(k() f, >=5 S AW, 4,

n,m=1

oo

W,,=—R*[dk(kRY I', (kR)K", (kR) < @, cos(k())® , >

0

(I)S
q)a :[ nJ
q)C
Ly L,

<@, cos(k())D, >= j j @ (2)cos(k(z — 2" ) , (2" )dzdz!

[0075] The field produced by the shield coil 120" has the following form:

B () = Y A, BE)

2

R2

B =X

[Kdkr,(hp)K, (kR W, (k) — 2
0

~—cos(29) [ KdkT, (kp) K", (kR) ¥, (k,7)
27T 0

Y, (k,2) = Jg(Da(z') cos(k(z —z'))dz'

0'f,(2)

I oz*

B=LY a, (k)™ + 0, (k)™
n=1

[0076] Then the equation for the unknown 4 holds:
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/,l iel” '

[0077] The matrix Z, s is positive defined and does not have zero eigenvalue, thus:

a, = Zﬂ: (Zil)a,ﬂKﬁ

[0078] This defines the solution for the current density.

[0079] Somc cmbodiments can includc a combincd passive shicld and active coil. The
residual Bz-field shown in Figure 5b (a single shell case) was used as an input data. The
radius of the coil 120’ was chosen to be 75 mm and the half length L was chosen to be
L=180 mm. The center of the coil 120" is located at y=1051 mm. Figure 12A shows the z-
component of the current density on the active shield coil 120’ prior to activation (i.€., prior
to application of an electric current) of the coil 120, and Figure 12B shows the residual
Bz-field after activation of the shield coil 120",

[0080] The following parameters A, B, K, and A were used: A=1, =0, K=1, and A=0.0001.
The parameter 3 that accounts for the effect of correcting the in-homogeneity inside the
DSV was chosen to be zero because the level of the residual field of Figure 5B is already
small (of the order of 7Gauss) and the active shield coil is located far from the imaging
volume.

[0081] Some embodiments can include a completely active coil shielding system. In such

embodiments, the shielding of the linac 107 can be accomplished locally using only the
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above-described active current-carrying coils, such as coil 1207, in place of the passive
magnetic shields in embodiments described above. The coils 120’ can be arranged to
simply cancel the field at the linac 107 and can also incorporate an active shield to reduce
the influence on the homogeneity of the main magnetic field.

[0082] Still another alternative way of shielding the linac 107 locally is to use a
distribution of pecrmancnt magncts. They can be arranged to simply canccl the ficld at the
linac 107 and can also incorporate an active shield, such as coil 120’, to reduce the
influence on the homogeneity of the main magnetic field from the main magnets 112a and
112b.

[0083] All possible combinations of the disclosed embodiments are also possible. Small
variations to the shiclds and distributions of the shielding materials, current carrying coils,
and magnet distributions are also possible.

[0084] Tt should be noted that the magnetic shields described herein, such as shields 118,
120, 122, 130, 132, and others experience a force from the main magnets 112a and 112b of
the MRI 102. Thus, the mounting for the shields is preferably designed to withstand such
magnetic forces.

[0085] The high-power RF source and waveguide for the linac 107 can also be enclosed,
or partially enclosed, within the magnetic shields disclosed herein. The RF shielding can
be extended to contain some or all components of the linac 107.

[0086] Rcgarding RF screcning for the MRI 102, clinical linacs suitablc for usc as linac
107 can operate in the S-band frequency range accelerate electrons to about 6MeV using

RF microwave cavities at ~3GHz. While this frequency is well above the 15MHz of the
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MRI system 102, it involves megawatts of RF power pulse with a frequency of several
hundred Hertz. Sidebands in the RF power source can excite/reflect from other materials
causing interference with the operation of the MRI system 102. As mentioned above in
connection with Figure 4B, the element 120 can be an RF shield that is placed around the
linac 107 made of RF absorbing, RF reflecting, or a combination of both can effectively
climinate the RF interference with the MRI system 102. Additionally, the MRI RF room,
which can be made of RF reflecting material that can bound RF from the linac 107 into the
MRI 102, can be lined on the interior surface with a wall covering of RF absorbing
material, e.g., meshed or chopped carbon fiber, carbon fiber wallpaper, carbon fiber panels,
or carbon fiber paint, and eliminate RF reaching the MRI. The gantry 106 and area around
the RF source of the linac 107 can be covered in RF absorbers, reflectors, and
combinations of both to reduce the ambient (environmental) RF fields. At 3GHz
(microwave ovens are at 2. 45GH7) the RF will produce dielectric heating of polarized
molecules such as water. Thus, a variety of polarized molecule materials can be used as
RF absorber for the RF energy. In a split magnet system, some of the conductive surfaces
that divert RF energy in a closed system are missing in the magnet gap 114. An RF shield
about the MRI bore can be used in conjunction with the other shielding method described
above. The RF shields do not add significantly to the beam attenuation so that the quality
of the radiotherapy is significantly compromised. The conductive shielding may or may
not be grounded to the magnet. 1f these surfaces were made of aluminum, such as

aluminum foil, the beam attenuation would even be less than using copper. If the gradient
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coil is wound on a former one can construct the former out of carbon ﬁber for isolation
from the linac system.
[0087] While various embodimcnts in accordance with the disclosed principles have been
described above, it should be understood that they have been presented by way of example
only, and are not limiting. Thus, the breadth and scope of the invention(s) should not be
limited by any of the above-described exemplary embodiments, but should be defined only
~ in accordance with the claims and their equivalents issuing from this disclosure.
Furthermore, the above advantages and features are provided in described embodiments,
but shall not limit the application of such issued claims .to processes and structures
accomplishing any or all of the above advantages.
[0088] Additionally, the section headings herein are provided
to provide organizational cues. These
headings shall not limit or characterize the invention(s) set out in any claims that may issue
from this disclosure. Spéciﬁcally and by way of example, although the headings refer to a
"Technical Field," such claims should not be limited by the language chosen under this
heading to describe the so-called technical field. Further, a description of a technology in
the "Background" is not to be construcd as an admission that technology is prior art to any
invention(s) in this disclosure. Neither is the "Summary" to be considered as a
characterization of the invention(s) set forth in issued claims. Furthermore, any reference
in this disclosure to "invention" in the singular should not be used to argue that there is
ohly a single point of novelty in this disclosure. Multiple inventions may be set forth

according to the limitations of the multiple claims issuing from this disclosure, and such
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claims accordingly define the invention(s), and their equivalents, that are protected
thereby. In all instances, the scope of such claims shall be considered on their own merits

in light of this disclosure, but should not be constrained by the headings set forth herein.
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CLAIMS:
1. A radiation therapy system comprising:

one or more magnets positioned along a longitudinal axis and configured to
generate a magnetic field, at least a portion of the magnetic field extending along the

longitudinal axis;

a linear particle accelerator (linac) configured to direct a radiation beam

towards the longitudinal axis; and

a magnetic shield configured to shield the linac from the magnetic field, the
magnetic shield comprising at least a first magnetic shield shell and a second magnetic shield
shell, the second magnetic shield shell positioned inside the first magnetic shield shell, and the
first magnetic shield shell and the second magnetic shield shell at least partially surrounding

the linac.

2. The radiation therapy system of claim 1, wherein the first magnetic shield shell

at least partially surrounds the linac and the second magnetic shield shell.

3. The radiation therapy system of claim 1, wherein the first magnetic shield shell
and the second magnetic shield shell are magnetically and electrically isolated from each

other.

4. The radiation therapy system of claim 1, wherein the first magnetic shield shell

and the second magnetic shield shell are magnetically isolated from each other.

5. The radiation therapy system of claim 1, wherein the first magnetic shield shell
and the second magnetic shield shell are formed of any combination of steel, copper,

aluminum, and carbon fiber.

6. The radiation therapy system of claim 1, wherein the first magnetic shield shell

and the second magnetic shield shell are concentric about a common axis.
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7. The radiation therapy system of claim 1, wherein the first magnetic shield shell
includes a first layer that is formed of a first material that includes at least one of an RF

absorbing material and an RF reflecting material, and

wherein the second magnetic shield shell includes a second layer that is formed
of a second material that includes at least one of the RF absorbing material and the RF

reflecting material.

8. The radiation therapy system of claim 1, wherein the one or more magnets

comprise a first magnet and a second magnet, and

wherein the longitudinal axis extends through an isocenter of the first magnet

and the second magnet.

9. The radiation therapy system of claim 8, wherein the linac is positioned at a

fixed radial distance from the isocenter of the first magnet and the second magnet.
10. The radiation therapy system of claim 1, further comprising:
a gantry rotatable about the longitudinal axis,

wherein the linac is supported by the gantry and configured to rotate with the
gantry.

11. A radiation therapy system comprising:

one or more magnets positioned along a longitudinal axis and configured to
generate a magnetic field, at least a portion of the magnetic field extending along the

longitudinal axis;

a linear particle accelerator (linac) configured to direct a radiation beam

towards the longitudinal axis; and

a magnetic shield configured to shield the linac from the magnetic field, the

magnetic shield comprising at least a first magnetic shield shell and a second magnetic shield
37
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shell, the first magnetic shield shell and the second magnetic shield shell at least partially
surrounding the linac, the second magnetic shield shell separate from and nested within the

first magnetic shield shell.

12. The radiation therapy system of claim 11, wherein the first magnetic shield

shell at least partially surrounds the linac and the nested second magnetic shield shell.

13. The radiation therapy system of claim 11, wherein the first magnetic shield
shell and the second magnetic shield shell are magnetically and electrically isolated from each

other.

14. The radiation therapy system of claim 11, wherein the first magnetic shield

shell and the second magnetic shield shell are magnetically isolated from each other.

15. The radiation therapy system of claim 11, wherein the first magnetic shield
shell and the second magnetic shield shell are formed of any combination of steel, copper,

aluminum, and carbon fiber.

16. The radiation therapy system of claim 11, wherein the first magnetic shield

shell and the second magnetic shield shell are concentric about a common axis.

17. The radiation therapy system of claim 11, wherein the first magnetic shield
shell includes a first layer that is formed of a first material that includes at least one of an RF

absorbing material and an RF reflecting material, and

wherein the second magnetic shield shell includes a second layer that is formed
of a second material that includes at least one of the RF absorbing material and the RF

reflecting material.

18. The radiation therapy system of claim 11, wherein the one or more magnets

comprise a first magnet and a second magnet, and

wherein the longitudinal axis extends through an isocenter of the first magnet

and the second magnet.
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19. The radiation therapy system of claim 18, wherein the linac is positioned at a

fixed radial distance from the isocenter of the first magnet and the second magnet.
20. The radiation therapy system of claim 11, further comprising:
a gantry rotatable about the longitudinal axis,

wherein the linac is supported by the gantry and configured to rotate with the
gantry.

21. A radiation therapy system comprising:

one or more magnets positioned along a longitudinal axis and configured to
generate a magnetic field, at least a portion of the magnetic field extending along the

longitudinal axis;

a linear particle accelerator (linac) configured to direct a radiation beam

towards the longitudinal axis; and

a magnetic shield configured to shield the linac from the magnetic field, the
magnetic shield comprising at least a first magnetic shield shell and a second magnetic shield
shell, the second magnetic shield shell positioned inside the first magnetic shield shell and
having a higher permeability than the first magnetic shield shell, and the first magnetic shield

shell and the second magnetic shield shell at least partially surrounding the linac.

22. The radiation therapy system of claim 21, wherein the second magnetic shield

shell has a lower saturation flux density than the first magnetic shield shell.

23. The radiation therapy system of claim 21, wherein the second magnetic shield

shell comprises mu metal.

24. The radiation therapy system of claim 21, wherein the first magnetic shield

shell and the second magnetic shield shell are formed of different steels.
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25. The radiation therapy system of claim 21, wherein the first magnetic shield

shell at least partially surrounds the linac and the second magnetic shield shell.

26. The radiation therapy system of claim 21, further comprising an RF shield
configured to shield the one or more magnets from RF radiation generated by the linac, the RF
shield at least partially enclosing some or all of the components of the linac, and the RF shield

comprising one or more layers of: an RF absorbing material and/or an RF reflecting material.
27. A radiation therapy system comprising:
a magnetic resonance imaging system configured to generate a magnetic field,
a linear accelerator;

an outer magnetic shield configured to shield the linear accelerator from the

magnetic field; and

an inner magnetic shield at least partially inside of the outer magnetic shield,

wherein the inner magnetic shield has a higher permeability than the outer magnetic shield.

28. The radiation therapy system of claim 27, wherein the inner magnetic shield

has a lower saturation flux density than the outer magnetic shield.

29. The radiation therapy system of claim 27, wherein the inner magnetic shield

comprises mu metal.

30. The radiation therapy system of claim 27, wherein the outer magnetic shield

and the inner magnetic shield are formed of different steels.

31. The radiation therapy system of claim 27, wherein the outer magnetic shield at

least partially surrounds the linac and the inner magnetic shield.

32. The radiation therapy system of claim 27, further comprising an RF shield
configured to shield the magnetic resonance imaging system from RF radiation generated by

the linac, the RF shield at least partially enclosing some or all of the components of the linac,
40
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and the RF shield comprising one or more layers of: an RF absorbing material and/or an RF

reflecting material.
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