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CRYOSTAT AND SYSTEM FOR COMBINED MAGNETIC RESONANCE IMAGING
AND RADIATION THERAPY

CROSS-REFERENCES TO RELATED APPLICATIONS
This patent application claims priority under 35 U.S.C. § 119 from U.S.
Provisional Patent Application No. 61/837,739 filed on June 21, 2013 and U.S. provisional
Patent Application No. 61,882,924, filed on September 26, 2013. These applications are

hereby incorporated by reference herein.

TECHNICAL FIELD
The present invention generally pertains to a system capable of magnetic resonance

imaging and radiation therapy, and a cryostat for such a system.

BACKGROUND AND SUMMARY

Magnetic resonance (MR) imagers or scanners have been developed that produce
images for diagnosing disease and contrasting healthy tissue from abnormal tissue. An
MR imager or scanner typically employs a superconducting magnet to generate the large
magnetic fields which it requires for operation. To realize superconductivity, a magnet is
maintained in a cryogenic environment at a temperature near absolute zero. Typically, the
magnet includes one or more electrically conductive coils which are disposed in a cryostat
and through which an electrical current circulates to create the magnetic field.

Meanwhile, radiation therapy has been developed which can focus a radiation beam
(radiotherapy beam) on a target region of interest in a patient and preferentially destroy
diseased tissue while avoiding healthy tissue.

It is desired to combine the diagnostic spatial specificity of MR imaging with
radiotherapy beam focus technology to provide more accurate treatment of diseased tissue
while reducing the damage of healthy tissue. By combining real time imaging and
radiation therapy, radiotherapy beam shaping may be performed in real time, compensating
for not only daily changes in anatomy but also body movements such as breathing which
occur during the treatment procedure.

In operation, a radiotherapy beam may be rotated around a patient to deposit a
focused dose of radiation at the target area (i.e., diseased tissue) while sparing the healthy

tissue. Combining radiation therapy with MR imaging requires that the radiotherapy beam
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reach a patient who is enclosed with an MR imager and scanner. Furthermore, the
radiation beam should pass through the MR imager or scanner in a controlled and known
manner so that the magnitude and location of energy delivered by the radiotherapy beam
can be accurately controlled.

In general, the most accurate MR imagers or scanners use high magnetic fields
produced by superconducting magnets which usually are composed of thick
superconducting wire windings, thin metallic shells and a large cryogenic bath (e.g., liquid
helium) disposed in a cryostat.

A radiotherapy beam is attenuated when it passes through matter such as metals or
even liquid helium in a cryostat of the MR imager or scanner. If the attenuation or loss is
held constant over time and angular position, it is possible to compensate or adjust for the
loss so as to accurately control the magnitude and location of energy delivered by the
radiotherapy beam.

However, during maintenance and operation of the superconducting magnet system
of an MR imager or scanner, it is often the case that some amount of cryogenic fluid (e.g.,
liquid helium) boils off and therefore the level changes, thereby changing the attenuation of
the radiotherapy beam. Furthermore, since the cryostat is typically not completely filled
with liquid helium, the amount of liquid helium varies as a function of position within the
cryostat, and the amount or volume of liquid helium through which the radiotherapy beam
must pass may also be a function of angular position. As a result, attenuation of the
radiotherapy beam is also a function of angular position. Thus it may be difficult to
accurately control the amount of radiation energy delivered to a target area of interest by
the radiotherapy beam to be constant, and particularly to be constant at various angular
positions.

One aspect of the present invention can provide an apparatus, comprising a
radiation source configured to generate a radiotherapy beam and a magnetic resonance
imager. The magnetic resonance imager can include a cryostat. The cryostat can comprise:
an inner chamber, and a vacuum region substantially enclosing the inner chamber. The
inner chamber can comprise: first and second annular sections separated and spaced apart
from each other along a first direction, and a third annular section extending in the first
direction between the first and second annular sections and connecting the first and second
annular sections to each other. An internal width of the third annular section in a plane

perpendicular to the first direction can be less than an internal width of the first annular
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section and an internal width of the second annular section. The radiotherapy beam can be
configured to pass through the third annular section of the cryostat

In some embodiments, the radiation source can comprise a linear accelerator.

In some embodiments, the radiation source can comprise a multileaf collimator.

In some embodiments, the apparatus can further include superconducting coils
disposed in the first and second annular sections. The superconducting coils can include at
least a pair of first semiconductor coils and a pair of second semiconductor coils, wherein
the first superconducting coils can be disposed closer than the second superconducting
coils to the third annular section, and wherein a diameter of each of the first
superconducting coils can be greater than a diameter of each of the second superconducting
coils.

In some embodiments, the radiotherapy beam can be configured to pass between
the pair of first semiconductor coils.

In some embodiments, the first and second annular sections can have disposed
therein corresponding first and second annular volumes of a cryogenic fluid, the third
annular section can have disposed therein a third annular volume of the cryogenic fluid,
and an annular depth of the third annular volume in the plane perpendicular to the first
direction can be less than an annular depth of the first annular volume and an annular depth
of the second annular volume.

In some embodiments, the apparatus can include a tubular structure extending in
the first direction between the first and second annular sections.

Another aspect of the invention can provide a chamber for a cryostat. The chamber
can include first and second annular sections separated and spaced apart from each other
along a first direction, and a third annular section extending in the first direction between
the first and second annular sections and connecting the first and second annular sections to
each other. The first and second annular sections can define corresponding first and
second internal volumes, the third annular section can define a third internal volume, and
the third internal volume can be substantially less than the first internal volume and
substantially less than the second internal volume.

In some embodiments, the first and second annular sections can have disposed
therein corresponding first and second annular volumes of a cryogenic fluid, the third
annular section can have disposed therein a third annular volume of the cryogenic fluid,

and an average annular depth of the third volume in the plane perpendicular to the first
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direction can be less than an average annular depth of the first volume and an average
annular depth of the second volume.

In some embodiments, the cryogenic fluid can comprise liquid helium.

In some embodiments, the cryogenic fluid can comprise gaseous helium.

In some embodiments, the first internal volume and the second internal volume
each can be ten times the third internal volume.

In some embodiments, the first internal volume and the second internal volume
each can be one hundred times the third internal volume.

In some embodiments, the chamber can include superconducting coils disposed in
the first and second annular sections. The superconducting coils can include at least a first
semiconductor coil and a second semiconductor coil, wherein the first superconducting coil
can be disposed closer than the second superconducting coil to the third annular section,
and wherein a diameter of the first superconducting coil can be greater than a diameter of
the second superconducting coil.

In some embodiments, the internal width of the first annular section and the internal
width of the second annular section each can be more than ten times the internal width of
the third annular section.

In some embodiments, the internal width of the first annular section and the internal
width of the second annular section each can be more than thirty times the internal width of
the third annular section.

Yet another aspect of the invention can provide a chamber for a cryostat. The
chamber can comprise first and second annular sections separated and spaced apart from
each other along a first direction, and a third annular section extending in the first direction
between the first and second annular sections and connecting the first and second sections
to each other. The first and second annular sections can have disposed therein
corresponding first and second annular volumes of a cryogenic fluid. The third annular
section can have a third annular volume of the cryogenic fluid disposed therein. The an
average annular depth of the third annular volume in a plane perpendicular to the first
direction can be less than the average annular depth of the first annular volume and the
average annular depth of the second annular volume.

In some embodiments, the chamber can include superconducting coils disposed in
the first and second annular sections. The superconducting coils can include at least a first

semiconductor coil and a second semiconductor coil, wherein the first superconducting coil
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is disposed closer than the second superconducting coil to the third annular section, and
wherein a diameter of the first superconducting coil is greater than a diameter of the second
superconducting coil.

In some embodiments, an internal width of the first annular section in the plane
perpendicular to the first direction and an internal width of the second annular section in
the plane perpendicular to the first direction each can be more than ten times an internal
width of the third annular section in the plane perpendicular to the first direction.

In some embodiments, an internal width of the first annular section in the plane
perpendicular to the first direction and an internal width of the second annular section in
the plane perpendicular to the first direction each can be more than thirty times an internal

width of the third annular section in the plane perpendicular to the first direction.

BRIEF DESCRIPTION OF THE DRAWINGS

The present invention will be more readily understood from the detailed description
of exemplary embodiments presented below considered in conjunction with the
accompanying drawings.

FIG. 1 illustrates an exemplary embodiment of a magnetic resonance (MR) imager.

FIG. 2 illustrates a cross-sectional view of a combined magnetic resonance imager
and radiotherapy apparatus.

FIG. 3 conceptually illustrates one or more problems which may occur when
combining a magnetic resonance imager and a radiotherapy apparatus.

FIG. 4 illustrates a cross-sectional view of an embodiment of an apparatus for
combined magnetic resonance imaging and radiotherapy which may overcome one or more
problems illustrated in FIG. 3.

FIGs. 5A and 5B illustrate other cross-sectional views of an embodiment of an

apparatus for combined magnetic resonance imaging and radiotherapy.

DETAILED DESCRIPTION
The present invention will now be described more fully hereinafter with reference
to the accompanying drawings, in which embodiments of the present invention are shown.
The present invention may, however, be embodied in different forms and should not be

construed as limited to the embodiments set forth herein. Rather, these embodiments are
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provided as teaching examples of the invention. Within the present disclosure and claims,
when something is said to have approximately a certain value, then it means that it is
within 10% of that value, and when something is said to have about a certain value, then it
means that it is within 25% of that value. When something is said to be substantially
greater, then it means that it is at least 10% greater, and when something is said to be
substantially less, then it means that it is at least 10% less.

FIG. 1 illustrates an exemplary embodiment of a magnetic resonance (MR) imager
100. MR imager 100 may include a magnet 102; a patient table 104 configured to hold a
patient 10; gradient coils 106 configured to at least partially surround at least a portion of
patient 10 for which MR imager 100 generates an image; a radio frequency coil 108
configured to apply a radio frequency signal to at least the portion of patient 10 which is
being imaged, and to alter the alignment of the magnetic field; and a scanner 110
configured to detect changes in the magnetic field caused by the radio frequency signal.

The general operation of an MR imager is well known and therefore will not be
repeated here.

FIG. 2 illustrates a cross-sectional view of a combined magnetic resonance (MR)
imager and radiotherapy apparatus 200. Apparatus 200 includes a radiation source
comprising a gun section 210 and a linear accelerator 212 for producing a radiotherapy
beam 215. In some embodiments, the radiation source may further include a multileaf
collimator. Apparatus 200 further includes an MR imager including a cryostat 220 having
a superconducting magnet (not shown) and a cryogenic fluid disposed therein for cooling
the superconducting magnet. For simplicity of illustration, some components of the MR
imager, such as gradient coils, an RF coil, etc. are omitted from FIG. 2. Cryostat 220 has
an outer wall 221, an inner bore 227. The MR imager has an inner bore 229 inside of
which is disposed patient table 104 which is configured to hold a patient 10. Apparatus 200
may be mounted in or on a floor 20.

In operation, the MR imager may produce MR images of patient 10, or at least a
region of interest 12 in patient 10. For example, region of interest 12 may comprise
diseased tissue to be treated with radiotherapy beam 215. Meanwhile, radiotherapy beam
215 may be rotated around patient 10 in the Y-Z plane as denoted in FIG. 2 to provide a
focused dose of radiation to region of interest 12. Apparatus 200 may combine the
diagnostic spatial specificity of MR imaging with radiation therapy beam focus technology

to provide more accurate treatment of diseased tissue while reducing damage to healthy
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tissue. By combining real time imaging and radiation therapy, beam shaping may be
performed real time compensating for not only daily changes in anatomy but also body
movements such as breathing, to produce a more accurate delivery of the radiotherapy
beam.

FIG. 3 conceptually illustrates one or more problems which may occur when
combining a magnetic resonance (MR) imager and a radiotherapy apparatus. FIG. 3
illustrates a radiation source 310, generating a radiotherapy beam 315, and a cryostat 320
of the MR imager, through which radiotherapy beam 315 must pass to reach a region of
interest 12, for example diseased tissue of a patient to be treated with radiotherapy beam
315. For simplicity of illustration, some components of the MR imager, such as gradient
coils, an RF coll, etc. are omitted from FIG. 3.

Cryostat 320 includes an inner chamber 322 which is surrounded or substantially
(i.e., at least 90%) surrounded by a vacuum region 321. Disposed within inner chamber
322 are a superconducting magnet comprising superconducting coils 328 and a cryogenic
fluid 323. In some embodiments, cryogenic fluid 323 may comprise liquid helium. In
some embodiments, a cryogenic fluid of helium gas also may be disposed within inner
chamber 322 of cryostat 320. Also disposed within inner chamber 322 are shield coils 318.
In some embodiments, shield coils 318 may not be disposed within cryostat 320.

In operation, the MR imager may produce MR images of a patient, or at least
region of interest 12, in the patient. For example, region of interest 12 may comprise
diseased tissue to be treated with radiotherapy beam 315. Meanwhile, radiation source 310
may rotate in the Y-Z plane as denoted in FIG. 3 around region of interest 12 so as to cause
radiotherapy beam 315 to also be rotated around region of interest 12 to provide a focused
dose of radiation to region of interest 12.

As illustrated in FIG. 3, radiotherapy beam 315 must pass through a portion of
cryogenic fluid 323 to reach region of interest 12. Radiotherapy beam 315 is attenuated
when it passes through cryogenic fluid 323 (e.g., liquid helium), and the amount of
attenuation is a function of the volume or depth of cryogenic fluid 323 though which
radiotherapy beam 315 passes.

As explained above, radiotherapy beam 315 should pass through the MR imager or
scanner in a controlled and known manner so that the magnitude and location of energy
delivered by radiotherapy beam 315 can be accurately controlled. Furthermore, the

attenuation factor of the radiotherapy beam should be constant at various angular positions
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and should be kept to a minimum.

However, during maintenance and operation of the superconducting magnet system
it is usual that some amount of cryogenic fluid 323 (e.g., liquid helium) boils off and
therefore the volume or depth changes, thereby changing the attenuation of radiotherapy
beam 315. Furthermore, with inner chamber 322 of cryostat 320 not being completely
filled with cryogenic fluid 323 (e.g., liquid helium), the amount of cryogenic fluid 323 (e.g.,
liquid helium) through which radiotherapy beam 315 must pass may also be a function of
angular position in the Y-Z plane, so that the attenuation of radiotherapy beam 315 is also a
function of angular position in the Y-Z plane. Thus it may be difficult to accurately control
radiotherapy beam 315 to have a constant level, and particularly to be constant at various
angular positions.

Additionally, as illustrated in FIG. 3, some of the superconducting coils 328 are
disposed in the path of radiotherapy beam 315 to reach region of interest 12. Furthermore
these superconducting coils 328 cannot simply be removed without destroying the
uniformity of the magnetic field which is important for generating accurate MR images.

FIG. 4 illustrates a cross-sectional view of an embodiment of an apparatus 400 for
combined magnetic resonance imaging and radiotherapy which may overcome one or more
problems illustrated in FIG. 3. Apparatus 400 includes a radiation source 410 and an MR
imager which further includes a cryostat 420. For simplicity of illustration, some
components of the MR imager, such as gradient coils, an RF coil, etc. are omitted from
FIG. 4.

Radiation source 410 may include a linear accelerator and a multileaf collimator
which may generate a radiotherapy beam 415 as illustrated in FIG. 4.

Cryostat 420 includes an inner chamber 422 which is surrounded or substantially
(i.e., at least 90%) surrounded by a vacuum region 421. Inner chamber 422 comprises a
first annular section 4221 and a second annular section 4222 separated and spaced apart
from each other along the X direction (“a first direction”), and a third or center annular
section 4223 extending in the X direction between first and second annular sections 4221,
4222 and connecting first and second annular sections 4221, 4222 to each other.

Inner chamber 422 is configured to hold therein a volume of a cryogenic fluid 423
when apparatus 400 is in operation. In some embodiments, cryogenic fluid 423 may
comprise liquid helium. In some embodiments, a cryogenic fluid of helium gas also may

be disposed within inner chamber 422 of cryostat 420.
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Beneficially, third annular section 4223 may be configured to hold therein a
substantially smaller volume of cryogenic fluid 423 than each of first and second annular
sections 4221, 4222 are configured to hold therein. In some embodiments, one or both of
first and second annular sections 4221, 4222 may hold therein a volume of cryogenic fluid
423 which is at least 100 times greater than a volume of cryogenic fluid 423 which third
annular section 4223 holds therein. In some embodiments, one or both of first and second
annular sections 4221, 4222 may hold therein a volume of cryogenic fluid 423 which is
more than 1000 times greater than a volume of cryogenic fluid 423 which third annular
section 4223 holds therein.

In particular, in some embodiments the average annular depth of cryogenic fluid
423 in third annular section 4223 in the Y-Z plane (i.e., a plane perpendicular to the X
direction) may be substantially less than the average annular depth of cryogenic fluid 423
in one or both of first and second annular sections 4221, 4222. In some embodiments the
average annular depth of cryogenic fluid 423 in third annular section 4223 may less than
about 10% of the average annular depth of cryogenic fluid 423 in one or both of first and
second annular sections 4221, 4222, In some embodiments the average annular depth of
cryogenic fluid 423 in third annular section 4223 may about 3% of the average annular
depth of cryogenic fluid 423 in one or both of first and second annular sections 4221, 4222.

Toward this end, as shown in FIG. 4 first annular section 4221 defines a first
internal volume, second annular section 4222 defines a second internal volume, and third
annular section 4223 defines a third internal volume. In some embodiments, one or both of
the first internal volume defined by first annular section 4221 and the second internal
volume defined by second annular section 4222 may be at least 100 times greater than the
third internal volume defined by third annular section 4223. In some embodiments, one or
both of the first internal volume defined by first annular section 4221 and the second
internal volume defined by second annular section 4222 may be at least 1000 times greater
than the third internal volume defined by third annular section 4223.

To achieve this, the relative sizes of the internal dimensions of inner chamber 422
in first, second and third annular sections 4221, 4222 and 4223 may be proportioned as
shown, for example, in FIG. 4. In particular, in an embodiment as illustrated in FIG. 4, the
internal width W3 of third annular section 4223 in the Y-Z plane perpendicular to the X
direction is less than the internal width W1 of first annular section 4221 and the internal

width W2 of second annular section 4222 in the Y-Z plane. Here, an internal width is
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understood to mean a cross-sectional dimension of the interior of inner chamber 422, and
thus excludes the thickness of the wall of inner chamber 422.

FIG. 5A illustrates a cross-sectional view along line I-I’ in FIG. 4 showing an
example of a cross-section in the Y-Z plane of second annular section 4222, and FIG. 5B
illustrates a cross-sectional view along line II-II" in FIG. 4 showing an example of a cross-
section in the Y-Z plane of third annular section 4223 for one embodiment of apparatus
400. In some embodiments, the cross-section in the Y-Z plane of first annular section 4221
may be the same as the cross-section in the Y-Z plane of second annular section 4222, and
for simplicity of explanation, it will be assumed in the discussion to follow that this is the
case. However, it should be understood that in general, this is not required.

As shown in FIG. 4 and FIG. 5A, first and second annular sections 4221, 4222 are
defined in part by a substantially circular outer surface 4221a and a substantially circular
inner surface 4221b. Although FIGs. 4 and 5SA illustrate an embodiment where inner and
outer surfaces 4221a and 4221b are substantially circular, in other embodiments they may
take up other shapes, for example ovular or rectangular, and they may have different
shapes than each other. As shown in FIG. 5B, third annular section 4223 is defined in part
by a substantially circular outer surface 4223a and a substantially circular inner surface
4223b. Although FIG. 5B illustrates an embodiment where inner and outer surfaces 4222a
and 4223b are substantially circular, in other embodiments they may take up other shapes,
for example ovular or rectangular, and they may have different shapes than each other.
That is, first and second annular sections 4221, 4222 and 4223 may take the shape of a
circular ring, an ovular ring, a rectangular ring, or some other ring shape.

Although the embodiment of FIGs. 4 and SA-B illustrates third annular section
4223 as a single passageway connecting first and second annular sections 4221, 4222 to
each other, other embodiments are contemplated which include multiple passageways
connecting first and second annular sections 4221, 4222 to each other, so long as the level
of cryogenic fluid through which radiotherapy beam 415 passes is maintained.

As illustrated in FIG. 4, inner chamber 422 of cryostat may be viewed as having a
first notch of depth D1 in the outer surface thereof at center annular section 4223, and
further having a second notch of depth D2 in the inner surface thereof at center annular
section 4223. Although as illustrated in FIGs. 4, SA and 5B, the depths D1 and D2 are
equal to each other, in some embodiments the depths D1 and D2 may be different than

each other. In some embodiments, the depth D1 or the depth D2 may be zero or
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substantially zero.

Beneficially, the internal width W3 of third or central annular section 4223 may be
made as thin as possible, while still providing structural integrity and allowing for thermal
communication between first and second annular sections 4221, 4222 of inner chamber
422, for example by an exchange of cryogenic fluid 423 between first and second annular
sections 4221, 4222 which may maintain a thermal equilibrium. In some embodiments, the
internal width W3 is greater than 5 mm.

In some embodiments, one or both of the internal width W1 of first annular section
4221 and the internal width W2 of second annular section 4222 may be more than ten
times the internal width of third annular section 4223. For example, in some embodiments
the internal widths W1 and W2 may each be 500 mm, and the internal width W3 may be
less than 50 mm.

In some embodiments, one or both of the internal width W1 of first annular section
4221 and the internal width W2 of second annular section 4222 may be more than thirty
times the internal width of third annular section 4223. For example, in some embodiments
the internal widths W1 and W2 may each be about 500 mm, or approximately 500 mm, and
the internal width W3 may be about 15 mm, or approximately 15 mm.

First and second annular sections 4221, 4222 have disposed therein a plurality of
superconducting coils, including first or central superconducting coil(s) 428a and second
superconducting coil(s) 428b. In some embodiments, no superconducting coil(s) are
disposed within third or central annular section 4223. Also disposed within first and
second annular sections 4221, 4222 of inner chamber 422 are shield coils 418. In some
embodiments, shield coils 418 may not be disposed within cryostat 420.

In a beneficial arrangement, as illustrated in FIG. 4 first or central superconducting
coil(s) 428a may be disposed closer than second superconducting coil(s) 428b to third
annular section 4223, and the diameter of first or central superconducting coil(s) 428a may
be greater than the diameter of the second superconducting coil(s) 428b which are located
at opposite ends of first and second annular sections 4221, 4222, Because first or central
superconducting coil(s) 428a should be outside of the path of radiotherapy beam 415, in
apparatus 400 they are split farther apart in comparison to the arrangement illustrated in
FIG. 3, to permit radiotherapy beam 415 to pass therebetween. However, by increasing the
radius/diameter of first or central superconducting coil(s) 428a, for example with respect to

second superconducting coil(s) 428b which are located at opposite ends of first and second
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annular sections 4221, 4222, it becomes possible to maintain a uniform magnetic field for

proper MR imaging.

Also illustrated in FIG. 4 is a tubular structure 425 extending in the X direction
between first and second annular sections 4221 and 4222. Tubular structure 425 may pass
a gas (e.g., helium gas) and/or one or more electrical wires and/or other structural
components between first and second annular sections 4221 and 4222. In some
embodiments, tubular structure 425 may have a width or cross-section of about 5 mm.

In operation, the MR imager may produce MR images of a patient, or at least
region of interest 12, in the patient. For example, region of interest 12 may comprise
diseased tissue to be treated with radiotherapy beam 415. Meanwhile, radiation source 410
may rotate in the Y-Z plane as denoted in FIG. 4 (the “R” direction as shown in FIG. 5A)
around region of interest 12 so as to cause radiotherapy beam 415 to also be rotated around
region of interest 12 to provide a focused dose of radiation to region of interest 12.

As illustrated in FIG. 4, radiotherapy beam 415 passes through third or central
annular region 4223 of inner chamber 422 of cryostat 420 to reach region of interest 12.
Accordingly, radiotherapy beam 415 passes through the relatively thin volume or annular
depth of cryogenic fluid 423 (e.g., liquid helium) in third or central annular region 4223,
while a relatively large volume or annular depth of cryogenic fluid 423 (e.g., liquid helium)
remains in the interconnected first and second annular regions 4221 and 4222 containing
and cooling superconducting coils 428a, 428b. Beneficially, third or central annular region
4223 of inner chamber 422 has a sufficiently thin annular volume of cryogenic fluid 423
(e.g., liquid helium) in the path of radiotherapy beam 415 such that a change in the level
cryogenic fluid 423 (e.g., liquid helium) does not significantly affect the dose of radiation
applied to region of interest 12 of a patient 10. Meanwhile, the relatively large volume of
cryogenic fluid 423 (e.g., liquid helium) in first and second annular regions 4221 and 4222
through which radiotherapy beam 415 does not pass provides a thermal reservoir for
maintenance and operation of cryostat 420. Beneficially, third or central annular region
4223 (i.e., a internal width W3 of third or central annular region 4223) is sized to allow
thermal communication between first and second annular regions 4221 and 4222, allow for
manufacturing tolerances, and still reduce both absorption of radiotherapy beam 415 and
angular variation as radiotherapy beam 415 is rotated in the Y-Z plane. Additionally,

providing a vacuum recess in vacuum region 421 from both inner wall 4221b and outer
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wall 4221a (i.e., depths D1 and D2 shown in FIG. 4) may naturally create a mechanical
structure which enables first or central superconducting coils 428a to have a larger
diameter/radius than superconducting coils 428b located at the opposite ends of first and
second annular regions 4221 and 4222. By providing thermal communication between
first and second annular regions 4221 and 4222 of inner chamber 422 by means of the
connected third or central annular region 4223, the design and construction of cryostat 420
may be simplified when compared, for example, to a cryostat which included two separate
and thermally isolated inner chambers.

While preferred embodiments are disclosed herein, many variations are possible
which remain within the concept and scope of the invention. Such variations would
become clear to one of ordinary skill in the art after inspection of the specification,
drawings and claims herein. The present invention therefore is not to be restricted except

within the scope of the appended claims.
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CLAIMS

What is claimed is:

1. An apparatus, comprising:
a radiation source configured to generate a radiotherapy beam; and
a magnetic resonance imager,
wherein the magnetic resonance imager includes a cryostat, the cryostat comprising:
an inner chamber, and
a vacuum region substantially enclosing the inner chamber,
wherein the inner chamber comprises:
first and second annular sections separated and spaced apart from each
other along a first direction, and
a third annular section extending in the first direction between the first
and second annular sections and connecting the first and second annular sections to each
other,
wherein an internal width of the third annular section in a plane
perpendicular to the first direction is less than an internal width of the first annular section
and an internal width of the second annular section,
wherein the radiotherapy beam is configured to pass through the third annular

section of the cryostat.

2. The apparatus of claim 1, wherein the radiation source comprises a linear

accelerator.

3. The apparatus of claim 1, wherein the radiation source comprises a multileaf

collimator.

4. The apparatus of claim 1, further comprising superconducting coils disposed in
the first and second annular sections, the superconducting coils including at least a pair of
first semiconductor coils and a pair of second semiconductor coils, wherein the first
superconducting coils are disposed closer than the second superconducting coils to the
third annular section, and wherein a diameter of each of the first superconducting coils is

greater than a diameter of each of the second superconducting coils.
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5. The apparatus of claim 4, wherein the radiotherapy beam is configured to pass

between the pair of first semiconductor coils.

6. The apparatus of claim 1, wherein the first and second annular sections have
disposed therein corresponding first and second annular volumes of a cryogenic fluid,
wherein the third annular section has disposed therein a third annular volume of the
cryogenic fluid, and wherein an annular depth of the third annular volume in the plane
perpendicular to the first direction is less than an annular depth of the first annular volume

and an annular depth of the second annular volume.

7. The apparatus of claim 1, further comprising a tubular structure extending in the

first direction between the first and second annular sections.

8. A chamber for a cryostat, comprising:

first and second annular sections separated and spaced apart from each other along
a first direction, and

a third annular section extending in the first direction between the first and second
annular sections and connecting the first and second annular sections to each other,

wherein the first and second annular sections define corresponding first and second
internal volumes, wherein the third annular section defines a third internal volume, and
wherein the third internal volume is substantially less than the first internal volume and

substantially less than the second internal volume.

9. The chamber of claim 8, wherein the first and second annular sections have
disposed therein corresponding first and second annular volumes of a cryogenic fluid,
wherein the third annular section has disposed therein a third annular volume of the
cryogenic fluid, and wherein an average annular depth of the third volume in the plane
perpendicular to the first direction is less than an average annular depth of the first volume

and an average annular depth of the second volume.

10. The chamber of claim 9, wherein the cryogenic fluid comprises liquid helium.
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11. The chamber of claim 9, wherein the cryogenic fluid comprises gaseous helium.

12. The chamber of claim 8, wherein the first internal volume and the second

internal volume are each ten times the third internal volume.

13. The chamber of claim 8, wherein the first internal volume and the second

internal volume are each one hundred times the third internal volume.

14. The chamber of claim 8 further comprising superconducting coils disposed in
the first and second annular sections, the superconducting coils including at least a first
semiconductor coil and a second semiconductor coil, wherein the first superconducting coil
is disposed closer than the second superconducting coil to the third annular section, and
wherein a diameter of the first superconducting coil is greater than a diameter of the second

superconducting coil.

15. The chamber of claim 8, wherein the internal width of the first annular section
and the internal width of the second annular section are each more than ten times the

internal width of the third annular section.

16. The chamber of claim 8, wherein the internal width of the first annular section
and the internal width of the second annular section are each more than thirty times the

internal width of the third annular section.

17. A chamber for a cryostat, comprising:

first and second annular sections separated and spaced apart from each other along
a first direction, the first and second annular sections having disposed therein
corresponding first and second annular volumes of a cryogenic fluid, and

a third annular section extending in the first direction between the first and second
annular sections and connecting the first and second sections to each other, the third
annular section having a third annular volume of the cryogenic fluid disposed therein,

wherein an average annular depth of the third annular volume in a plane
perpendicular to the first direction is less than an average annular depth of the first annular

volume and an average annular depth of the second annular volume.
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18. The chamber of claim 17, further comprising superconducting coils disposed in
the first and second annular sections, the superconducting coils including at least a first
semiconductor coil and a second semiconductor coil, wherein the first superconducting coil
is disposed closer than the second superconducting coil to the third annular section, and
wherein a diameter of the first superconducting coil is greater than a diameter of the second

superconducting coil.

19. The chamber of claim 17, wherein an internal width of the first annular section
in the plane perpendicular to the first direction and an internal width of the second annular
section in the plane perpendicular to the first direction are each more than ten times an

internal width of the third annular section in the plane perpendicular to the first direction.

20. The chamber of claim 17, wherein an internal width of the first annular section
in the plane perpendicular to the first direction and an internal width of the second annular
section in the plane perpendicular to the first direction are each more than thirty times an

internal width of the third annular section in the plane perpendicular to the first direction.
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