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(57) Abstract: According to some aspects, a method of producing a permanent magnet shim configured to improve a profile of a B,
magnetic field produced by a B; magnet is provided. The method comprises determining deviation of the B, magnetic field from a
desired B, magnetic field, determining a magnetic pattern that, when applied to magnetic material, produces a corrective magnetic
field that corrects for at least some of the determined deviation, and applying the magnetic pattern to the magnetic material to pro -
duce the permanent magnet shim. According to some aspects, a permanent magnet shim for improving a profile of a B, magnetic
field produced by a Bo magnet is provided. The permanent magnet shim comprises magnetic material having a predetermined mag-
netic pattern applied thereto that produces a corrective magnetic field to improve the profile of the B, magnetic field.
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METHODS AND APPARATUS FOR MAGNETIC FIELD SHIMMING

BACKGROUND

[0001] Magnetic resonance imaging (MRI) provides an important imaging modality for
numerous applications and is widely utilized in clinical and research settings to produce images
of the inside of the human body. As a generality, MRI is based on detecting magnetic resonance
(MR) signals, which are electromagnetic waves emitted by atoms in response to state changes
resulting from applied electromagnetic fields. For example, nuclear magnetic resonance (NMR)
techniques involve detecting MR signals emitted from the nuclei of excited atoms upon the re-
alignment or relaxation of the nuclear spin of atoms in an object being imaged (e.g., atoms in the
tissue of the human body). Detected MR signals may be processed to produce images, which in
the context of medical applications, allows for the investigation of internal structures and/or
biological processes within the body for diagnostic, therapeutic and/or research purposes.

[0002] MRI provides an attractive imaging modality for biological imaging due to the
ability to produce non-invasive images having relatively high resolution and contrast without the
safety concerns of other modalities (e.g., without needing to expose the subject being imaged to
ionizing radiation, such as x-rays, or introducing radioactive material to the body). Additionally,
MRI is capable of capturing information about structures and/or biological processes that other
modalities are not well suited to acquire or are incapable of acquiring. For example, MRI is
particularly well suited to provide contrast among soft tissues. However, there are a number of
drawbacks to conventional MRI techniques that, for a given imaging application, may include
the relatively high cost of the equipment, limited availability (e.g., difficulty and expense in
gaining access to clinical MRI scanners), the length of the image acquisition process, etc.

[0003] The trend in clinical MRI has been to increase the field strength of MRI scanners
to improve one or more of scan time, image resolution, and image contrast, which in turn drives
up costs of MRI imaging. The vast majority of installed MRI scanners operate using at least at
1.5 or 3 tesla (T), which refers to the field strength of the main magnetic field By of the scanner.
A rough cost estimate for a clinical MRI scanner is on the order of one million dollars per tesla,
which does not even factor in the substantial operation, service, and maintenance costs involved

in operating such MRI scanners.
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[0004] Additionally, conventional high-field MRI systems typically require large
superconducting magnets and associated electronics to generate a strong uniform static magnetic
field (BO) in which a subject (e.g., a patient) is imaged. Superconducting magnets further require
cryogenic equipment to keep the conductors in a superconducting state. The size of such
systems is considerable with a typical MRI installment including multiple rooms for the
magnetic components, electronics, thermal management system, and control console areas,
including a specially shielded room to isolate the magnetic components of the MRI system. The
size and expense of MRI systems generally limits their usage to facilities, such as hospitals and
academic research centers, which have sufficient space and resources to purchase and maintain
them. The high cost and substantial space requirements of high-field MRI systems results in
limited availability of MRI scanners. As such, there are frequently clinical situations in which an
MRI scan would be beneficial, but is impractical or impossible due to the above-described

limitations and as discussed in further detail below.

SUMMARY

[0005] Some embodiments include a method of producing a permanent magnet shim
configured to improve a profile of a By magnetic field produced by a By magnet, comprising
determining deviation of the By magnetic field from a desired By magnetic field, determining a
magnetic pattern that, when applied to magnetic material, produces a corrective magnetic field
that corrects for at least some of the determined deviation, and applying the magnetic pattern to
the magnetic material to produce the permanent magnet shim.

[0006] Some embodiments include a permanent magnet shim for improving a profile of a
B, magnetic field produced by a By magnet, the permanent magnet shim comprising magnetic
material having a predetermined magnetic pattern applied thereto that produces a corrective
magnetic field to improve the profile of the By magnetic field.

[0007] Some embodiments include a low-field magnetic resonance imaging system
comprising a By magnet configured to produce a By magnetic field at a field strength of less than
or equal to approximately .2T, and at least one permanent magnet shim comprising magnetic
material having a predetermined magnetic pattern applied thereto that produces a corrective

magnetic field to improve a profile of the By magnetic field.
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[0008] Some embodiments include a system for producing a permanent magnet shim to
improve a profile of a By magnetic field produced by a By magnet, the system comprising a
support frame configured to accommodate magnetic material to be magnetized to produce the
permanent magnet shim, at least one magnetizing head capable of producing a magnetic field
sufficient to magnetize logically partitioned regions of the magnetic material, and at least one
controller configured to automatically position the magnetizing head proximate the magnetic
material at successive locations to magnetize the magnetic material in accordance with a desired
magnetic pattern that produces a corrective magnetic field to improve the profile of the By
magnetic field.

[0009] Some embodiments include a permanent magnet shim for adjusting a Bo magnetic
field produced by a BO magnet, the permanent magnet shim comprising at least one sheet of
magnetic material logically partitioned into a plurality of regions, wherein the plurality of
regions are selectively magnetized in accordance with a predetermined pattern to produce a
magnetic field to adjust the Bg magnetic field produced by the BO magnet.

[0010] Some embodiments include a method of producing a shim from magnetic material
to adjust a Bg magnetic field produced by a BO magnet, the method comprising measuring a By
magnetic field produced by the BO magnet, determining a corrective magnetic field to improve a
profile of the By magnetic field, determining a magnetic pattern that when applied to the
magnetic material produces, at least in part, the corrective magnetic field, and magnetizing
regions of the magnetic material in accordance with the magnetic pattern.

[0011] Some embodiments include a system for producing a permanent magnet shim to
adjust a Bg magnetic field produced by a BO magnet, the system comprising a support frame
configured to accommodate magnetic material to be magnetized to produce the permanent
magnet shim, at least one magnetizing head capable of producing a magnetic field sufficient to
magnetize regions of the magnetic material, and at least one controller configured to
automatically position the magnetizing head proximate the magnetic material at successive

locations to magnetize the magnetic material in accordance with a desired pattern.

BRIEF DESCRIPTION OF THE DRAWINGS
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[0012] Various aspects and embodiments of the disclosed technology will be described
with reference to the following figures. It should be appreciated that the figures are not
necessarily drawn to scale.

[0013] FIGS. 1A and 1B illustrate side and top views, respectively, of an automated
device for magnetizing material according to a desired pattern, in accordance with some
embodiments.

[0014] FIG. 2 illustrates another configuration for an automated device for magnetizing
material according to a desired pattern, in accordance with some embodiments;

[0015] FIG. 3 illustrates another configuration for an automated device for magnetizing
material according to a desired pattern, in accordance with some embodiments;

[0016] FIG. 4 illustrates a further configuration for an automated device for magnetizing
material according to a desired pattern, in accordance with some embodiments;

[0017] FIGS. 5A and 5B illustrate an automated device having dual magnetizing heads
for magnetizing material according to a desired pattern, in accordance with some embodiments.

[0018] FIG. 6 illustrates a method of producing a permanent magnet shim configured to
improve a profile of a By magnetic field, in accordance with some embodiments;

[0019] FIGS. 7A-7D illustrate techniques for measuring a By magnetic field of a BO
magnet, in accordance with some embodiments;

[0020] FIG. 8 illustrates a further technique for measuring a By magnetic field of a By
magnet, in accordance with some embodiments;

[0021] FIGS. 9A-9C illustrates exemplary techniques for logically partitioning magnetic
material into a plurality of regions, in accordance with some embodiments;

[0022] FIGS. 10A-10C illustrate exemplary techniques for logically partitioning
magnetic material into a plurality of regions, in accordance with some embodiments;

[0023] FIG. 11 is a flow chart illustrating a method for determining a magnetic pattern to
apply to magnetic material to provide a permanent magnet shim, in accordance with some
embodiments;

[0024] FIG. 12A illustrates an example of tessellated logical partitioning of a model of
magnetic material, in accordance with some embodiments;

[0025] FIG. 12B illustrates an exemplary magnetic pattern determined at least in part by
performing the method illustrated in FIG. 11;



WO 2017/165513 PCT/US2017/023583

[0026] FIG. 13 is a flowchart illustrating a method of determining a magnetic pattern
using an adaptive logical partitioning, in accordance with some embodiments;

[0027] FIG. 14A illustrates an exemplary logical partitioning of magnetic material, in
accordance with some embodiments;

[0028] FIG. 14B illustrates a magnetic pattern determined during a first iteration using a
first logical partitioning, in accordance with some embodiments;

[0029] FIG. 14C illustrates a portion of the magnetic pattern illustrated in FIG. 14B that
has been re-partitioned based on the determined magnetic pattern;

[0030] FIG. 14D illustrates an adapted logical partitioning produced by increasing the
resolution of the logical partition in areas indicated by the magnetic pattern illustrated in FIG.
14B as contributing to the corrective magnetic field;

[0031] FIGS. 15A-15E illustrate magnetic patterns determined on each of a plurality of
iterations that refine the logical partitioning based on the magnetic pattern determined in the
previous iteration, in accordance with some embodiments,

[0032] FIG. 16 illustrates a magnetic pattern determined using an optimization that
maximizes the number of regions contributing to the magnetic field correction, in accordance
with some embodiments;

[0033] FIGS. 17A and 17B illustrate a BO electromagnet for which a permanent magnet
shim may be produced, in accordance with some embodiments;

[0034] FIG. 18 illustrates an exemplary permanent BO magnet for which a permanent
magnet shim may be produced, in accordance with some embodiments;

[0035] FIG. 19 illustrates another exemplary permanent BO magnet for which a
permanent magnet shim may be produced, in accordance with some embodiments;

[0036] FIG. 20 illustrates a magnet pattern that, when applied to magnetic material,
produces a corrective magnetic field configured to compensate for yoke effects, in accordance
with some embodiments;

[0037] FIG. 21 illustrates a permanent magnet shim, produced by applying the magnetic
pattern illustrated in FIG. 20, positioned over the permanent magnet rings of a permanent BO
magnet to compensate for yoke effects, in accordance with some embodiments;

[0038] FIG. 22 illustrates a permanent magnet shim, produced by applying the magnetic

pattern illustrated in FIG. 20, positioned over the permanent magnet rings of a permanent BO
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magnet to compensate for yoke effects and a permanent magnet shim, produced by applying the
magnetic pattern in FIG. 15E to correct at least some non-uniformity, in accordance with some
embodiments; and

[0039] FIGS. 23A and 23B illustrate a magnetization head for magnetizing magnetic
material according to a magnetic pattern to produce a permanent magnet shim, in accordance

with some embodiments.

DETAILED DESCRIPTION

[0040] In general, a By magnet requires some level of shimming to produce a By
magnetic field with a profile (e.g., a BO magnetic field at the desired field strength and/or
homogeneity) satisfactory for use in MRI. Shimming refers to any of various techniques for
adjusting, correcting and/or improving a magnetic field, often the By magnetic field of a
magnetic resonance imaging device. Similarly, a shim refers to something (e.g., an object,
component, device, system or combination thereof) that performs shimming (e.g., by producing,
altering or otherwise modifying a magnetic field). Conventional techniques for shimming are
relatively time and/or cost intensive, often requiring significant manual effort by an expert in
order to adjust the By magnetic field so that it is suitable for its intended purpose. The inventors
have developed a number of techniques that, according to some embodiments, facilitate more
efficient and/or cost effective shimming for a B magnet for MRI. Some embodiments are
suitable for use in low-field MRI, but the techniques described herein are not limited for use in
the low-field context

[0041] The MRI scanner market is overwhelmingly dominated by high-field systems,
and particularly for medical or clinical MRI applications. As discussed above, the general trend
in medical imaging has been to produce MRI scanners with increasingly greater field strengths,
with the vast majority of clinical MRI scanners operating at 1.5T or 3T, with higher field
strengths of 7T and 9T used in research settings. As used herein, “high-field” refers generally to
MRI systems presently in use in a clinical setting and, more particularly, to MRI systems
operating with a main magnetic field (i.e., a Bo magnetic field) at or above 1.5T, though clinical
systems operating between .5T and 1.5T are often also characterized as “high-field.” Field
strengths between approximately .2T and .5T have been characterized as “mid-field” and, as

field strengths in the high-field regime have continued to increase, field strengths in the range
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between .5T and 1T have also been characterized as mid-field. By contrast, “low-field” refers
generally to MRI systems operating with a By magnetic field of less than or equal to
approximately 0.2T, though systems having a By magnetic field of between .2T and
approximately .3T have sometimes been characterized as low-field as a consequence of
increased field strengths at the high end of the high-field regime. Within the low-field regime,
low-field MRI systems operating with a By magnetic field of less than . 1T are referred to herein
as “very low-field” and low-field MRI systems operating with a By magnetic field of less than
10mT are referred to herein as “ultra-low field.”

[0042] The appeal of high-field MRI systems includes improved resolution and/or
reduced scan times relative to lower field systems, motivating the push for higher and higher
field strengths for use in clinical and medical MRI applications. As discussed above, however,
increasing the field strength of MRI systems increases the cost and complexity of MRI scanners,
thus limiting their availability and preventing their use as a general-purpose and/or generally-
available imaging solution. As discussed above, significant contributors to the high cost of high-
field MRI are expensive superconducting wires and the cryogenic cooling systems needed to
keep the wires in a superconducting state. For example, the By magnet for high field MRI
systems frequently employ superconducting wire that is not only itself expensive, but requires
expensive and complicated cryogenic equipment to maintain the superconducting state.

[0043] Low-field MRI presents an attractive imaging solution, providing a relatively low
cost, high availability alternative to high-field MRI that can eliminate many of the factors
contributing to the expense, complexity and lack of availability of high-field MRI. A relatively
significant factor contributing to the high cost of high-field MRI includes the expense of post-
production field correction of the BO magnetic field. In particular, conventional shimming
techniques used after manufacture and assembly of a By magnet to adjust the magnetic field
produced by the By magnet are time consuming and expensive. More particularly, when a By
magnet is manufactured, it will typically not produce a By magnetic field with the desired profile
(e.g., desired field homogeneity) to the level of precision required. In particular, factors
including design, manufacturing tolerances, environment, etc., give rise to field variation that
generally ensures that the By magnetic field will have an unsatisfactory profile after assembly.

[0044] As aresult, correction of the By magnetic field produced by a Bo magnet is
generally required before the MRI system can be deployed and operated. To correct the By
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magnetic field, conventional shimming techniques typically employ a manual shimming process
requiring substantial time on the part of an expert, which in turn, incurs significant costs. For
example, conventional shimming techniques typically involve an iterative process by which the
B, magnetic field is measured, the necessary corrections are determined and deployed, and the
process repeated until a satisfactory By magnetic field is produced. This iterative process is
conventionally performed with substantial manual involvement, requiring expertise and
significant time (e.g., a day at a minimum, and more typically, longer).

[0045] Another shimming technique involves providing an array of correction coils or
shim coils (e.g., radio frequency magnetic coils) arranged in space relative to the field of view of
the MRI system. Based on the measured By magnetic field of an assembled By magnet and the
field correction computed therefrom, appropriate currents are computed and applied to the
corresponding correction coils to adjust the By magnetic field so that a satisfactory B, magnetic
field is produced. While this solution is relatively straightforward and reduces the time needed
to perform By magnetic field correction, the array of correction coils takes up space, consumes
power and increases cost. In particular, correction coils typically require current supplies with
strict stability requirements. Such current supplies are generally expensive and consume
relatively significant amounts of power. Additionally, correction coils and the associated current
supplies typically also must be designed to withstand potentially high voltages induced by
gradient coils during operation. As a result, shimming via correction coils typically involves
these drawbacks, making them a less attractive solution for some systems, though suitable for
some as well.

[0046] As discussed above, conventional shimming techniques used, for example, in
high-field MRI often involve significant expert contribution. One such technique, referred to as
passive shimming, involves adding pieces of steel to adjust the By magnetic field as needed to
correct the main magnetic field, typically by meticulously arranging the steel pieces about the
bore of the MRI device at positions calculated by an expert. For example, an MRI device may be
produced with a series of trays arranged to hold steel “tokens” (i.e., pieces of steel that, when
magnetized, produce a known magnetic field) that can be manually placed at specific locations to
adjust the BO magnetic field to produce a satisfactory field profile. The steel tokens are

magnetized by the main magnetic field of the system without requiring further power input.
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[0047] However, the process of manually placing tokens proximate the Bo magnet (e.g.,
about the bore) is time consuming and generally requires an expert to be available to perform this
shimming process. A further drawback of such passive shimming techniques, particularly in the
high-field context, is that By magnetic field adjustment is limited to the direction of the By
magnetic field. Specifically, as discussed above, such passive shims are magnetized by By
magnetic field and therefore produce a magnetic field in the same direction. Magnetic field
contributions are generally not possible in other directions because, for example, if pre-
magnetized shims of typical materials were provided to produce magnetic fields in other
directions, the relatively high field strengths of conventional MRI systems generally provide
sufficient coercive force to realign the magnetic fields of such passive shims in the direction of
the By magnetic field. Accordingly, the technique of positioning ferromagnetic material
proximate the By magnet in conventional MRI systems is generally limited to corrective fields
oriented in the same direction as the main By magnetic field.

[0048] Furthermore, in addition to conventional passive shimming techniques being time
consuming and expensive, there are further challenges for their use, particularly in the low-field
context. In particular, at the low-fields characteristic of low-field MRI, frequently used material
for passive shims (e.g., steel) may not be driven to saturation by the low field strengths of the
target Bp magnetic field (e.g., field strength in the 10-50mT range, as a non-limiting example),
resulting in non-linear magnetic behavior that complicates the shimming process and/or makes it
difficult (or potentially impossible) to employ satisfactorily. Thus, conventional passive
shimming techniques may be unsuitable for low-field MRI for this additional reason.

[0049] The inventors have appreciated that permanent magnet shims may be utilized in
many low-field contexts in any orientation, providing a measure of flexibility and precision in
correcting the By magnetic field of a low-field MRI device. Such passive shimming techniques
are generally not available in the high-field context due to the high magnetic field strengths
produced by the By magnet that, for example, aligns the magnetization of magnetic material in
the direction of the By magnetic field. A permanent magnet refers to any object or material that
maintains its own persistent magnetic field once magnetized. Materials that can be magnetized to
produce a permanent magnet are referred to herein as ferromagnetic, or simply magnetic, and
include, as non-limiting examples, iron, nickel, cobalt, neodymium (NdFeB) alloys, samarium

cobalt (SmCo) alloys, alnico (AINiCo) alloys, strontium ferrite, barium ferrite, etc. Permanent
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magnet material (e.g., magnetizable material that has been driven to saturation by a magnetizing
field) retains its magnetic field when the driving field is removed. The amount of magnetization
retained by a particular material is referred to as the material’s remanence. The strength of a
magnetic field in the opposing direction needed to demagnetize material once it has been driven
to saturation is referred to as the coercivity of the material.

[0050] Because the low field strengths characteristic of some exemplary low-field MRI
systems are typically insufficient to exceed the coercivity of most commonly used magnetic
material, permanent magnet shims can be arranged in orientations other than along the BO
magnetic field without being demagnetized or re-magnetized in alignment with the By magnetic
field. For example, permanent magnet shims can be used to adjust the By magnetic field of a
low-field MRI system in the direction of the By magnetic field, opposite the By magnetic field,
parallel or transverse to the By magnetic field, or in directions or orientations between,
significantly expanding the space of solutions for correcting the By magnetic field. According to
some embodiments, at least one permanent magnet shim is arranged to produce a magnetic field
that is not aligned with the By magnetic field to facilitate correction of the By magnetic field
produced by a low-field MRI system. This technique is not limited to the low-field context to
the extent that the strength of the By magnetic field remains insufficient to re-magnetize the shim
in the direction of the By magnetic field.

[0051] As discussed above, many conventional shimming techniques require extensive
manual involvement in assessing and correcting unsatisfactory magnetic field variation produced
by the BO magnet of an MRI system (e.g., an uncorrected By magnet post-production). The
inventors have developed techniques to minimize the manual effort involved in correcting the By
magnetic field produced by a By magnet, for example, correcting at least some field
inhomogeneity resulting from imperfect manufacturing processes. In particular, the inventors
have developed automated techniques for patterning magnetic material to provide field
correction to the By magnetic field produced by a By magnet. The term automated or
automatically refers to processes that perform the substance of a given act or function
substantially without human involvement. While a human may be involved in an automated
process, €.g., by having programmed a device to perform given act(s) or function(s), or by
providing data to the device, instructing or engaging the device to perform the automated

process, the substantive of the automated process, act or function is performed by the device and

10



WO 2017/165513 PCT/US2017/023583

not by a human. A number of exemplary automated processes for automatically applying a
magnetic pattern to magnetic material to produce, at least in part, a permanent magnetic shim are
discussed in further detail below.

[0052] According to some embodiments, an un-magnetized sheet of material is
magnetized in a pattern configured to improve the profile of a By magnetic field produced by an
MRI system (e.g., a low-field MRI system). For example, the sheet of un-magnetized material
may be magnetized by an automated magnetizing head that can be programmed to magnetize the
material in a desired pattern to produce a magnetic field that improves the profile of a By
magnetic field (e.g., improve Bg magnetic field homogeneity) produced by a By magnet of the
MRI system. In some embodiments, the un-magnetized regions (i.e., regions outside the
magnetization pattern) remain as-is and their magnetization in the By magnetic field, to the
extent that it occurs, is taken into account when determining the magnetic pattern to apply to the
material via the automated magnetizing head. In other embodiments, the un-magnetized regions
are removed (e.g., via cutting) prior to incorporating the resulting shim into the system, for
example, a low-field MRI system.

[0053] According to other embodiments, a desired pattern of magnetization is achieved
by an automated magnetizing head that operates on a magnetized piece of material to orient the
magnetic field at discrete locations so that the resulting magnetic pattern produces a magnetic
field that improves the profile of a By magnetic field produced by a BO magnet of an MRI
system. For example, a piece of material may be initially magnetized with alternating
polarization at a high spatial frequency so that the magnetic fields produced cancel out at short
distances from the material. Thus, while maximally magnetized (e.g., saturated), the magnetized
material will appear un-magnetized in the region of interest of the By magnetic field (e.g., within
the field of view of an MRI system). To apply a desired magnetic pattern to the material, an
automated magnetizing system may control a magnetizing head to magnetize the material in
accordance with a desired pattern, while leaving the remaining material untouched so that the
high spatial frequency polarization is retained in these regions. In this way, when the patterned
shim is added to the system, these regions will not affect the magnetic field in the region of
interest but, being magnetized, will be less susceptible to the influence of the By magnetic field

of the MRI system.

11



WO 2017/165513 PCT/US2017/023583

[0054] According to some embodiments, a magnetic pattern is applied to magnetic
material using an automated subtractive process. For example, magnetic material may be
patterned using automated cutting techniques (e.g., using a computer numerical control (CNC)
router, laser cutter, etc.) to produce a pattern of magnetized material that improves the profile of
a Bp magnetic field produced by a Bo magnet of an MRI system. For example, instead of
magnetizing permanent magnetic material according to a desired pattern, pre-magnetized
material may be cut in accordance with the magnetic pattern so that remaining material produces
a desired magnetic field to facilitate correction of the By magnetic field produced by a BO magnet
(e.g., a BO magnet of a low-field MRI device). Alternatively, the magnetic material may be
magnetized after the magnetic material has been patterned by cutting the magnetic material in
accordance with the determined pattern configured to improve the profile of the B, magnetic
field produced by the By magnet. Other automated subtractive processes include any of various
subtractive 3D printing process, etc.

[0055] In some circumstances, a magnetic pattern determined to improve the profile of a
B0 magnetic field may be disconnected so that the resulting material, after cutting or otherwise
removing material, has a plurality of separate unconnected regions. To address these
circumstances, the magnetic material may first be bonded to a substrate layer that is not cut, or
not fully cut, during the process of patterning the magnetic material such that unconnected
regions maintain their relationship to each other so that the desired corrective magnetic field is
produced. Alternatively, the same pattern to which the magnetic material is cut may be traced
onto a substrate (e.g., an adhesive substrate) and the machined pieces may be affixed to the
substrate at the position of the corresponding trace. Other techniques for allowing unconnected
pieces of magnetic material to be arranged according to the determined pattern may also be used,
as the aspects are not limited in this respect.

[0056] According to some embodiments, a magnetic pattern determined to improve the
profile of a By magnetic field may be applied to magnetic material to produce a permanent
magnet shim using one or more automated additive processes. For example, a magnetic pattern
may be applied to magnetic material using any of various additive 3D printing techniques that
apply magnetic material at locations and in amounts in accordance with the magnetic pattern.
Another example of an automated additive process includes any number of spraying techniques

such as cold spraying, thermal spraying (e.g., plasma spraying, arc spraying etc.), etc., that are
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capable of depositing magnetic material on a substrate in accordance with the desired magnetic
pattern. For example, using cold spraying, also known as gas dynamic spraying, magnetic
material (e.g., a ferromagnetic powder) may be deposited on a substrate via a gas jet to coat the
substrate in accordance with the magnetic pattern. It should be appreciated that a combination of
additive and subtractive techniques may be used as well, as the aspects are not limited in this
respect.

[0057] According to some embodiments, a permanent magnet shim is produced for use
with an ultra low-field MRI system having a B, magnetic field less than 10mT (e.g., greater than
or equal to approximately 6.5mT and less than or equal to approximately 10mT). According to
some embodiments, a permanent magnet shim is produced for use with a very low-field MRI
system having a By magnetic field greater than or equal to approximately 10mT and less than or
equal to approximately 20mT. According to some embodiments, a permanent magnet shim is
produced for use with a very low-field MRI system having a By magnetic field greater than or
equal to approximately 20mT and less than or equal to approximately SOmT. According to some
embodiments, a permanent magnet shim is produced for use with a very low-field MRI system
having a Bo magnetic field greater than or equal to approximately SOmT and less than or equal to
approximately .1T. According to some embodiments, a permanent magnet shim is produced for
use with a low-field MRI system having a Bo magnetic field greater than or equal to
approximately .1T and less than or equal to approximately .2T. According to some
embodiments, a permanent magnet shim is produced for use with an MRI system having a B,
magnetic field greater than or equal to approximately .2T and less than or equal to approximately
3T. According to some embodiments, a permanent magnet shim is produced for use with an
MRI system having a By magnetic field greater than 3T, for example, up to .5T. According to
some embodiments, a permanent magnet shim is produced for use with an MRI system having a
By magnetic field greater than .5T, for example, for a mid-field or high-field MRI system.

[0058] Following below are more detailed descriptions of various concepts related to,
and embodiments of, shimming techniques for use in, for example, improving the profile of a By
magnetic field of an MRI system. While some of the techniques described herein are well suited
for low-field MRI, the techniques described herein are not limited for use in the low-field
context. It should be appreciated that various aspects described herein may be implemented in

any of numerous ways. Examples of specific implementations are provided herein for
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illustrative purposes only. In addition, the various aspects described in the embodiments below
may be used alone or in any combination, and are not limited to the combinations explicitly
described herein.

[0059] FIGS. 1A and 1B illustrate side and top views, respectively, of an automated
system for magnetizing material in a desired pattern, in accordance with some embodiments.
System 100 may be used, for example, to produce a permanent magnet shim to correct the By
magnetic field produced by an MRI system, for example, a low-field MRI system. In FIGS. 1A
and 1B, system 100 includes a magnetizing head 150 magnetically coupled to magnetic coils
110, each configured to produce a magnetic field that is channeled through magnetizing head
150 to magnetize material 105 (e.g., a sheet of permanent magnet material such as hard ferrite,
rare earth magnets or other suitable material that is initially not magnetized, or pre-magnetized
with high spatial frequency, as discussed in further detail below) at locations between the tips
(also referred to herein as “poles”) of magnetizing head 150. Magnetization of material 105
should be localized to the gap between the tips of the magnetizing head 150 to avoid magnetizing
unintended portions of the material 105. To achieve this, frame 140, constructed of any suitable
magnetic material, forms a magnetic circuit to provide a return path for the magnetic flux and
operates to confine the magnetic fields generated by coils 110. The magnetic circuit includes the
magnetizing head 150, formed with a pole gap, that focuses the magnetic fields to provide
enhanced flux density between the poles of the magnetizing head 150 sufficient to magnetize the
material in the localized region provided there between.

[0060] To magnetize a material, it is generally recommended to apply a magnetizing
field at least three times the coercive field for the particular material used. The inventors have
recognized that the low field strengths involved in some exemplary low-field MRI system
facilitate the use of materials needing a weaker magnetic field to magnetize, thus eliminating
constraints on the types of material that can be used. For example, material such as neodymium
(NdFeB) may be used, though such material usually require fields in excess of 3T. Additionally,
hard ferrites such as strontium or barium ferrites, which can be magnetized at field strengths of
~1T (which are more easily generated), may be utilized in the low-field context. These materials
are widely available, relatively inexpensive and can be produced in various forms, including
flexible sheets that are relatively easy to cut and form into desired geometries, making them

attractive permanent magnet material in this respect. However, any suitable material may be
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used, as the techniques described herein are not limited for use with any particular type or types
of magnetic material.

[0061] According to some embodiments, to facilitate the use of stronger magnetic
materials (e.g., materials with higher coercivity and remanence values), the material may be
heated to reduce the strength of the magnetic field needed to magnetize the material. For
example, the material may be heated locally (e.g., via laser or induction heating) so that the
magnetizing head can magnetize the material in the heated region using a reduce strength
magnetic field. Alternatively, the entire sheet of material may be heated, as the aspects are not
limited in this respect. As a result, materials that may not be suitable at regular temperatures due
to the high magnetic field strengths required, may be utilized via heat assisted magnetizing
techniques.

[0062] The magnetizing head 150 may be movably coupled to the frame 140 so that the
head can be translated over the surface of material 105 as desired (see e.g., the direction arrows
illustrated in FIG. 1B). For example, magnetizing head 150 may be translated using one or more
linear stages so that control of the magnetizing head can be automated. According to some
embodiments, a desired pattern for the magnetizing head can be input to the system and a control
program can control the one or more linear stages to translate the magnetizing head so that it
traces the desired pattern over the surface of material 105. Magnetizing head 150 may also be
controlled in the vertical direction to increase the distance between the poles (e.g., to move the
poles away from material 105) to prevent magnetization of material 105 at certain locations as
the magnetizing head is translated. This allows for desired locations to be skipped over,
permitting the magnetization of patterns that are not continuous. Alternatively, the
magnetization process may also be ceased at desired locations by controlling the coils 110 so that
they do not generate magnetic fields when the magnetizing head is positioned at locations where
no magnetization is desired. According to some embodiments, none, one or both of these
techniques may be used to produce a desired pattern of magnetization on material 105.

[0063] FIG. 2 illustrates another configuration for an automated magnetization system, in
accordance with some embodiments. System 200 includes a magnetizing head 250 having a
single tip. Magnetizing head 250 is coupled to and/or integral with an extended portion 240. A
plate 260 of ferromagnetic material, such as steel, is provided to support material 205. Coils 210

provide a magnetic field whose flux is provided through material 205 at the location underneath
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the tip, with plate 260 and extended portion 240 providing a return path for the magnetic flux.
Using this geometry, the flux density at the tip of the magnetizing head is strong enough to
magnetize material 205, but spreads out sufficiently along the return path via plate 260 such that
the flux density is insufficient to magnetize material 205 elsewhere. As a result, material 205 is
magnetized only at locations underneath the tip of the magnetizing head 205. Magnetizing head
250 and extended portion 240 may be mounted to linear stages to allow the magnetizing head to
be moved over the surface of material 205 to magnetize the material in a desired pattern. As
discussed in connection with FIGS. 1A and 1B, to skip over locations on material 205, the
magnetizing head 250 may be moveable in the vertical direction (Z-direction) to lift the head
away from material 205, and/or the magnetic coils 210 may be cycled on and off, so that desired
locations of material 205 remain un-magnetized.

[0064] Alternatively (or additionally), plate 260 and/or material 205 may be translated in
the XY plane (i.e., the plane of material 205) so that the tip of magnetizing head 205 remains
fixed and magnetizes desired portions of material 205 as material 205 passes underneath the pole
of the magnetizing head 250. For example, plate 260 may be place on, or may itself be, a
translation table capable of being moved in the XY plane.

[0065] FIG. 3 illustrates yet another exemplary configuration for an automated
magnetization system, in accordance with some embodiments. In the configuration of FIG. 3,
material 305 is supported by a rotatable component, illustrated schematically as rotatable
component 360 that can be caused to rotate about a central axis 315 (e.g., via one or more
motors), thus causing material 305 to rotate or spin about this same axis. According to some
embodiments, the rate at which the rotatable component spins may also be controlled. It should
be appreciated that the rotatable component may be a platform on which material 305 generally
sits and can be secured, or a piece to which material 305 can be otherwise attached or affixed so
that rotation of component 360 causes a corresponding rotation of material 305. Any component
suitable for this purpose may be used, as the aspects are not limited in this respect.

[0066] Magnetization head 350 and coils 310 (if present) are configured to translate in
the X-direction as indicated by arrows 325 (e.g., via one or more linear stages). A control
component may be coupled so as to coordinate rotation of material 305 (e.g., via rotatable
component 360) and translation of the magnetizing head so as to magnetize desired regions of

material 305. In particular, based on the magnetic field correction determined for a given By
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magnetic field produced by a BO magnet after manufacture and assembly, a control program can
be provided to rotate material 305 while magnetization head 350 is translated in the X-direction
(i.e., in a radial direction with respect to material 305) to magnetize material 305 in a pattern that
produces a corrective magnetic field. In this way, the magnetization head 350 may be simplified
as it need only be moveable along a single access.

[0067] It should be appreciated that any combination of translation and/or rotation of any
one or combination of the magnetizing head, magnetic material and/or component provided to
support the magnetic material may be employed to allow the magnetic material to be magnetized
at desired locations to produce a magnetic pattern configured to improve the profile of the By
magnetic field of a By magnet (e.g., a BO magnet for use by a low-field MRI device, though not
limited to such devices), as the techniques are not limited for use in this respect.

[0068] According to some embodiments, the magnetizing head (e.g., magnetizing head
150, 250, 350) is formed by a permanent magnet. Accordingly, in some implementations using a
permanent magnet head, the magnetic coils (e.g., magnetic coils 110, 210, 310) may be
unnecessary. In particular, the magnetizing head may be constructed of magnetic material
capable of producing a magnetic field sufficient to magnetize regions of the magnetic material to
which a magnetic pattern is to be applied. In embodiments that utilize permanent magnets for
the magnetizing head, it may be beneficial to provide two permanent magnetizing heads, each
magnetized in the opposite direction as the other so that regions of the magnetic material may be
magnetized in either direction. However, the use of permanent magnetizing heads is not limited
in this respect.

[0069] According to some embodiments, magnetic coils may be used in combination
with a permanent magnet magnetizing head to facilitate providing increased magnetizing field
strengths at the same power levels as using magnetic coils alone, or less power can be used to
provide the same magnetizing field strengths. It should be appreciated that magnetic coils and/or
a permanent magnet magnetizing head can be used alone or in any combination to achieve an
automated magnetizing system having desired operating characteristics capable of suitably
magnetizing magnetic material of interest to produce permanent magnet shims. It should be
further appreciated that the magnetizing head, when fixed at a given location, can be configured
to magnetize a region of any desired volume. For example, the magnetization head may be

chosen so that a volume of 1em’ is magnetized when the magnetization head is positioned at a
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given location. However, it should be appreciated that any size magnetization head may be used,
as the aspects are not limited in this respect. Use of a smaller magnetization head allows for a
magnetization pattern having finer features to be applied to the magnetic material. Use of a
larger magnetization head allows for a given magnetization pattern to be magnetized in less time.

[0070] FIG. 4 illustrates a further configuration of a device for magnetizing a permanent
magnet shim in directions parallel or transverse to the By magnetic field for which correction is
desired, in accordance with some embodiments. Magnetizing device 400 comprises coils 410a
and 410b for producing a magnetic field to magnetize desired regions of magnetic material 405.
The magnetic flux is channeled through magnetizing head 450 in the direction indicated by the
arrows, which can be produced in the opposing direction by driving coils 410a and 410b with
current flowing in the opposite direction. Magnetic flux 455 across gap 453 magnetizes material
405 in the region below the gap in a direction that is substantially in the plane of material 405.

In this manner, material 405 can be magnetized in directions substantially parallel to the plane of
material 405. For a BO magnet having a bi-planar or single-sided geometry, material 405 can be
magnetized in directions transverse (e.g., substantially perpendicular) to the By magnetic field for
which correction is desired. For a BO magnet having a cylindrical geometry (e.g., a solenoid or
Halbach-type magnet), material 405 can be magnetized in directions substantially parallel (e.g.,
aligned and/or anti-aligned) with the By magnetic field.

[0071] Magnetizing head 450 may be coupled to frame 400 via one or more linear stages
that allow the magnetizing head 450 to be moved in the X-direction and/or Z-direction so that
that the magnetizing head 450 can be positioned above desired regions of magnetic material 405
to apply a magnetic pattern to material 405 to produce a magnetic field that improves the profile
of a By magnetic field of a B magnet, for example, a B magnet configured for use in a low-field
MRI device. As one example, magnetizing head 450 may be coupled via linear stages that allow
the magnetizing head to be controlled in the X-direction and Z-direction so that the magnetizing
head can be moved to desired locations in the XZ plane of material 405. Alternatively,
magnetizing head 450 may be coupled to allow for control in along the X-axis (i.e., in the X and
—X directions) while material 405 is rotated (e.g., via a rotatable component as described in
connection with FIG. 3) so that the magnetizing head can be positioned over desired regions of
material 405. Other ways of positioning magnetizing head 450 may also be used, as the aspects

are not limited in this respect.
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[0072] According to some embodiments, magnetizing head 450 may be rotatably coupled
to frame 400 to allow the magnetizing head to be swiveled about axis 415. In this way, regions
of material 405 can be magnetized in any desired direction in the plane of magnetic material 405.
It should be appreciated, however, that the ability to rotate magnetizing head 450 is not a
requirement and the magnetizing head 450 may be fixed in orientation in some embodiments.

[0073] In some circumstances, it may be desirable to have the ability to apply a magnetic
pattern wherein regions can be magnetized substantially in alignment, substantially in anti-
alignment and/or substantially in directions transverse to the B, magnetic field being corrected.
Thus, according to some embodiments, an automated device for applying a magnetic pattern to
produce a permanent magnet shim may be provided with dual magnetizing heads, allowing for
regions of the permanent magnet shim to be magnetized in directions substantially parallel and
substantially perpendicular to the By, magnetic field. According to some embodiments, a first
magnetizing head is provided to magnetize regions of the permanent magnet shim in directions
substantially parallel to the By magnetic field (e.g., in alignment or anti-alignment with the By
magnetic field), and a second magnetizing head is provided to magnetize regions of the
permanent magnet shim in directions substantially perpendicular to the By magnetic field (e.g., in
directions transverse to the By magnetic field). According to some embodiments, the dual
magnetizing heads are provided in close proximity (e.g., side-by-side).

[0074] To magnetize a region in a desired direction, the respective magnetizing head may
be operated (e.g., by providing current to operate coil(s) coupled to the selected magnetizing
head) while the other magnetizing head remains non-operational (e.g., by not providing current
to respective coil(s) and/or by moving the magnetizing head away from the magnetic material
being magnetized). According to some embodiments, a first pass over the permanent magnet
shim is performed using the first magnetizing head and a second pass over the permanent magnet
shim is performed using the second magnetizing head, or vice versa, to reduce the amount of
switching between operating the respective magnetizing heads.

[0075] FIGS. 5A and 5B illustrate a device for applying a magnetic pattern to a
permanent magnet shim having dual magnetizing heads, in accordance with some embodiments.
Device 500 comprises a first magnetizing head 550a configured to magnetize regions of
magnetic material 505 in the Y and —Y directions (e.g., in directions substantially parallel to the

By magnetic field of a bi-planar or single-sided BO magnet), and a second magnetizing head 550b
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configured to magnetize regions of magnetic material 505 in directions in the XZ plane (e.g, in
directions substantially perpendicular to the By magnetic field of a bi-planar or single-sided BO
magnet). For example, magnetizing head 550a may be similar to the magnetizing heads
illustrated in FIGS. 1 and 3, or may be any other suitable magnetizing head, and magnetizing
head 550b may be similar to the magnetizing head illustrated in FIG. 4 or any other suitable
magnetizing head. The dual magnetizing heads may be constructed using electromagnet coils
(not shown in FIG. 5) as described in connection with FIGS. 1-4, using permanent magnet
material, or a combination of both, as the aspects are not limited in this respect.

[0076] Magnetizing head 550a (upper) and magnetizing head 550b are coupled to a
rotatable component 580 that allows the respective magnetizing heads to be selectively rotated
into place depending on the direction of magnetization desired, as illustrated by the two positions
shown in FIGS. 5a and 5b, respectively. The dual magnetizing heads can be positioned at
desired locations relative to magnetic material using any of the techniques described herein (e.g.,
linear stages, motors, rotating tables, etc.) to apply a desired magnetic pattern to magnetic
material 505. As discussed above, magnetizing a permanent magnet shim in accordance with a
desired pattern may be performed in two passes, or may be performed in a single pass.
Switching between magnetizing head 550a and 550b may be controlled in an automated way
(e.g., under control of the device using motors or other automated means), may be manually
switched, or both. Lower magnetizing head 550a may also be coupled to a component that
allows the head to be rotated (e.g., as illustrated in FIG. 5B) or otherwise positioned away (e.g.,
to be raised and lowered) from magnetic material 505 when the magnetizing head is not being
operated. As with magnetizing head 450 illustrated in FIG. 4, wherein the magnetization head
may be rotatably coupled to frame 400 to allow the magnetizing head to be swiveled about axis
415 to magnetize regions of magnetic material in any desired direction in the plane of magnetic
material, magnetizing head 550b may be rotatably coupled to rotatable component 580 to allow
regions of magnetic material 505 to be magnetized in any desired orientation with respect to a
planar surface of the magnetic material.

[0077] FIGS. 23A and 23B illustrate a device for magnetizing a permanent magnet shim
according to a magnetic pattern, in accordance with some embodiments. As illustrated in the
portion of device 2300 illustrated in FIGS. 23A and 23B, a magnetization head 2350 comprises a

pair of coils 2350a and 2350b configured to generate a magnetic field sufficient to selectively
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magnetize regions of magnetic material 2305. Coils 2350a and 2350b may be copper or another
suitable conductive material arranged in a number of turns about respective center portions
2385a and 2385b, respectively. Coils 2350a and 2350b may be formed of conductive ribbon
(e.g., copper), or sheets, disks or plates of conductive material manufactured in a generally
helical geometry. To magnetize a region of magnetic material 2305, a current pulse is applied to
coils 2350a and 2350b. For example, a relatively high amperage (e.g., 10,000 amps) current is
applied for a relatively brief interval of time (e.g., approximately 1 ms) to produce a strong
magnetic field at the center.

[0078] Due to the geometry of the coils, a relatively strong magnetic field is produced
through centers 2385a and 2385b in either direction indicated by arrow 2355 depending on
which direction the current pulse is applied. Each turn of the conductor has a relatively wide
surface of conductive material in the radial direction (e.g., a relatively large radial width w) that
provides a measure of shielding that substantially limits magnetic field production to the
diameter of the center portions of the coils (e.g., center portions of approximately Smm in
diameter). Specifically, a strong magnetic field is generated at the center where most of the
current pulse circulates while eddy currents generated at increasing distances from the center
resist magnetic field production outside or in the close vicinity of the boundary of center portions
2385a and 2385b, providing improved spot magnetization of magnetic material 2305. That is,
when a current pulse is applied, eddy currents generated at increasing radial distances from the
center prevent the magnetic fields from diffusing outwards, confining magnetic fields of
sufficient strength to magnetize the magnetic material 2305 substantially to the diameter of
center portions 2385a and 2385b. If the duration of the current pulse is chosen appropriately,
each current pulse applied to magnetize a given region of magnetic material 2305 subsides
before the eddy currents have dissipated enough to permit production of a magnetic field strong
enough to magnetize the magnetic material outside the center portion. As a result, magnetization
of magnetic material 2305 is localized substantially to the boundary of the center portions. In
this manner, a localized magnetizing field can be produced by magnetization head 2350 to
magnetize magnetic material 2305 in accordance with a desired magnetic pattern to produce a
permanent magnet shim.

[0079] It should be appreciated that magnetization head 2350 may be produced without

using steel or other ferromagnetic materials. Magnetization head 2350 may be controlled to
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traverse magnetic material 2305 using any of the example linear stage and/or radial techniques
discussed in the foregoing, or using any other suitable means to control magnetization head
2350. It should be appreciated that magnetization head 2350 may be used to produce a single
polarity or a dual polarity magnetic pattern.

[0080] FIG. 6 illustrates a method of producing a permanent magnet shim, in accordance
with some embodiments. Method 600 may be performed to improve the profile of the By
magnetic field produced by any type of By magnet, including a permanent B, magnet, a By
electromagnet or any combination thereof. For example, method 600 may be performed to
correct non-uniformities and/or offsets in the field strength of the By magnetic field produced by
the exemplary electromagnets and exemplary permanent magnets discussed in further detail
below (e.g., in connection with FIGS. 17-19), and/or any of the exemplary BO magnets described
in U.S. Patent Application No. 14/845,652 (‘652 application), titled “Low Field Magnetic
Resonance Imaging Methods and Apparatus,” and filed September 4, 2015 and/or U.S. Patent
Application No. 14/846,255 (‘255 application), titled “Ferromagnetic Augmentation for
Magnetic Resonance Imaging,” and filed on September 4, 2015.

[0081] According to some embodiments, method 600 may be performed to produce
generally planar permanent magnet shims that can be arranged proximate one or both of the bi-
planar By magnets in open magnet arrangements. In this respect, a permanent magnet shim may
be produced and arranged on both sides of the field of view of a bi-planar B, magnet, or on a
single side of a bi-planar B, magnet. In embodiments where multiple permanent magnet shims
are used (e.g., a pair of permanent magnet shims associated with respective sides of a bi-planar
B0 magnet), the permanent magnet shims may be produced having different or the same
magnetic pattern provided thereon. According to some embodiments, method 600 may be used
to produce a permanent magnet shim for other geometries (e.g., cylindrical geometries), for
example, by applying a magnetic pattern to flexible material that can be shaped or otherwise
formed to a particular geometry, as discussed in further detail below.

[0082] Multiple permanent magnet shims may also be used to provide different
corrective magnetic fields to improve the profile of the BO magnet. For example, one or more
permanent magnet shims may correct for non-uniformities resulting from manufacturing
tolerances (e.g., variability in production processes) and/or non-uniformities resulting from a

ferromagnetic yoke used to increase the magnetic flux density in the field of view of a By magnet
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(e.g., an asymmetric yoke as discussed in further detail below). One or more permanent magnet
shims may be used to raise or lower the field strength of the By magnetic field produced by the
B, magnet to correct for a By offset. It should be appreciated that multiple types of corrections
(e.g., improved homogeneity, By offset, etc.) may be provided by a single permanent magnet
shim, or using a combination of permanent magnet shims produced either independently or
concurrently, as the aspects are not limited in this respect.

[0083] In act 610, deviation of a By magnetic field from a desired By magnetic field of a
By magnet is obtained. In particular, Bo magnets are designed to produce a uniform B, magnetic
field at a specific field strength. Deviation of a By magnetic field from uniform, referred to
herein as non-uniformities or inhomogeneity, degrades the performance of an MRI system
incorporating the BO magnet (e.g., by causing a proportional reduction in the signal-to-noise ratio
(SNR) for the system by degrading MR signal excitation and/or detection performance, causing
image distortion, etc.). Deviation of a By magnetic field from the desired field strength, referred
herein to as a By offset, shifts the Larmor frequency of the By magnet, causing a mismatch
between the Larmor frequency and the intended operating frequency of the MRI system that, if
not corrected, also degrades the performance. Thus, in act 610, deviation of the B, magnetic
field, either non-uniformities and/or By offsets are determined. The determined deviation may be
represented in any suitable way. For example, spherical harmonics (or any other suitable series
of basis functions) may be used to provide a representation of magnetic field variation to limit
the number of parameters needed to characterize the magnetic field and/or to improve numerical
stability.

[0084] Practical By magnet designs are not able to achieve perfect uniformity at exactly a
desired field strength. Thus, some deviation of a By magnetic field from a desired profile is
inherent in the design of the system. In addition, variability in manufacturing processes cause
further deviation of a By magnetic field produced by a By magnet from its desired uniformity
and/or field strength, which typically varies in extend for each production of a By magnet.
Further, the design of the By magnet itself may introduce deviations of the By magnetic field
from a desired profile. For example, a ferromagnetic yoke designed to increase the magnetic flux
in the region of interest may in some circumstances introduce non-uniformities in the By

magnetic field, as discussed in further detail below. Deviation of a By magnetic field inherent in
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or introduced by the design of the By magnet and/or introduced by the manufacturing processes
may be determined by performing act 610.

[0085] Deviation from a desired By magnetic field may be obtained in a number of ways.
For example, in act 610, the By magnetic field produced by a B, magnet configured for use in
MRI system may be measured in a region of interest. To measure the By magnetic field,
magnetic field sensors may be arranged spatially to measure or map the magnetic field generated
by the BO magnet within the relevant field of view of a the MRI device. Alternatively, a sensor
or an array of sensors can be moved about a region of interest to measure the magnetic field
produced by the BO magnet. Any number or type of sensors may be utilized that allow the profile
of the By magnetic field to be suitably characterized. For example, Hall probes, NMR probes,
fluxgate sensors, solid state magnetometers or any other sensor capable of detecting magnetic
fields to capture relatively small variations may be utilized.

[0086] Deviation from a desired By magnetic field may also be obtained in act 610 by
computing the deviation based on properties of the design. In particular, deviation inherent in
the design of the By magnet may be evaluated based on the known design specification. For
example, non-uniformities introduced by a yoke can be determined from the known properties of
the yoke and the known relationship between the yoke and the By magnet. Performance of act
610 should be able to sufficiently characterize deviation of the By magnetic field so that
unsatisfactory degrees of inhomogeneity and/or By offset can be detected and corrected via one
or more permanent magnet shims. Deviation from a desired By, magnetic field may also be
obtained by retrieving and/or receiving a previously determined deviation, for example, a
deviation determined from a previous measurement or a deviation determined from a previous
computation. As such, according to some embodiments, act 610 may be performed without
necessarily determining the deviation.

[0087] In act 620, a magnetic pattern configured to produce a corrective magnetic field
based on the determined deviation to improve the profile of the By magnetic field is determined.
The magnetic pattern may be determined in a number of ways. According to some
embodiments, a model of a permanent magnet shim is generated, for example, a computer
generated model configured to simulate properties of the permanent magnet shim. A magnet
pattern that, when applied to magnetic material, provides the corrective magnetic field may be

determined, for example, via an optimization scheme, examples of which are described in further
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detail below. For example, an optimization may be used to determine a magnetic pattern that
indicates which regions of magnetic material to which the magnetic pattern is applied are to be
magnetized, in what direction and/or at what field strength. Additional techniques for
determining a magnetic pattern are also discussed in further detail below.

[0088] In act 630, the determined magnetic pattern is applied to magnetic material to
produce one or more permanent magnet shims that contribute to and improve the BO magnetic
field produced by a BO magnet. Applying a magnetic pattern to magnetic material refers to any
technique that transfers, provides or otherwise produces magnetized material in accordance with
the determined magnetic pattern, including, but not limited to using a magnetizing head to
traverse and magnetize magnetic material in accordance with the magnetic pattern, cutting or
removing magnetic material to produce magnetized material in accordance with the magnetic
pattern, additive techniques such as 3D printing, spraying, etc. that produce or provide magnetic
material in accordance with the magnetic pattern, etc.

[0089] According to some embodiments, a ferromagnetic sheet of material, initially not
magnetized, or pre-magnetized at high spatial frequency, may have a determined magnetic
pattern applied using an automated magnetizing system, such as those described in connection
with FIGS. 1A, 1B or 2. In particular, the determined magnetic pattern may be provided to a
control system of the automated magnetizing system to control the magnetizing head to traverse
the pattern over the surface of the magnetic material (e.g., a ferromagnetic sheet of initially un-
magnetized material) to apply the magnetic pattern to the material to produce a permanent
magnet shim. The permanent magnet shim may then be arranged proximate the field of view to
produce, via the magnetic pattern, a magnetic field that contributes to the By magnetic field
produced by the MRI device (e.g., a low-field MRI device) to improve the field profile (e.g., by
increasing the homogeneity of the By magnetic field).

[0090] According to some embodiments, a determined magnetic pattern may be applied
to magnetic material by cutting the magnetic material in accordance with the determined
magnetic pattern. For example, a sheet of magnetic material may be magnetized and then
subsequently patterned via cutting or removal of magnetic material (e.g., via a CNC router, laser
cutter or any suitable machining process, subtractive 3D printing techniques, etc.) in accordance
with the magnetic pattern. That is, regions of the magnetic material determined as not

contributing to the corrective magnetic field may be removed using any suitable technique,
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leaving only regions corresponding to the magnetic pattern that contribute to the corrective
magnetic field. Alternatively, the magnetic material may be initially un-magnetized when the
magnetic material is patterned in accordance with the magnetic pattern, after which the patterned
magnetic material is subsequently magnetized to produce the permanent magnet shim. The
technique of cutting or removing magnetic material to apply the determined magnetic pattern
may provide a simpler approach by eliminating the automated magnetizing head apparatus (e.g.,
eliminating the exemplary apparatus illustrated in FIGS. 1-4), reducing the cost and complexity
of producing a permanent magnet shim in some circumstances. For example, magnetizing the
magnetic material all at once, either before or after it has been patterned, eliminates the need for
the relatively time consuming and complex process of controlling a magnetizing head to traverse
and magnetize each region of the magnetic material corresponding to the determined magnetic
pattern.

[0091] As discussed above, when a magnetic pattern is applied using subtractive process
(e.g., cutting, subtractive 3D printing), the patterned magnetic material may be affixed or
adhered to a substrate, either prior or subsequent to cutting, so that unconnected pieces of
magnetic material are positioned and maintained in the correct locations relative to one another
so that the determined magnetic patterned is preserved. It should be appreciated that the
magnetized regions or pieces of magnetic material may be attached to the substrate in any
suitable manner. In some embodiments, the substrate provides a measure of stability for the
patterned magnetized material forming the permanent magnet shim. According to some
embodiments, a determined magnetic pattern is applied using suitable additive processes such as
additive 3D printing techniques, cold spray techniques, etc. Any other suitable techniques for
applying a determined magnetic pattern may be used, as the aspects are not limited in this
respect.

[0092] As discussed above, to determine a deviation of the By magnetic field produced
by a Bg magnet subject to correction (e.g., to perform act 610 in method 600 illustrated in FIG. 6)
the By magnetic field may be measured to characterize its profile so that shimming techniques
described herein can be applied. FIGS. 7A-7D illustrate exemplary approaches to measuring the
By magnetic field produced by a BO magnetic so as to characterize the profile (e.g., the strength
and/or variation) of the By magnetic field to facilitate correction and/or improvement thereof.

FIG. 7A illustrates a bi-planar BO magnet 775 in which a sensor 755 is placed within the field
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produced by BO magnet 775 and its location varied in three-dimensions so as to measure the By
magnetic field at desired locations in space. The sensor may be of any type suitable for
measuring the local magnetic field produced by By magnet, some exemplary sensors of which
were discussed above in connection with method 600 illustrated in FIG. 6. The sensor may be
moved to as many locations as desired to suitably characterize the magnetic field so that a
correction can be computed. FIG. 7B illustrates the same technique as shown in FIG. 7A in the
context of a cylindrical geometry B, magnet. It should be appreciated that measuring the
magnetic field using a sensor 755 may be used with any geometry, as the technique is not limited
in this respect.

[0093] To facilitate a faster more cost effective means to measure the By magnetic field
of a subject By magnet, an array of sensors 765 may be used as illustrated in FIG. 7C and 7D.
Sensor array 765 may include any number of sensors of any type suitable for measuring
magnetic fields. Similar to the techniques described in connection with sensor 755, sensor array
765 may be moved in three dimensions to measure the By magnetic field produced by By magnet
775 at desired locations in space. In the schematic drawings in FIG. 7C and 7D, the sensor array
is illustrated as a rectangular array of sensors. However, the sensors in an array may be
configured in any way, for example, spherically (e.g., arranged as if on the surface of a sphere
and/or within a sphere), within or substantially within a plane, or in any other desired
configuration or geometry, as the aspects are not limited in this respect.

[0094] The inventors have recognized that the relatively small magnetic fields generated
in many low field contexts facilitates the use of relatively inexpensive solid state sensors. For
example, solid state sensors may be used to form sensor array 765 illustrated in FIGS. 7C and
7D. According to some embodiments, sensor array 765 may comprise a number of solid state
sensors sufficient to measure the entirety of the region of interest of a By magnetic field in a
single measurement. For example, hundreds or thousands (or more) sensors may be integrated in
a sensor array capable of capturing sufficient information about the By magnetic field in a region
of interest (e.g., the entirety or substantially the entirety of the useful field of view of the B,
magnet in the context of a low-field MRI device) via a single measurement by the sensors in the
array (or in a relatively small number of measurements). In this manner, a By magnetic field can
be quickly and effectively characterized. It should be appreciated that a “one-shot” sensor array

can be produced to measure a desired region of interest of a By magnetic field at any desired
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resolution by appropriately choosing the number of sensors and spatial arrangement (e.g.,
spacing between sensors). It should be further appreciated that any type of sensor may be used
to form a sensor array, including a one-shot sensor array, though costs associated with many
sensors may render such implementations less desirable from a cost perspective.

[0095] FIG. 8 illustrates a further sensor arrangement that may be suitable for
characterizing the Bo magnetic field produced by a By magnet, in accordance with some
embodiments. In FIG. 8 a sensor 865, comprising a plurality of coils 867, is provided within the
region of interest of By magnet 875. Sensor 865 is rotated as indicated by the arrow (either about
an axis along the edge of the sensor or an axis through the center of the sensor) and the flux-
induced voltages from each of the coils as it rotates can be used to infer the magnetic field
produced by By magnet 875. In this manner, the magnetic field produced by a By magnet can be
measured in three dimensions via a rotating array of coils.

[0096] To assist in both determining the magnetic pattern that provides a correction to
the Bo magnetic field of a given By magnet and in applying a desired magnetic pattern to
magnetic material (e.g., to assist in performing acts 620 and 630 of method 600 illustrated in
FIG. 6), the magnetic material that will form a permanent magnet shim may be magnetized can
be logically partitioned into a plurality of regions. For example, a model of the magnetic material
may be logically partitioned to spatially divide the model into the plurality of regions.
According to some embodiments, the process of determining a magnetic pattern (e.g., by
performing act 620 in method 600 illustrated in FIG. 6) includes determining which of the
plurality of regions will be magnetized to contribute to the corrective magnetic field to be
produced by the permanent magnet shim when the magnetic pattern is applied (e.g., by
performing act 630 in method 600 illustrated in FIG. 6).

[0097] According to some embodiments, the process of determining a magnetic pattern
includes determining the direction (e.g., polarity) of the magnetization applied to each of a
plurality of regions to provide a desired corrective magnetic field to be produced by the
permanent magnet shim when the magnetic pattern is applied. A magnetic pattern may indicate
which regions of a logical partitioning are to be magnetized, in which direction and/or and at
what field strength. According to some embodiments, a magnetic pattern indicates that at least
one region is to have a magnetization oriented in a first direction (e.g., aligned with the By

magnetic field, aligned with the normal to a planar surface of the magnetic material to which the
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magnetic pattern is to be applied, etc.), and indicates that at least one region is to have a
magnetization oriented in a second direction (e.g., anti-aligned or opposite the By magnetic field,
anti-aligned or opposite the normal to the planar surface of the magnetic material to which the
magnetic pattern is to be applied, etc.). While the first and second directions may be opposite or
supplementary each other (e.g., opposing polarities), the first and second directions may have
other relationships to one another, such as complementary or orthogonal relationships, etc., as
the aspects are not limited in this respect.

[0098] When applying a determined magnetic pattern includes using a magnetizing head
that traverses magnetic material to magnetize the material in accordance with the magnetic
pattern, the determined magnetic pattern may indicate which of the plurality of regions are to be
magnetized and/or in what direction (e.g., either in alignment with the By magnetic field or
opposite or anti-alignment with the By magnetic field), and/or which of the plurality of regions
should be left alone (either in a magnetized or de-magnetized state depending on the
implementation). For example, each region may be magnetized according to a given
polarization, magnetized according to the opposite polarization or passed over by the
magnetizing head. When applying a determined magnetic pattern includes using subtractive
processes (e.g., cutting or subtractive 3D printing), the determined magnetic pattern may indicate
which of the plurality of regions contribute to the corrective magnetic field and which of the
plurality of regions are to be cut away or removed. When applying a determined magnetic
pattern includes using additive processes, the determined magnetic pattern may indicate which
regions magnetic material are to be added.

[0099] As shown in FIG. 3 and FIG. 9A, a logical partitioning is formed via intersecting
concentric ellipses and radial lines extending from the center of the material to points on the
perimeter to form a plurality of regions 307 and 907, respectively. This logical partitioning may
be particularly suitable for implementations that include an automated magnetizing head. For
example, in the context of the exemplary system in FIG. 3, when applying a magnetic pattern to
magnetic material to produce a corrective magnetic field to improve the profile of a By magnetic
field of a given BO magnet, the automated magnetization system may control the magnetizing
head while the material is rotated via rotatable component 360 to magnetize selected regions 307
to achieve a magnetization pattern configured to improve the profile of the By magnetic field

produced by the given By magnet. The pattern of partitioning illustrated in FIGS. 3 and 9A
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results in regions that are smaller towards the center of material 305/905 and larger towards the
periphery. In some By magnet geometries (e.g., in bi-planar configuration), the influence of
magnetized regions on the region of interest of the By, magnetic field (e.g., the field of view of a
resulting low-field MRI system) decreases the farther the region is from the center due to the
corresponding increased distance from the region of interest due to the magnetic field strength
decreasing as a cube of the distance. As such, differing region sizes may make sense in such
implementations, providing higher levels of granularity (e.g., higher “resolution”) towards the
center where magnetized regions will have the greatest impact, and less granularity towards the
periphery. In embodiments in which applying the magnetic pattern includes subtractive
processes (e.g., laser cutting or subtractive 3D printing), the logical partitions may form the
borders along which the magnetic material is cut or removed. In embodiments in which applying
the magnetic pattern includes additive processes, the logical partitions may form the boundaries
of where magnetic material is added.

[0100] It should be appreciated that other logical partitions, as well as other shapes for
the magnetic material are suitable and may be desirable for certain implementations. For
example, FIG. 9B illustrates circular-shaped magnetic material 905 with a square logical
partitioning, which according to some embodiments, are uniform in size, though this is not a
limitation as the sizes of the partitions can be varied as desired to provide a plurality of regions
907’. FIG. 9C illustrates circular-shaped magnetic material 905 that is logically partitioned by
tessellation. For example, the magnetic material 905 may be logically partitioned using a
triangulated mesh to form a plurality of regions 907", It should be appreciated that magnetic
material may be tessellated using polygons having any number of sides, as this technique is not
limited to any specific tessellated geometry.

[0101] According to some embodiments, a tessellated mesh used to logically partition the
magnetic material may be iteratively refined during an optimization process formulated to
determine a magnetic pattern to be applied to produce a permanent magnet shim, examples of
which are described in further detail below. FIGS. 10A-C illustrate rectangular-shaped magnetic
material 1005 logically partitioned in the manner illustrated in FIGS. 9A-C, respectively,
providing a plurality of regions 1007, 1007” and 1007’ on a rectangular sheet of magnetic
material. FIG. 20 illustrates concentric rings that constrain the region where magnetic material

can provided, aligning the permanent magnet shim with, for example, permanent magnet rings of
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a BO magnet, as discussed in further detail below. It should be appreciated that any size and
shape may be used for the magnetic material, as well as for the logical partitioning of the
material, as the techniques described herein are not limited for use in this respect.

[0102] Partitioning may also assist in the process of determining the magnetic pattern
needed to provide a desired correction. According to some embodiments, a magnetic pattern is
determined using a “library” of magnetic contributions or effects compiled by magnetizing
regions of material and measuring the magnetic field that results. A library may be compiled in
this manner for the various, shapes, sizes and materials used for magnetic shims as well as for
any desired partitioning scheme. Using the exemplary magnetic material 305 illustrated in FIG.
3, for each type of material used, a single region 307 may be magnetized and the resulting
magnetic field recorded. This may be repeated for each region to which the material has been
partitioned so that the individual magnetic contribution or effect resulting from magnetizing each
respective region is known and recorded in a corresponding library. When the deviation of a
subject By magnetic field from a desired profile is determined (e.g., by performing act 610 in
method 600 illustrated in FIG. 6), the library corresponding to the type, shape and partitioning
scheme of the shim being produced may be searched to locate a pattern of regions that, when
magnetized, will produce the desired magnetic pattern.

[0103] Alternatively, instead of actually magnetizing regions of material and measuring
the magnetic field produced, the magnetic contribution of regions of a given size and shape (i.e.,
according to a given partitioning scheme) for material of given type and shape may be modeled.
A model may be produced for any of various desired shapes, sizes and types of materials to be
used, as well as for different partitioning schemes. Thus, when the deviation from a desired
profile is determined for a given By magnetic field, the model corresponding to the type and
shape of material and the partitioning scheme of the shim being produced may be used to
identify a pattern of regions that will produce the desired magnetic pattern. Examples of
employing a model to determine a magnetic pattern are discussed in further detail below. It
should be appreciated that other techniques may be used to determine a magnetic pattern, as the
aspects are not limited in this respect.

[0104] The search for a magnetic pattern that produces a desired corrective magnetic
field may be performed using any technique and/or optimization scheme, in connection with

either of the techniques described above (e.g., using a library, model, etc.). According to some
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embodiments, an optimization scheme to locate or identify a magnetic pattern suitable for
generating a desired corrective magnetic field includes minimizing the total volume of material
that needs to be magnetized to produce the corrective magnetic field. In this manner, a magnetic
pattern may be determined that reduces or minimizes the amount of magnetization to be applied
to the material, reducing the time required to produce a shim that produces the desired corrective
magnetic field.

[0105] FIG. 11 is a flowchart depicting a method of determining a magnetic pattern to be
applied to magnetic material, in accordance with some embodiments. Method 1100 may be
performed, for example, as act 620 of method 600 illustrated in FIG. 6. In particular, once the
deviation of the subject By magnetic field from a desired profile is (e.g., by performing act 610 of
method 600), method 1100 may be performed to determine a magnetic pattern to be applied to
magnetic material that is adapted to provide a corrective magnetic field to compensate for the
determined deviation to improve the profile of the By magnetic field produced by a By magnet. A
magnetic pattern produced using method 1100 may be applied in any manner, including using
any one or combination of a magnetizing head, subtractive processes, additive processes, etc.

[0106] In act 1132, a model of the magnetic material (e.g., a mathematical or geometric
representation of relevant properties of the magnetic material to which a magnetic pattern is to be
applied) is generated. A model may include the geometry of the magnetic material (size, shape,
boundaries, etc.), one or more magnetic properties of the magnetic material and/or any other
parameters or properties that facilitate determining a magnetic pattern that improves the profile
of a Bg magnetic field. Numerous software tools are available that facilitate the generation,
manipulation and/or simulation of a model. According to some embodiments, the model
generated in act 1132 allows for the magnetic field generated by the magnetic material to be
simulated for different magnetic patterns.

[0107] In act 1132a, the magnetic material is tessellated to incorporate a logical partition
into the model of the magnetic material. For example, the magnetic material may be tessellated
using a triangular mesh as shown in FIG. 9C or FIG. 12A. These exemplary tessellations include
regions in which the logical partition is not permitted to provide a region that can be indicated as
contributing to a magnetic field correction. For example, the circular regions in the mesh may
designate areas that must remain free of magnetic material either to allow the resulting

permanent magnet shim to be affixed to the By magnet, another shim, and/or to ensure that the
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permanent magnet shim does not interfere with other aspects of the By magnet design, though in
some embodiments, no such regions need to be designated. It should be appreciated that
magnetic material may be logically partitioned by applying any suitable partitioning of the model
and may be partitioned at any desired resolution. For example, the model of the magnetic
material may be tessellated at a desired resolution by selecting the number of control points
(vertices) used in tessellating the model of the magnetic material. As an example, the model may
be tessellated to provide 40mm, 20mm, 10mm, Smm, Imm or less resolution. The higher the
resolution (e.g., the smaller the tessellated partitions), the more computationally intensive the
process of determining a magnetic pattern becomes, as discussed in further detail below.

[0108] In act 1134, a magnetic pattern is determined that, when applied to magnetic
material, produces a corrective magnetic field that improves the profile of a BO magnetic field.
In particular, using the logical partition applied in act 1132a to partition the magnetic material
into a plurality of regions (e.g., polygons), an optimization may be performed to determine which
of the regions should be magnetized, in what polarity/direction and/or at what field strength to
produce a corrective magnetic field that corrects, at least in part, the deviation of the B, magnetic
field (e.g., as determined in act 610 of method 600). According to some embodiments, a dual
state solution is utilized to produce a magnetic pattern. As one example of a dual state solution,
the optimization determines a magnetic pattern that indicates whether each of the plurality of
partitioned regions is to be magnetized in a given polarity or not magnetized. As another
example of a dual state solution, the optimization determines whether each of the plurality of
partitioned regions is to be magnetized in a given polarity or the opposite polarity.

[0109] According to some embodiments, a tri-state solution is utilized to produce a
magnetic pattern. As one example of a tri-state solution, the optimization determines a magnetic
pattern that indicates whether each of the plurality of partitioned regions is to be magnetized in a
given polarity, magnetized in the opposite polarity, or not magnetized. According to some
embodiments, additional states may be utilized in determining a magnetic pattern. For example,
the optimization may determine a magnetic pattern that indicates whether each of the plurality
partitioned regions is to be magnetized and in what direction, not magnetized and/or the strength
of the magnetization for the respective magnetized region (i.e., different regions may be assigned
different magnetic field strengths), or any combination thereof. It should be appreciated that

determining a magnetic pattern is not limited for use with any particular type of solution, and any
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suitable method of producing a magnetic pattern that compensates for a determined deviation of
a By magnetic field may be used.

[0110] FIG. 12B illustrates an exemplary magnetic pattern 1215 determined using an
optimization that seeks to minimize the volume of the magnetized regions. In the exemplary
magnetic pattern 1215 illustrated in FIG. 12B, the darker shaded regions indicate the portions of
the magnetic material that are to be magnetized (i.e., portions of the magnetic material that
contribute to the corrective magnetic field produced by the permanent magnet shim to which the
magnetic pattern is applied), exemplary magnetized regions 1227 of which are labeled on the
magnetic pattern 1215. The lighter shaded regions 1217 indicate portions that do not contribute
to the corrective magnetic field. As discussed above, magnetic pattern 1215 may be applied to
the magnetic material in any number of ways (e.g., by performing act 640 in method 600
illustrated in FIG. 6), including but not limited to using an automated magnetizing head (either
on pre-magnetized or un-magnetized magnetic material), subtractive processes such as cutting
away or removing portions determined as not contributing to the corrective magnetic field (either
before or after magnetizing the magnetic material), additive processes such as additive 3D
printing, cold spray techniques, etc. The resulting permanent magnet shim may then be arranged
or positioned proximate the By magnet to assist in correcting the By magnetic field.

[0111] Numerous optimization methodologies may be used to determine a magnetic
pattern and the aspects are not limited for use with any particular optimization scheme.
According to some embodiments, an optimization scheme may be configured to minimize the
volume of magnetized regions. According to some embodiments, an optimization scheme may
be configured to maximize the volume of magnetized regions. One exemplary technique of
which may be formulated as follows. The effect of all of the regions resulting from the logical
partitioning (e.g., the triangulated mesh illustrated in FIG. 12A) are evaluated based on the
model (e.g., based on the size, shape, magnetic properties, etc., of the magnetic material being
modeled). The optimization problem to be solved can be expressed as follows.
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[0112] In this formulation, the optimization seeks to minimize the volume of magnetic
material that is magnetized (i.e., that contributes to the magnetic field correction) in the magnetic
pattern. It should be appreciated that the volume of magnetic material that is magnetized may be
maximized (e.g., by maximizing the summation in the above formulation), which may have
some benefits in some circumstances, as discussed in further detail below. The variables x;
represent the values that are assigned to the 7 regions of the logical partition of the model of the
magnetic material, which are allowed to take on values between a lower bound B, and an upper
bound B,. For example, the values x; may be allowed to take on values from a lower bound of
zero, indicating that the corresponding region does not contribute a magnetic field correction, to
an upper bound of one, indicating that the corresponding region produces a maximum magnetic
field contribution. The weights w; correspond to any one or combination of weights that may be
applied to the variables x;, for example, area, volume, etc. For example, the normalized
contribution of each region 7/ may be weighted according to the area or volume of the region
according to the logical partition. The weights w; may also be used to, for example, favor one or
more other properties of each region, for example, the location of the region, connectedness of
the region with other regions, etc. Thus, X represents a magnetic pattern indicating, inter alia,
which of the plurality of regions contribute to the magnetic field correction. Matrix 4 is a
magnetic model of the magnetic material that, when applied to X, produces a representation of a
corrective magnetic field that would be produced if the magnetic pattern X were applied to the
magnetic material. Accordingly, the exemplary optimization determines a magnetic field
correction AX that sufficiently compensates for the determined deviation of the subject By
magnetic field from a desired profile using a minimum number of contributing regions. As with
the determined deviation, matrix 4 may represent the magnetic field using an appropriate set of
basis functions, such as spherical harmonics, or any other suitable representation.

[0113] Stated differently, the exemplary optimization determines a magnetic field
correction AX that, when applied to the magnetic material, produces a corrective magnetic field
that satisfactorily counteracts the determined deviation, thus bringing the By magnetic field
nearer the desired profile. Provided there are sufficient degrees of freedom and, more
particularly, that the logical partitioning is at a high enough resolution to provide a sufficient
number of regions, the minimization will drive the values x; to the bounds By, B,. For example,

in the exemplary formulation where Bl = 0 and Bu = 1, provided the optimization is performed at
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a high enough resolution, the minimization constraint will drive the values x; to the bounds of 0
or 1. Thus, the resulting magnetic pattern will indicate which of the regions of the logical
partition contribute to the magnetic field correction and which regions do not, thereby providing
a dual state solution.

[0114] As another example, Bl = -1 and Bu = 1 so that the optimization determines a
magnetic pattern that indicates which of the regions are to have a magnetization of a first polarity
and which of the regions are to have a magnetization of the opposite polarity, providing another
example of a dual state solution. This formulation may have the advantage that each region of
the logical partition contributes to the magnetic field correction, either via a magnetization of a
given polarity or via a magnetization of the opposite polarity, thus facilitating the elimination of
the step of cutting away or otherwise removing regions of magnetic material that do not
contribute to the corrective magnetic field. According to some embodiments, an optimization
may be configured so that the resulting magnetic pattern indicates which regions contribute to
the magnetic field correction and at which polarity and also indicates which regions do not
contribute to the magnetic field correction (e.g., regions may be assigned a -1, 0 or -1), thus
provide a tri-state solution. It should be appreciated that numerous other formulations may be
used to determine a magnetic pattern that, when applied to magnetic material, produces a
corrective magnetic field that improves the profile of a BO magnetic field, as the aspects are not
limited in this respect. Any suitable technique may be used to solve the optimization problem
(e.g., the minimization or maximization problem) discussed above, including, but not limited to
gradient descent, simulated annealing, Monte Carlo, linear programming, etc., as the aspects are
not limited in this respect.

[0115] As discussed above, a magnetic pattern may be determined at a resolution to
produce a suitable or desired magnetic field correction (e.g., a correction that improves
homogeneity, produces a By offset, etc.). However, increasing the resolution of the magnetic
pattern also increases the time and complexity needed to compute the magnetic pattern. The
inventors have developed an iterative approach that begins with a relatively low resolution
optimization process followed by one or more subsequent iterations at increasingly higher
resolutions. The magnetic pattern from each iteration can be used to refine the logical
partitioning for the subsequent iteration primarily at or limited to locations where further

resolution is needed or desired, thereby reducing the computational burden while achieving
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desired resolution. FIG. 13 is a flowchart illustrating a method 1300 of iteratively determining a
magnetic pattern to apply to magnetic material to produce a permanent magnet shim, in
accordance with some embodiments.

[0116] In act 1332, a model of the magnetic material to which the determined magnetic
pattern is to be applied is obtained (e.g., in a manner similar to act 1132 of method 1100
illustrated in FIG. 11). In act 1332a, the magnetic material is logically partitioned by, for
example, incorporating a tessellation of the magnetic material into the model as described in
connection with act 1132a above. According to some embodiments, the partitioning is
performed at a lower resolution than the target resolution for the final magnetic pattern to be
applied to produce a permanent magnet shim. For example, the model may be triangulated at a
resolution of approximately 40mm, which is schematically illustrated in FIG. 14A. By initially
partitioning the magnetic material at a relatively low resolution, the computation time to produce
an initial magnetic pattern can be significantly reduced.

[0117] In act 1334, a magnetic pattern is determined, for example, by performing an
optimization that determines a magnetic pattern that, when applied to magnetic material,
produces a corrective magnetic field that improves the profile of the By magnetic field (e.g., a
magnetic pattern that corrects for the deviation computed in act 610 of method 600 illustrated in
FIG. 6). For example, the optimization discussed above may be used to determine a magnetic
pattern using the logical partition provided in act 1332a. FIG. 14B illustrates an example of a
magnetic pattern determined by performing act 1334. In this exemplary embodiment, the
optimization permits each region to take on any value between 0 and 1, though other bounds and
ranges may be used. As discussed in connection with the exemplary optimization above, when
sufficient variables are present (e.g., sufficient control points), the values assigned to the
plurality of regions will be driven to the boundaries (0 or 1) because the optimization can be
formulated to prefer the boundary values. However, due to the relatively low resolution at which
the first iteration is performed, many of the regions are assigned values in between O and 1.

[0118] It should be appreciated that the magnetic pattern generated in the first iteration
may operate as the final magnetic pattern depending on how the magnetic pattern is applied to
the magnetic material. For example, 3D printing techniques allow for differing amounts of
magnetic material to be applied at different locations, allowing the magnetic field contribution to

vary from region to region in accordance with the values between zero and one assigned to
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corresponding regions of the logical partition. However, for a permanent magnet shim having a
uniform thickness, further refinement of the magnetic pattern may be required.

[0119] In act 1336, the logical partitioning of the magnetic material is refined. For
example, the logical partitioning may be refined by increasing the resolution (e.g., by increasing
the number of control points) in regions where the optimization assigned non-zero values, or
alternatively, increasing the resolution in regions assigned relatively significant values in the
previous iteration (e.g., values above a predetermined threshold). In this manner, the resolution
may be increased only in areas where the magnetic pattern contributes to the corrective magnetic
field, reducing computation time while achieving greater resolution. According to some
embodiments, the logical partitioning is refined by adding control points along the boundaries of
regions contributing to the magnetic field correction. For example, additional control points may
be provided along the boundary of each region that was assigned a non-zero value, as illustrated
in FIG. 14C.

[0120] FIG. 14C illustrates an magnified view of portion 1425 of the magnetic pattern
illustrated in FIG. 14B showing two partitioned regions 1427a and 1427b that were assigned
non-zero values by the optimization. To refine the logical partition, a control point may be
added at the mid-point of each edge forming the boundary between zero and non-zero regions.
As shown in FIG. 14C, the result of tessellating the model of the magnetic material with the
additional control points produces smaller partitioned regions in the area proximate to regions
1427a and 1427b than the regions produced using the initial tessellation, as illustrated in FIG.
14B. According to some embodiments, instead of refining the logical partition about each region
assigned a non-zero value by the optimization, the partitioned regions may first be re-assigned
either a zero or one value based on a comparison to a threshold value to further reduce the area
that undergoes refinement. For example, all regions assigned a value less than .5 by the
optimization may be assigned a zero and all regions assigned a value greater than or equal to .5
may be assigned a value of one. After thresholding using any desired threshold value,
refinement of the logical partition may be implemented by adding control points to the boundary
between zero-valued and one-valued regions in the manner discussed above. By reducing the
number of regions that are refined (e.g., by adding control points to boundary edges), the

resolution may be increased in these areas without unsatisfactorily increasing the computation
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time. It should be appreciated that the above techniques are merely exemplary and a logical
partition may be refined in any suitable way, as the aspects are not limited in this respect.

[0121] FIG. 14D illustrates a refined logical partition of the magnetic material
determined by performing act 1336. As shown, the partitioned regions at a boundary between
regions that contribute to the magnetic field correction and regions that do not contribute to the
magnetic field correction in the magnetic pattern determined in the first iteration are of a higher
resolution (e.g., approximately 20mm), while partitioned regions that are not at boundaries
between contributing and non-contributing regions remain substantially at the lower resolution
(e.g., approximately 40mm). A magnetic pattern may then be determined using the refined
logical partitioning determined in act 1336, for example, by again performing act 1334 on the
refined logical partitioning. This iterative process (repeating acts 1334 and 1336) of determining
a magnetic pattern at increasingly higher resolutions may be repeated any number times to
achieve a suitable magnetic pattern to apply, using any suitable technique, to produce a
permanent magnet shim.

[0122] FIGS. 15A-E illustrate respective magnetic patterns produced over the course of
five iterations, wherein the logical partition is refined on each iteration to improve the resolution
(e.g., approximately 40mm resolution in FIG. 15A, approximately 20mm resolution in FIG. 15B,
approximately 10mm resolution in FIG. 15C, approximately Smm resolution in FIG. 15D and
approximately 1mm resolution in the final magnetic pattern illustrated in FIG. 15E). As shown,
as the logical partitioning is refined, the optimization has increased degrees of freedom (e.g., by
virtue of added control points in contributing areas) on each iteration and is therefore capable of
finding a solution that assigns a boundary value (e.g., zero or one value) to most, if not all,
partitioned regions. Thus, the resulting magnetic pattern is suitable for single polarity solutions
capable of being applied to magnetic material having generally uniform thickness.

[0123] The exemplary optimization discussed above to produce the magnetic pattern
illustrated in FIGS. 15A-15E is formulated to minimize the volume of magnetic material
contributing to the corrective magnetic field. This may be particularly suitable for certain
techniques of applying the magnetic pattern to magnetic material such as an automated
magnetizing head or 3D printing, as it minimizes the number of regions that the head needs to
traverse and magnetize in the former and reduces the amount of material additively applied in the

latter. While the magnetic pattern illustrated in FIG. 15E is suitable for application using other
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techniques, such as by cutting or removing magnetic material in accordance with the magnetic
pattern (e.g., via laser cutting, subtractive 3D printing techniques), it may be advantageous to use
an optimization that seeks to maximize the volume of magnetized material. For example, a
maximization optimization may reduce or eliminate isolated regions in the resulting magnetic
pattern that complicate application of the magnetic pattern using some techniques, may reduce
the amount of cutting required, etc. Additionally, a maximization approach may also facilitate
providing certain types and/or combinations of corrections, as discussed in further detail below.

[0124] FIG. 16 illustrates a magnetic pattern resulting from an optimization that seeks to
maximize the volume of magnetized material. As shown in FIG. 16, the majority of the
partitioned regions in magnetic pattern 1615 contribute to the magnetic field correction, as
exemplified by magnetized regions 1627. Significantly fewer partitioned regions do not
contribute to the magnetic field correction, as exemplified by non-magnetized regions 1617.
Magnetic pattern 1615 may provide a simpler pattern to apply to magnetic material to produce a
permanent magnet shim, for example, when the technique used to apply the magnetic pattern
involves cutting away or removing the regions that do not contribute to the magnetic field
correction. Magnetic pattern 1615 may produce substantially the same magnetic field correction
as the magnetic pattern illustrated in FIG. 15E from a uniformity perspective, but with the
addition of a By offset that can be used to raise the field strength of the By magnetic field, as
discussed in further detail below. As a result, magnetic pattern 1615, when applied to magnetic
material, may produce a magnetic field that corrects for at least some non-uniformity in the By
magnetic field produced by a By magnetic field as well as correcting for a By offset error. It
should be appreciated that any combination of optimization to produce a magnetic pattern and
any technique for applying the magnet pattern to magnetic material to produce a permanent
magnet shim may be used, as the aspects are not limited in this respect.

[0125] As discussed above, permanent magnet shims provided using the techniques
described herein can be used to correct the By magnetic field produced by any type of By magnet,
including, but not limited to electromagnets, permanent magnets and/or combinations of both,
some examples of which are described in further detail below. For example, FIGS. 17A and 17B
illustrate a Bo magnet formed using an electromagnet and a ferromagnetic yoke. In particular, By
magnet 1700 is formed in part by an electromagnet 1710 arranged in a bi-planar geometry

comprising electromagnetic coils 1712a and 1712b on an upper side and electromagnetic coils
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1714a and 1714b on a lower side of By magnet 1700. According to some embodiments, the coils
forming electromagnet 1710 may be formed from a number of turns of a conductor 1713 (e.g., a
copper wire or copper ribbon, or any other conductive material) suitable for producing a
magnetic field when operated (e.g., when electrical current is driven through the conductor
windings). While the exemplary electromagnet illustrated in FIGS. 17A and 17B comprises two
pairs of coils, an electromagnet may be formed using any number of coils in any configuration,
as the aspects are not limited in this respect. Conductor 1713 (e.g., a copper ribbon, wire, paint,
etc. with suitable insulation to electrically isolate the multiple windings of the coil) may be
wound about a fiberglass ring 1717 and a connector 1719 may be provided to allow for a power
connection to provide current to operate coils 1714a and 1714b in series. A similar connector on
the upper side of the electromagnet (not visible in FIGS. 17A and 17B) may be provided to
operate coils 1712a and 1712b. It should be appreciated that the electromagnetic coils may be
formed from any suitable material and dimensioned in any suitable way so as to produce or
contribute to a desired By magnetic field, as the aspects are not limited for use with any particular
type of electromagnet.

[0126] In the exemplary By magnet illustrated in FIGS. 17A and 17B, each coil pair 1712
and 1714 is separated by thermal management components 1730a and 1730b, respectively, to
transfer heat produced by the electromagnetic coils and gradient coils (not illustrated in FIGS.
17A and 17B) away from the magnets to provide thermal management for the MRI device. In
particular, thermal management components 1730a and 1730b may comprise a cooling plate
having conduits that allow coolant to be circulated through the cooling plate to transfer heat
away from the magnets. The cooling plate 1730a, 1730b may be constructed to reduce or
eliminate eddy currents induced by operating the gradient coils that can produce electromagnetic
fields that disrupt the By magnetic field produced by the By magnet 1700.

[0127] By magnet 1700 further comprises a yoke 1720 that is magnetically coupled to the
electromagnet to capture magnetic flux that, in the absence of yoke 1720, would be lost and not
contribute to the flux density in the region of interest between the upper and lower
electromagnetic coils. In particular, yoke 1720 forms a “magnetic circuit” connecting the coils
on the upper and lower side of the electromagnet so as to increase the flux density in the region
between the coils, thus increasing the field strength within the field of view of the By magnet

(i.e., the region between the coils where the By magnetic field is suitable for imaging). Yoke
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1720 comprises frame 1722 and plates 1724a, 1724b, which may be formed using any suitable
ferromagnetic material (e.g., iron, steel, etc.). Plates 1724a, 1724b collect magnetic flux
generated by the coil pairs of electromagnet 1710 and directs it to frame 1722 which, in turn,
returns the flux back to the opposing coil pair, thereby increasing, by up to a factor of two, the
magnetic flux density in the imaging region between the coil pairs (e.g., coil pair 1712a, 1712b
and coil pair 1714a, 1714b) for the same amount of operating current provided to the coils. The
imaging region, or field of view, refers to the volume of space wherein the profile of the By
magnetic field has sufficient field homogeneity and satisfactory field strength that detectable MR
signals can be produced. Thus, yoke 1720 can be used to produce a higher By magnetic field
(resulting in higher SNR) without a corresponding increase in power requirements, or yoke 1720
can be used to lower the power requirements of B, magnet 1700 for a given By magnetic field. It
should be appreciated that the yoke 1720 may be made of any suitable material (e.g., low-carbon
steel, silicon steel, cobalt steel, etc.) and may be dimensioned to provide desired magnetic flux
capture while satisfying other design constraints such as weight, cost, magnetic properties, etc.

[0128] B, magnet 1710 further comprises shim rings 1740a, 1740b and shim disks 1742a,
1742b configured to augment the generated By magnetic field to improve homogeneity in the
field of view (e.g., in the region between the upper and lower coils of the electromagnet where
the Bo magnetic field is suitable for sufficient MR signal production), as best seen in FIG. 17B in
which the lower coils have been removed. In particular, shim rings 1740 and shim disk 1742 are
dimensioned and arranged to increase the uniformity of the magnetic field generated by the
electromagnet at least within the field of view of the By magnet. In particular, the height,
thickness and material of shim rings 1740a, 1740b and the diameter, thickness and material of
shim disks 1742a, 1742b may be chosen as appropriate.

[0129] Despite the use of shim rings, manufacturing tolerances and/or other errors in
production of a By electromagnet (e.g., Bo magnet 1710) result in non-uniformities in the By
magnetic field. To correct for at least some non-uniformities in the By magnetic field (e.g., post-
production non-uniformities), a permanent magnet shim produced using any of the techniques
described herein may be used. For example, method 600 illustrated in FIG. 6 may be performed
to produce a permanent magnet shim that can be arranged proximate electromagnet 1712a and/or
1712b to improve the profile of the By magnetic field. It should be appreciated that the

techniques described herein may be used to improve the profile of a By magnetic field produced
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by any By electromagnet, and are not limited for use with the exemplary By magnet described in
FIGS. 17A and 17B.

[0130] Permanent magnet shims may also be used to improve the profile of a By
magnetic field produced by a permanent BO magnet. For example, FIG. 18 illustrates a
permanent By magnet for which the shimming techniques described herein may be applied. By
magnet 1800 is formed by permanent magnets 1810a and 1810b arranged in a bi-planar
geometry and a yoke 1820 that captures electromagnetic flux produced by the permanent
magnets and transfers the flux to the opposing permanent magnet to increase the flux density
between permanent magnets 1810a and 1810b. Each of permanent magnets 1810a and 1810b
are formed from a plurality of concentric permanent magnets. In particular, as visible in FIG. 18,
permanent magnetic 1810b comprises an outer ring of permanent magnets 1814a, a middle ring
of permanent magnets 1814b, an inner ring of permanent magnets 1814c, and a permanent
magnet disk 1814d at the center. Permanent magnet 1810a may comprise the same set of
permanent magnet elements as permanent magnet 1810b. The permanent magnet rings are sized
and arranged to produce a relatively homogenous field of a desired strength in the central region
(field of view) between permanent magnets 1810a and 1810b. In the exemplary embodiment
illustrated in FIG. 18, each permanent magnet ring comprises a plurality segments, each segment
formed using a plurality of blocks that are stacked in the radial direction and positioned adjacent
to one another about the periphery to form the respective ring.

[0131] By magnet 1800 further comprises yoke 1820 configured and arranged to capture
magnetic flux generated by permanent magnets 1810a and 1810b and direct it to the opposing
side of the By magnet to increase the flux density in between permanent magnets 1810a and
1810b, increasing the field strength within the field of view of the By magnet. By capturing
magnetic flux and directing it to the region between permanent magnets 1810a and 1810b, less
permanent magnet material can be used to achieve a desired field strength, thus reducing the
size, weight and cost of the By magnet. Yoke 1820 comprises a frame 1822 and plates 1824a and
1824b that capture magnetic flux generated by permanent magnets 1810a and 1810b and direct it
to frame 1822 to be circulated via the magnetic return path of the yoke to increase the flux
density in the field of view of the By magnet. Exemplary frame 1822 comprises arms 1823a and
1823b that attach to plates 1824a and 1824b, respectively, and supports 1825a and 1825b

providing the magnetic return path for the flux generated by the permanent magnets.
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[0132] As another example of a permanent magnet, FIG. 19 illustrates a By magnet 1900
to which shimming techniques described herein may be applied. Bo magnet 1900 may share
design components with By magnet 1800 illustrated in FIG. 18. In particular, Bo magnet 1900 is
formed by permanent magnets 1910a and 1910b arranged in a bi-planar geometry with a yoke
1920 coupled thereto to capture electromagnetic flux produced by the permanent magnets and
transfer the flux to the opposing permanent magnet to increase the flux density between
permanent magnets 1910a and 1910b. Each of permanent magnets 1910a and 1910b are formed
from a plurality of concentric permanent magnets, as shown by permanent magnet 1910b
comprising an outer ring of permanent magnets 1914a, a middle ring of permanent magnets
1914b, an inner ring of permanent magnets 1914c, and a permanent magnet disk 1914d at the
center. Permanent magnet 1910a may comprise the same set of permanent magnet elements as
permanent magnet 1910b. The permanent magnet material used may be selected depending on
the design requirements of the system (e.g., NdFeB, SmCo, etc. depending on the properties
desired).

[0133] The permanent magnet rings are sized and arranged to produce a relatively
homogenous field of a desired strength in the central region (field of view) between permanent
magnets 1910a and 1910b. In particular, in the exemplary embodiment illustrated in FIG. 19,
each permanent magnet ring comprises a plurality of circular arc segments sized and positioned
to produce a desired B, magnetic field, as discussed in further detail below. In a similar manner
to yoke 1820 illustrated in FIG. 18, yoke 1920 is configured and arranged to capture magnetic
flux generated by permanent magnets 1910a and 1910b and direct it to the opposing side of the
By magnet to increase the flux density in between permanent magnets 1910a and 1910b. Yoke
1920 thereby increases the field strength within the field of view of the By magnet with less
permanent magnet material, reducing the size, weight and cost of the By magnet. Yoke 1920
also comprises a frame 1922 and plates 1924a and 1924b that, in a manner similar to that
described above in connection with yoke 1920, captures and circulates magnetic flux generated
by the permanent magnets 1910a and via the magnetic return path of the yoke to increase the
flux density in the field of view of the By magnet. The structure of yoke 1920 may be similar to
that described above to provide sufficient material to accommodate the magnetic flux generated
by the permanent magnets and providing sufficient stability, while minimizing the amount of

material used to, for example, reduce the cost and weight of the B, magnet.
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[0134] The By magnets illustrated in FIGS. 18 and 19 includes yokes that are asymmetric
(e.g., yokes 1820 and 1920), as opposed to the symmetric yoke 1720 of the By magnet illustrated
in FIG. 17. An asymmetric yoke will cause the magnetic field produced by the corresponding
B0 magnet for which it captures and focuses magnetic flux to be likewise asymmetric, negatively
impacting the uniformity of the By magnetic field. For example, in FIGS. 18 and 19, the position
of frame 1822/1922 (in particular, legs 1825a/1925a and 1825b/1925b) relative to the permanent
magnets 1810a/1910a and 1810b/1910b results in magnetic flux being drawn away from regions
proximate the frame, reducing the flux density in these regions. While the effect of the yoke on
the magnetic field can be compensated for by varying the dimensions (e.g., the height) of
selected permanent magnet circular arc segments, requiring the permanent magnet circular arc
segments to be machine or produced at different heights is expensive, significantly increasing the
cost of the By magnet.

[0135] The inventors recognized that the techniques for producing a permanent magnet
shim discussed herein may be used to produce a permanent magnet shim to compensate for the
effects of the By magnetic field by an asymmetric yoke. For example, method 600 illustrated in
FIG. 6 and described in the foregoing may be performed to determine a magnet pattern that
mitigates and/or substantially eliminates the non-uniformity in the By magnet resulting from the
yoke. It should be appreciated that correcting for magnetic field non-uniformities resulting from
an asymmetric yoke and other non-uniformities, such as those resulting from manufacturing
tolerances, may be compensated by the same permanent magnet shim. Specifically,
characterizing the By magnetic field produced by a By magnet with an asymmetric yoke to
determine deviation from a desired profile (e.g., performing act 610 of method 600 illustrated in
FIG. 6) allows for a magnetic pattern to be determined that, when applied to produce one or
more permanent magnet shims, can compensate for non-uniformities in the By magnetic field
whatever the source. Accordingly, compensating for yoke effects by manufacturing the
permanent magnet segments at different heights can be eliminated, thereby reducing the cost and
complexity of manufacturing a By magnet.

[0136] According to some embodiments, one or more permanent magnet shims to
compensate for the effects of an asymmetric yoke is produced independent from one or more
permanent magnetic shims adapted to compensate for other non-uniformities, such as those

resulting from manufacturing tolerances. A magnetic pattern that, when applied to a permanent
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magnet shim, that compensates for the effect of the yoke may be determined using techniques
described above (e.g., by performing method 600). As discussed above, the deviation of the By
magnetic field from a desired profile may be computed by measuring the B, magnetic field
produced by the By magnet or by computing the deviation from the design specification of the By
magnet and yoke. The inventors have appreciated that there may be some advantages in
positioning a permanent magnet shim directly over and on top of the permanent magnets of the
By coil. For example, for BO magnets 1800 and 1900, a permanent magnet shim may be placed
directly over the permanent magnet rings forming one or both of permanent magnets
1810a/1910a and 1810b/1910b.

[0137] FIG. 20 illustrates a magnet pattern 2015 determined for a permanent magnet
shim to compensate for the effects of the yoke on the By magnetic field. As shown, by
tessellating a model having a geometry that corresponds to the permanent magnet rings, a
magnetic pattern can be determined that is constrained to area of the underlying permanent
magnets. It should be appreciated that this technique can be used to determine a magnetic
pattern that is constrained to any desired geometry. Magnetic pattern 2015 includes regions 2027
that contribute to the magnetic field correction and regions 2017 that do not contribute to the
magnetic field correction. A potential advantage to independently producing a permanent
magnet shim to compensate for yoke effects is that for a given Bo magnet design, the yoke effect
will be substantially the same for each manufactured By magnet. As a result, permanent magnet
shims to compensate for the yoke effect can be pre-made and placed onto the permanent
magnetic shim at the manufacturing stage, resulting in cost savings efficiencies.

[0138] FIG. 21 illustrates a permanent magnet shim 2125 produced by applying magnetic
pattern 2015 and positioned over permanent magnet rings of By magnet 2100 to compensate for
non-uniformities resulting from asymmetric yoke 2120. As shown, permanent magnetic shim
2125 aligns with the permanent magnet rings of permanent magnet 2110a. Depending on how
the magnetic pattern is determined, a permanent magnet shim may be positioned over permanent
magnet 2110b in the manner illustrated. As discussed above, permanent magnet shim 2125 may
be pre-made (but need not be) and installed as part of the manufacturing process. Post-
manufacturing non-uniformities, which typically vary from magnet to magnet, may then be
corrected by producing one or more further permanent magnet shims using the techniques

described herein. For example, FIG. 22 illustrates permanent magnet shim 2225a adapted to
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compensate for yoke effects and permanent magnet shim 2225b adapted to correct for post-
manufacturing non-uniformities. Permanent magnet shims 2225a and 2225b are positioned
proximate permanent magnets 2210a and 2210b of BO magnet 2200 to improve the profile of the
B, magnetic field produced.

[0139] In addition to non-uniformity in the By magnetic field produced by a By magnet,
manufacturing variability can also result in an offset in the field strength of the By, magnetic
field. For example, the By magnetic field may deviate from the desired field strength by being
either too low or too high, resulting in a corresponding shift in the Larmor frequency.
Accordingly, significant By offsets resulting from variability in manufacturing need
compensation so that the Larmor frequency better matches the intended operating frequency of
the MRI device incorporating the By magnet. Conventionally, By offsets were frequently
corrected using shim coils, typically one or more coils that, when operated, contributed to the By
magnetic field to either raise or lower the field strength. However, operating shims coils requires
power, a disadvantage particularly for portable MRI systems that may be operating on a very
limited power budget. The inventors appreciated that B, offsets may be corrected using one or
more permanent magnet shims produced using the techniques described herein. Such permanent
magnet shims may be used alone, together and/or in conjunction with, or in replacement of one
or more shim coils.

[0140] According to some embodiments, method 600 may be performed on a By magnet
post-production to compensate for a By offset in the By magnetic field produced by the
manufactured Bo magnet. For example, the Bo magnetic field produced by the Bo magnet after
manufacturing is characterized to determine a deviation from a desired profile (e.g., by
performing act 610 of method 600 illustrated in FIG. 6). A magnetic pattern may be determined
based on the determined deviation and the determined magnetic pattern may be applied to
produce one or more permanent magnet shims (e.g., by performing acts 620 and 630 in method
600 of FIG. 6.).

[0141] It should be appreciated that when the By magnetic field is characterized after
manufacture and prior to performing other shimming techniques (compensating for yoke effects,
By offset shim coils, etc.), the magnetic pattern that is determined by performing method 600
may compensate for multiple deficiencies in the profile of a By magnetic field. That is, when the

By magnetic field is characterized will, according to some embodiments, dictate what deviations
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the determined magnetic pattern provides compensation for. For example, if the Bo magnetic
field is characterized prior to other compensation measures, the determined magnetic field may
compensate, at least in part, for By offset, non-uniformities inherent in or introduced by the
design of the B, magnet (e.g., yoke effects), and non-uniformities arising from the manufacturing
process. If the By magnetic field is characterized after certain non-uniformities inherent in
and/or introduced by the design of the By magnet (e.g., yoke effects) have been corrected, but
prior to other compensation measures, the determined magnetic pattern may compensate, at least
in part, for By offset, certain other non-uniformities inherent in or introduced by the design of the
By magnet, and non-uniformities resulting from manufacturing tolerances. If the B, magnetic
field is characterized after the By offset is compensated for (e.g., by measuring the By magnetic
field while operating one or more shim coils), the determined magnetic pattern may compensate,
at least in part, non-uniformities inherent or introduced by the design of the B, magnet (e.g.,
yoke effects) and/or non-uniformities caused by manufacturing variability. Accordingly, any
one or combination of By magnetic field deviations may be at least partially compensated for
using the techniques described herein, either separately (by determining separate magnetic
patterns for each correction made) or together (e.g., by determining a magnetic pattern that
compensates for a combination of deviations).

[0142] According to some embodiments, multiple sheets of material are magnetized to
produce a desired corrective magnetic field. The inventors have appreciated that magnetizing
multiple sheets facilitates producing a magnetic pattern at increased granularity. For example, a
given material will have a corresponding remanence that governs the strength of the magnetic
field that persists after the material is magnetized. As a result, when a region having a unit
volume is magnetized, the resulting magnetic field strength will correspond to the material’s
remanence. Each additional unit volume will add a discrete amount of additional field strength
in relation to the material’s remanence. As discussed above, a region of material may be
magnetized either positively or negatively or not at all, so that each magnetized region will
provide a certain positive or negative magnetic field. By magnetizing multiple sheets and then
stacking them on top of one another, finer control of the magnetic field generated may be
provided. That is, regions can be magnetized on the multiple sheets such that the effect at a
given location can be a desired fraction of the contribution resulting from magnetizing a single

sheet. Multiple sheets may also be used to improve the magnetic field correction that results by
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iteratively magnetizing respective sheets of the multiple sheets to correct for the field produced
by the one or more sheets patterned on previous iterations.

[0143] Additionally, when multiple layers are utilized, one or more layers (e.g., one or
more sheets of magnetic material) may be produced wherein magnetized regions are either
magnetized substantially in alignment or substantially in anti-alignment with the By magnetic
field, and one or more layers may be produced wherein magnetized regions are magnetized
substantially in transverse direction(s) to the By magnetic field. In this manner, greater and more
granular control of the corrective field may be achieved. It should be appreciated that one or
more layers (or a single layer in embodiments that utilize a single layer) may be magnetized such
that magnetized regions include region(s) magnetized substantially in alignment, substantially in
anti-alignment and substantially transverse to the B, magnetic field, as the pattern of directions
of magnetization is not limited in this respect.

[0144] As discussed above, the shimming techniques described herein may be applied to
produce shims for single-sided planar or bi-planar By magnet geometries by, for example,
magnetizing a substantially planar sheet of material in a desired pattern. However, the
techniques described herein are not limited for use with any particular geometry. For example,
shims can be produced using the techniques described herein for use with cylindrical geometries
where the imaging region is formed on the inside of a cylindrical bore. According to some
embodiments, a flexible magnetic material is used that can be generally shaped to the contour of
a desired surface (e.g., a cylindrical surface). In this respect, the flexible magnetic material may
be magnetized using any of the techniques described herein to apply a magnetization pattern to
the flexible material. The flexible material, once magnetized, can be applied to the desired
surface to improve the profile of the By magnetic field of the By magnet to which it is applied. It
should be appreciated that more complicated geometries may be accommodated in this respect
by appropriate cutting of the flexible sheets into desired shapes and sizes.

[0145] Having thus described several aspects and embodiments of the technology set
forth in the disclosure, it is to be appreciated that various alterations, modifications, and
improvements will readily occur to those skilled in the art. Such alterations, modifications, and
improvements are intended to be within the spirit and scope of the technology described herein.
For example, those of ordinary skill in the art will readily envision a variety of other means

and/or structures for performing the function and/or obtaining the results and/or one or more of
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the advantages described herein, and each of such variations and/or modifications is deemed to
be within the scope of the embodiments described herein. Those skilled in the art will recognize,
or be able to ascertain using no more than routine experimentation, many equivalents to the
specific embodiments described herein. It is, therefore, to be understood that the foregoing
embodiments are presented by way of example only and that, within the scope of the appended
claims and equivalents thereto, inventive embodiments may be practiced otherwise than as
specifically described. In addition, any combination of two or more features, systems, articles,
materials, kits, and/or methods described herein, if such features, systems, articles, materials,
kits, and/or methods are not mutually inconsistent, is included within the scope of the present
disclosure.

[0146] The above-described embodiments can be implemented in any of numerous ways.
One or more aspects and embodiments of the present disclosure involving the performance of
processes or methods may utilize program instructions executable by a device (e.g., a computer,
a processor, or other device) to perform, or control performance of, the processes or methods.
For example, methods 600, 1100 and/or 1300 may be performed by a computer executing
program instructions (e.g., software) that perform one or more of the acts described therein.

[0147] In this respect, various inventive concepts may be embodied as a computer
readable storage medium (or multiple computer readable storage media) (e.g., a computer
memory, one or more floppy discs, compact discs, optical discs, magnetic tapes, flash memories,
circuit configurations in Field Programmable Gate Arrays or other semiconductor devices, or
other tangible computer storage medium) encoded with one or more programs that, when
executed on one or more computers or other processors, perform methods that implement one or
more of the various embodiments described above. The computer readable medium or media
can be transportable, such that the program or programs stored thereon can be loaded onto one or
more different computers or other processors to implement various ones of the aspects described
above. In some embodiments, computer readable media may be non-transitory media.

[0148] The terms “program” or “software” are used herein in a generic sense to refer to
any type of computer code or set of computer-executable instructions that can be employed to
program a computer or other processor to implement various aspects as described above.
Additionally, it should be appreciated that according to one aspect, one or more computer

programs that when executed perform methods of the present disclosure need not reside on a
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single computer or processor, but may be distributed in a modular fashion among a number of
different computers or processors to implement various aspects of the present disclosure.

[0149] Computer-executable instructions may be in many forms, such as program
modules, executed by one or more computers or other devices. Generally, program modules
include routines, programs, objects, components, data structures, etc. that perform particular
tasks or implement particular abstract data types. Typically the functionality of the program
modules may be combined or distributed as desired in various embodiments.

[0150] Also, data structures may be stored in computer-readable media in any suitable
form. For simplicity of illustration, data structures may be shown to have fields that are related
through location in the data structure. Such relationships may likewise be achieved by assigning
storage for the fields with locations in a computer-readable medium that convey relationship
between the fields. However, any suitable mechanism may be used to establish a relationship
between information in fields of a data structure, including through the use of pointers, tags or
other mechanisms that establish relationship between data elements.

[0151] When implemented in software, the software code can be executed on any
suitable processor or collection of processors, whether provided in a single computer or
distributed among multiple computers.

[0152] Further, it should be appreciated that a computer may be embodied in any of a
number of forms, such as a rack-mounted computer, a desktop computer, a laptop computer, or a
tablet computer, as non-limiting examples. Additionally, a computer may be embedded in a
device not generally regarded as a computer but with suitable processing capabilities, including a
Personal Digital Assistant (PDA), a smartphone or any other suitable portable or fixed electronic
device.

[0153] Also, a computer may have one or more input and output devices. These devices
can be used, among other things, to present a user interface. Examples of output devices that can
be used to provide a user interface include printers or display screens for visual presentation of
output and speakers or other sound generating devices for audible presentation of output.
Examples of input devices that can be used for a user interface include keyboards, and pointing
devices, such as mice, touch pads, and digitizing tablets. As another example, a computer may

receive input information through speech recognition or in other audible formats.

51



WO 2017/165513 PCT/US2017/023583

[0154] Such computers may be interconnected by one or more networks in any suitable
form, including a local area network or a wide area network, such as an enterprise network, and
intelligent network (IN) or the Internet. Such networks may be based on any suitable technology
and may operate according to any suitable protocol and may include wireless networks, wired
networks or fiber optic networks.

[0155] Also, as described, some aspects may be embodied as one or more methods. The
acts performed as part of the method may be ordered in any suitable way. Accordingly,
embodiments may be constructed in which acts are performed in an order different than
illustrated, which may include performing some acts simultaneously, even though shown as
sequential acts in illustrative embodiments.

[0156] All definitions, as defined and used herein, should be understood to control over
dictionary definitions, definitions in documents incorporated by reference, and/or ordinary
meanings of the defined terms.

[0157] The indefinite articles “a” and “an,” as used herein in the specification and in the
claims, unless clearly indicated to the contrary, should be understood to mean “at least one.”

[0158] The phrase “and/or,” as used herein in the specification and in the claims, should
be understood to mean “either or both” of the elements so conjoined, i.e., elements that are
conjunctively present in some cases and disjunctively present in other cases. Multiple elements
listed with “and/or” should be construed in the same fashion, i.e., “one or more” of the elements
so conjoined. Other elements may optionally be present other than the elements specifically
identified by the “and/or” clause, whether related or unrelated to those elements specifically
identified. Thus, as a non-limiting example, a reference to “A and/or B”, when used in
conjunction with open-ended language such as “comprising” can refer, in one embodiment, to A
only (optionally including elements other than B); in another embodiment, to B only (optionally
including elements other than A); in yet another embodiment, to both A and B (optionally
including other elements); etc.

[0159] As used herein in the specification and in the claims, the phrase “at least one,” in
reference to a list of one or more elements, should be understood to mean at least one element
selected from any one or more of the elements in the list of elements, but not necessarily
including at least one of each and every element specifically listed within the list of elements and

not excluding any combinations of elements in the list of elements. This definition also allows
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that elements may optionally be present other than the elements specifically identified within the
list of elements to which the phrase “at least one” refers, whether related or unrelated to those
elements specifically identified. Thus, as a non-limiting example, “at least one of A and B” (or,
equivalently, “at least one of A or B,” or, equivalently “at least one of A and/or B”) can refer, in
one embodiment, to at least one, optionally including more than one, A, with no B present (and
optionally including elements other than B); in another embodiment, to at least one, optionally
including more than one, B, with no A present (and optionally including elements other than A);
in yet another embodiment, to at least one, optionally including more than one, A, and at least
one, optionally including more than one, B (and optionally including other elements); etc.

[0160] Also, the phraseology and terminology used herein is for the purpose of

description and should not be regarded as limiting. The use of "including," "comprising," or

"o < 2% ¢

"having," “containing,” “involving,” and variations thereof herein, is meant to encompass the

items listed thereafter and equivalents thereof as well as additional items.

[0161] In the claims, as well as in the specification above, all transitional phrases such as

bR

“comprising,” “including,

2% 2% 2% ¢

carrying,” “having,” “containing,” “involving,” “holding,”
“composed of,” and the like are to be understood to be open-ended, i.e., to mean including but
not limited to. Only the transitional phrases “consisting of” and “consisting essentially of” shall

be closed or semi-closed transitional phrases, respectively.
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CLAIMS

1. A method of producing a permanent magnet shim configured to improve a profile of a B
magnetic field produced by a By magnet, comprising:
determining deviation of the By magnetic field from a desired By magnetic field;
determining a magnetic pattern that, when applied to magnetic material, produces a
corrective magnetic field that corrects for at least some of the determined deviation; and
applying the magnetic pattern to the magnetic material to produce the permanent magnet

shim.

2. The method of claim 1, wherein determining the magnetic pattern comprises logically

partitioning the magnetic material into a plurality of regions.

3. The method of claim 2, wherein determining the magnetic pattern comprises determining
a magnetic pattern that indicates which of the plurality of regions contribute to the corrective

magnetic field.

4. The method of claim 3, wherein determining the magnetic pattern comprises determining
a magnetic pattern that indicates a magnetization polarity of regions indicated as contributing to

the corrective magnetic field.

5. The method of claim 3, wherein determining the magnetic pattern comprises determining
a magnetic pattern that indicates a magnetization strength of regions indicated as contributing to

the corrective magnetic field.

6. The method of claim 3, wherein determining the magnetic pattern comprises determining
a magnetic pattern that indicates which of the plurality of regions do not contribute to the

corrective magnetic field.

7. The method of claim 6, wherein applying the magnetic pattern comprises performing at
least one subtractive process that removes magnetic material corresponding to regions indicated

as not contributing to the corrective magnetic field.
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8. The method of claim 7, wherein applying the magnetic pattern comprising cutting the
magnetic material to remove regions indicated as not contributing to the corrective magnetic

field.

9. The method of claim 3, wherein applying the magnetic pattern comprises performing at
least one additive process that provides magnetic material to regions indicated as contributing to

the corrective magnetic field.

10. The method of claim 3, wherein applying the magnetic pattern comprises traversing the
magnetic material with a magnetizing head that magnetizes each region indicated as contributing

to the corrective magnetic field.

11. The method of claim 5, wherein applying the magnetic pattern comprises at least one
additive process that provides magnetic material to regions indicated as contributing to the
corrective magnetic field in an amount corresponding to the respective indicated magnetization

strength.

12. The method of claim 3, wherein determining the magnetic pattern comprises obtaining a
model of the magnetic material, and wherein logically partitioning the magnetic material

comprises logically partitioning the model into the plurality of regions.

13.  The method of claim 12, wherein determining the magnetic pattern comprises performing

an optimization using the model that determines the magnetic pattern.

14.  The method of claim 13, wherein logically partitioning the model comprises tessellating
the model.
15.  The method of claim 14, wherein determining the magnetic pattern comprises repeating

the optimization over a plurality of iterations, and wherein for each iteration at least a portion of

the model is tessellated at a higher resolution than a previous iteration.
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16. The method of claim 15, wherein an intermediate magnetic pattern is determined on each
iteration, and wherein regions indicated as contributing to the corrective magnetic pattern by the

respective intermediate pattern are tessellated at a higher resolution for a next iteration.

17. The method of claim 1, wherein the corrective magnetic field corrects for at least some

non-uniformities resulting from variability in manufacturing the By magnet.

18. The method of claim 1, wherein the corrective magnetic field corrects for at least some

non-uniformities inherent in and/or introduced by a design of the BO magnet.

19. The method of claim 18, wherein the corrective magnetic field corrects for at least some

non-uniformities resulting from a presence of a ferromagnetic yoke.

20. The method of claim 1, wherein the corrective magnetic field corrects, at least in part, a
By offset.
21. The method of claim 2, wherein applying the magnetic pattern to the magnetic material

results in at least one of the plurality of regions having a magnetization of a first polarity and at

least one of the plurality of regions having a magnetization of a second polarity.

22. The method of claim 21, wherein the first polarity is opposite the second polarity.

23. The method of claim 2, wherein applying the magnetic pattern to the magnetic material
results in at least one of the plurality of regions being magnetized at a different field strength

than at least one other of the plurality of regions.

24, The method of claim 2, wherein applying the magnetic pattern to the magnetic material
results in at least one of the plurality of regions being magnetized in a direction substantially

parallel to the By magnetic field.
25. The method of claim 2, wherein applying the magnetic pattern to the magnetic material

results in at least one of the plurality of regions being magnetized in a direction substantially

aligned with the By magnetic field.
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26. The method of claim 2, wherein applying the magnetic pattern to the magnetic material
results in at least one of the plurality of regions being magnetized in a direction substantially

opposite to the By magnetic field.

27. The method of claim 2, wherein applying the magnetic pattern to the magnetic material
results in at least one of the plurality of regions being magnetized in a direction substantially
opposite to the By magnetic field and at least one of the plurality of regions being magnetized in

a direction substantially aligned with the By magnetic field.

28. The method of claim 2, wherein the magnetic material comprises a substantially planar
surface that is logically partitioned into the plurality of regions, and wherein applying the
magnetic pattern to the magnetic material results in at least one of the plurality of regions being

magnetized in a direction substantially perpendicular to the planar surface.

29. The method of claim 2, wherein applying the magnetic pattern to the magnetic material
results in at least one of the plurality of regions being magnetized in a direction substantially

perpendicular to the By magnetic field.

30. The method of claim 2, wherein the magnetic material comprises a substantially planar
surface that is logically partitioned into the plurality of regions, and wherein applying the
magnetic pattern to the magnetic material results in at least one of the plurality of regions being

magnetized in a direction substantially parallel to the planar surface.

31 The method of claim 2, wherein applying the magnetic pattern to the magnetic material
results in at least one of the plurality of regions being magnetized in a direction substantially
parallel to the By magnetic field and at least one of the plurality of regions being magnetized in a

direction substantially perpendicular to the B, magnetic field.

32. The method of claim 2, wherein the magnetic material comprises a substantially planar
surface that is logically partitioned into the plurality of regions, and wherein applying the
magnetic pattern to the magnetic material results in at least one of the plurality of regions being

magnetized in a direction substantially parallel to the planar surface and at least one of the
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plurality of regions being magnetized in a direction substantially perpendicular to the planar

surface.

33.  The method of claim 2, wherein determining the magnetic pattern comprises determining
a magnetic pattern that minimizes a volume of the magnetic material contributing to the

corrective magnetic field.

34.  The method of claim 2, wherein determining the magnetic pattern comprises determining
a magnetic pattern that maximizes a volume of the magnetic material contributing to the

corrective magnetic field.

35. The method of claim 1, wherein determining the deviation of the By magnetic field

comprises measuring the By magnetic field produced by the By magnetic field.

36. The method of claim 1, wherein determining the deviation of the By magnetic field

comprises computing the deviation based on properties of the By magnet.

37. A permanent magnet shim for improving a profile of a By magnetic field produced by a
By magnet, the permanent magnet shim comprising:
a magnetic material having a predetermined magnetic pattern applied thereto that

produces a corrective magnetic field to improve the profile of the B, magnetic field.

38.  The permanent magnet shim of claim 37, wherein the corrective magnetic field corrects

for at least some non-uniformities resulting from variability in manufacturing the By magnet.

39.  The permanent magnet shim of claim 37, wherein the corrective magnetic field corrects

for at least some non-uniformities inherent in and/or introduced by a design of the By magnet.

40.  The permanent magnet shim of claim 39, wherein the corrective magnetic field corrects

for at least some non-uniformities resulting from a presence of a ferromagnetic yoke.

41.  The permanent magnet shim of claim 37, wherein the corrective magnetic field corrects,

at least in part, a By offset.

58



WO 2017/165513 PCT/US2017/023583

42.  The permanent magnet shim of claim 37, wherein the magnetic material is logically

partitioned into a plurality of regions.

43, The permanent magnet shim of claim 42, wherein at least one of the plurality regions has
a magnetization of a first polarity and at least one of the plurality of regions has a magnetization

of a second polarity.

44.  The permanent magnet shim of claim 43, wherein the first polarity is opposite the second
polarity.
45. The permanent magnet shim of claim 42, wherein at least one of the plurality of regions

is magnetized to produce a different field strength than at least one other of the plurality of

regions.

46. The permanent magnet shim of claim 42, wherein at least one of the plurality of regions

is magnetized in a direction substantially parallel to the By magnetic field.

47. The permanent magnet shim of claim 42, wherein at least one of the plurality of regions

is magnetized in a direction substantially aligned with the By magnetic field.

48. The permanent magnet shim of claim 42, wherein at least one of the plurality of regions

is magnetized in a direction substantially opposite to the B, magnetic field.

49. The permanent magnet shim of claim 42, wherein at least one of the plurality of regions
is magnetized in a direction substantially aligned with the By magnetic field and at least one of
the plurality of regions is magnetized in a direction substantially opposite to the B, magnetic

field.

50.  The permanent magnetic shim of claim 42, wherein the magnetic material comprises a
substantially planar surface that is logically partitioned into the plurality of regions, and wherein
at least one of the plurality of regions is magnetized in a direction substantially perpendicular to

the planar surface.
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51. The permanent magnet shim of claim 42, wherein at least one of the plurality of regions

is magnetized in a direction substantially perpendicular to the By magnetic field.

52.  The permanent magnet shim of claim 42, wherein the magnetic material comprises a
substantially planar surface that is logically partitioned into the plurality of regions, and wherein
at least one of the plurality of regions is magnetized in a direction substantially parallel to the

planar surface.

53. The permanent magnet shim of claim 42, wherein at least one of the plurality of regions
is magnetized in a direction substantially parallel to the By magnetic field and at least one of the
plurality of regions is magnetized in a direction substantially perpendicular to the By, magnetic

field.

54.  The permanent magnet shim of claim 42, wherein the magnetic material comprises a
substantially planar surface that is logically partitioned into the plurality of regions, and wherein
at least one of the plurality of regions is magnetized in a direction substantially parallel to the
planar surface and at least one of the plurality of regions is magnetized in a direction

substantially perpendicular to the planar surface.

55.  The permanent magnet shim of claim 37 in combination with the By magnet, wherein the
B, magnet produces a B, magnetic field at a By magnetic field strength equal to or less than

approximately .2T and greater than or equal to approximately .1T.

56.  The permanent magnet shim of claim 37 in combination with the By magnet, wherein the
B, magnet produces a B, magnetic field at a By magnetic field strength equal to or less than

approximately .1T and greater than or equal to approximately SOmT.
57.  The permanent magnet shim of claim 37 in combination with the By magnet, wherein the

B, magnet produces a By magnetic field at a Bo magnetic field strength equal to or less than

approximately SOmT and greater than or equal to approximately 20mT.
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58.  The permanent magnet shim of claim 37 in combination with the By magnet, wherein the
By magnet produces a By magnetic field at a By magnetic field strength equal to or less than

approximately 20mT and greater than or equal to approximately 10mT.

59. The permanent magnet shim of claim 37, wherein the permanent magnet shim produces a
corrective magnetic field to improve the profile of the By magnetic field produced by a bi-planar

B, magnet of a low-field magnetic resonance imaging system.

60. The permanent magnet shim of claim 42, wherein the plurality of regions are not uniform
in size.

61. The permanent magnet shim of claim 42, wherein the plurality of regions are uniform in
size.

62. A low-field magnetic resonance imaging system comprising:

a By magnet configured to produce a By magnetic field at a field strength of less than or
equal to approximately .2T; and

at least one permanent magnet shim comprising magnetic material having a
predetermined magnetic pattern applied thereto that produces a corrective magnetic field to

improve a profile of the By, magnetic field.

63. The low-field magnetic resonance imaging system of claim 62, wherein the corrective
magnetic field improves the profile of the By magnetic field by improving the homogeneity of

the By magnetic field.

64. The low-field magnetic resonance imaging system of claim 63, wherein the corrective
magnetic field improves the homogeneity of the By magnetic field by correcting for at least some

non-uniformity resulting from manufacturing the By, magnet.

65. The low-field magnetic resonance imaging system of claim 63, wherein the corrective
magnetic field improves the homogeneity of the By magnetic field by correcting at least some

non-uniformity inherent in or introduced by a design of the By magnet.
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60. The low-field magnetic resonance imaging system of claim 63, further comprising a
ferromagnetic yoke magnetically coupled to the By magnet to increase magnetic flux density
within an imaging region of the low-field magnetic resonance imaging system, and wherein the
corrective magnetic field improves homogeneity by correcting at least some non-uniformity

resulting from the ferromagnetic yoke.

67. The low-field magnetic resonance imaging system of claim 62, wherein the corrective
magnetic field improves the profile of the By magnetic field by correcting, at least in part, a By

offset.

68. The low-field magnetic resonance imaging system of claim 62, wherein the By magnetic

comprises a permanent By magnet.

69.  The low-field magnetic resonance imaging system of claim 62, wherein the permanent By
magnet comprises a plurality of permanent magnet segments arranged in a plurality of concentric

rings.

70. The low-field magnetic resonance imaging system of claim 62, wherein the By magnetic

comprises at least one By electromagnet.

71. The low-field magnetic resonance imaging system of claim 62, wherein the By magnet
produces a By magnetic field at a By magnetic field strength equal to or less than approximately

2T and greater than or equal to approximately .1T.

72. The low-field magnetic resonance imaging system of claim 62, wherein the By magnet
produces a By magnetic field at a By magnetic field strength equal to or less than approximately

1T and greater than or equal to approximately SOmT.
73. The low-field magnetic resonance imaging system of claim 62, wherein the By magnet

produces a By magnetic field at a By magnetic field strength equal to or less than approximately

50mT and greater than or equal to approximately 20mT.
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74.  The low-field magnetic resonance imaging system of claim 62, wherein the By magnet
produces a By magnetic field at a By magnetic field strength equal to or less than approximately

20mT and greater than or equal to approximately 10mT.

75. A system for producing a permanent magnet shim to improve a profile of a By magnetic
field produced by a By magnet, the system comprising:

a support frame configured to accommodate magnetic material to be magnetized to
produce the permanent magnet shim;

at least one magnetizing head capable of producing a magnetic field sufficient to
magnetize logically partitioned regions of the magnetic material; and

at least one controller configured to automatically position the magnetizing head
proximate the magnetic material at successive locations to magnetize the magnetic material in
accordance with a desired magnetic pattern that produces a corrective magnetic field to improve

the profile of the By magnetic field.

76. The system of claim 75, wherein the at least one magnetizing head comprises at least one
coil that, when operated, generates a magnetic field to facilitate magnetizing regions of the

magnetic material.

77. The system of claim 75, wherein the at least one magnetizing head comprises a

permanent magnet.

78. The system of claim 75, wherein the at least one magnetizing head is configured to

magnetize regions in a direction substantially parallel to the By magnetic field.

79.  The system of claim 78, wherein the at least one magnetizing head is configured to
magnetize regions in a direction substantially in alignment and substantially in anti-alignment

with the By magnetic field.

80.  The system of claim 75, wherein the magnetic material comprises a substantially planar
surface to be selectively magnetized, and wherein the at least one magnetizing head is configured

to magnetize regions in a direction substantially perpendicular to the planar surface.
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81. The system of claim 75, wherein the at least one magnetizing head is configured to

magnetize regions in a direction substantially perpendicular to the By magnetic field.

82.  The system of claim 75, wherein the magnetic material comprises a substantially planar
surface to be selectively magnetized, and wherein the at least one magnetizing head is configured

to magnetize regions in a direction substantially parallel to the planar surface.

83. The system of claim 75, wherein the at least one magnetizing head comprises:

a first magnetizing head configured to magnetize regions in a direction substantially
parallel to the By magnetic field; and

a second magnetizing head configured to magnetize regions in a direction substantially

perpendicular to the B, magnetic field.

84.  The system of claim 75, wherein the magnetic material comprises a substantially planar
surface to be selectively magnetized, and wherein the at least one magnetizing head comprises:
a first magnetizing head configured to magnetize regions in a direction substantially
parallel to the planar surface; and
a second magnetizing head configured to magnetize regions in a direction substantially

perpendicular to the planar surface.

85.  The system of claim 75, wherein the at least one controller comprises one or more linear
stages coupled to the at least one magnetizing head to allow the at least one magnetizing head to

be controlled over at least one dimension.
86. The system of claim 85, wherein the one or more linear stages are coupled to the at least
one magnetizing head to allow the at least one magnetizing head to be controlled over at least

two dimensions.

87.  The system of claim 84, wherein the at least one controller is capable of selecting

between the first magnetizing head and the second magnetizing head.
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88.  The system of claim 87, wherein the first magnetizing head and the second magnetizing
head are coupled to a rotatable component, and wherein the at least one controller selects
between the first magnetizing head and the second magnetizing head by rotating the rotatable

component.

89.  The system of claim 75, wherein the controller includes at least one mechanism to allow

the at least one magnetizing head to be raised and lowered.

90.  The system of claim 75, wherein the at least one controller is configured to turn on and

off the magnetic field produced by the at least one magnetizing head.

91. The system of claim 75, wherein the at least one controller is configured to engage the
magnetizing head so that it is operable to magnetize the magnetic material and to disengage the

magnetizing head so that it is prevented from magnetizing the magnetic material.

92.  The system of claim 75, wherein the at least one controller is configured to turn on the
magnetic field produced by the at least one magnetizing head by providing current to the at least
one coil, and wherein the at least one controller is configured to turn off the magnetic field
produced by the at least one magnetizing head by discontinuing providing current to the at least

one coil.

93.  The system of claim 75, wherein the at least one controller is configured to control a

polarity of the magnetic field produced by the at least one magnetizing head.

94.  The system of claim 93, wherein the at least one controller is configured to control the
polarity of the magnetic field produced by the at least one magnetizing head by operating the at

least one coil to produce a magnetic field of a desired polarity.

95. The system of claim 93, wherein the at least one magnetizing head comprises:
a first permanent magnetizing head configured to magnetize regions in a first polarity;

and
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a second permanent magnetizing head configured to magnetize regions in a second
polarity, and wherein the at least one controller controls the polarity by selecting between the

first permanent magnetizing head and the second permanent magnetizing head.

96.  The system of claim 75, further comprising a rotatable component capable of being
rotated such that, when the magnetic material is coupled to the rotatable component, the

magnetic material is rotated.
97.  The system of claim 75, further comprising a heating component configured to heat

portions of the magnetic material positioned proximate the magnetizing head to reduce the

magnetic field needed to magnetized the portions of the permanent magnet shim.
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to be of particular relevance the principle or theory underlying the invention
“E” earlier application or patent but published on or afier the international “X» document of particular relevance; the claimed invention cannot be
filing date considered novel or cannot be considered to involve an inventive
“L” dpcgment wlgilt;hhm}aly thrglv_v d(;ubtzl on prfjority hclain)(s)' or whicl;]is step when the document is taken alone
cited to establish the publication date of another citation or other wyn oo con oo . . . :
. particular relevance; the claimed invention cannot be
special reason (a_s specified) . . considered to involve an inventive step when the document is
“O” document referring to an oral disclosure, use, exhibition or other combined with one or more other such documents, such combination

means being obvious to a person skilled in the art

“P"  document published prior to the international filing date but later than «g> gocument member of the same patent family
the priority date claimed
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Box No. 11 Observations where certain claims were found unsearchable (Continuation of item 2 of first sheet)

This international search report has not been established in respect of certain claims under Article 17(2)(a) for the following reasons:

1. D Claims Nos.:

because they relate to subject matter not required to be searched by this Authority, namely:

2. EI Claims Nos.:

because they relate to parts of the international application that do not comply with the prescribed requirements to such an
extent that no meaningful international search can be carried out, specifically:

3. D Claims Nos.:

because they are dependent claims and are not drafted in accordance with the second and third sentences of Rule 6.4(a).

Box No. III  Observations where unity of invention is lacking (Continuation of item 3 of first sheet)

This International Searching Authority found multiple inventions in this international application, as follows:

-"**-Please see extra sheet-**"-

1. [::I As all required additional search fees were timely paid by the applicant, this international search report covers all searchable
claims.

2. D As all searchable claims could be searched without effort justifying additional fees, this Authority did not invite payment of
additional fees.

3. I:] As only some of the required additional search fees were timely paid by the applicant, this international search report covers
only those claims for which fees were paid, specifically claims Nos.:

4. K{ No required adqitiona! search fees ‘were timely paid b){ the applicant. Cpnsequently, this international search report is
restricted to the invention first mentioned in the claims; it is covered by claims Nos.:

1-61

Remark on Protest D The additional search fees were accompanied by the applicant’s protest and, where applicable, the
payment of a protest fee.

I:l The additional search fees were accompanied by the applicant’s protest but the applicable protest
fee was not paid within the time limit specified in the invitation.

D No protest accompanied the payment of additional search fees.
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-***-Continued from Box No. Il - Observations where unity of invention is lacking-***-

This application contains the following inventions or groups of inventions which are not so linked as to form a single general inventive
concept under PCT Rule 13.1. In order for all inventions to be examined, the appropriate additional examination fee must be paid.

Group |: Claims 1-61 are directed towards a method of producing a permanent magnet shim comprising determining a deviation.
Group |I: Claims 37-74 are directed towards a low-field magnetic resonance imaging system.

Group IlI: Claims 37-61 and 75-97 are directed towards a system for producing a permanent magnet shim comprising a support frame,
at least one magnetizing head, and at least one controller.

The inventions listed as Groups I-Ill do not relate to a single general inventive concept under PCT Rule 13.1 because, under PCT Rule
13.2, they lack the same or corresponding special technical features for the following reasons:

The special technical features of Group | include at least determining deviation of the B.sub.0. magnetic field from a desired B.sub.0.
magnetic field, which are not present in Groups l1-Iil.

The special technical features of Group Il ir{clude at least a B.sub.0. magnet configured to produce a B.sub.0. magnetic field at a field
strength of less than or equal to approximately.2T, which are not present in Groups | and Ill.

The special technical features of Group lll include at least a support frame configured to accommodate magnetic material to be
magnetized to produce the permanent magnet shim; at least one magnetizing head capable of producing a magnetic field sufficient to
magnetize logically partitioned regions of the magnetic material; and at least one controller configured to automatically position the
magnetizing head proximate the magnetic material at successive locations to magnetize the magnetic material in accordance with a
desired magnetic pattern, which are not present in Groups I-Il.

The common technical features shared by Groups I-1Il are a permanent magnet shim for improving a profile of a B.sub.0. magnetic field
produced by a B.sub.0. magnet, the permanent magnet shim comprising: a magnetic material having a predetermined magnetic pattern
applied thereto that produces a corrective magnetic field to improve the profile of the B.sub.0 magnetic field.

However, these common features are previously disclosed by US 9,285,441 B1 to ABQMR, INC. (hereinafter “"ABQMR"). ABQMR
discloses a permanent magnet shim for improving a profile of a B.sub.0. magnetic field produced by a B.sub.0. magnet (magnetic field
correction system including apparatus and method for adjusting a magnetic field of an NMR magnet having shim coils; Abstract), the
permanent magnet shim comprising: a magnetic material having a predetermined magnetic pattern applied thereto that produces a
corrective magnetic field to improve the profile of the B.sub.0 magnetic field (shims are constructed from individual wires in a desired
pattern allowing for the generation of more precisely defined corrective fields; col. 10, In 23-32; col. 11, In 33-49).

Since the common technical features are previously disclosed by the ABQMR reference, these common features are not special and so
Groups |-l lack unity.
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