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can comprise first (28a) and second (28b) magnetic
flux concentrators each spaced apart to form a sam-
ple volume (30). The first (28a) and second (28b)
magnetic flux concentrators can be formed of a ma-
terial having a magnetic field saturation. A first setof
auxiliary permanent magnets (10a, 10b) can be sym-
metrically oriented about a portion of the first mag-
netic flux concentrator (28a) and can be in substan-
tial contact with the first magnetic flux concentra-
tor. Similarly, a second set of auxiliary permanent
magnets (1 Oc, 1 Od) can be symmetrically oriented
about a portion of the second magnetic flux concen-
trator (28b) and can be in substantial contact with the
second magnetic flux concentrator. Generally, the
first set (10a,10b) and second set (10¢,10d) of auxil-
iary permanent magnets can be remote from the sam-
ple volume (30). Each of the first set and second set
of auxiliary permanent magnets can be oriented in a
magnetically repulsive orientation with respect to at
least one other member of their respective sets. The
first (10a,10b) and second (10c¢,10d) sets of auxiliary
magnets can be magnetically associated via the first
(28a) and second (28b) magnetic flux concentrators.
The present invention can further be configured to
allow variation of the magnetic field strength across
the sample volume by disrupting the field flux across
the magnetic flux concentrators. This can be accom-
plished by orienting one or more magnetically soft

shunts (38) in a sufficient proximity to at least one of the magnetic flux concentrators (28a,28b).
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HIGH FIELD STRENGTH MAGENTIC FIELD GENERATION SYSTEM
AND ASSOCIATED METHODS

RELATED APPLICATIONS
This application claims the benefit of United States Provisional Application Serial

No. 60/756,592 filed on January 4, 2006, which is incorporated herein by reference.

FIELD OF THE INVENTION

The present invention relates generally to devices and methods for generating a
magnetic field. Accordingly, the present application involves the fields of physics,

magnetism, and material science.

BACKGROUND OF THE INVENTION

Generation of magnetic fields can be split up into two methods, permanent magnets
and electromagnets, including superconducting magnets. For Nuclear Magnetic Resonance
Spectroscopy (other applicationé as well, such as semiconductor characterization), it is
desired that as high a static magnetic field be present as possible because signal strength is
proportional to the field strength. While superconducting magnets can generate field
strengths up to 20 Tesla, they are extremely expensive and large in size. Further,
superconducting magnets typically require a super-cooled environment, e.g. about 4.2 K
using liquid helium. Electromagnets can be made quite small, but to obtain large fields, a
great deal of current must be used. With large currents, excessive heat can be generated in';
the windings. This heat generation can adversely affect NMR devices because the nuclear
magnetic signal is inversely proportional to temperature. Additionally, electromagnets
must be driven by an electrical power source.

As such, systems and materials capable of achieving high magnetic field strengths
which are relatively inexpensive and suitable for use in practical applications continue to be

sought through ongoiﬁg research and development efforts.

SUMMARY OF THE INVENTION
In one embodiment, a magnetic field generation system can comprise first and

second magnetic flux concentrators each spaced apart to form a sample volume. The first
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and second magnetic flux concentrators can be formed of a material having a known
magnetic field saturation. A first set of auxiliary permanent magnets can be symmetrically
oriented about a portion of the first magnetic flux concentrator and can be in substantial
contact with the first magnetic flux concentrator. Similarly, a second set of auxiliary
permanent magnets can be symmetrically oriented about a portion of the second magnetic
flux concentrator and can be in substantial contact with the second magnetic flux
concentrator. Generally, the first set and second set of auxiliary permanent magnets can be
remote from the sample volume. Each of the first set and second set of auxiliary permanent
magnets can be oriented in a magnetically repulsive orientation with respect to at least one
other member of their respective sets. The first and second sets of auxiliary magnets can
also be magnetically associated via the first and second magnetic flux concentrators.

The present invention can further be configured to allow variation of the magnetic -
field strength across the sample volume by disrupting the field flux across the magnetic flux
concentrators. This can be accomplished by orienting one or more magnetically soft shunts
in a sufficient proximity to at least one of the magnetic flux concentrators. For example, the
magnetic field generation system can include a first and a second magnetically soft shunt
each movably oriented above and below the first and second magnetic flux concentrators
respectively. These shunts can be oriented such that a first distance between each of the
first magnetically soft shunt and the first magnetic flux concentrator, and second distance
between each of the second magnetically soft shunt and the second magnetic flux
concentrator can be varied to effect a change in magnetic field strength across the sample
volume.

There has thus been outlined, rather broadly, the more important features of the
invention so that the detailed description thereof that follows may be better understood, and
so that the present contribution to the art may be better appreciated. Other features of the
present invention will become clearer from the following detailed description of the
invention, taken with the accompanying drawings and claims, or may be learned by the

practice of the invention.

BRIEF DESCRIPTION OF THE DRAWINGS
FIG. 1 shows a simple bar magnet and associated field lines in accordance with well

known prior art.
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FIG. 2 shows a side view of a bar magnet in proximity to a magnetically soft
ferromagnetic material in accordance with known magnetic principles.

FIG. 3 shows a magnetic hysteresis loop describing the saturation of a
ferromagnetic material in accordance with known principles.

FIG. 4 shows four bar magnets positioned in the device without the magnetic flux
concentrators that guide and concentrate the flux lines in accordance with an embodiment
of the present invention.

FIG. 5 shows a simplified drawing of a graphical representation of one embodiment
of the present invention illustrating the addition of magnetic flux concentrators.

FIG. 6 illustrates the drawing of FIG. 5 having magnetically soft ferromagnetic
material, acting as shunts, in proximity above and below the device in accordance with one
embodiment of the present invention.

FIGs. 7A and 7B shows computer generated drawings of magnetic field lines
associated with devices in accordance with embodiments of the present invention without
and with shunts in proximity, respectively.

FIG. 8A is a drawing of a magnetic device having shunts in a closed position in
accordance with one embodiment of the present invention.

FIG. 8B illustrates the magnetic field lines associated with the device of FIG. 8A.

FIG. 8C is a drawing of the magnetic device of FIG. 8A having shunts in an open
position in accordance with one embodiment of the present invention.

FIG. 8D illustrates the magnetic field lines associated with the open-position device
of FIG. 8C.

FIG. 9 is a graph of magnetic field strength as a function of rotation angle of a shunt
in accordance with one embodiment of the present invention.

FIG. 10 is a perspective view of a device having two sets of three auxiliary magnets
in accordance with one embodiment of the present invention.

FIG. 11 is a perspective view of a device having multiple pérmanent magnets
oriented along opposing sides of each of two elongated flux concentrators in accordance
with another alternative embodiment of the present invention.

The drawings will be described further in connection with the following detailed
description. Further, these drawings are not necessarily to scale and are by way of

illustration only such that dimensions and geometries can vary from those illustrated.
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DETAILED DESCRIPTION

Before the present invention is disclosed and described, it is to be understood that
this invention is not limited to the particulé.r structures, process steps, or materials disclosed
herein, but is extended to equivalents thereof as would be recognized by those ordinarily
skilled in the relevant arts. It should also be understood that terminology employed herein
is used for the purpose of describing particular embodiments only and is not intended to be
limiting.

It must be noted that, as used in this specification and the appended claims, the

9 6

singular forms “a,” “an,” and “the” include plural referents unless the context clearly
dictates otherwise. Thus, for example, reference to “a magnet” includes one or more of
such magnets, reference to “a set” includes reference to one or more of such sets, and
reference to “associating” includes reference to one or more of such steps.

Definitions

In describing and claiming the present invention, the following terminology will be
used in accordance with the definitions set forth below.

As used herein, “permanent magnets” refers to materials having a permanent
magnetic dipole, as opposed to electromagnets or superconducting magnets which require
either an electrical current and/or super-cooled conditions, e.g. about 4.2 K, in order to
maintain a magnetic field or diamagnetic and paramagnetic materials having a temporary
induced magnetic dipole. Typical permanent magnets include metals such as, but not
limited to, Fe, Nd, Mn, Ni, Zn, B, and combinations or alloys of these materials.

As used herein, “magnetic field saturation” or “saturation magnetization” refers to
the maximum theoretical magnetic field strength for a given material, i.e. when all
magnetic dipoles within the material are aligned with an external magnetic field. Typically,
materials will exhibit maximum field strengths slightly lower than theoretical because of
material impurities, non-homogeneous domains, or other irregularities.

As used herein, “magnetically associated” refers to magnetic materials which are
oriented such that opposing poles of neighboring materials are aligned and the respective
magnetic fields are also aligned. When materials are magnetically associated, a portion of
the magnetic flux passes through each material. Further, magnetic association does not

require that materials are aligned end-to-end, but rather are oriented in sufficient proximity
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to one another to allow alignment of the respective magnetic fields. Magnetically
associated materials further do not require actual contact, so long as the magnetic fields are
aligned.

As used herein, “repulsively associated” refers to magnetic materials which are
oriented with common poles of neighboring materials toward one another. Thus,
neighboring magnetic materials can be either magnetically associated or repulsively
associated.

As used herein, “magnetically soft materials” refers to those materials which
become temporary magnets when placed near permanent magnets or electric currents, but
lose their magnetization when the permanent magnet or current is removed, e.g.
diamagnetic and paramagnetic materials.

As used herein, “magnetic flux concentrator” refers to a material capable of
concentrating and guiding magnetic field lines. The concentration may be due a number of
factors such as, but not limited to, the type of the material and/or the geometry of the
material. Generally, a material can be termed a magnetic flux concentrator if the material
can increase the density of the magnetic field lines exiting the material; i.e. the material has
a higher Gauss at the field exit surface as compared to the incoming surface(s). Gauss is
measured in flux per square inch.

As used herein, “shunt” refers to a device or mechanism that interferes with
magnetic field lines so as to decrease the magnetic field. For example, a shunt can be a
magnetically soft material that can be spatially oriented at variable distances to a magnetic
field generation system that can substantially affect the magnetic field strength of the
system, or the shunt can be a material within a magnetic field strength generation system
capable of affecting the magnetic field strength by a change in the material’s properties,
such as its magnetism, or orientation. Shunts can include moveable members, rotating
members, electromagnets or any other material which can be used to interfere with or
decrease the magnetic field strength.

As used herein, “symmetrically oriented” refers to an arrangement of members
having a plane of symmetry. For example, given a central axis oriented normal to each flux
surfaces of the flux concentrators at a central point on the flux surface, a plane of symmetry

can be defined along which magnetic field lines are substantially symmetric on either side.
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All of the embodiments described herein exhibit such symmetric orientation of members
and resulting field lines.

As used herein, “set” refers to a minimum of two members in a group. For example,
a set of auxiliary permanent magnets has at least two permanent magnets in the set,
although more than two members can also be present in a set.

As used herein, “high magnetic field saturation” means having a magnetic field
saturation greater than conventional permanent magnet materials, e.g. Nd and/or
Fe-containing materials. Most often high magnetic field saturation is greater than 1.3
Tesla, preferably greater than 1.8 Tesla, and most preferably greater than about 2.1 Tesla.

As used herein, “substantial” when used in reference to a quantity or amount of a

material, or a specific characteristic thereof, refers to an amount that is sufficient to provide
an effect that the material or characteristic was intended to provide. The exact degree of
deviation allowable may in some cases depend on the specific context. Similarly,
“substantially free of” or the like refers to the lack of an identified element or agent in a
composition. Particularly, elements that are identified as being “substantially free of” are
either completely absent from the composition, or are included only in amounts which are
small enough so as to have no measurable effect on the composition.
For example, when using “substantial” or “substantially” with the phrase “in contact with”
regarding a magnetic field generation system, “substantial” or “substantially” refers to the
ability to maintain a field strength between spaced materials, e.g. a gap or secondary
material therebetween, of at least 90% of the field strength generated by direct contact.
However, in one preferred embodiment, materials and members can be in direct physical
contact with magnetically associated members.

As used herein, a plurality of items, structural elements, compositional elements,
and/or materials may be presented in a common list for convenience. However, these lists
should be construed as though each member of the list is individually identified as a
separate and unique member. Thus, no individual member of such list should be construed
as a de facto equivalent of any other member of the same list solely based on their
presentation in a common group without indications to the contrary.

As used herein, the term “preferably” is non-exclusive and is intended to mean
“preferably, but not limited to.” Any steps recited in any method or process claims may be

executed in any order and are not necessarily limited to the order presented in the claims.
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Means-plus-function or step-plus-function limitations will only be employed where for a
specific claim limitation all of the following conditions are present in that limitation: a)
“means for” or “step for” is expressly recited; and b) a corresponding function is expressly
recited. The structure, material or acts that support the means-plus function are expressly
recited in the description herein. Accordingly, the scope of the invention should be
determined solely by the appended claims and their legal equivalents, rather than by the
descriptions and examples given herein.

Concentrations, amounts, and other numerical data may be expressed or presented
herein in a range format. It is to be understood that such a range format is used merely for
convenience and brevity and thus should be interpreted flexibly to include not only the
numerical values explicitly recited as the limits of the range, but also to include all the
individual numerical values or sub-ranges encompassed within that range as if each
numerical value and sub-range is explicitly recited. As an illustration, a numerical range of
“about 1 micron to about 5 microns” should be interpreted to include not only the explicitly
recited values of about 1 micron to about 5 microns, but also include individual values and
sub-ranges within the indicated range. Thus, included in this numerical range are
individual values such as 2, 3, and 4 and sub-ranges such as from 1-3, from 2-4, and from
3-5, etc.

This same principle applies to ranges reciting only one numerical value.
Furthermore, such an interpretation should apply regardless of the breadth of the range or
the characteristics being described.

The Invention

The present invention provides methods and systems for obtaining high magnetic
fields while maintaining portability. Currently, permanent magnet technology can provide
magnetic field strengths of just over 1 Tesla. Generally, existing permanent magnet devices
utilize either the poles of the magnets or single ferromagnetic structures to guide the flux.
However, the present invention provides methods and systems of generating higher field
strengths than existing devices as well as methods and systems for varying the field without
a required current or external power source. The following description provides specific
details regarding the present invention and can be used in both methods and systems as

described herein.
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As shown in FIG. 1, field lines 16 from a single bar magnet 10 can be represented
with ellipsoidal lines leaving one end and entering the other, creating a magnetic dipole. If
a piece of ferromagnetic material 12 is brought near this bar magnet, the flux lines 16 will
alter their path so as to polarize the ferfomagnetic material as depicted in FIG. 2.

Surprisingly, this concept can be advantageously applied in one embodiment of the
present invention. The magnetic field can be quantified as a flux density typically measured
in Gauss. FIG. 2 shows the thickness 14 of the bar magnet 10. A ferromagnetic material
12 can be brought in proximity to bar magnet 10 such that the magnetic field lines 16 are
diverted. Generally, if the thickness 14 is reduced, then the same number of flux lines must
fit through a smaller region, thus increasing the flux density (magnetic field). However,
there is a limit to this magnetic field increase by shrinking the dimension, which is dictated
by the hysteresis curve of the material. A typical soft ferromagnetic material hysteresis
curve is shown in FIG. 3 having a magnetic saturation Bg,.

Existing permanent magnet field generators are capable of just over 1 Tesla
(approximately 1.3 Tesla). The present invention is capable of producing much higher
magnetic field strengths. Methods and systems used herein can provide magnetic field
strengths of over 2 Tesla utilizing materials such as pure iron, carbon steel or vanadium
permendur. These materials can be obtained and machined to form the structures described
herein. FIGs. 4-10 provide detailed descriptions and processes in accordance with various
embodiments of the present invention for generating a very high magnetic field and varying
that field.

FIG. 4 depicts a typical pole configuration 18 that can be used in the present
invention. Specifically, FIG. 4 has two sets of permanent magnets 22, 24 each containing
two bar magnets 10a, 10b, 10c and 10d with a square 26 indicating a north pole for each
magnet. The configuration shows a repulsive orientation between members of each set, i.e.
magnets 10a and 10b of set 22 are oriented with facing north poles, while magnets 10c and
10d of set 24 are oriented with facing south poles. Although the orientation can be
configured with north poles facing toward each other in the top set and facing away from
each other in the bottom set, a similar configuration having the south poles facing toward
each other in the top set and facing away from each other in the bottom set is also
contemplated by the present invention. In one embodiment, a set of magnets can contain a

single magnet repulsively oriented with a plurality of magnets magnetically associated with
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each other, such that the plurality of magnets acts as a single magnet. The present invention
contemplates the use of a set of single magnets or plurality of magnets as long as the set
contains at least one magnet repulsively associated with another magnet within the set.
Generally, the sets of auxiliary magnets can be permanently fixed in position relative to one
another. In one optional embodiment, the sets of auxiliary magnets can be substantially
fixed to allow slight movement and/or can include mechanisms to allow disassembly of the
device.

FIG. 5 shows the flux lines 20 from four bar magnets 10a-d after the magnetic flux
concentrators 28 are added to the device 40 forming a sample volume 30. The present
configuration allows an equivalent vertical magnetic dipole 32 to be formed such that the
magnetic fields from the auxiliary permanent magnets (e.g. 10a and 10b) are added through.
the magnetic flux concentrators 28. The auxiliary permanent magnets 10 can be any
suitable permanent magnet having a sufficiently strong magnetic field 20 to contribute to
the concentration of flux 32 across the sample volume 30. Non-limiting examples of
suitable permanent magnet material can include Nd-Fe-B, Sm-Co, Ce-Cu-Co, Mn-Bi,
Ba-Fe-0O, and alloys or combinations thereof. It is understood that these materials are not
stoichiometrically complete, e.g. Sm-Co can include SmCos and Sm>Co,7, Nd-Fe-B is most
often Nd,Fe 4B, etc. Currently preferred permanent magnet materials are those based on
rare earth elements. Generally, the magnetic flux concentrators 28 can comprise
magnetically soft material, although the present invention contemplates the use of any
material capable of concentrating magnetic field lines. Preferred magnetically soft
materials include ferromagnetic materials. The magnetic flux concentrators can be formed
of materials such as, but not limited to, vanadium permendur (49Fe-49Co-2V alloy),
substantially pure iron, carbon steel, Ni-Fe alloys such as permalloy (80Ni-20Fe alloy),
supermalloy (79Ni-16Fe-5Mo  alloy), hymu (80Ni-15Fe-5Mo), and mumetal
(75Ni-15Fe-Co-Mo), and composites, alloys or combinations of these materials. It is noted
that compositions shown parentheses are approximate and may also include additional trace
materials. Typically, the magnetic flux concentrators can be a material having a high
magnetic field saturation. In one embodiment, the magnetic field saturation can be greater
then 1.5 Tesla. In another embodiment, the magnetic field saturation can be greater than 1.8
Tesla. In yet another embodiment, the magnetic field saturation can be greater than 2.0

Tesla.
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The four magnets 10 are magnetically associated through the magnetic flux
concentrators 28 and through the support conduits 44. The support conduits can generally
be formed of a magnetically soft material such as iron, nickel, and alloys or composites
thereof, including materials which can be used for the magnetic flux concentrators.
However, permanent magnets or even non-magnetizable materials could be used. The
support conduits can provide mechanical support to the auxiliary magnets and can
optionally contribute to the magnetic field and/or channeling of magnetic field as seen in
FIGs. 7A, 7B, 8B and 8D.

In one embodiment, a magnetic field generation system can comprise first and
second magnetic flux concentrators each spaced apart to form a sample volume. The first
and second magnetic flux concentrators can be formed of a material having a magnetic field
saturation. A first set of auxiliary permanent magnets can be symmetrically oriented about
a portion of the first magnetic flux concentrator and can be in substantial contact with the
first magnetic flux concentrator. Similarly, a second set of auxiliary permanent magnets
can be symmetrically oriented about a portion of the second magnetic flux concentrator and
can be in substantial contact with the second magnetic flux concentrator. In one
embodiment, the first and second sets are in substantial equal contact with their respective
first and second magnetic flux concentrators. Generally, the first set and second set of
auxiliary permanent magnets can be remote from the sample volume. For example, each
pair of auxiliary permanent magnets can be located above or below the sample space
defined by the magnetic flux concentrators, as shown in FIG. 5. In one embodiment, the
first and second magnetic flux concentrators are oriented substantially vertically such that
a substantially horizontal sample volume is formed, where the first set of auxiliary
permanent magnets are oriented above the first magnetic flux concentrator, and the second
set of auxiliary permanent magnets are oriented below the second magnetic flux
concentrator. Each of the first set and second set of auxiliary permanent magnets can be
oriented in a magnetically repulsive orientation with respect to at least one other member
of their respective sets. The orientation of the magnets individually, and as a set, can allow
the magnets to be magnetically associated to each other via the first and second magnetic
flux concentrators. Although the figures generally show, and the embodiments generally
refer to single structures, it is to be understood that the present invention contemplates the

use of a plurality of structures that are able to substantially function in their respective
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capacities as if they were a single unit. For example, one or more pieces of permendur or
other material can be used to form a single “magnetic flux concentrator.” This same
principle applies to other components such as, but not limited to, support conduits,
auxiliary magnets, shunts, and the like.

FIG. 6 shows the addition of shunts 38 to vary the magnetic field strength across the
magnetic flux concentrators 28a and 28b. The shunts are preferably magnetically soft
materials and are generally ferromagnetic. When additional ferromagnetic features, i.e.
shunts 38, are brought near the device 40, some of the flux lines 34 are re-routed from the
sample volume 30, thus reducing the field strength through the magnetic flux concentrators
28a and 28b and within the sample volume 30. Adjusting a gap 42 or distance between the
main device 40 and the shunts 38, allows for a fine adjustment of the field strength across
the sample volume 30 as the magnetic field lines 36 of the shunts 38 can variably re-rout
magnetic field lines 20 of the main device.

More particularly, FIGs. 7A and 7B show computer generated field lines of a
magnet device configuration with and without shunts as described by an embodiment of the
present invention. Specifically, FIG. 7A shows two sets 22, 24 of magnets 10a through 10d
configured in a repulsive orientation in the top set 22 and in the bottom set 24 having a
magnetic field strength of 32 associated and concentrated through magnetic field
concentrators 28 about a sample space 30. The magnets can have an NdFeB composition
and can be contacted to and symmetrically spaced about a set of magnetic flux
concentrators 28a and 28b, which can be made of vanadium permendur. However, other
specific materials can also be suitable as discussed herein. This particular choice of
materials can achieve a maximum field of approximately 2.35 Tesla, just under the
theoretical saturation level of vanadium permendur. Thus, in accordance with the present
invention, the maximum achievable field strength is substantially only limited by the
magnetic saturation of the flux concentrators. Additional shunts can be structurally
connected to the system such that the distance between the system and the shunts can be
carefully controlled. Various actuators or other mechanical systems can be used for this
purpose. As shown in FIG. 7B, shunts 38 can be placed above and below such a device. In
one embodiment, varying the distance of the shunts from the device can vary the magnetic

field strength from about 400 Gauss to about 24,000 Gauss. The sample volume 30 can
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experience a dramatic variance in field strength under each condition, as shown by
magnetic field lines 32 in 7A and 46 in 7B.

Generally, shunts can be used in any of the systems and methods of the present
invention. In one embodiment, a first and second shunt of magnetically soft material can
each be moveably oriented above and below the first and second magnetic flux
concentrators, respectively. The first and second shunt can create a first and second
distance, respectively, that can be varied to effect a change in magnetic field strength across
the sample volume. The variable shunts can vary the field strength from about 3,000 to
about 23,000 Gauss. In one embodiment, at least one shunt can be used to vary the
magnetic field strength. The shunts can comprise various geometries and can be employed
through various mechanisms. For example, a shunt can comprise an electromagnetic
material that is substantially fixed to the magnetic field generation system, which is capable
of varying the magnetic field of the system by inducing magnetic fields in the shunt.
Additionally, the shunt can comprise a permanent magnet or set of permanent magnets that
has a relatively fixed distance to the sample volume, but can be moved in various distances
with respect to the sets of auxiliary magnets such that various magnetic field changes can
be obtained. In one embodiment, the shunts can be rotated about the system. In another
embodiment, the shunts can be rotated within the system. For example, the shunts can be
rotatable about a suitable axis such that the shunt rotates to a position which achieves a
desired effect on the field strength of the device. Alternatively, the shunt can be slidably
oriented such that the shunt can be slid to effect a change in the magnetic fields through the
device. In yet another embodiment, the shunts can be rotatably hinged members as
discussed in connection with FIGs. 8 and 10. Actual direct contact of the shunt flush with
the flux concentrator and/or other members can essentially lock the shunt in place requiring
excessive force in order to pull the shunt away. In order to prevent such shunt lock, springs
or other materials (not shown) can be placed between the shunt and the flux concentrator or
other member sufficient to prevent flush contact and/or to smooth movement of the shunt.

FIGs. 8A through 8D illustrate embodiments of the present invention having shunts
oriented above and below the system. Specifically, FIGs. 8A and 8B illustrate the device in
a low magnetic field position where the shunts 38 are closely associated with the device 40.

The shunts reroute the magnetic field lines 48 from the magnetic flux concentrators 28

significantly decreasing the magnetic filed strength from the sample volume 30. The device
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40 can contain four auxiliary magnets 10 repulsively oriented such that they can be
associated through magnetic flux concentrators 28 and magnetically conductive material
44, 46 creating a high magnetic field across sample volume 30. The shunts 38 are
connected to a support structure 50 and can be rotated at various angles using hinge 52.
FIGs. 8C and 8D illustrate the device in a high field position where the shunts 38 are remote
from the flux concentrators and do not substantially affect the field strength 32 across the
sample volume 30. Although FIGs. 8A and 8C show a six magnet confi guration, a similar
device can be constructed using support structures in lieu of the fifth and sixth magnets as
shown. FIG. 9 shows a graph of magnetic strength versus shunt rotation angle away from
the embodiment illustrated in FIGs. 8A and 8C. As can be seen, a rather steep increase in
field strength is observed during the first 5-10° of rotation with a more moderate and
gradual increase is the shunt is rotated to about 37°. In applications where finer control is
desired across the entire operating variation of field strength, additional actuators or
configurations can be used. For example, fine control actuators having micron distance
control could be used to move the shunts. In addition, or alternatively, the shunts can be
designed to slide and/or move independently in order to provide finer control at lower field
strengths. '

Additionally, space between the first and second sets of permanent magnets can
generally be open space. However, optional diamagnetic solids can be placed in this
interior space. Such material can be useful in providing additional support to maintain the
space between the magnetic flux concentrators.

FIG. 10 illustrates an additional optional embodiment having three permanent
magnets 10a,b,c and 10d,e,f on each of the first 22 and second 24 auxiliary magnet sets,
respectively. In this figure, the third magnets 10c and 10f extend into the page such that a
top view would appear as a “T.” Four or more auxiliary magnets can be similarly oriented.
The magnets are oriented such that the magnetic field lines can be concentrated across the
sample volume 30 through the flux concentrators 28. In one embodiment, the third magnet
can be approximately oriented at a 90° angle to the first and second magnet. The third
magnet would be repulsively oriented to at least one other member of the set. Such an
arrangement would allow an increased magnetic field strength across the'magnetic flux

concentrators. The desirability of such additional permanent magnets can depend on the
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materials used for each of the auxiliary magnets, the flux concentrators, and the desired
maximum field strength.

As further illustrated in FIG. 11, a plurality of permanent magnets can be used as
each member of the respective sets. Specifically, additional permanent magnets can
increase the number of field lines through the respective flux concentrators. However, the
contribution that each additional permanent magnet provides can depend on the materials.
Generally, for a given materials the first two to three additional permanent magnets can be
additive or nearly additive, while later additional magnets contribute less. This is primarily
a function of the material used as the flux concentrator and the respective hysteresis curve
(i.e. B-H curve). Each addition will move the net field strength and flux density up the
curve such that as the field strength approaches saturation, the corresponding increase in
H and B is less.

FIG. 11 illustrates a first magnetic flux concentrator 60 having a set of twenty-two
cylindrical permanent magnets symmetrically oriented about the concentrator. A first
group of eleven permanent magnets 62a is oriented in a magnetically repulsive orientation
to a second group of eleven permanent magnets 62b. Each of the eleven permanent magnets
in each group is magnetically oriented in the same direction. A similar arrangement of
groups of permanent magnets 62¢ and 62d can be oriented about a second magnetic flux
concentrator 64 with the permanent magnets having their magnetic poles reversed from
those of the first set, i.e. magnetically repulsive orientation with respect to the respective
first group 62a and second group 62b. As in other embodiments, magnetically soft support
conduits 66 and 68 can provide spacing support between the two sets of permanent magnets
and respective flux concentrators.

The configuration described with respect to FIG. 11 has an additional benefit of
widening the flux density curve to allow for more uniform flux density across the sample
volume 70. Specifically, the flux density tends to be non-uniform having a peak toward the
center and dropping off toward the edges of flux surfaces. As in FIG. 11, the flux surfaces
can be extended in one or more dimensions in order to increase the volume over which the
flux density can be kept more uniform.

Alternatively, or in addition to the above geometry adjustments, flux surfaces of the
flux concentrators can be contoured in order to shape the field lines across the sample

volume or open space. Specifically, magnetic field lines tend to leave a surface into open
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space at approximately a 90° angle. Therefore, the flux surface can be contoured 1n order
to achieve a uniform or nearly uniform flux density across the surface and between the two
flux surfaces. For example, the flux surfaces can be polished and/or curved, e.g. a rounded
concave contour, sufficient to achieve the desired flux density and profile within a sample
volume or region of interest.

In accordance with another alternative embodiment, a shunt can be oriented so as to
cover substantially all of the top and bottom portions of the permanent magnets, flux
concentrators and support conduits. For example, two hinged shunts can be formed over
top and bottom of the device shown in FIG. 11 so as to substantially cover top and bottom
portions of the device.

In yet another optional embodiment, an electromagnetic coil can be oriented about
the sample volume or void space between the magnetic flux concentrators. This addition
of a supplemental magnetic field can provide a relatively small order magnetic field
variation while the shunts and/or permanent magnets provide a larger order magnetic field
variation.

The entire device can optionally be housed in a housing which is preferably an
interference shield, e.g. shields from rf or other electromagnetic waves which could
interfere with subtle signal changes. For example, an aluminum housing can be formed
about the entire device as an interference shield.

Thus, the present invention utilizes flux path altering and concentrating to produce
a variable magnetic field generator. Additionally, the present invention provides
permanent magnet structures having field strengths up to about 2.4 Tesla, although the
actual achievable maximum field strength is substantially only limited by the magnetic
saturation of the flux concentrators. The devices of the present invention can be
particularly suited for use in portable magnetic resonance spectroscopy and in any
application requiring a static magnetic field, i.e. semiconductor characterization,
communications applications, traveling wave ultra high frequency tubes, and the like.
Further, the systems of the present invention allow for much more sensitive measurement
of RF responses of materials placed in the sample volume. Another potential application
of the systems of the present invention include Hall Effect measurement of semiconductor
materials. In addition, the systems of the present invention offer variable field strength

adjustment across a large range of field strength. This can provide convenient
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measurement of properties as a function of field strength across a large range and/or as a
function of time (e.g. rate of change in field strength) using a relatively simple system.

The present invention can be integrated with other materials and elements to form
a nuclear magnetic resonance (NMR) device or magnetic resonance imaging (MRI) device.
In one embodiment, the magnetic field generation system can further include a field lock,
shim coils, sample probe, gradient coils, quadrature detector, digital filtering device, or
combinations thereof operatively connected to the system. In another embodiment, the
sample volume includes a sample probe for NMR testing.

Of course, it is to be understood that the above-described arrangements are only
illustrative of the application of the principles of the present invention. Numerous
modifications and alternative arrangements may be devised by those skilled in the art
without departing from the spirit and scope of the present invention and the appended
claims are intended to cover such modifications and arrangements. Thus, while the present
invention has been described above with particularity and detail in connection with what is
presently deemed to be the most practical and preferred embodiments of the invention, it
will be apparent to those of ordinary skill in the art that numerous modifications, including,
but not limited to, variations in size, materials, shape, form, function and manner of
operation, assembly and use may be made without departing from the principles and

concepts set forth herein.
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CLAIMS
What is claimed is:
1. A magnetic field generation system, comprising:

a) first and second magnetic flux concentrators each spaced apart to form a
sample volume, said first and second magnetic flux concentrators having a magnetic field
saturation;

b) a first set of auxiliary permanent magnets symmetrically oriented about a
portion of the first magnetic flux concentrator and in substantial contact with the first
magnetic flux concentrator, said first set of auxiliary permanent magnets remote from the
sample volume, and each of the first set of auxiliary permanent magnets oriented in a
magnetically repulsive orientation with respect to at least one other member of the first set
of auxiliary permanent magnets; and

c) a second set of auxiliary permanent magnets symmetrically oriented about
a portion of the second magnetic flux concentrator and in substantial contact with the
second magnetic flux concentrator, said second set of auxiliary permanent magnets remote
from the sample volume, and each of the second set of auxiliary permanent magnets
oriented in a magnetically repulsive orientation with respect to at least one other member
of the second set of auxiliary permanent magnets and magnetically associated to the first set

of auxiliary permanent magnets via the first and second magnetic flux concentrators.

2. The system of claim 1, further comprising a first and a second magnetically soft
shunt each movably oriented above and below the first and second magnetic flux
concentrators respectively such that a first distance between each of the first magnetically
soft shunt and the first magnetic flux concentrator, and second distance between each of the
second magnetically soft shunt and the second magnetic flux concentrator can be varied to

effect a change in magnetic field strength across the sample volume.

3. The system of claim 1, wherein said magnetic flux concentrators comprise a high

magnetic field saturation material.

4. The system of claim 3, wherein the magnetic field saturation is greater than 1.8

Tesla.
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S. The system of claim 3, wherein the magnetic flux concentrators comprise a

vanadium-cobalt-iron alloy, carbon steel, or substantially puré iron.

6. The system of claim 1, wherein the first and second magnetic flux concentrators are
oriented substantially vertically such that a substantially horizontal sample volume is
formed, said first set of auxiliary permanent magnets being oriented above the first
magnetic flux concentrator, and said second set of auxiliary permanent magnets being

oriented below the second magnetic flux concentrator.

7. The system of claim 1, further comprising a field lock, shim coils, sample probe,
gradient coils, quadrature detector, digital filtering device, or combinations thereof

operatively connected to the system.

8. The system of claim 1, wherein at least one of the first and second set of auxiliary
permanent magnets include a plurality of permanent magnets oriented in the same magnetic

direction.

9. The system of claim 1, wherein the first and second magnetic flux concentrators
include a contoured flux surface configured to increase flux density uniformity across the

sample volume.

10. The system of claim 1, further comprising an electromagnet oriented about the

sample volume.

11. A method of forming a high magnetic field, comprising;:

a) orienting a first and second magnetic flux concentrator spaced apart to form
a sample volume;

b) repulsively associating a first set of auxiliary permanent magnets by
positioning the first set of auxiliary permanent magnets symmetrically about a portion of

the first magnetic flux concentrator, said first set of auxiliary permanent magnets remotely
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positioned from the sample volume and having substantial contact with the first magnetic
concentrator; and

c) repulsively associating a second set of auxiliary permanent magnets by
positioning the second set of auxiliary permanent magnets symmetrically about a portion of
the second magnetic flux concentrator, said second set of auxiliary permanent magnets
remotely positioned from the sample volume and having substantial contact with the
second magnetic concentrator such that the first set of auxiliary permanent magnets and the
second set of auxiliary permanent magnets are magnetically associated via the first and

second magnetic flux concentrators, said sample volume having a magnetic field strength.

12. The method of claim 11, further comprising varying the magnetic field strength by
movably orienting at least one magnetically soft shunt in a proximity to at least one of the
first and second magnetic flux concentrators, said proximity being sufficient to effect a

change in the magnetic field strength.

13. The method of claim 12, wherein the magnetic field strength can be varied from
about 3,000 to about 23,000 Gauss.

14. The method of claim 11, wherein said magnetic flux concentrators comprise a high

magnetic field saturation material.

15. The method of claim 14, wherein the high magnetic field saturation matenal has a

magnetic field saturation greater than 1.8 Tesla.

16. The method of claim 14, wherein the magnetic flux concentrators comprise a

vanadium-cobalt-iron alloy or substantially pure iron.

17. The method of claim 11, wherein the first and second magnetic flux concentrators
are oriented substantially vertically such that a substantially horizontal sample volume is
formed, said first set of auxiliary permanent magnets being oriented above the first
magnetic flux concentrator, and said second set of auxiliary permanent magnets being

oriented below the second magnetic flux concentrator.
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18. The method of claim 11, wherein at least one of the first and second set of auxiliary

permanent magnets include a plurality of permanent magnets oriented in the same magnetic

direction.
19. A variable magnetic field generation system, comprising:
a) first and second magnetic flux concentrators each spaced apart to form a

sample volume, said first and second magnetic flux concentrators having a magnetic field
saturation;

b) a first set of auxiliary permanent magnets symmetrically oriented about a
portion of the first magnetic flux concentrator and in substantially contact with the first
magnetic flux concentrator, said first set of auxiliary permanent magnets remote from the
sample volume, and each of the first set of auxiliary permanent magnets oriented in a
magnetically repulsive orientation with respect to at least one other member of the first set
of auxiliary permanent magnets;

c) a second set of auxiliary permanent magnets symmetrically oriented about
a portion of the second magnetic flux concentrator and in substantially contact with the
second magnetic flux concentrator, said second set of auxiliary permanent magnets remote
from the sample volume, and each of the second set of auxiliary permanent magnets
oriented in a magnetically repulsive orientation with respect to at least one other member
of the second set of auxiliary permanent magnets and magnetically associatéd to the first set
of auxiliary permanent magnets via the first and second magnetic flux concentrators; and

d) a first and a second magnetically soft shunt each movably oriented above
and below the first and second magnetic flux concentrators respectively such that a first
distance between each of the first magnetically soft shunt and the first magnetic flux
concentrator, and second distance between each of the second magnetically soft shunt and
the second magnetic flux concentrator can be varied to effect a change in magnetic field

strength across the sample volume.

20. The system of claim 19, wherein the first and second magnetic flux concentrators

are formed of vanadium permendur, carbon steel, or substantially pure iron.
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21. The system of claim 19, wherein the first and second set of auxiliary permanent

magnets are formed of Nd-Fe-B.
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