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A RADIOFREQUENCY MAGNETIC FIELD RESONATOR AND A METHOD OF
DESIGNING THE SAME

FIELD AND BACKGROUND OF THE INVENTION

The present invention relates to magnetic resonance analysis and, more
particularly, to a radiofrequency (RF) resonator for generating a substantially
homogenous RF maggetic field for the purpose of magnetic resonance analysis. The
present invention further relates to a method of designing the RF resonator, a magnetic
resonance imaging (MRI) apparatus incorporating the RF resonator and a method of
magnetic resonance analysis of an object.

MRI is a method to obtain an image representing the chemical and physical
microscopic properties of materials, by utilizing a quantum mechanical phenomenon,
known as Nuclear Magnetic Resonance (NMR), in which a system of spins, placed in
a magnetic field resonantly absorb energy, when applied with a certain frequency.

A nucleus can experience NMR only if its nuclear spin is not zero, . e., the
nucleus has at least one unpaired nucleon. When placed in a magnetic field, a nucleus
having a spin is allowed to be in a discrete set of energy levels, the number of which is
determined by the spin, and the separation of which is determined by the gyromagnetic
ratio of the nucleus and by the magnetic field. Under the influence of a small
perturbation, manifested as an RF magnetic field, which rotates about the direction of
a primary static magnetic field, the nucleus has a time dependent probability to
experience a transition from one energy level to another. With a specific frequency of
the rotating magnetic field, the transition probability may reach the value of unity.
Hence at certain times, a transition is forced on the nucleus, although the rotating
magnetic field may be of small magnitude relative to the primary static magnetic field.
For an ensemble of nuclei the transitions are realized through a change in the overall
magnetization.

Most MRI systems use a static magnetic field having a predetermined gradient,
so that a unique magnetic field is generated at each region of the analyzed object. By
detecting the NMR signal, knowing the magnetic field gradient, the position of each
region of the object can be imaged. Typical MRI systems include a main magnet
generating a uniform static magnetic field, whereas gradients in predetermined
directions are obtained by providing additional coils which generate the desired

gradients.
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The rotating magnetic field in MRI systems is provided by an RF resonator,
also known as RF coil, RF probe or RF antenna. The process of imaging or analyzing
an object (e. g., a patient or a sample) is as follows. When pulse sequences are applied
to the RF resonator, an RF radiation is emitted onto the object. According to the
above principles, the RF radiation triggers NMR signals from the object from which
information is obtaingd and subsequently used to reconstruct images and/or to analyze
the object. In most I:ZRI systems, the RF resonator is used both for transmitting the
RF radiation and for detecting the resulting NMR signals from the object. RF
resonators are required to genmerate a very uniform RF magnetic field, as any
inhomogeneity in the RF magnetic field causes identical spins at different locations
within the imaged object to respond differently to the RF radiation thereby distorting
the image or negatively affecting the quality of the analysis. It is recognized that RF
resonators which generate inhomogeneous magnetic fields also have inhomogeneous
sensitivity and that RF resonators generating a weak magnetic field also detect weak
NMR signals.

In addition to the homogeneity requirement, the RF magnetic field generated
by the RF resonator is required to have a resonance frequency which matches the
resonance frequency of the nuclear spins in the imaged sample. A known
phenomenon is that once a sample is inserted into the RF magnetic field, the resonance
frequency is shifted. Thus, RF resonators are typically equipped with appropriate
circuitries which tune and rematch the resonance frequencies of the RF resonator and
the sample. To increase signal-to-noise-ratio (SNR) and to optimize the efficiency of
the system, it is also desirable that the size of the RF resonator will be comparable to
the size of the sample.

Many RF resonators are presently known, and can be categorized into two
groups, commonly referred to as the group of surface resonators and the group of
volume resonators.

Figure 1 illustrates a surface resonator, known as the single-loop coil [M.R.
Bendall, "Surface Coil Technology", Magnetic Resonance Imaging, ed. by C.L.
Partain et al., Philadelphia, 1988]. The single-loop coil is a planar current-loop, which
is sensitive to RF fields, designated herein by B, in the direction perpendicular to the

loop surface. The single-loop coil is characterized by a high SNR, however, its
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effective homogenous RF field is only near the surface, or the plane, of the current-

loop. Thus, the single-loop coil is highly inhomogeneous.

Figure 2 illustrates another surface RF resonator, known as the phased array
coil [Sodickson DK and Manning W1J., "Simultaneous acquisition of spatial harmonics
(SMASH): ultra-fast imaging with RF coil arrays", Proc. Fifth Scientific Meeting of
the International Society for Magnetic Resonance in Medicine, 1817 (1997); Klass P.
Pressmann, ef al., "S]:fNSE: Sensitivity Encoding for fast MRI", Magnetic Resonance
in Medicine, 42:952, 1999]. The phased array coil is an array of a number of single-
loop coils, where the phases of the single-loop coils are designed so that the matrix
representing their signals is can be diagonalized. The volume of interest of the phased
array coil is the combined near-surface of each single unit of the array.

As opposed to the surface resonators, where the effective imaged region is a
surface (i. e., two-dimensional space), in the group of volume resonators the effective
imaged region is a volume (three-dimensional space). Figure 3 illustrates a volume
RF resonator known as a saddle coil [D.W. Alderman et al., J. Magn. Reson. 36, 447,
1979]. The saddle coil is made of a combination of two current-loops, wrapped
around a lateral surface area of a cylinder, so that the magnetic fields of the two
current-loops combine. In some saddle coils each loop is made a multi-loop structure
in a spiral manner.

Figure 4 illustrates another volume RF resonator known as the multi-turn
solenoid [D.I. Hoult and P.C. Lauterbour, J.,"The Sensitivity of Zeugmatographic
Experiment Involving Human Samples" Magn. Reson, 34:425, 1979 ]. The multi-turn
solenoid is a structure which generates a very homogenous magnetic field within a
cylindrical volume. The multi-turn solenoid is rarely used in MRI because the
magnetic field is parallel to the cylinder axis and is therefore orthogonal to the
symmetry of clinical systems where the RF field is to be orthogonal to the
longitudinally oriented main static magnetic field.

Figure 5 illustrate an additional volume RF resonator known as the single-turn
solenoid [J.P. Hornak, efal, "Elementary Single Turn Solenoids Used in the
Transmitter and Receiver in Magnetic Resonance Imaging", Magn. Reson. Imag., 5:
233-237, (1987)]. The single-turn solenoid formed by a broad sheet instead of a multi-
turn structure. Conceptually, it is very similar to the conventional solenoid, thus, it

suffers from similar limitations as the multi-turn solenoid and it is therefore used only
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for imaging of particular samples, such as the breast and forearm. One type of single-

turn solenoid is the perforated single-turn solenoid which is a single-turn solenoid with
one or more perforations in its cylinder. The perforated single-turn solenoid is suitable
for imaging of head, knee, elbow, wrist and shoulder.

Figure 6 illustrates the most common volume RF resonator for clinical
imaging, known as the birdcage resonator or the birdcage coil [C.E. Hayse et al., "An
Efficient Highly Hon(;zggeneous Radiofrequency Coil for Whole-Body NMR Imaging
at 1.5T", J. Magn. Reson., 63:622-628, 1985; J. Tropp, "The theory of the bird-cage
resonator”, J. Magn. Reson. 1989; 82, 51-62; T.A. Riauka et al., "A numerical
approach to non-circular birdcage RF coil optimization: Verification with a fourth-
order coil", Magnetic Resonance in Medicine, 41:1180-1188, 1999; Jianming J.
"Electromagnetic analysis and design in magnetic resonance imaging", CRC Press,
New York, 1999]. The birdcage coil is a very homogenous resonator which is formed
from a number of equally spaced conductors on a cylindrical surface. It is common to
refer to conductors which are longitudinally oriented with respect to the symmetry axis
of the cylinder as "legs" or "rungs", and to conductors which are transversally oriented
as "end-rings". Capacitors are located on the legs, on the end-rings or both on the legs
and the end-rings.

Currents flowing in the legs and end-rings obey an eigenvalue equation which '
is characterized by a set of eigenvectors, also known as current-modes. Each current-
mode corresponds to a set of currents flowing in the legs, and is associated to an
eigenvalue which is related to one possible solution of resonant frequency.
Specifically, a birdcage coil with N legs has N resonant frequencies and N current-
modes. For a linear birdcage, one special current-mode, has a sinusoidal current
distribution among the legs of each side along the circumference. In this mode, the
magnetic field inside the resonator is very homogenous. In is known that the
homogeneity level of the field is proportional to the number of legs, where an infinite
number of legs incorporate a desired mode corresponding to an RF field having a
perfect homogeneity.

However, as the number of current-modes increases, so does the complexity of
the birdcage coil design. The undesired current-modes of the birdcage coil, except for
intrinsically orthogonal cosine mode, reduce the field homogeneity and/or the

transmission and detection power. Thus, when designing a birdcage coil, one needs to
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eliminate all current-modes other then the desired mode to ensure a homogenous field.

This is typically done by designing a birdcage coil where the desired mode resonant
frequency is significantly spaced apart from all the other frequencies. An additional
factor which is to be considered when selecting the number of birdcage coil legs is the
physiological effect of a large number of legs on the patient which may become
claustrophobic. ‘

An inherent li;;;itation of the birdcage coil is that in the design process, both
the magnetic field characteristic and the resonance characteristic of the birdcage coil
are to be simultaneously calculated, as these two characteristics are entangled. Any
change in the number of legs and separation therebetween and the location of the
capacitors and the type thereof alters both the RF field lines and the resonant
frequency of the coil.

Moreover, the simulations preceding the manufacturing of the birdcage coil
exhibits a very homogenous RF magnetic field. In practice, however, once a sample is
inserted into the coil, the resonance frequency and the tuning impedance of the coil are
shifted. Although this effect can be approximated during simulation, the validity of
such approximation is very limited due to the various sizes, structures and orientations
that a biological organ may exhibit when placed in the birdcage coil, contrary to the
spherical or cylindrical uniform sample that is typically used for simulations. Thus,
the resonance frequency and the tuning impedance must be retuned by an arrangement
of tunable capacitors, which has to be electrically connected to the birdcage coil.
Theoretically, N tunable capacitors can correct some of the sample effects, but for
practical reasons only a few capacitors are used. The additional capacitors break the
symmetry of the birdcage coil, result in loosing field homogeneity and introduce non-
zero contributions from one or more undesired current-modes. In realistic birdcage
coils, the inhomogeneity of the RF field may approach 15-20 %.

Additional prior art of relevance is a volume RF resonator known as the Litz
coil, disclosed in U.S. Patent No. 6,060,882 and illustrated in Figure 7. The coil is
based on Litz foil conductor, which includes multiple and parallel Litz wires with
interwoven sub-routes from a first node to a second node and insulated crossovers
forming well-defined flux sub-windows. The structure of the coil results in multiple
current routes each contribute to the RF magnetic field, B;, leaving a central flux

window centered on the B, axis. An identical semi-coil, formed on the opposite side
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of the sample around completes the coil. The two semi-coils are electrically connected
in parallel. This coil solves some of the problems associated with the birdcage coil,
however its design and manufacturing is still rather complicated. Specifically, the Litz
coil efficiency depends on the number of braids and on their thickness. Hence, for a
sufficiently efficient Litz coil the braiding is very complex and ulira thin.

Also of primj art of relevance is the so-called "Slotted Tube Resonator"
[H. J. Schneider and I; Dullenkopf, "Slotted Tube Resonator: A new NMR probe head
at high observing frequencies", Rev. Sci. Instrum., 48:68-73, 1977]. This resonator is
composed of a conducting tube which is cut lengthwise, thereby forming a strip line
which consists of two arched conductors. The slotted tube resonator is coupled to an
electronic circuitry, which includes two independently operating capacitors, a series
capacitor for matching the resonant characteristics of the resonator and a shunting
capacitor for tuning the impedance of the resonator.

An improved type of the slotted tube resonator [D. H. Hong et al., "Whole
Body Slotted Tube Resonator for Proton NMR Imaging at 2.0 Tesla", Magn. Res.
Imag., 5:239-243, 1987;], incorporate.s. a coupling sheet, positioned externally to the
tube arches, for linking the resonator with the transmitter and/or the receiver of the
imaging system. In addition, the improved slotted tube resonator includes additional
capacitors forming a capacity coupling between the two tube arches.

One application of the slotted tube resonator, designed specifically for
analyzing hearts of rabbits of different sizes, is described in G. J. Kost, "A Cylindrical-
Window NMR Probe with Extended Tuning Range Studies of the Developing Heart",
J. Magn. Res. 82:238-252, 1989. This coil is cylindrical and it is formed with a
window in the cylinder wall. Unlike the multi- and single-turn solenoids, the
produced magnetic field of the cylindrical windowed coil is directed perpendicularly
to the symmetry axis of the cylinder. This coil, however, is suitable only for non-
imaging applications of small sized samples.

Other slotted tube resonators are described in S. Bobroff and M. J. McCarthy,
"Variations on the Slotted-Tube Resonator: Rectangular and Elliptical Coils", Magn.
Res. Imag., 17:783-789, 1999; M. K. Murphy et al., "A Comparison of Three
Radiofrequency Coils for NMR Studies of Conductive Samples", Magn. Res. in Med.,
12:382-389, 1989; T. Sphicopoulos and F. Gardiol, "Slotted Tube Cavity: a Compact
Resonator With Empty Core", IEE Proceedings, 134:405-410; A. Darrasse et al.,
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"The slotted cylinder: an efficient probe for NMR imaging, Magnetic Resonance in

Medicine, 2(1):20-8, 1985; H. J. Schneider and P. Dullenkopf, "Crossed Slotted Tube
Resonator: A new Double resonance NMR probehead ", Rev. Sci. Instrum., 48:832-
834, 1977; D. W. Alderman and D. M. Grant, "An Efficient Decoupler Coil Design
which Reduces Heating in Conductive Samples in Superconducting Spectrometers”, J.
Magn. Res., 36:447-451, 1979; S. Crozier et al., "In Vivo Localized '"H NMR
Spectroscopy at 11.7‘¥esla", J. Magn. Res., 94:123-132, 1991; C. Ranasinghage et al.,
"Resonator Coils for magnetic resonance imaging at 6 MHz", Med. Phys. 15:235-240,
1988; and T. A. Gross et al., "Radiofrequency Resonators for High-Field Imaging and
Double-Resonance Spectroscopy”, J. Magn. Res., 62:87-98, 1985.

It will be appreciated that, all of the prior art slotted tube resonators suffer from
two crucial limitations: (i) the slotted tube resonator fails to provide a mechanism for
balancing the RF field homogeneity once it has deviated from its original design due
to sample-field interactions; and (ii) the geometrical configuration of the slotted tube
resonator is such that the generated RF magnetic field has a linear polarization. An
intrinsic limitation of the linear polarization is the power losses, which are explained
by wasted components in the mathematical expansion of the linear polarization. In a
theoretical study of current distributions and field uniformity in saddle coils [J. W.
Carlson, "Currents and Fields of Thin Conductors in RF Saddle Coils", Magn. Res. in
Med., 3:778-790, (1986)] an optimal geometry for circular polarized coil has been
calculated.

In this respect, one coil for generating a circular polarized magnetic field is of
the birdcage type described above, also known as the quadrature birdcage coil, in
which intrinsically orthogonal sine and cosine modes are incorporated. A particularly
interesting quadrature birdcage coil is described in an article by H. Barfuss ef al.,
entitled "In Vivo Magnetic Resonance Imaging and Spectroscopy of Humans with a
4T Whole-body Magnet", published in NMR in Biomedicine, 3:31-45. This birdcage
coil consists of four longitudinal and two transverse copper foils, interconnected via a
system of capacitors. The coil is further equipped with additional rotary differential
capacitors for providing continuous distribution between the tuning and matching
capacitors, thereby allowing variation of the quality factor of the coil. However, this
birdcage coil only partially addresses to problems associated with effects of interaction

between the magnetic field and the imaged object. Specifically, this birdcage coil,
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although successfully providing a sophisticated circuitry for tuning the resonance

characteristics and matching the impedance, fails to provide a satisfactory mechanism
for correcting inhomogeneity in the magnetic field once a sample is placed therein.

There is thus a widely recognized need for, and it would be highly
advantageous to have, an RF resonator and a method of designing the same, devoid of
the above limitations.

e

SUMMARY OF THE INVENTION

According to one aspect of the present invention there is provided a
radiofrequency (RF) resonator for magnetic resonance analysis, the RF resonator
comprising: (a) at least two conductive elements, each having a first curvature along a
direction perpendicular to a longitudinal axis, the at least two conductive elements
being spaced along the longitudinal axis, so that when an RF current flows within the
at least two conductive elements in a direction of the longitudinal axis, a substantially
homogenous RF magnetic field, directed perpendicular to the longitudinal axis, is
produced in a volume defined between the at least two conductive elements; and (b) an
electromic circuitry designed and configured for providing predetermined resonance
characteristics of the RF resonator, for matching an impedance of the RF resonator to
an impedance of an RF transmitter electrically communicating with the electronic
circuitry, and for balancing the RF magnetic field to have a substantially symmetrical
profile with respect to a transverse axis being perpendicular to the longitudinal axis.

According to another aspect of the present invention there is provided a
method of designing a radiofrequency (RF) resonator for magnetic resonance analysis,
the method comprising: (a) selecting at least two surfaces to engage at least two
conductive elements, the at least two surfaces having a first curvature along a direction
perpendicular to a longitudinal axis, thereby defining a geometry between the at least
two surfaces; (b) using the geometry for calculating a magnetic field within the ; (c)
iteratively repeating the steps (a) and (b) so as to provide optimized geometry
corresponding to a substantially homogenous magnetic field; and (d) using the
optimized geometry and the substantially homogenous magnetic field for designing an
electronic circuitry for providing predetermined resonance characteristics of the RF
resonator, for matching an impedance of the RF resonator to an impedance of an RF

transmitter electrically communicating with the electronic circuitry, and for balancing
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the RF magnetic field to have a substantially symmetrical profile with respect to a

transverse axis being perpendicular to the longitudinal axis.

According further features in the preferred embodiments described below, the
matching is by varying mutual capacitance.

According to still further features in the described preferred embodiments the
matching is by varying mutual inductance.

According to ‘;s:,'t)ill further features in the described preferred embodiments the
calculating the magnetic field within the geometry is by solving Maxwell's equations.

According to still further features in the described preferred embodiments the
calculating the magnetic field within the geometry is by finite element method.

According to still further features in the described preferred embodiments the
calculating the magnetic field within the geometry is by moments analysis method.

According to still further features in the described preferred embodiments the
method further comprising designing an RF shield for minimizing electromagnetic
interactions between the RF resonator and at least one gradient coil and/or between the
RF resonator and a device for providing a static magnetic field.

According o still further features in the described preferred embodiments the
designing an RF shield is by the method of images.

According to still further features in the described preferred embodiments the
method further comprising designing at least one end-cap to be positioned adjacent to
at least one end of the RF resonator for minimizing magnetic field inhomogeneities
along the longitudinal axis.

According to still further features in the described preferred embodiments the
method further comprising designing at least one additional conductive element, so as
to further minimize inhomogeneity of the magnetic field.

According to still further features in the described preferred embodiments a
phase of an RF current flowing through the at least one additional conductive element
equals a phase of currents flowing through the at least two conductive elements.

According to still further features in the described preferred embodiments an
RF current flowing through the at least one additional conductive element depends on
currents flowing through the at least two conductive elements, through a

predetermined function.
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According to still further features in the described preferred embodiments an
RF current flowing through the at least one additional conductive element is a
predetermined fraction of currents flowing through the at least two conductive
elements.

According to yet another aspect of the present invention there is provided an

* apparatus for magnetic resonance analysis, the apparatus comprising: (a) a device for
providing a static m?gnetic field; (b) a processing unit; and (¢) an RF resonator
coupled to an RF transmitter, the RF resonator comprising: at least two conductive
elements, each having a first curvature along a direction perpendicular to a
longitudinal axis, the at least two conductive elements being spaced along the
longitudinal axis, so that when an RF current flows within the at least two conductive
elements in a direction of the longitudinal axis, a substantially homogenous RF
magnetic field, directed perpendicular to the longitudinal axis, is produced in a volume
defined between the at least two conductive elements; and an electronic circuitry
designed and configured for providing predetermined resonance characteristics of the
RF resonator, for matching an impedance of the RF resonator to an impedance of the
RF transmitter, and for balancing the RF magnetic field to have a substantially
symmetrical profile with respect to a transverse axis being perpendicular to the
longitudinal axis.

According to still another aspect of the present invention there is provided a
method for Magnetic Resonance analysis of an object, the method comprising:
applying a static magnetic field on the subject in a direction of a longitudinal axis;
applying a substantially homogenous RF magnetic field on the subject, in a direction
perpendicular to the longitudinal axis; and acquiring nuclear magnetic resonance
parameters from the object, thereby analyzing the object; wherein the applying the
substantially homogenous RF magnetic field is by a RF resonator coupled to an RF
transmitter, the RF resonator comprising: at least two conductive elements, each
having a first curvature along a direction perpendicular to the longitudinal axis, the at
least two conductive elements being spaced along the longitudinal axis, so that when
an RF current flows within the at least two conductive elements in a direction of the
longitudinal axis, the substantially homogenous RF magnetic field, is produced in a
volume defined between the at least two conductive elements; and an electronic

circuitry designed and configured for providing predetermined resonance
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characteristics of the RF resonator, for matching an impedance of the RF resonator to

an impedance of an RF transmitter electrically communicating with the electronic
circuitry, and for balancing the RF magnetic field to have a substantially symmetrical
profile with respect to a transverse axis being perpendicular to the longitudinal axis.

According to further features in the preferred embodiments described below,
the method further gomprising balancing the RF magnetic field using a balancing
adjuster electrically c;;nmunicating with the electronic circuitry.

According to still further features in the described preferred embodiments the
RF resonator further comprising at least one additional conductive element positioned
so as to further minimize inhomogeneity of the magnetic field.

According to still further features in the described preferred embodiments a
phase of an RF current flowing through the at least one additional conductive element
equals a phase of the RF current flowing through the at least two conductive elements.

According to still further features in the described preferred embodiments the
RF resonator is characterized by two phases of RF currents, the two phases differ by
180 degrees.

According to still further features in the described preferred embodiments the
method further comprising applying at least one gradient pulse on the object.

According to still further features in the described preferred embodiments a
separation between the at least two conductive elements is selected so as to surround
the object.

According to still further features in the described preferred embodiments the
method further comprising preserving the at least two conductive elements at a
sufficiently low temperature. |

According to still further features in the described preferred embodiments the
applying the substantially homogenous RF magnetic field is by at least one additional
RF resonator. '

According to still further features in the described preferred embodiments the
at least one additional RF resonator is arranged with the RF resonator to form an RF
resonator array.

According to still further features in the described preferred embodiments the

method further comprising electrically decoupling the RF resonator from the at least

one additional RF resonator.
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According to still further features in the described preferred embodiments the
method further comprising electromagnetically decoupling the RF resonator from the
at least one additional RF resonator.

According to still further features in the described preferred embodiments each
of the at least two' conductive elements has a predetermined capacitance distribution
for minimizing effects of the object on the magnetic field and for minimizing corona
discharge from the at\féast two conductive elements.

According to an additional aspect of the present invention there is provided an
RF resonator for magnetic resonance analysis, the RF resonator comprising: (a) at
least two conductive elements, each having a first curvature along a direction
perpendicular to a longitudinal axis, the at least two conductive elements being spaced
along the longitudinal axis, so that when an RF current flows within the at least two
conductive elements in a direction of the longitudinal axis, a substantially homogenous
RF magnetic field, directed perpendicular to the longitudinal axis, is produced in a
volume defined between the at least two conductive elements; and (b) at least one
additional conductive element, electrically communicating with the at least two
conductive elements in a manner such that a phase of an RF current flowing through
the at least one additional conductive element equals a phase of at least one of the RF
currents flowing through the at least two conductive elements.

According to further features in the preferred embodiments described below,
the RF resonator further comprising an electronic circuitry designed and configured
for providing predetermined resonance characteristics of the RF resonator, for
matching an impedance of the RF resonator to an impedance of an RF transmitter
electrically communicating with the electronic circuitry, and for balancing the RF
magnetic field to have a substantially symmetrical profile with respect to a transverse
axis being perpendicular to the longitudinal axis.

According to still further features in the described preferred embodiments the
RF resonator further comprising means for preserving the at least two conductive
elements at a sufficiently low temperature.

According to yet an additional aspect of the present invention there is provided
an apparatus for magnetic resonance analysis, the apparatus comprising: (a) a device
for providing a static magnetic field; (b) a processing unit; and (c) an RF resonator

coupled to an RF transmitter, the RF resonator comprising: at least two conductive
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elements, each having a first curvature along a direction perpendicular to a

longitudinal axis, the at least two conductive elements being spaced along the
longitudinal axis, so that when an RF current flows within the at least two conductive
elements in a direction of the longitudinal axis, a substantially homogenous RF
magnetic field, directed perpéndicular to the longitudinal axis, is produced in a volume
defined between the‘at least' two conductive elements; and at least one additional
conductive element, ‘\:ic‘lectrically communicating with the at least two conductive
elements in a manner such that a phase of an RF current flowing through the at least
one additional conductive element equals a phase of at least one of the RF currents
flowing through the at least two conductive elements.

According to further features in the preferred embodiments described below,
the RF resonator further comprising an electronic circuitry designed and configured
for providing predetermined resonance characteristics of the RF resonator, for
matching an impedance of the RF resonator to an impedance of the RF transmitter,
and for balancing the RF magnetic field to have a substantially symmetrical profile
with respect to a transverse axis being perpendicular to the longitudinal axis.

According to still further features in the described preferred embodiments the
RF resonator further comprising a balancing adjuster electrically communicating with
the electronic circuitry, the balancing adjuster is constructed and designed for
controlling the electronic circuitry while the RF resonator is in medical use.

According to still further features in the described preferred embodiments an
RF current flowing through the at least one additional conductive element depends on
the RF currents flowing through the at least two conductive elements, through a
predetermined function.

According to still further features in the described preferred embodiments the
predetermined function is selected from the group consisting of a linear function, a
polynomial function, an exponential function, a rational function, a power function
and any combination thereof.

According to still further features in the described preferred embodiments an
RF current flowing through the at least one additional conductive element is a
predetermined fraction of the RF currents flowing through the at least two conductive

elements.
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According to still further features in the described preferred embodiments the

predetermined fraction is one half.

According to still further features in the described preferred embodiments the
device for providing the static magnetic field comprises at least one shim coil.

According to still further featurc'as in the described preferred embodiments the
apparatus further corgprising at least one gradient coil.

According to :;ill further features in the described preferred embodiments the
apparatus further comprising an RF shield constructed and designed for minimizing
electromagnetic interactions between the at least one gradient coil and the device for
providing a static magnetic field.

According to still further features in the described preferred embodiments the
apparatus further comprising at least one end-cap positioned adjacent to at least one
end of the RF resonator, the at least one end-cap constructed and designed for
minimizing magnetic field inhomogeneities along the longitudinal axis.

According to still further features in the described preferred embodiments the
RF resonator is coupled to the RF transmitter via a transmission line.

According to still further features in the described preferred embodiments the
RF resonator is coupled to the RF transmitter via an RF antenna.

According to still further features in the described preferred embodiments the
electronic circuitry comprises means for varying mutual capacitance.

According to still further features in the described preferred embodiments the
electronic circuitry comprises means for varying mutual inductance.

According to still further features in the described preferred embodiments the
mutual inductance is defined between the RF resonator and the RF transmitter.

According to still further features in the described preferred embodiments the
mutual inductance is defined between the electronic circuitry and the RF transmitter.

According to still further features in the described preferred embodiments the
electronic circuitry comprises an arrangement of capacitors, inductors, tunable
capacitors and tunable inductors.

According to still further features in the described preferred embodiments the
capacitors and the tunable capacitors are high power capacitors.

According to still further features in the described preferred embodiments the

high power capacitors are vacuum capacitors.
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According to still further features in the described preferred embodiments a

longitudinal dimension of the at least two conductive elements is selected so as to
minimize magnetic field inhomogeneities along the longitudinal axis.

According to still further features in the fiescribed preferred embodiments a
separation between the at least two conductive elements is selected so as to surround
an object to be image‘d.

According to ;ill further features in the described preferred embodiments the
object is a mammal.

According to still further features in the described preferred embodiments the
object is an organ of a mammal.

According to still further features in the described preferred embodiments the
object is a tissue.

According to still further features in the described preferred embodiments the
object is a swollen elastomer.

According to still further features in the described preferred embodiments the
object is a food material.

According to still further features in the described preferred embodiments the
object is liquid.

According to still further features in the described preferred embodiments the
object is at least one type of molecules present in the solvent.

According to still further features in the described preferred embodiments the
at least one type of molecules present in the solvent is selected from the group
consisting of molecule dissolved in the solvent, a molecule dispersed in the solvent
and a molecule emulsed in the solvent.

According to still further features in the described preferred embodiments the
first curvature is selected from the group conmsisting of a curvature of cylinder, a
curvature of an ellipéoid, a curvature of a hyperboloid, a curvature of a paraboloid and
a curvature of an irregular surface.

According to still further features in the described preferred embodiments at
least one of the at least two conductive elements further has a second curvature along a
direction parallel to the longitudinal axis.

According to still further features in the described preferred embodiments the

first curvature and the second curvature are each independently constant curvatures.
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According to still further features in the described preferred embodiments the

first curvature and the second curvature are each independently variable curvatures.

According to still further features in the described preferred embodiments the
second curvature is selected from the group consisting of a curvature of cylinder, a
curvature of an ellipsoid, a curvature of a hyperboloid, a curvature of a paraboloid and
a curvature of an irregglar surface.

According to ;till further features in the described preferred embodiments a
number of the at least two conductive elements is selected so that the substantially
homogenous RF magnetic field is linearly polarized.

According to still further features in the described preferred embodiments a
number of the at least two conductive elements is selected so that the substantially
homogenous RF magnetic field is substantially circularly polarized.

According to still further features in the described preferred embodiments the
at least two conductive elements are two conductive elements.

According to still further features in the described preferred embodiments the
at least two conductive elements are four conductive elements.

According to still further features in the described preferred embodiments a
first pair of the four conductive elements is magnetically decoupled from a second pair
of the four conductive elements.

According to still further features in the described preferred embodiments a
first pair of the four conductive elements is electrically decoupled from a second pair
of the four conductive elements.

According to still further features in the described preferred embodiments a
first pair of the four conductive elements is electromagnetically decoupled from a
second pair of the four conductive elements.

According to still further features in the described preferred embodiments a
first pair and a second pair of the four conductive elements are positioned so that a
transverse axis of the first pair is substantially perpendicular to a transverse axis of the
second pair.

According to still further features in the described preferred embodiments the

at least two conductive elements are made of a superconducting material.
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According to still further features in the described preferred embodiments the

apparatus further comprising means for preserving the at least two conductive
elements at a sufficiently low temperature.

According to still further features in the described preferred embodiments the
apparatus further comprising at least one additional RF resonator arranged with the RF
resonator to form an RF resonator array. .

According to ;{ill further features in the described preferred embodiments the
apparatus further comprising decoupling means for decoupling the RF resonator from
the at least one additional RF resonator.

According to still further features in the described preferred embodiments the
apparatus further comprising decoupling means for decoupling the RF resonator from
the at least one gradient coil.

According to still further features in the described preferred embodiments the
decoupling means comprise DC block capacitors.

According to still further features in the described preferred embodiments the
array is a phased array. o

According to still further features in the describedu preferred embodiments the
RF resonator is a multi frequency RF resonator.

According to still further features in the described preferred embodiments each
of the at least two conductive elements has a predetermined capacitance distribution
for minimizing effects of an object to be imaged on the magnetic field and for
minimizing corona discharge from the at least two conductive elements.

According to still further features in the described preferred embodiments the
at least two conductive elements are designed and constructed to minimize eddy
currents generated therein.

According to still further features in the described preferred embodiments the
at least two conductive elements are characterized by an RF shield structure, for
substantially blocking RF radiation while transmitting low frequency radiation.

The present invention successfully addresses the shortcomings of the presently
known configurations by providing an RF resonator and a method of designing an RF
resonator, which enjoy properties far exceeding the prior art.

Unless otherwise defined, all technical and scientific terms used herein have

the same meaning as commonly understood by one of ordinary skill in the art to which



10

15

20

25

30

WO 2004/036229 PCT/1L.2003/000826

18
this invention belongs. Although methods and materials similar or equivalent to those

described herein can be used in the practice or testing of the present invention, suitable
methods and materials are described below. In case of conflict, the patent
specification, including definitions, will control. In addition, the materials, methods,
and examples are illustrative only and not intended to be limiting.

Implementatic& of the method and system of the present invention involves
performing or compi’eting selected tasks or steps manually, automatically, or a
combination thereof. Moreover, according to actual instrumentation and equipment of
preferred embodiments of the method and system of the present invention, several
selected steps could be implemented by hardware or by software on any operating
system of any firmware or a combination thereof. For example, as hardware, selected
steps of the invention could be implemented as a chip or a circuit. As software,
selected steps of the invention could be implemented as a plurality of software
instructions being executed by a computer using any suitable operating system. In any
case, selected steps of the method and system of the invention could be described as
being performed by a data processor, such as a computing platform for executing a

plurality of instructions.

BRIEF DESCRIPTION OF THE DRAWINGS

The invention is herein described, by way of example only, with reference to

the accompanying drawings. With specific reference now to the drawings in detail, it
is stressed that the particulars shown are by way of example and for purposes of
illustrative discussion of the preferred embodiments of the present invention only, and
are presented in the cause of providing what is believed to be the most useful and
readily understood description of the principles and conceptual aspects of the
invention. In this regard, no attempt is made to show structural details of the invention
in more detail than is necessary for a fundamental understanding of the invention, the
description taken with the drawings making apparent to those skilled in the art how the
several forms of the invention may be embodied in practice.

In the drawings:

FIG. 1 1s a schematic illustration of a prior art single-loop coil;

FIG. 2 is a schematic illustration of a prior art phased array coil;

FIG. 3 is a schematic illustration of a prior art saddle coil;
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FIG. 4 is a schematic illustration of a prior art multi-turn solenoid;

FIG. 5 is a schematic illustration of a prior art single-turn solenoid;

FIG. 6 is a schematic illustration of a prior art birdcage coil;

FIG. 7 is a schematic illustration of a prior art Litz coil;

FIGs. 8a-c are schematic illustrations of a radiofrequency resonator for
magnetic resonance analysis, according to the present invention;

FIG. 9 is a flowchart of a method of designingAa radiofrequency resonator for
magnetic resonance analysis, according to the present invention;

FIG. 10 is a block diagram illustrating an MRI apparatus, according to the
present invention;

FIG. 11 is a flowchart of a method for magnetic resonance analysis of an
object, according to the present invention;

FIGs. 12a-f show the calculated equipotential lines of the field, for various
profiles of the conductive elements of a prototype linear RF resonator, according to the
present invention;

FIG. 13 is a schematic illustration of a circuit for AC simulations, according to
the present invention;

FIG. 14 shows the simulated potential and potential difference between various
points in the circuit of Figure 13, according to the present invention;

FIG. 15 is a schematic illustration of the experimental setup of the prototype
linear RF resonator, according to the present invention;

FIGs. 16a-b show profile and statistical characteristics of the RF magnetic field
trough an axial slice of a phantom, imaged by the prototype linear RF resonator,
according to the present invention;

FIGs. 17a-b show profile and statistical characteristics of the RF magnetic field
trough a coronal slice of a phantom, imaged by the prototype linear RF resonator,
according to the present invention;

FIGs. 18a-b show profile and statistical characteristics of the RF magnetic field
trough a sagittal slice of a phantom, imaged by the prototype linear RF resonator,
according to the present invention;

FIGs. 19a-d show axial spin echo slices in a rat head, imaged by the prototype

linear RF resonator according to the present invention;
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FIG. 20 is a schematic illustration of a top view of a quadrature RF resonator,

according to the present invention;

FIG. 21 is a schematic illustration of electrical currents induced onto the
surfaces of the conductive elements of the quadrature RF resonator, according to the
present invention;

FIG. 22 is a schematic illustration of the voltage configuration of the
quadrature RF resonator, according to the present invention;

FIG. 23a shows calculated electric potential of the quadrature RF resonator,
according to the present invention; and

FIG. 23b shows calculated electric potential and electric field of the quadrature

RF resonator, according to the present invention.

DESCRIPTION OF THE PREFERRED EMBODIMENTS

The present invention is of an RF magnetic field resonator which can be used
for magnetic resonance analysis, such as MRI. Specifically, the present invention is of
a simple-designed RF resonator which can be used to provide a substantially
homogeneous RF magnetic field in an MRI apparatus. The present invention is further
of a method of designing the RF resonator, an MRI apparatus incorporating the RF
resonator and a method of magnetic resonance analysis of an object using the RF
resonator.

The principles and operation of an RF resonator according to the present
invention may be better understood with reference to the drawings and accompanying
descriptions.

Before explaining at least one embodiment of the invention in detail, it is to be
understood that the invention is not limited in its application to the details of
construction and the arrangement of the components set forth in the following
description or illustrated in the drawings. The invention is capable of other
embodiments or of being practiced or carried out in various ways. Also, it is to be
understood that the phraseology and terminology employed herein is for the purpose
of description and should not be regarded as limiting.

According to one aspect of the present invention there is provided an RF

resonator for magnetic resonance analysis, generally referred to herein as RF resonator
10.
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Referring now to the drawings, Figures 8a-c illustrate RF resonator 10, which

comprises at least two conductive elements 12, spaced along a longitudinal axis 14,
where each conductive element has a first curvature along a direction perpendicular to

- longitudinal axis 14. According to a preferred embodiment of the present invention
any number (larger than two) of conductive elements may be used. Hence, an
example of two conductive elements configuration is shown in Figure 8a, and an
exémple of four conﬂzﬂlctive elements configuration is shown in Figure 8b. Anti-
parallel RF currents 16, flowing within conductive elements 12 in a direction of
longitudinal axis 14, generate an RF magnetic field 18 in a volume 20, defined
between conductive elements 12.

Magnetic field 18 is directed perpendicular to longitudinal axis 14, and it is
substantially homogenous. A preferred characterization of the homogeneity of
magnetic field 18 is a magnetic field variation which is less than about 20 % within
about 80 % of volume 20. More preferably, the homogeneity of magnetic field 18 is
characterized by a magnetic ﬁéld variation which is less than about 5 % within about
50 % of volume 20.

As used herein the term "about" refers to + 10 %.

RF resonator 10 further comprises an electronic circuitry 22 which, as further
detailed hereinunder, is primarily designed and configured for three purposes, which
are considered as three degrees-of-freedom of RF resonator 10: (i) providing
predetermined resonance characteristics of RF resonator 10; (ii) matching an
impedance of RF resonator 10 to an impedance of an RF transmitter 24 electrically
communicating with electronic circuitry; and (iii) balancing the RF magnetic field to
have a substantially symmetrical profile with respect to a transverse axis (i.e.,
perpendicular to longitudinal axis 14), hence correcting sample effects on circuitry 22.

Before providing a further detailed description of RF resonator 10, as
delineated hereinabove and in accordance with the present invention, attention will be
given to the advantages and potential applications offered thereby.

Hence, the construction and the design of RF resonator 10 allows for
optimizing the RF magnetic field generated therein so that the amount of RF field
inhomogeneity is substantially minimize, even when RF resonator 10 is loaded with an
object. More specifically, RF resonator 10 enjoys properties exceeding all prior art

coils, such as surface coils, birdcage coils and slotted tube coils (for further description
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of these prior art coils, see the drawings and the accompanied description in the
Background section hereinabove).

With respect to prior art surface coils, whereas the transverse field of such coils
is very inhomogeneous except for a narrow surface, the magnetic field generated by
RF resonator 10 is substantially homogenous throughout the volume defined between
conductive elements 12, thus, the entire object of interest can be imaged to a large
extent of quality. s

With respect to prior art birdcage coils, although, theoretically, the large
number of difference-phased current-loops in these coils (typically of the order of ten)
allow for generating a homogenous RF field, birdcage coils are associated with an
inherent limitation, in which the number of tunable capacitors which are needed to
match and tune the birdcage coil is impractical. Hence, as stated, some capacitors are
fixed to a predetermined value of capacity, leaving only a small portion of the
available degrees-of-freedom to be corrected. In is recognized that, on the one hand,
due to the large number of different phased current-loops (hence the a priori large
number of degrees-of-freedom), birdcage coils are extremely complicated in terms of
design and manufacturing process. It would be therefore appreciated, that the trade-
off compromising in the number of degrees-of-freedom limits the capability to tune
and match the birdcage coil to the quality for which it has been originally designed.
As opposed to the birdcage coil, RF resonator 10 enjoys the advantage of having a
small number of current-loops, hence, the procedures of matching and tuning RF
resonator 10 is substantially simplified over the respective procedures in prior art
birdcage coils.

With respect to the slotted tube coils, in contrast to the birdcage coils, where
the theoretical number of degrees-of-freedom is impractical, the available number of
degrees-of-freedom in the slotted tube coils is too small to allow high quality imaging.
Specifically, whereas slotted tube coils are equipped with tuning and matching
circuitries, these coils fail to provide solutions to the problems associated with effects
of field-sample interactions. A particular feature of RF resonator 10, on the other
hand, is the additional degree-of-freedom of balancing the RF field which is provided
by electronic circuitry 22 in addition to the tuning and matching degrees-of-freedom.
As demonstrated in the Examples section that follows, the ability to balance the RF
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field to a symmetrical profile substantially minimizes inhomogeneities due to field-
sample interactions.

The homogeneity of the RF field is achieved by a judicious selection of both
the electrical setup connected to conductive elements 12 (e.g., electronic circuitry 22),
and the geometrical characteristics (e. g., profile shape, dimensions, etc.) of conductive
elements 12. Accogding to a preferred embodiment of the present invention the
additional conduotivg"elements may be added to RF resonator 10, so as to further
improve the magnetic field homogeneity. The effect of the additional conductive
elements on the homogeneity of the magnetic field is demonstrated below in Figure
12d in the Examples section, where the additional conductive elements are designated
13. Preferably, a phase of the RF current flowing through additional conductive
element 13 equals a phase of the RF current flowing through conductive elements 12.

The electrical setup and the geometrical characteristics depend on the number
of conductive elements 12. Hence, in one embodiment in which four conductive
elements are used (Figure 8b), the electrical setup and the geometry are preferably
such that one pair of conductive elements is electrically and magnetically decoupled
from the other pair. The geometrical shape of conductive elements 12 is not limited.
Thus, the first curvature can be, for example, a curvature of cylinder, a curvature of an
ellipsoid, a curvature of a hyperboloid, a curvature of a paraboloid or a curvature of an
irregular surface. According to a preferred embodiment of the present invention
conductive elements 12 may also have a second curvature along longitudinal axis 14,
which second curvature is also not limited and can be, for example, any of the above
curvatures. Both the first and the second curvatures may be either constant or variable
curvature. For example, the first curvature may vary with an azimuthal angle and the
second curvature may vary with an inclination angle.

According to the basic laws of electromagnetism, any coil which is designed
for generating a magnetic field induces some boundary effects near its edges which are
manifested through inhomogeneities in the magnetic field. Therefore, the longitudinal
dimension of conductive elements 12 is preferably selected so as to minimize such
inhomogeneities to occur on the imaged object. Specifically, the edges of RF
resonator 10 are preferably designed sufficiently far from the object to be imaged.

The separation between conductive elements 12 is preferably selected

according the application, so that RF resonator 10 surrounds the object which is to be
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imaged. In one embodiment, the separation is such that conductive elements 12

effectively surround the imaged object. \

RF resonator 10 may also be coupled to RF transmitter 24, via a transmission
line 26. It is often desired to minimize energy losses between RF transmitter 24 and
RF resonator 10. It is known that the transferred energy between two electronic
elements is maximal if their impedances match. Thus, preferably, the impedance of
RF resonator 10 is sg?;stantially the same as the internal resistance of RF transmitter
24. A typical value for the internal resistance of RF transmitter 24 is about 50 Q.

With reference to Figure 8c, in another embodiment, the coupling between RF
resonator 10 and RF transmitter 24 is via an RF antenna 27 (e.g., another coil) rather
than via RF transmission line 26. In this embodiment, RF resonator 10 is wireless and
all its energy is transferred from RF transmitter 24 via mutual inductance of RF
antenna 27 and RF resonator 10.

A well known phenomenon in the art of MRI, already discussed in the
Background section above, is that the imaged object, once loaded into the resonator,
alters many of its characteristics (e. g., the impedance, the resonance frequencies and
the RF field lines), as compared to the original characteristics obtained during the
design of the resonator. Electronic circuitry 22 serves for tuning the resonance
frequencies to their desired values, for matching the impedance of RF resonator 10 to
the impedance of RF transmitter 24 and for balancing the RF magnetic field symmetry
which is distorted by the imaged sample.

A detailed description of circuitry 22, according to preferred embodiments of
the present invention, is provided herein, where the description of the tuning and
matching precedes the description of the balancing.

Resonance tuning and impedance matching are well known in the art, and each
independently may be done by more than one way, e.g., via tunable capacitors, tunable
inductors. In addition, the tuning and/or the matching may be done by varying mutual
inductance between inductors (for example, mutual inductance between RF resonator
10 and RF transmitter 24 or mutual inductance between elements in circuitry 22 and
RF transmitter 24). Still in addition, the tuning and/or the matching may be done by

constructing an arrangement of transmission lines having predetermined impedance.
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Thus, according to a preferred embodiment of the present invention, circuitry

22 comprises an arrangement of capacitors, tunable capacitors, inductors, tunable
inductors and/or transmission lines, which have typical impedance.

The capacitors used in circuitry 22 may be of any kind presently known in the
art, e.g., regular capacitors, vacuum capacitors or other high power capacitors.

Capacitors or tunable components which are expected to be developed during the life

Uy

time of this patent are not excluded.

Attention is now made to the novel concept of balancing the RF magnetic field.
The spatial shape of the electromagnetic radiation from conductive elements 12 within
the volume-of-interest depends on the geometry of the volume-of-interest and on the
RF currents flowing through conductive elements 12 (and through additional
conductive elements 13, in the embodiments in which elements 13 are used). For a
given geometry, however, the spatial shape of the electromagnetic radiation in a
vacuum depends exclusively on the RF currents.

Hence, according to a preferred embodiment of the present invention, circuitry
22 is configured and designed to control the RF currents through conductive elements
i2 so that the generated magnetic field inside the volume-of-interest has a
substantially symmetric profile. For example, in a preferred embodiment in which
there are two opposite conductive elements having identical geometry, a symmetrical
profile may be ensured, by imposing a zero electric potential on a specific point of
circuitry 22 so that anti parallel currents in the conducting elements are equal, Other
potential configurations may also be used for providing a symmetrical magnetic RF
field profile, within the volume-of-interest.

Thus, unlike, e.g., the birdcage coil, where, even when an ideal homogenous
sample is used, no full compensation of the coil homogeneity is feasible once the
tuning and matching capacitors are changed, electronic circuitry 22 has a particular
feature of balancing the RF field to have a substantially symmetric profile thereby to
considerably reduce sample effects. One ordinarily skilled in the art would appreciate
that the balancing of the RF field may be achieved not only in cases of artificial

sample but rather on real objects which are to be imaged. Moreover, for an object

-having a mirror symmetry (such as, but not limited to, a human head), it is always

possible to obtain a symmetric profile for the RF field, provided that the symmetry

axis of the objects is parallel to longitudinal axis 18.
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The balancing of the RF field may be done either during the manufacturing of

RF resonator 10 (the so called "factory settings"), or while RF resonator is in medical
use. Specifically, RF resonator 10 preferably comprise a balancing adjuster 23
electrically communicating with circuitry 22 so that while in operational mode,
balancing adjuster 23 tunes the tunable components of circuitry 22 until the RF field
has a substantially f\sgmmetrical profile with respect to a transverse axis (ie.,
perpendicular to longi:cudinal axis 14).

It is to be understood, however, that although RF resonator 10 has the
advantage that the resonance tuning, the impedance matching and the RF field
balancing are controlled by the same circuitry (e.g., circuitry 22), other circuitries may
also be employed for performing any combination of the above adjustments.

As stated, RF resonator 10 may include any number (larger than two) of
conductive elements 12. The selected number affects the characteristic of the
produced magnetic field, in particular its homogenous area and its polarization. Thus,
according to a preferred embodiment of the present invention additional conductive
elements are used to further improve the magnetic field homogeneity. In this
embodiment, the currents flowing in the additional elements are related to currents 16
by a predetermined functional relation. Predetermined functions which may be used
for this purpose include, but are not limited to, a linear function, a polynomial
function, an exponential function, a rational function, a power function or any
combination thereof. For example, the currents flowing in the additional elements
may be a predetermined fraction (e.g., one half) of currents 16.

For the purpose of magnetic resonance imaging, as well as for magnetic
resonance analysis may be performed, many field polarization may be used, provided
that the respective polarization may be mathematically expanded, such that at least one
component of the expansion ensures a magnetic field which rotates about the direction
of the main static magnetic field. For example, the polarization may be circular or
linear, where the linear polarization is viewed as an equal weight sum of a left-hand
circular polarization and a right-hand circular polarization. An RF resonator which
generates a linearly polarized RF field is called a linear resonator, and an RF resonator
which generates a circularly polarized RF field is called a quadrature resonator [C.-N.
Chen et al., "Quadrature Detection Coils - A Further Improvement in Sensitivity", J.

Magn. Reson., 54:324-327, 1983].



10

15

20

25

30

WO 2004/036229 PCT/1L.2003/000826

27
The present invention successfully addresses the issue of polarization of the

magnetic field. Thus, according to a preferred embodiment of the present invention
the number of conductive elements 12 is selected so that the RF field is linearly
polarized. Hence in this embodiment RF resonator 10 is a linear resonator. The
linearly polarized field is preferably produced by two conductive elements, e. g., as
shown in Figure 8a.

According tov:another preferred embodiment of the present invention the
number of conductive elements 12 is selected so that the RF field is substantially
circularly polarized. Hence in this embodiment RF resonator 10 is a quadrature
resonator. The circularly polarized field is preferably generated by four conductive
elements, e. g, as shown in Figure 8b. In this embodiment, the four conductive
elements are preferably arranged so that perpendicularity is maintained, as further
detailed hereinunder.

The conductive elements may be of any known conductive material such as,
but not limited to, gold, silver, cupper, copper sheets. In one embodiment conductive
elements 12 are made of a superconducting material. In this embodiment RF resonator
10 further comprises means for preserving conductive elements 12 at a sufficiently
low temperature to maintain the superconductivity. Such temperatures may range
between about 4.7 K and about 10 K and technologies allowing superconductivity in
this contexts are described in R. S. Withers, et al., "Thin-Film HTS Probe Coils for
Magnetic Resonance Imaging" SPLE Proc., Series 2156, High-T: Microwave
Superconductors and Applications, 2427 Jan. 1994, Los Angeles, CA., 27-35, and R.
D. Black, et al., "A High Temperature Superconducting Receiver for Nuclear
Magnetic Resonance Microscopy"”, Science 259: 793-95, 1993. However it is to be
understood that other technologies, e.g., of high temperature superconductivity, which
will be developed during the lifetime of this patent are not excluded.

As further detailed hereinbelow, RF resonator 10 may be used, for example, in
an MRI apparatus which includes, inter alia, one or more gradient coils used.
Typically, once gradient coils are switched on, a rapidly growing electromagnetic field
is generated, resulting in inductance of eddy currents in other surrounding conductors.
According to the laws of electromagnetism, these eddy currents generate
electromagnetic fields opposing the original field. Hence, according to a preferred

embodiment of the present invention, conductive elements 12 are designed and
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constructed to minimize eddy currents generated therein, thereby to allow the DC field

generated by the gradient coils to penetrate through conductive elements 12 once the
gradient coils are switched on. This may be done, for example, by constructing
conductive elements 12 such that each conductive elements is characterized by the so
called "RF shield structure”. In other words, conductive elements 12 also serve as a
low-pass filter transparent to a DC field, while being opaque to the RF field.

More speciﬁcj;lly, conductive elements 12 may be manufactured as two
conductive foils (e.g., copper foils, or superconducting foil) having a dielectric
material therebetween, thereby forming a double sided conductive surface. The
formation of eddy currents may then be prevented by etching narrow gaps on each side
of the double sided conductive surface such that no two gaps overlap. Thus, when the
narrow gaps are filled with a dielectric material having the appropriate properties (e.g.,
dielectric constant and thickness), the gaps, while being transparent to the DC gradient
field, are still opaque to the RF currents. It is to be understood, however, that unlike
the birdcage coil, where currents flowing through the legs of the birdcage coil are with
different phases, the RF currents flowing in each one of conductive elements 12 are all
in one phase.

The present invention successfully provides a method of designing an RF
resonator for magnetic resonance analysis, for example RF resonator 10. The method
comprises the following method steps which are illustrated in the flowchart of Figure
9.

Hence, in a first step, designated in Figure 9 by Block 32, at least two
computationally defined surfaces are selected for engaging at least two conductive
elements (e. g., conductive elements 12). The surfaces have a first curvature along a
direction perpendicular to a longitudinal axis, and may have a second curvature along
the longitudinal axis. The number of surfaces (and therefore also the number of
conductive elements) is preferably selected according to the desired polarization of the
RF field, as further detailed hereinabove and exemplified in the Examples section that
follows. The number of surfaces also dictates the number of eigenvectors (current-
modes) which appear in the solution of the corresponding eigenvalue equation for the
currents flowing through the conductive elements. Specifically, the number of

surfaces equals the number of eigenvectors, thereby to the number of eigenvalues,
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which, as already explained in the Background section hereinabove, are related to the

resonance frequencies of the RF resonator.

Unlike birdcage coil, where the number of legs (therefore also the number of
undesired resonance frequencies which are to be eliminated) is large, in the RF
r'esonator of the present invention, the number of conductive element is preferably
s¢lected so as to migimize the overall number of current-modes. Thus, for small
number of conducti;fe elements, there are a small number of current-modes
corresponding to a small number of resonance frequencies. Being sufficiently spaced
apart in the frequency space, the desired mode may be easily selected, leaving the
undesired modes to be substantially inactive.

In a second step of the method, designated by Block 34, a magnetic field is
calculated within the surfaces. Unlike the design of prior art coils (e. g., birdcage
coils), the design of the magnetic field is completely decoupled from the design of the
resonance characteristics of the resonator. Thus, in a third step, designated by Block
36 in Figure 9, the first and the second steps are iteratively repeated so as to provide
optimize geometry which corresponds to a substantially homogenous magnetic field.
Specifically, in each iterative step, any specific combination of curvature, length,
separation and number of conductive elements may be tested to optimize the
homogeneity of the magnetic field.

In a fourth step, designated by Block 38, means capable of providing
predetermined resonance characteristics of the RF resonator, are selected based on the
optimize geometry and the magnetic field which are already known from the third
step. Preferably, frequency shifts which may occur due to the future existence of an
imaged object within the RF coils are considered while the fourth step is executed.
Still preferably, impedance differences which may be present between the RF
resonator and the RF transmitter are considered in the forth step. Thus, the means
which are selected preferably comprise an arrangement of tunable components which
can be used for impedance matching. Further preferably, the profile of the RF field
with respect to a transverse axis is considered in the fourth step. In other words, the
means which are selected preferably designed to facilitate the above-mentioned
process of balancing the RF field lines, so as to have a substantially symmetrical

profile with respect to a transverse axis
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It is to be understood that the execution of the fourth step is far simpler than an

equivalent step in the design of, e. g, a birdcage coil, due to the relatively small
number of current-modes. Specifically, as further demonstrated in the Examples
section that follows, it is sufficient to select a small number of tunable components in
the design ;)f the RF resonator, so that once the RF resonator is reduced to practice,
these tunable components are used for tuning, matching and balancing the RF
resonator. Although,»:che tuning, matching and balancing are, in principle, repeated
iteratively, one would appreciate that as the number of tunable components is
minimized the simplicity of finding an optimal solution is maximized.

The second step of the method may be executed in more than one way. In one
embodiment, the second step is executed straightforwardly by solving the set of
Maxwell's equations within the geometry selected in the first step, thereby to obtaining
electromagnetic field lines.

In another embodiment, the second step is executed by a method known as the
finite element method. The finite element method is described, for example, in a book
by Jianming Jin, entitled "Electromagnetic Analysis "and Design in Magnetic
Resonance Imaging", published by CRC press LLC, the contents of which are hereby
incorporated by reference. This embodiment is preferably used in cases in which the
size of the RF resonator is smaller than the desired resonant wavelength. The basic
principle of this method is to divide the space into a plurality of finite elements (e.g.,
rectangular elements, triangular elements and the like) and to use these elements for
solving the governing equations.

In an additional embodiment, the second step is executed by a method known
as the moments analysis method, which is also described, e. g, in the book of
Jianming Jin (ibid). This embodiment is preferably used when the size of the RF
resonator is comparable to the desired resonant wav;elength. The basic principle of the
moments analysis method is to formulate and solve an integral equation representing
the fields, produced by currents flowing in the RF resonator, using a free-space
Green's function.

The RF resonator, designed according to the above method steps, may be used,
e. g, in an MRI apparatus combining the RF resonator, a device for providing a static
magnetic field and maybe also one or more gradient coils. It is known that when the

RF field electromagnetically interacts with the static magnetic field device and/or with
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the gradient coil(s) energy losses may occur, degrading the performances of the RF

resonator. In addition, such electromagnetic interaction may shift the resonance
frequency or even add more current-modes which are characterized by resonance
frequencies which are close to the desired mode frequency, hence reduces the ability
of the RF resonator to.operate in a single, desired, resonance frequency.

Thus, accordin‘g to a preferred embodiment of the present invention, the
method further corr;;n'scs a step of designing an RF shield for minimizing
electromagnetic interactions between the RF resonator and the static magnetic field
device and/or between the RF resonator and the gradient coil(s). This step is
preferably executed prior to the second step and it is represented by Block 44 in Figure
9. RF shields are known in the art and their design is straightforward once the RF
resonator configuration is known. One method of designing an RF shield is known as
the method of images, and is found, e. g., in an article by Jin J.M. et al., entitled "A
Simple Method to Incorporate the Effects of an RF Shield into RF Resonator Analysis
for MRI Applications", published in IEEE Trans. Biomed. Eng., 42:840-843, the
contents of which are hereby incorporated by reference. Other methods are found in
Ong KC, et al., "Radiofrequency shielding of surface coils at 4.0T" Magn. Reson.
Imag. 5:233-237, 1987; and in Alecci M, "Characterization and reduction of gradient-
induced eddy currents in the RF shield of a TEM resonator", Magn Res in Medicine
48:404-407, 2002.

In the method of images one assumes that the field produced by currents
induced on the RF shield is a mirror image of the field produced by the original
currents. Thus, given the original currents, one calculates the total RF field produced
both by the original and by the induced currents.

According to a preferred embodiment of the present invention the method
further comprises a step of designing at least one end-cap to be positioned adjacent to
at least one end of the RF resonator for minimizing magnetic field inhomogeneities
along the longitudinal axis. This step is preferably executed prior to the second step
and it is designated by Block 46 in Figure 9. End-caps are known in the art of
magnetic resonance design and are used as "electromagnetic mirrors” which
effectively increase the longitudinal dimension of the resonator. Thus, the end-cap
minimizes boundary effects, hence reduces the field inhomogeneity, in particular near

the edge where the end-cap is positioned.
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According to an additional aspect of the present invention, there is provided an
RF resonator for magnetic resonance analysis generally referred to herein as RF
resonator 100. Hence, RF resonator 100 comprises at least two conductive elements
12, and at least one additional conductive element 13. The principles and operations
of RF resonator 10 are similar tc; the principles and operations of RF resonator 10, as
further detailed here}nabove. Conductive elements 12 and additional conductive
elements 13 of RF re?onator 100 are best illustrated in Figure 12d of the Examples
section hereinbelow.

Reference is now made to Figure 10, which is a block diagram illustrating an
MRI apparatus, generally referred to as apparatus 50, according to an additional aspect
of the present invention.

Hence, apparatus 50 comprises a device 51 for providing a static magnetic
field. Device 51 may be, for example, a permanent magnet, an electromagnet, a
superconductivity-based device and the like. It is expected that during the life of this
patent many relevant magnets and electromagnets will be developed and the scope of
the phrase “device for providing a static magnetic field” is intended to embrace all
such new technologies a priori. For example, device 51 may comprises at least one
shim coil for further corrections of the homogeneity of the static field.

Apparatus 50 further comprises a processing unit 52, an RF transmitter 54 and
an RF resonator 56. The construction and operation of RF resonator 56 are similar to
the construction and operation of RF resonator 10 or RF resonator 100 as further
detailed hereinabove. RF resonator 56 may also have supplementary features with
respect to RF resonator 10, for example, RF resonator 56 may be a multi frequency RF
resonator designed for obtaining signals from two or more nuclei, each having a
different gyromagnetic ratio (e.g., 1H and 31P). Additionally, RF resonator 56 may
include conductive elements having a predetermined capacitance distribution, that
reduce the electric field created by RF resonator 56, for minimizing effects of the
imaged object on the magnetic field and for minimizing corona discharge from
conductive elements 12.

According to a preferred embodiment of the present invention apparatus 50
may further comprise any number of gradient coils 58 for providing a predetermined
gradient of static magnetic field. Any gradient coil known in the art of MRI may be

used. As stated, electromagnetic interactions between the RF field and device 51
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and/or between the RF field and the gradient coil(s) 58 result in undesired energy

losses. Thus, apparatus 50 further comprises an RF shield 60, configured and
designed for minimizing those electromagnetic interactions, as further detailed
hereinabove. Apparatus 50 may also comprise one or more end-caps 62, positioned
adjacent to one or more ends of RF resonator 56 for minimizing magnetic field
inhomogeneities.

According to“\; preferred embodiment of the present invention apparatus 50
further comprises decoupling means for electrically decoupling RF resonator 54 from
one ore more of gradient coils 58. This may be done, for example, by an enveloping
external device having high value capacitors located thereon. Such a device is known
as a DC block capacitors.

According to a preferred embodiment of the present invention apparatus 50
may include more than one RF resonator 56. For example, RF resonator 56 and one or
more additional resonators may be arranged to form an RF resonator array, such as,
but not limited to, a phased array. Preferably, all the RF resonators are
electromagnetically decoupled from each other to avoid the undesired effect of
interactions between the generated RF fields.

Reference is now made to Figure 11, which is a flowchart of a method for
magnetic resonance analysis of an object. The method comprises the following
method steps in which in a first step, represented by Block 72, a static magnetic field
is applied on the subject in a direction of a longitudinal axis. In a second step,
represented by Block 74, substantially homogenous RF magnetic field is applied on
the subject, using, e.g., RF resonator 10, 100 or 56, in a direction perpendicular to the
longitudinal axis. In a third step, represented by Block 76, nuclear magnetic resonance
parameters are acquired from the object, so as to analyze the object.

The MRI apparatus, the method of magnetic resonance analysis and any
apparatus, device and/or system which employs the RF resonator described above may
be employed on many objects which are to be imaged and/or analyzed. These include,
but are not limited to, an animal (e. g., a human being), an organ of an animal, a tissue,
a swollen elastomer and a food material. In addition, the object may be at least one

type of molecules present (e.g., dissolved, dispersed or emulsed) in the solvent.
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Additional objects, advantages, and novel features of the present invention will
become apparent to one ordinarily skilled in the art upon examination of the following
examples, which are not intended to be limiting. Additionally, each of the various
embodiments and aspects of the present invention as delineated hereinabove and as
claimed in the claims section below finds experin.lental support in the following

examples.

EXAMPLES
Reference is now made to the following examples, which, together with the

above descriptions, illustrate the invention in a non limiting fashion.

EXAMPLE 1
A Linear RF Resonator

A prototype of a linear resonator having two conductive elements was
designed and built for imaging a rat head in an 8.46 T static magnetic field generated
by a AVANCE 360 WB spectrometer, purchased from Bruker Medizintechnik GmbH,
D-76275 Ettlingen, Germany.

Description of the Prototype

The ratio between the resonator size and the resonance wavelength was
selected to be about 0.02, hence, any variation of the RF phase was negligibly small
(the so called "near-field approximation"). The mathematical reason for the smallness
of variation is that the variation is proportional to the sine of the distance from the
conductive element, hence, for distances which are sufficiently smaller than the
wavelength, the sine (and the variation) approaches zero. Specifically, the distance
from the conductive surfaces to the center of the imaged sample was 1.5 cm and the
resonant wavelength was 83.2 cm. For such configuration the change in the wave
amplitude over the sample is less than one percent. A non conductive gap of 2.5 mm
between the conductive elements and the volume-of-interest was designed. The
dimensions of the gap were selected for avoiding strong field effects near the
conductive elements on the one hand, and for maintaining a sufficiently effective the
pulse length on the other hand. The RF resonator was designed so as to be enveloped

by a cylindrical shell of a gradient unit, 53 mm in diameter.
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RF Field Simulation

The Laplace eQuation governing the static electric component of the field
inside the RF resonator volume was solved by a finite difference method, utilizing
Simlon 6.0 software. _

For simplicity, infinitely long legs were assumed, thereby negleeting boundary
effects. the RF resor&:}tor has antiparallel mirror symmetry. Thus, in accordance with
the uniqueness theor;;n of the Laplace equation, one half of the RF resonator was
simulated and the other half was mirrored by a straight plane of zero field intensity.

The cylindrical container of the RF resonator served as an effective RF shield,
hence simulated by a zero-potential half-circle.

Reference is now made to Figures 12a-c, illustrating the calculated
equipotential lines of the field, for various profiles of conductive elements 12. One
ordinarily skilled in the art would appreciate that the equipotential lines also represent
the pattern of the magnetic field for this simulation. Figures 12a and 12b show
profiles which generate inhomogenous field. Figure 12¢ shows an optimal profile
generating a central area of equally spaced and substantially parallel equipotential
lines corresponding to a homogenous field. In this configuration a planar angle of
100 ° was measured from the center of the RF resonator to the edges of each
conductive element.

Figures 12d-e show simulations results in which additional conductive
elements 13, carrying a current which is one half of the current flowing in conductive
elements 12, are used in addition to conductive elements 12. Figure 12d shows
equipotential lines and Figure 12e shows field lines where each field line represents an
intensity step of 9 %. It can be seen that additional conductive elements 13 serve for
controlling the field homogeneity.

Figure 12f shows results of electric field simulations of the prototype
resonator. The simulations were executed using Matlab™ 6 software package, using a
120 x 120 = 14400 elements matrix. Figures 12e is a contour plot of the electric field
gradient, which represents the RF magnetic field.

A circular area-of-interest located in the central area of the prototype resonator
was defined, which area-of-interest included 1130 out of the 14400 elements, and is
equivalent to a circle 22 mm in diameter. The simulations were directed at calculating

statistical characteristics of the area-of-interest. As the simulations are inherently
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symmetrical, it is sufficient to simulate one half of the transverse plane. As further

demonstrated hereinafter, the same area-of-interest was defined for experimental
measurements, where the resolution is about 44 % higher (128 x 256 pixels).

The uniformity of the RF magnetic field was defined as:

Uniformity =1- %’ (EQ. 1)

where © is the:){ntensity standard-deviation and I is the average intensity in the
analyzed area. The uniformity was found to be 96% for the above described area of
interest.

AC Simulations

The resonance characteristics were designed using the lumped elements
method, employing Micro-Cap 6 software for the AC analysis. Possible deviation
between the simulation process and the physical RF resonator were considered a-
priori by introducing three tunable capacitors into the circuit.

Figure 13 illustrates the simulated circuit. L1 and L2 are inductors
representing conductive elements 12. C1, ..., C5 are capacitors, R1, R2, R3 and R9
are parasite resistances V1 is an RF transmitter and K1 is the mutual inductance
between L1, L.2 and was set to be 0.3. The main current loop defined by elements L1,
C1, C2 and L2 envelopes the sample to be imaged. Capacitors C3 and C4 were used
for balancing between the left portion and the right portion of the circuit, while
capacitor C5 was used for matching the circuit to RF transmitter V1. In the
simulation, the current flowing through capacitors C3 and C4 was inductively
decoupled from the main current-loop. In other words, the magnetic field that is
generated by the current through capacitors C3 and C4 was not interacting with the
sample. Resistor R9 was introduced for representing the sample’s resistance. The
simulations results are provided hereinbelow with reference to points-of-interest,
designated in Figure 13 by 1, 2 and 6.

Figure 14 show the simulated potential difference between points 1 and 2, and
the potential at point 6. The RF resonator has only two current modes, referred to
herein as a common-mode and an anti-mode, corresponding to resonance frequencies
of 310 MHz and 360 Mhz, respectively. The desired mode frequency was selected to
be the 360 Mhz mode. Both resonance frequencies are shown as voltage peaks in

Figure 14. The frequency separation between the two modes is governed by the
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relative values of capacitors C1, C2, C3 and C4, and by the mutual inductance

between conductive elements 12.

As further demonstrated below, the physical circuit can be matched, balanced
and tuned to the desired mode, using three tunable capacitors (C1, C3 and C4) and
one fixed-value capacitor (C2), configured so as to eliminate the voltage drdp on
resistor R9, i. e, impgsing a zero voltage at a point designated "A" in Figure 13. In
practice, while imagir\i:g a sample, the zero voltage at "A" minimizes transient effects
on the circuit realized by muscles movements (breath, blood pulsation, etc.) of the
sample, and ensures that the two halves of the circuit are balanced.

Prototype Buildup

Materials and Methods

Reference is now made to Figure 15, showing the experimental setup. The
prototype included two conductive elements 12, capacitors 82, an upper metal washer
plate 84, a lower metal washer plate 94, insulators 86, an external cylinder 88 and an
internal cylinder 90. The terminals conductive elements 12 are designated 92.

The experimental setup was build from brass sheet metal processed by
machining. The external container was 53 mm in diameter, conductive elements 12
were 1 mm thick and 25 mm height and their edges were rounded. Conductive
elements 12 situated along an arc, 30 mm in diameter.

All circuitry connections and capacitors were located above conductive
elements 12. Metal washer plate 84 was used to screen all capacitors and connectors
from the imaging volume, so as to minimize the field contribution from sources other
than the conductive elements 12, and in particular the abovementioned current-loops
of C3, and C4. The tunable capacitors were selected of low self resistance compared
to the sample’s resistive load. Thus, only small amount of power was dissipated
through the C3 and C4 current-loops.

Both conductive elements 12 were connected by welding to a common ground.
Terminals 92 protrude into the capacitors level through slots in upper metal washer
plate 84. Conductive elements 12 were electroplated with 10 um of silver, in order to
increase conductivity within the skin depth range. The Silver layer was electroplated
with a protective 1 um layer of Gold. Most other parts of the probe were made of
TEFLON™, such as the internal pipe that prevents direct contact between the sample

and the conductive elements 12. Ertalon 4.6 nuts were used to fix the tunable
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capacitors in place. The circuit uses 3 tunable capacitors NMAP40HV purchased from
Voltronics, range from 1.5 to 40 pF (C1, C3 and C4 of Figure 13) and one chip
capacitor of 2.2 pF purchased from ATM (C2 of Figure 13). Once assembled, the
circuit was tuned, matched and balanced at the resonant frequency of 360.13 MHz.
Balance was achieved by imposing a zero voltage at "A".

The resonant spectrum of the experimental setup was checked by means of a
spectrum analyzer arﬁi found to match the predictions of the AC simulations (see
Figure 14). Identification of the undesired common mode was performed by touching
"A" with a metal instrument, thus affecting only the undesired mode while having no
effect on the desired mode. When the desired mode was set to 360.13 MHz, the
undesired common mode’s frequency was 236.5 MHz, showing higher mutual
inductance between conductive elements 12 than the original simulation estimates.

For the purpose of obtaining a full mapping of the RF magnetic field intensity,
a sufficiently large phantom was selected. The phantom was a container filled with
0.075 M saline. The phantom length was more than 5 cm, which is much longer than
the effective imaging volume of the RF resonator.

An unloaded of Q=70 was estimated for the experimental setup using a small
loop antenna. The extent of the sample effect on the circuit was measured by
comparing the resonant frequency of the circuit with and without the phantom. As the
phantom occupies the entire RF resonator void, it bears much greater resistance and
capacitance than the sample which is to be imaged. The difference between the two
frequencies was 0.8 MHz, which is very small once considering the circuit Q value.

| Imaging Tests

A spin echo pulse sequence was chosen to for the excitation, so as to maximize
the dependence of the signal intensity on the RF magnetic field. One ordinarily skilled
in the art would appreciate that, as opposed, for example to a 90° pulse, such pulse
substantially over estimates this dependence. Thus, the results presented herein are to
be considered as bounding the quality of the prototype from below.

The uniformity of the RF magnetic field was defined as in Equation 1
hereinabove.

Figures 16a-b show the RF magnetic field profile trough an axial slice, and the
one-dimensional cross sections along orthogonal directions. The yellow circle

represents an area-of-interest, 22 mm in diameter, to which statistical characteristics
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were calculated. As opposed to the simulations of the area-of-interest, the image is

more vulnerable to non-symmetrical effects. Figure 16a shows plots of the measured
magnetic field along two one-dimensional profiles, which are indicated as two
perpendicular lines with respective colors within the area-of-interest. The calculated
uniformity, in accordance to Equation 1, for the area-of-interest was 95 %, in
agreement with the gpiformity calculated in the simulations. Figure 16b shows the
calculated statisticalwcharacteristics and the histogram for the area-of-interest.
Generally, the RF magnetic field pattern is highly homogenous in the central areas of
the coil.

Figures 17a-b show the RF magnetic field profile trough a coronal slice. A
yellow rectangle, 14x21 mm, represents an area-of-interest, to which statistical
characteristics were calculated. Figure 17a shows plots of the measured magnetic field
along two one-dimensional profiles, which are indicated as two perpendicular lines
with respective colors within the area-of-interest. Figure 17b shows the calculated
statistical characteristics and the histogram for the rectangular area-of-interest. The
profile along the transverse direction is substantially homogenous in the central
imaging area. The profile along the longitudinal direction shows a homogenous area
in the central area of the RF resonator, with a remnant region of boundary effects near
the edges.

Although boundary effects were detected, the calculated uniformity within the
area-of-interest was 96 %. The reader is advised to compare the observed boundary
effects with other RF coils, e. g, the 16 legs birdcage shown in Figure 4.20 (page 172)
of the book of Jianming J. (ibid). The boundary effects in the birdcage are more
pronounced, even though, in principle, the dimensions of the birdcage favor much less
boundary effects due to the lower diameter-to-height ratio, as compared to the present
prototype. .

Figures 18a-b show the RF magnetic field profile trough a sagittal slice, within
the same area-of-interest as in Figures 17a-b. Figure 17a shows plots of the measured
magnetic field along two one-dimensional profiles, which are indicated as two
perpendicular lines with respective colors within the area-of-interest. Figure 17b
shows the calculated statistical characteristics and the histogram for the rectangular
area-of-interest. ~ Similarly to the coronal slice, the profile along the transverse

direction is substantially homogenous in the central imaging area, while a remnant
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region of boundary effects is observed along the longitudinal direction near the edges.

The uniformity for the above rectangle of interest was 90 %. The difference between
the sagittal (Figures 18a-b) and the coronal (Figures 17a-b) slices uniformity is
explained by the mirror symmetry of the prototype.

Figures 19a-d show axial spin echo slices in a rat head, using an 8.46 T wide
bore magnet and utiliging fat suppression pulses. Each slice thickness was 1 mm. The

quality of the image is vivid.

EXAMPLE 2
A Quadrature RF Resonator

Following is a description of a quadrature RF resonator designed as two
decoupled linear RF resonators.

Reference is now made to Figure 20 illustrating a top view of the quadrature
RF resonator of this example. The quadrature resonator of this example includes four
conductive elements arranged as two pairs, designated 12 and 12a. Pair 12 and pair
12a are positioned so that the respective symmetry axes are perpendicular to each
other. Antiparallel currents 16 are driven through pair 12 and pair 12a, where,
according to the common convention, current which is outgoing downwards (into the
plane of Figure 20) is designated by the cross symbol and current which is incoming
upwards is designated by the dot symbol. Currents 16 are driven by a split phase RF
source, so that the voltage on pair 12 is shifted by 90° with respect to the voltage on
pair 12a.

Currents 16 generate magnetic field in and outside the volume surrounded by
the conductive elements. The characteristics of the magnetic field generated by pair
12 on the surface of pair 12a may be better understood by considering two points,
designated G and F, located on opposite sides of one conductive element of pair 12a,
which point are symmetrical with respect to the pair 12. The magnetic field at G and
F is identical in amplitude and opposite in sign, due to the opposite direction of the
currents near each point. One ordinarily skilled in the art would appreciate that similar
consideration apply for each two symmetrical located pair of points along one
conductive element of pair 12a. Thus, the magnetic field on the surface of each

conductive element of pair 12a is antisymmetric with respect to a Ssymmetry axis of the

surface.
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Reference is now made to Figure 21 which shows the electrical currents

induced onto the surfaces of pair 12a, due to changes in magnetic flux therethrough.
At each point of points ¥ and G, the induced current is opposite in direction to that of
the conductive element of pair 12 which is close to it. Therefore, the effect of pair 12
on pair 12a is the induction of current loops by on the surface pair 12a.

However, alt[ggugh current loops do exist on pair 12a, the total net current
induce by pair 12 on pair 12a, is zero, thereby ensuring that pair 12a is decoupled
from pair 12. A skilled artisan would appreciate that such decoupling may be
achieved, for different geometries of the surfaces, provided that each conductive
element is symmetrical, and that two pairs are perpendicularly positioned (e. g., as in
Figure 20).

The driven currents flowing through pair 12a generate an induced magnetic
field directed opposite to the direction of the magnetic field generated by pair 12.
Hence, even though no electric/magnetic conjugation exists between the pairs, pair
12a changes the field pattern generated by pair 12. Specifically the use of pair 12a in
addition to pair 12, under a phase shift condition which is supplied by the split phase
RF source, ensures that the RF magnetic field is substantially circularly polarized.

The magnetic field pattern of the quadrature RF resonator of the present
example was simulated utilizing the same technique that was used for the
determination of the linear RF resonator of Example 1. In the simulations, the
contribution of pair 12a to the magnetic field was calculated by representing the
conductive elements of pair 12a as surfaces of zero magnetic field. The justification
for this representation is related to the observation that due to its short wavelength, the
RF field cannot percolates through a conductive element whose width is larger than
many skin depths.

As stated the simulation is conducted using the near-field approximation,
hence, pair 12a is represented by zero-potential surfaces, while the pair 12, is
represented by a finite potential surface. The voltage configuration of the quadrature
RF resonator is shown in Figure 22.

Reference is now made to Figures 23a-b, showing the simulation results.
Figure 23a shows the calculated electric potential and Figure 23b shows the calculated
electric field. As can be seen, a considerable homogenous area with a substantially

zero gradient was observed in the central region of the quadrature RF resonator.
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It is appreciated that certain features of the invention, which are, for clarity,
described in the context of separate embodiments, may also be provided in
combination in a single embodiment. Conversely, various features of the invention,
which are, for brevity, described in the context of a single embodiment, may also be

provided separately or in any suitable subcombination.

Although the invention has been described in conjunction with specific
embodiments thereof, it is evident that many alternatives, modifications and variations
will be apparent to those skilled in the art. Accordingly, it is intended to embrace all
such alternatives, modifications and variations that fall within the spirit and broad
scope of the appended claims. All publications, patents and patent applications
mentioned in this specification are herein incorporated in their entirety by reference
into the specification, to the same extent as if each individual publication, patent or
patent application was specifically and individually indicated to be incorporated herein
by reference. In addition, citation or identification of any reference in this application
shall not be construed as an admission that such reference is available as prior art to

the present invention.
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WHAT IS CLAIMED IS:
1. A radiofrequency (RF) resonator for magnetic resonance analysis, the
RF resonator comprising:

(a) at least two conductive elements, each having a first curvature along a
direction perpendicul&r to a longitudinal axis, said at least two conductive elements
being spaced along s;id longitudinal axis, so that when an RF current flows within
said at least two conductive elements in a direction of said longitudinal axis, a
substantially homogenous RF magnetic field, directed perpendicular to said
longitudinal axis, is produced in a volume defined between said at least two
conductive elements; and

(b) an electronic circuitry designed and configured for providing
predetermined resonance characteristics of the RF resonator, for matching an
impedance of the RF resonator to an impedance of an RF transmitter electrically
communicating with said electronic circuitry, and for balancing said RF magnetic field
to have a substantially symmetrical profile with respect to a transverse axis being

perpendicular to said longitudinal axis.

2. The RF resonator of claim 1, further comprising a balancing adjuster
electrically communicating with said electronic circuitry, said balancing adjuster is
constructed and designed for controlling said electronic circuitry while the RF

resonator is in medical use.

3. The RF resonator of claim 1, further comprising at least one additional
conductive element positioned so as to further minimize inhomogeneity of said

magnetic field.

4. The RF resonator of claim 3, wherein a phase of an RF current flowing
through said at least one additional conductive element equals a phase of said RF

currents flowing through said at least two conductive elements.
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5. The RF resonator of claim 3, wherein an RF current flowing through
said at least one additional conductive element depends on said RF currents flowing

through said at least two conductive elements, through a predetermined function.

6. The RF resonator of claim 5, wherein said predetermined function is

selected from the group consisting of a linear function, a polynomial function, an
by

exponential function, a rational function, a power function and any combination

thereof.

7. The RF resonator of claim 3, wherein an RF current flowing through
said at least one additional conductive element is a predetermined fraction of said RF

currents flowing through said at least two conductive elements.

8. The RF resonator of claim 7, wherein said predetermined fraction is
one half.
9. The RF resonator of claim 1, wherein said electronic circuitry

comprises means for varying mutual capacitance.

10. The RF resonator of claim 1, wherein said electronic circuitry

comprises means for varying mutual inductance.

11. The RF resonator of claim 10, wherein said mutual inductance is

defined between the RF resonator and said RF transmitter.

12. The RF resonator of claim 10, wherein said mutual inductance is

defined between said electronic circuitry and said RF transmitter.

13. The RF resonator of claim 1, wherein said electronic circuitry
comprises an arrangement of capacitors, inductors, tunable capacitors and tunable

inductors.



WO 2004/036229 PCT/1L.2003/000826

45
14. The RF resonator of claim 13, wherein said capacitors and said tunable

capacitors are high power capacitors.

15. The RF resonator of claim 14, wherein said high power capacitors are
vacuum capacitors.
Y
16.  The RF resonator of claim 1, wherein a longitudinal dimension of said
at least two conductive elements is selected so as to minimize magnetic field

inhomogeneities along said longitudinal axis.

17.  The RF resonator of claim 1, wherein a separation between said at least

two conductive elements is selected so as to surround an object to be imaged.

18.  The RF resonator of claim 17, wherein said object is a mammal.

19.  The RF resonator of claim 17, wherein said object is an organ of a
mammal.

20. The RF resonator of claim 17, wherein said object is a tissue.

21.  The RF resonator of claim 17, wherein said object is a swollen
elastomer.

22. The RF resonator of claim 17, wherein said object is a food material.
23.  The RF resonator of claim 17, wherein said object is liquid.

24. The RF resonator of claim 17, wherein said object is at least one type of

molecules present in a solvent.

25. The RF resonator of claim 24, wherein said at least one type of

molecules present in said solvent is selected from the group consisting of molecule
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dissolved in said solvent, a molecule dispersed in said solvent and a molecule emulsed

in said solvent.

26. The RF resonator of claim 1, wherein said first curvature is selected
from the group consisting of a curvature of cylinder, a curvature of an ellipsoid, a
curvature of a hyperboloid, a curvature of a paraboloid and a curvature of an irregular

surface.

217. The RF resonator of claim 1, wherein at least one of said at least two
conductive elements further has a second curvature along a direction parallel to said

longitudinal axis.

28. The RF resonator of claim 27, wherein séid first curvature and said

second curvature are each independently constant curvatures.

29. The RF resonator of claim 27, wherein said first curvature and said

second curvature are each independently variable curvatures.

30. The RF resonator of claim 27, wherein said second curvature is selected
from the group consisting of a curvature of cylinder, a curvature of an ellipsoid, a
curvature of a hyperboloid, a curvature of a paraboloid and a curvature of an irregular

surface.

31. The RF resonator of claim 1, wherein a number of said at least two
conductive elements is selected so that said substantially homogenous RF magnetic

field is linearly polarized.

32. The RF resonator of claim 1, wherein a number of said at least two
conductive elements is selected so that said substantially homogenous RF magnetic

field is substantially circularly polarized.

33. The RF resonator of claim 1, wherein said at least two conductive

elements are two conductive elements.
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34, The RF resonator of claim 1, wherein said at least two conductive

elements are four conductive elements.

35.  The RF resonator of claim 34, wherein a first pair of said four
conductive elements is electrically decoupled from a second pair of said four
conductive elements.

36. The RF resonator of claim 34, wherein a first pair of said four
conductive elements is magnetically decoupled from a second pair of said four

conductive elements.

37. The RF resonator of claim 34, wherein a first pair of said four
conductive elements is electromagnetically decoupled from a second pair of said four

conductive elements.

38.  The RF resonator of claim 34, wherein a first pair and a second pair of
said four conductive elements are positioned so that a transverse axis of said first pair

is substantially perpendicular to a transverse axis of said second pair.

39. The RF resonator of claim 1, wherein said at least two conductive

elements are made of a superconducting material.

40.  The RF resonator of claim 39, further comprising means for preserving

said at least two conductive elements at a sufficiently low temperature.

41. The RF resonator of claim 1, wherein said at least two conductive

elements are designed and constructed to minimize eddy currents generated therein.

42. The RF resonator of claim 1, wherein said at least two conductive
elements are characterized by an RF shield structure, for substantially blocking RF

radiation while transmitting low frequency radiation.
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43, A method of designing a radiofrequency (RF) resonator for magnetic
resonance analysis, the method comprising:

(a) selecting at least two surfaces to engage at least two conductive
elements, said at least two surfaces having a first curvature along a direction
perp.endicular to a longitudinal axis, thereby defining a geometry between said at least
two surfaces;

(b) using :Zlid geometry for calculating a magnetic field within said
geometry;

() iteratively repeating said steps (a) and (b) so as to provide optimized
geometry corresponding to a substantially homogenous magnetic field; and

(d)  using said optimized geometry and said substantially homogenous
magnetic field for designing an electronic circuitry for providing predetermined
resonance characteristics of the RF resonator, for matching an impedance of the RF
resonator to an impedance of an RF transmitter electrically communicating with said
electronic circuitry, and for balancing said RF magnetic field to have a substantially
symmetrical profile with respect to a transverse axis being perpendicular to said

longitudinal axis.

44.  The method of claim 43, wherein said matching is by varying mutual

capacitance.

45.  The method of claim 43, wherein said matching is by varying mutual

inductance.

46. The method of claim 45, wherein said mutual inductance is defined

between the RF resonator and said RF transmitter.

47. The method of claim 45, wherein said mutual inductance is defined

between said electronic circuitry and said RF transmitter.
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48.  The method of claim 43, wherein a longitudinal dimension of said at

least two conductive elements is selected so as to minimize magnetic field

inhomogeneities along said longitudinal axis.

49. The method of claim 43, wherein said calculating said magnetic field

within said geometry is by solving Maxwell's equations.

50. The method of claim 43, wherein said calculating said magnetic field

within said geometry is by finite element method.

51.  The method of claim 43, wherein said calculating said magnetic field

within said geometry is by moments analysis method.

52. The method of claim 43, wherein a separation between said at least two

conductive elements is selected so as to surround an object to be imaged.
53.  The method of claim 52, wherein said object is a mammal.
54.  The method of claim 52, wherein said object is an organ of a mammal.
55. The method of claim 52, wherein said object is a tissue.
56. The method of claim 52, wherein said object is a swollen elastomer.
57.  The method of claim 52, wherein said object is a food material.
58.  The method of claim 52, wherein said object is liquid.

59.  The method of claim 52, wherein said object is at least one type of

molecules present in the solvent.

60.  The method of claim 59, wherein said at least one type of molecules

present in said solvent is selected from the group consisting of molecule dissolved in
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said solvent, a molecule dispersed in said solvent and a molecule emulsed in said

solvent.

61.  The method of claim 43, further comprising designing an RF shield for
minimizing electromagnetic interactions between the RF resonator and at least one
gradient coil and/or between the RF resonator and a device for providing a static

<
g

magnetic field.

62. The method of claim 61, wherein said designing an RF shield is by the

method of images.

63.  The method of claim 43, further comprising designing at least one end-
cap to be positioned adjacent to at least one end of the RF resonator for minimizing

magnetic field inhomogeneities along said longitudinal axis.

64. The method of claim 43, wherein said first curvature is selected from
the group consisting of a curvature of cylinder, a curvature of an ellipsoid, a curvature

of a hyperboloid, a curvature of a paraboloid and a curvature of an irregular surface.

65. The method of claim 43, wherein at least one of said at least two
surfaces further has a second curvature along a direction parallel to said longitudinal

axis.

66. The method of claim 65, wherein said first curvature and said second

curvature are each independently constant curvatures.

67. The method of claim 65, wherein said first curvature and said second

curvature are each independently variable curvatures.

68. The method of claim 65, wherein said second curvature is selected from
the group consisting of a curvature of cylinder, a curvature of an ellipsoid, a curvature

of a hyperboloid, a curvature of a paraboloid and a curvature of an irregular surface.
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69. The method of claim 43, wherein a number of said at least two

conductive elements is selected so that said substantially homogenous RF magnetic

field is linearly polarized.

70. The method of claim 43, wherein a number of said at least two
conductive elements js selected so that said substantially homogenous RF magnetic

field is substantially circularly polarized.

71. The method of claim 43, wherein said at least two conductive elements

are two conductive elements.

72.  The method of claim 43, wherein said at least two conductive elements

are four conductive elements.

73. The method of claim 72, further comprising decoupling a first pair of

said four conductive elements from a second pair of said four conductive elements.

74.  The method of claim 72, further comprising magnetically decoupling a
first pair of said four conductive elements from a second pair of said four conductive

elements.

75. The method of claim 72, further comprising electrically decoupling a
first pair of said four conductive elements from a second pair of said four conductive

elements.

76.  The method of claim 72, further comprising electromagnetically
decoupling a first pair of said four conductive elements from a second pair of said four

conductive elements.

77.  The method of claim 72, wherein a first pair and a second pair of said
four conductive elements are positioned so that a transverse axis of said first pair is

substantially perpendicular to a transverse axis of said second pair.
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78.  The method of claim 43, further comprising designing at least one

additional conductive element, so as to further minimize inhomogeneity of said

magnetic field.

79.  The method of claim 78, wherein a phase of an RF current flowing
through said at least_one additional conductive element equals a phase of currents

flowing through said at least two conductive elements.

80.  The method of claim 78, wherein an RF current flowing through said at
least one additional conductive element depends on currents flowing through said at

least two conductive elements, through a predetermined function.

81.  The method of claim 80, wherein said predetermined function is
selected from the group consisting of a linear function, a polynomial function, an
exponential function, a rational function, a power function and any combination

thereof.

82.  The method of claim 78, wherein an RF current flowing through said at
least one additional conductive element is a predetermined fraction of currents flowing

through said at least two conductive elements.

83.  The method of claim 82, wherein said predetermined fraction is one
half.

84. The method of claim 43, wherein said at least two conductive elements

are designed and constructed to minimize eddy currents generated therein.

85. The method of claim 43, wherein said at least two conductive elements
are characterized by an RF shield structure for substantially blocking RF radiation

while transmitting low frequency radiation.

86. An apparatus for magnetic resonance analysis, the apparatus

comprising:
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(a) a device for providing a static magnetic field;

(b) a processing unit; and

(c) a radiofrequency (RF) resonator coupled to an RF transmitter, said RF
resonator comprising;: )

at least two conductive elements, each having a first curvature along a direction
perpendicular to a lgzlgimdinal axis, said at least two conductive elements being
spaced along said lon;gitudinal axis, so that when an RF current flows within said at
least two conductive elements in a direction of said longitudinal axis, a substantially
homogenous RF magnetic field, directed perpendicular to said longitudinal axis, is
produced in a volume defined between said at least two conductive elements; and

an electronic circuitry designed and configured for providing predetermined
resonance characteristics of said RF resonator, for matching an impedance of said RF
resonator to an impedance of said RF transmitter, and for balancing said RF magnetic
field to have a substantially symmetrical profile with respect to a transverse axis being

perpendicular to said longitudinal axis.

87. The apparatus of claim 86, wherein said RF resonator further
comprising a balancing adjuster electrically communicating with said electronic
circuitry, said balancing adjuster is constructed and designed for controlling said

electronic circuitry while resonator is in medical use.

88. The apparatus of claim 86, wherein said RF resonator further
comprising at least one additional conductive element positioned so as to further

minimize inhomogeneity of said magnetic field.

89.  The apparatus of claim 88, wherein a phase of an RF current flowing
through said at least one additional conductive element equals a phase of said RF

currents flowing through said at least two conductive elements.

90. The apparatus of claim 88, wherein an RF current flowing through said
at least one additional conductive element depends on said RF currents flowing

through said at least two conductive elements, through a predetermined function.
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91.  The apparatus of claim 90, wherein said predetermined function is

selected from the group consisting of a linear function, a polynomial function, an
exponential function, a rational function, a power function and any combination

thereof.

92.  The apparatus of claim 88, wherein an RF current flowing through said
at least one additional conductive element is a predetermined fraction of said RF

currents flowing through said at least two conductive elements.

93.  The apparatus of claim 92, wherein said predetermined fraction is one
half.

94.  The apparatus of claim 86, wherein said device for providing said static

magnetic field comprises at least one shim coil.
95.  The apparatus of claim 86, further comprising at least one gradient coil.

96.  The apparatus of claim 95, further comprising an RF shield constructed
and designed for minimizing electromagnetic interactions between said at least one

gradient coil and said device for providing a static magnetic field.

97.  The apparatus of claim 86, further comprising at least one end-cap
positioned adjacent to at least one end of said RF resonator, said at least one end-cap
constructed and designed for minimizing magnetic field inhomogeneities along said

longitudinal axis.

98.  The apparatus of claim 86, wherein said RF resonator is coupled to said

RF transmitter via a transmission line.

99.  The apparatus of claim 86, wherein said RF resonator is coupled to said

RF transmitter via an RF antenna.
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100. The apparatus of claim 98, wherein said electronic circuitry comprises

means for varying mutual capacitance.

101. The apparatus of claim 98, wherein said electronic circuitry comprises
means for varying mutual inductance.
102. The apparatus of claim 101, wherein said mutual inductance is defined

between said RF resonator and said RF transmitter.

103.  The apparatus of claim 101, wherein said mutual inductance is defined

between said electronic circuitry and said RF transmitter.

104. The apparatus of claim 86, wherein said electronic circuitry comprises

an arrangement of capacitors, inductors, tunable capacitors and tunable inductors.

105. The apparatus of claim 104, wherein said capacitors and said tunable

capacitors are high power capacitors.

106. The apparatus of claim 105, wherein said high power capacitors are

vacuum capacitors.
107. The apparatus of claim 86, wherein a longitudinal dimension of said at
least two conductive elements is selected so as to minimize magnetic field

inhomogeneities along said longitudinal axis.

108. The apparatus of claim 86, wherein a separation between said at least

two conductive elements is selected so as to surround an object to be imaged.
109.  The apparatus of claim 108, wherein said object is a mammal.

110. The apparatus of claim 108, wherein said object is an organ of a

mammal.
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111. The apparatus of claim 108, wherein said object is a tissue.

112.  The apparatus of claim 108, wherein said object is a swollen elastomer.

113.  The apparatus of claim 108, wherein said object is a food material.

e

114. The apiaaratus of claim 108, wherein said object is liquid.

115. The apparatus of claim 108, wherein said object is at least one type of

molecules present in the solvent.

116.  The apparatus of claim 115, wherein said at least one type of molecules
present in said solvent is selected from the group consisting of molecule dissolved in
said solvent, a molecule dispersed in said solvent and a molecule emulsed in said

solvent.

117. The apparatus of claim 86, wherein said first curvature is selected from
the group consisting of a curvature of cylinder, a curvature of an ellipsoid, a curvature

of a hyperboloid, a curvature of a paraboloid and a curvature of an irregular surface.

118. The apparatus of claim 86, wherein at least one of said at least two
conductive elements further has a second curvature along a direction parallel to said

longitudinal axis.

119. The apparatus of claim 118, wherein said first curvature and said

second curvature are each independently constant curvatures.

120. The apparatus of claim 118, wherein said first curvature and said

second curvature are each independently variable curvatures.

121. The apparatus of claim 118, wherein said second curvature is selected

from the group consisting of a curvature of cylinder, a curvature of an ellipsoid, a
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curvature of a hyperboloid, a curvature of a paraboloid and a curvature of an irregular

surface.

122. The apparatus of claim 86, wherein a number of said at least two
conductive elements is selected so that said substantially homogenous RF magnetic
field is linearly polarized.

o

123. The apparatus of claim 86, wherein a number of said at least two

conductive elements is selected so that said substantially homogenous RF magnetic

field is substantially circularly polarized.

124. The apparatus of claim 86, wherein said at least two conductive

elements are two conductive elements.

125. The apparatus of claim 86, wherein said at least two conductive

elements are four conductive elements.

126. The apparatus of claim 125, wherein a first pair of said four conductive

elements is electrically decoupled from a second pair of said four conductive elements.

127. The apparatus of claim 125, wherein a first pair of said four conductive
elements is magnetically decoupled from a second pair of said four conductive

elements.

128. The apparatus of claim 125, wherein a first pair of said four conductive

elements is electrically decoupled from a second pair of said four conductive elements.

129. The apparatus of claim 125, wherein a first pair of said four conductive
elements is electromagnetically decoupled from a second pair of said four conductive

elements.
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130. The apparatus of claim 125, wherein a first pair and a second pair of
said four conductive elements are positioned so that a transverse axis of said first pair

is substantially perpendicular to a transverse axis of said second pair.

131. The apparatus of claim 86, wherein said at least two conductive
elements are made of a superconducting material.
132. The apparatus of claim 131, further comprising means for preserving

said at least two conductive elements at a sufficiently low temperature.

133. The apparatus of claim 131, further comprising at least one additional

RF resonator arranged with said RF resonator to form an RF resonator array.

134. The apparatus of claim 133, further comprising decoupling means for

decoupling said RF resonator from said at least one additional RF resonator.

135. The apparatus of claim 95, further comprising decoupling means for

decoupling said RF resonator from said at least one gradient coil.

136. The apparatus of claim 135, wherein said decoupling means comprise

DC block capacitors.
137.  The apparatus of claim 133, wherein said array is a phased array.

138. The épparatus of claim 131, wherein said RF resonator is a multi

frequency RF resonator.

139. The apparatus of claim 131, wherein each of said at least two
conductive elements has a predetermined capacitance distribution for minimizing
effects of an object to be imaged on said magnetic field and for minimizing corona

discharge from said at least two conductive elements.
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140. The apparatus of claim 86, wherein said at least two conductive

elements are designed and constructed to minimize eddy currents generated therein.

141. The apparatus of claim 86, wherein said at least two conductive
elements are characterized by an RF shield structure for substantially blocking RF
radiation while transngjtting low frequency radiation.

142. A method for Magnetic Resonance analysis of an object, the method
comprising:

applying a static magnetic field on the subject in a direction of a longitudinal
axis;

applying a substantially homogenous radiofrequency (RF) magnetic'ﬁeld on
the subject, in a direction perpendicular to said longitudinal axis; and

acquiring nuclear magnetic resonance parameters from the object, thereby
analyzing the object;

wherein said applying said substantially homogenous RF magnetic field is by a
RF resonator coupled to an RF transmitter, said RF resonator comprising:

at least two conductive elements, each having a first curvature along a direction
perpendicular to said longitudinal axis, said at least two conductive elements being
spaced along said longitudinal axis, so that when an RF current flows within said at
least two conductive elements in a direction of said longitudinal axis, said
substantially homogenous RF magnetic field, is produced in a volume defined between
said at least two conductive elements; and

an electronic circuitry designed and configured for providing predetermined
resonance characteristics of the RF resonator, for matching an impedance of the RF
resonator to an impedance of an RF transmitter electrically communicating with said
electronic circuitry, and for balancing said RF magnetic field to have a substantially
symmetrical profile with respect to a transverse axis being perpendicular to said

longitudinal axis.

143.  The method of claim 1, further comprising balancing said RF magnetic
field using a balancing adjuster electrically communicating with said electronic

circuitry.
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144. The method of claim 142, wherein said RF resonator further

comprising at least one additional conductive element positioned so as to further

minimize inhomogeneity of said magnetic field.

145. The method of claim 144, wherein a phase of an RF current flowing
through said at least one additional conductive element equals a phase of said RF

current flowing through said at least two conductive elements.

146. The method of claim 144, wherein an RF current flowing through said
at least one additional conductive element depends on said RF currents flowing

through said at least two conductive elements, through a predetermined function.

147. The method of claim 146, wherein said predetermined function is
selected from the group consisting of a linear function, a polynomial function, an

exponential function, a rational function, a power function and any combination

thereof.

148. The method of claim 144, wherein an RF current flowing through said
at least one additional conductive element is a predetermined fraction of said RF

currents flowing through said at least two conductive elements.

149. The method of claim 148, wherein said predetermined fraction is one
half.

150. The method of claim 142, further comprising applying at least one

gradient pulse on the object.

151. The method of claim 142, wherein said RF resonator is coupled to said

RF transmitter via a transmission line.

152. The method of claim 142, wherein said RF resonator is coupled to said

RF transmitter via an RF antenna.
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153. The method of claim 142, wherein said electronic circuitry comprises

means for varying mutual capacitance.

154. The method of claim 142, wherein said electronic circuitry comprises

means for varying mutual inductance.

ot

155. The méthod of claim 153, wherein said mutual inductance is defined

between said RF resonator and said RF transmitter.

156. The method of claim 153, wherein said mutual inductance is defined

between said electronic circuitry and said RF transmitter.

157. The method of claim 142, wherein said electronic circuitry comprises

an arrangement of capacitors, inductors, tunable capacitors and tunable inductors.

158. The method of claim 157, wherein said capacitors and said tunable

capacitors are high power capacitors.

159. The method of claim 158, wherein said high power capacitors are

vacuum capacitors.
160. The method of claim 142, wherein a longitudinal dimension of said at
least two conductive elements is selected so as to minimize magnetic field

inhomogeneities along said longitudinal axis.

161. The method of claim 142, wherein a separation between said at least

two conductive elements is selected so as to surround the object.
162. The method of claim 142, wherein the object is a mammal.
163. The method of claim 142, wherein the object is an organ of a mammal.

164. The method of claim 142, wherein the object is a tissue.
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165. The method of claim 142, wherein the object is a swollen elastomer.

166. The method of claim 142, wherein the object is a food material.

167. The method of claim 142, wherein said first curvature is selected from
the group consisting of a curvature of cylinder, a curvature of an ellipsoid, a curvature

of a hyperboloid, a curvature of a paraboloid and a curvature of an irregular surface.

168. The method of claim 142, wherein at least one of said at least two
conductive elements further has a second curvature along a direction parallel to said

longitudinal axis.

169. The method of claim 168, wherein said first curvature and said second

curvature are each independently constant curvatures.

170. The method of claim 168, wherein said first curvature and said second

curvature are each independently variable curvatures.

171. The method of claim 168, wherein said second curvature is selected
from the group consisting of a curvature of cylinder, a curvature of an ellipsoid, a
curvature of a hyperboloid, a curvature of a paraboloid and a curvature of an irregular

surface.

172. The method of claim 142, wherein a number of said at least two
conductive elements is selected so that said substantially homogenous RF magnetic

field is linearly polarized.

173. The method of claim 142, wherein a number of said at least two
conductive elements is selected so that said substantially homogenous RF magnetic

field is substantially circularly polarized.

174. The method of claim 142, wherein said at least two conductive

elements are two conductive elements.
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175. The method of claim 142, wherein said at least two conductive

elements are four conductive elements.

176. The method of claim 175, wherein a first pair of said four conductive
elements is electrically decoupled from a second pair of said four conductive elements.
177. The method of claim 175, wherein a first pair of said four conductive
elements is magnetically decoupled from a second pair of said four conductive

elements.

178. The method of claim 175, wherein a first pair of said four conductive

elements is electrically decoupled from a second pair of said four conductive elements.

179. The method of claim 175, wherein a first pair of said four conductive
elements is electromagnetically decoupled from a second pair of said four conductive

elements.

180. The method of claim 175, wherein a first pair and a second pair of said
four conductive elements are positioned so that a transverse axis of said first pair is

substantially perpendicular to a transverse axis of said second pair.

181. The method of claim 142, wherein said at least two conductive

elements are made of a superconducting material.

182. The method of claim 181, further comprising preserving said at least

two conductive elements at a sufficiently low temperature.

183. The method of claim 181, wherein said applying said substantially -

homogenous RF magnetic field is by at least one additional RF resonator.

184. The method of claim 181, wherein said at least one additional RF

resonator is arranged with said RF resonator to form an RF resonator array.



WO 2004/036229 PCT/IL2003/000826
64
185. The method of claim 183, further comprising electrically decoupling

said RF resonator from said at least one additional RF resonator.

186. The method of claim 183, further comprising electromagnetically
decoupling said RF resonator from said at least one additional RF resonator.

)

187. The method of claim 183, wherein said array is a phased array.

188. The method of claim 181, wherein said RF resonator is a multi

frequency RF resonator.

189. The method of claim 181, wherein each of said at least two conductive
elements has a predetermined capacitance distribution for minimizing effects of the
object on said magnetic field and for minimizing corona discharge from said at least

two conductive elements.

190. The method of claim 142, wherein said at least two conductive

elements are designed and constructed to minimize eddy currents generated therein.

191. The method of claim 142, wherein said at least two conductive
elements are characterized by an RF shield structure for substantially blocking RF

radiation while transmitting low frequency radiation.

192. A radiofrequency (RF) resonator for magnetic resonance analysis, the
RF resonator comprising:

(a) at least two conductive elements, each having a first curvature along a
direction perpendicular to a longitudinal axis, said at least two conductive elements
being spaced along said longitudinal axis, so that when an RF current flows within
said at least two conductive elements in a direction of said longitudinal axis, a
substantially homogenous RF magnetic field, directed perpendicular to said
longitudinal axis, is produced in a volume defined between said at least two

conductive elements; and
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(b) at least one additional conductive element, electrically communicating
with said at least two conductive elements in a manner such that a phase of an RF
current flowing through said at least one additional conductive element equals a phase
of at least one of said RF currents flowing through said at least two conductive
elements.

193. The RF resonator of claim 192, further comprising an electronic
circuitry designed and configured for providing predetermined resonance
characteristics of the RF resonator, for matching an impedance of the RF resonator to
an impedance of an RF transmitter electrically communicating with said electronic
circuitry, and for balancing said RF magnetic field to have a substantially symmetrical

profile with respect to a transverse axis being perpendicular to said longitudinal axis.

194. The RF resonator of claim 193, further comprising a balancing adjuster
electrically communicating with said electronic circuitry, said balancing adjuster is
constructed and designed for controlling said electronic circuitry while the RF

resonator 1s in medical use.

195. The RF resonator of claim 192, wherein an RF current flowing through
said at least one additional conductive element depends on said RF currents flowing

through said at least two conductive elements, through a predetermined function.

196. The RF resonator of claim 195, wherein said predetermined function is
selected from the group consisting of a linear function, a polynomial function, an
exponential function, a rational function, a power function and any combination

thereof.

197. The RF resonator of claim 192, wherein an RF current flowing through
said at least one additional conductive element is a predetermined fraction of said RF

currents flowing through said at least two conductive elements.

198. The RF resonator of claim 197, wherein said predetermined fraction is
one half.
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199. The RF resonator of claim 193, wherein said electronic circuitry

comprises means for varying mutual capacitance.

200. The RF resonator of claim 193, wherein said electronic circuitry
comprises means for varying mutual inductance.
201. The RF resonator of claim 200, wherein said mutual inductance is

defined between the RF resonator and said RF transmitter.

202. The RF resonator of claim 200, wherein said mutual inductance is

defined between said electronic circuitry and said RF transmitter.

203. The RF resonator of claim 193, wherein said electronic circuitry
comprises an arrangement of capacitors, inductors, tunable capacitors and tunable

inductors.

204. The RF resonator of claim 203, wherein said capacitors and said

tunable capacitors are high power capacitors.

205. The RF resonator of claim 204, wherein said high power capacitors are

vacuum capacitors.
206. The RF resonator of claim 192, wherein a longitudinal dimension of
said at least two conductive elements is selected so as to minimize magnetic field

inhomogeneities along said longitudinal axis.

207. The RF resonator of claim 192, wherein a separation between said at

least two conductive elements is selected so as to surround an object to be imaged.
208. The RF resonator of claim 207, wherein said object is a mammal.

209. The RF resonator of claim 207, wherein said object is an organ of a

mammal.
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210. The RF resonator of claim 207, wherein said object is a tissue.

211. The RF resonator of claim 207, wherein said object is a swollen

elastomer.

212. The RF resonator of claim 207, wherein said object is a food material.

¢
o

213. The RF resonator of claim 207, wherein said object is liquid.

214. The RF resonator of claim 207, wherein said object is at least one type

of molecules present in a solvent.

215. The RF resonator of claim 214, wherein said at least one type of
molecules present in said solvent is selected from the group consisting of molecule
dissolved in said solvent, a molecule dispersed in said solvent and a molecule emulsed

in said solvent.

216. The RF resonator of claim 192, wherein said first curvature is selected
from the group consisting of a curvature of cylinder, a curvature of an ellipsoid, a
curvature of a hyperboloid, a curvature of a paraboloid and a curvature of an irregular

surface.

217. The RF resonator of claim 192, wherein at least one of said at least two
conductive elements further has a second curvature along a direction parallel to said

longitudinal axis.

218. The RF resonator of claim 217, wherein said first curvature and said

second curvature are each independently constant curvatures.

219. The RF resonator of claim 217, wherein said first curvature and said

second curvature are each independently variable curvatures.
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220. The RF resonator of claim 217, wherein said second curvature is
selected from the group conmsisting of a curvature of cylinder, a curvature of an
ellipsoid, a curvature of a hyperboloid, a curvature of a paraboloid and a curvature of

an irregular surface.

221. The RF resonator of claim 192, wherein a number of said at least two

conductive elements is selected so that said substantially homogenous RF magnetic

field is linearly polarized.

222.  The RF resonator of claim 192, wherein a number of said at least two
conductive elements is selected so that said substantially homogenous RF magnetic

field is substantially circularly polarized.

223.  The RF resonator of claim 192, wherein said at least two conductive

elements are two conductive elements.

224. The RF resonator of claim 192, wherein said at least two conductive

elements are four conductive elements.

225. The RF resonator of claim 224, wherein a first pair of said four
conductive elements is electrically decoupled from a second pair of said four

conductive elements.

226. The RF resonator of claim 224, wherein a first pair of said four
conductive elements is magnetically decoupled from a second pair of said four

conductive elements.

227. The RF resonator of claim 224, wherein a first pair of said four
conductive elements is electromagnetically decoupled from a second pair of said four

conductive elements.
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228. The RF resonator of claim 224, wherein a first pair and a second pair of
said four conductive elements are positioned so that a transverse axis of said first pair

is substantially perpendicular to a transverse axis of said second pair.

229. The RF resonator of claim 192, wherein said at least two conductive

elements are made of a superconducting material.

¢
e

230. The RF resonator of claim 229, further comprising means for

preserving said at least two conductive elements at a sufficiently low temperature.

231. An apparatus for magnetic resonance analysis, the apparatus
comprising:

(a) a device for providing a static magnetic field;

(b) a processing unit; and

(c) a radiofrequency (RF) resonator coupled to an RF transmitter, said RF
resonator comprising;:

at least two conductive elements, each having a first curvature along a direction
perpendicular to a longitudinal axis, said at least two conductive elements being
spaced along said longitudinal axis, so that when an RF current flows within said at
least two conductive elements in a direction of said longitudinal axis, a substantially
homogenous RF magnetic field, directed perpendicular to said longitudinal axis, is
produced in a volume defined between said at least two conductive elements; and

at least one additional conductive element, electrically communicating with
said at least two conductive elements in a manner such that a phase of an RF current
flowing through said at least one additional conductive element equals a phase of at

least one of said RF currents flowing through said at least two conductive elements.

232. The apparatus of claim 231, wherein said RF resonator further
comprising an electronic circuitry designed and configured for providing
predetermined resonance characteristics of said RF resonator, for matching an
impedance of said RF resonator to an impedance of said RF transmitter, and for
balancing said RF magnetic field to have a substantially symmetrical profile with

respect to a transverse axis being perpendicular to said longitudinal axis.
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233. The apparatus of claim 232, wherein said RF resonator further

comprising a balancing adjuster electrically communicating with said electronic
circuitry, said balancing adjuster is constructed and designed for controlling said

electronic circuitry while said RF resonator is in medical use.

234.  The apparatus of claim 231, wherein an RF current flowing through
said at least one additional conductive element depends on said RF currents flowing

through said at least two conductive elements, through a predetermined function.

235. The apparatus of claim 234, wherein said predetermined function is
selected from the group consisting of a linear function, a polynomial function, an
exponential function, a rational function, a power function and any combination

thereof.

236. The apparatus of claim 231, wherein an RF current flowing through
said at least one additional conductive element is a predetermined fraction of said RF

currents flowing through said at least two conductive elements.

237. The apparatus of claim 236, wherein said predetermined fraction is one
half.

238. The apparatus of claim 231, wherein said device for providing said

static magnetic field comprises at least one shim coil.

239. The apparatus of claim 231, further comprising at least one gradient

coil.

240. The apparatus of claim 239, further comprising an RF shield
constructed and designed for minimizing electromagnetic interactions between said at

least one gradient coil and said device for providing a static magnetic field.

241. The apparatus of claim 231, further comprising at least one end-cap

positioned adjacent to at least one end of said RF resonator, said at least one end-cap
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constructed and designed for minimizing magnetic field inhomogeneities along said

longitudinal axis.

242. The apparatus of claim 232, wherein said RF resonator is coupled to
said RF transmitter via a transmission line.
243. The apparatus of claim 232, wherein said RF resonator is coupled to

said RF transmitter via an RF antenna.

244. The apparatus of claim 232, wherein said electronic circuitry comprises

means for varying mutual capacitance.

245.  The apparatus of claim 232, wherein said electronic circuitry comprises

means for varying mutual inductance.

246. The apparatus of claim 245, wherein said mutual inductance is defined

between said RF resonator and said RF transmitter.

247. The apparatus of claim 245, wherein said mutual inductance is defined

between said electronic circuitry and said RF transmitter.

248.  The apparatus of claim 232, wherein said electronic circuitry comprises

an arrangement of capacitors, inductors, tunable capacitors and tunable inductors.

249. The apparatus of claim 248, wherein said capacitors and said tunable

capacitors are high power capacitors.

250. The apparatus of claim 249, wherein said high power capacitors are

vacuum capacitors.

251.  The apparatus of claim 231, wherein a longitudinal dimension of said at
least two conductive elements is selected so as to minimize magnetic field

inhomogeneities along said longitudinal axis.
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252. The apparatus of claim 231, wherein a separation between said at least

two conductive elements is selected so as to surround an object to be imaged.
253. The apparatus of claim 252, wherein said object is a mammal.

254.  The apparatus of claim 252, wherein said object is an organ of a

mammal.
255. The apparatus of claim 252, wherein said object is a tissue.
256. The apparatus of claim 252, wherein said object is a swollen elastomer.
257. The apparatus of claim 252, wherein said object is a food material.
258.  The apparatus of claim 252, wherein said object is liquid.

259. The apparatus of claim 252, wherein said object is at least one type of

molecules present in the solvent.

260. The apparatus of claim 259, wherein said at least one type of molecules
present in said solvent is selected from the group consisting of molecule dissolved in
said solvent, a molecule dispersed in said solvent and a molecule emulsed in said

solvent.

261. The apparatus of claim 231, wherein said first curvature is selected
from the group consisting of a curvature of cylinder, a curvature of an ellipsoid, a
curvature of a hyperboloid, a curvature of a paraboloid and a curvature of an irregular

surface.

262. The apparatus of claim 231, wherein at least one of said at least two
conductive elements further has a second curvature along a direction parallel to said

longitudinal axis.
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263. The apparatus of claim 262, wherein said first curvature and said

second curvature are each independently constant curvatures.

264. The apparatus of claim 262, wherein said first curvature and said
second curvature are each independently variable curvatures.

265. The api)aratus of claim 262, wherein said second curvature is selected
from the group consisting of a curvature of cylinder, a curvature of an ellipsoid, a
curvature of a hyperboloid, a curvature of a paraboloid and a curvature of an irregular

surface.

266. The apparatus of claim 231, wherein a number of said at least two
conductive elements is selected so that said substantially homogenous RF magnetic

field is linearly polarized.

267. The apparatus of claim 231, wherein a number of said at least two
conductive elements is selected so that said substantially homogenous RF magnetic

field is substantially circularly polarized.

268. The apparatus of claim 231, wherein said at least two conductive

elements are two conductive elements.

269. The apparatus of claim 231, wherein said at least two conductive

elements are four conductive elements.

270. The apparatus of claim 269, wherein a first pair of said four conductive

elements is electrically decoupled from a second pair of said four conductive elements.

271.  The apparatus of claim 269, wherein a first pair of said four conductive
elements is magnetically decoupled from a second pair of said four conductive

elements.
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272. The apparatus of claim 269, wherein a first pair of said four conductive

clements is electrically decoupled from a second pair of said four conductive elements.

273. The apparatus of claim 269, wherein a first pair of said four conductive
elements is electromagnetically decoupled from a second pair of said four conductive
elements. o

274. The apparatus of claim 269, wherein a first pair and a second pair of
said four conductive elements are positioned so that a transverse axis of said first pair

is substantially perpendicular to a transverse axis of said second pair.

275. The apparatus of claim 231, wherein said at least two conductive

elements are made of a superconducting material.

276. The apparatus of claim 275, further comprising means for preserving

said at least two conductive elements at a sufficiently low temperature.

277. The apparatus of claim 275, further comprising at least one additional

RF resonator arranged with said RF resonator to form an RF resonator array.

278. The apparatus of claim 277, further comprising decoupling means for

decoupling said RF resonator from said at least one additional RF resonator.

279. The apparatus of claim 239, further comprising decoupling means for

decoupling said RF resonator from said at least one gradient coil.

280. The apparatus of claim 279, wherein said decoupling means comprise

DC block capacitors.

281. The apparatus of claim 277, wherein said array is a phased array.

282. The apparatus of claim 275, wherein said RF resonator is a multi

frequency RF resonator.
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283. The apparatus of claim 275, wherein each of said at least two

conductive elements has a predetermined capacitance distribution for minimizing
effects of an object to be imaged on said magnetic field and for minimizing corona

discharge from said at least two conductive elements.

284. The apparatus of claim 231, wherein said at least two conductive

e

elements are designed and constructed to minimize eddy currents generated therein.

285. The apparatus of claim 231, wherein said at least two conductive
clements are characterized by an RF shield structure for substantially blocking RF

radiation while transmitting low frequency radiation.
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