wo 2014/015219 A2 |[I1 I 0F OO 0 A0 A

(43) International Publication Date

(12) INTERNATIONAL APPLICATION PUBLISHED UNDER THE PATENT COOPERATION TREATY (PCT)

(19) World Intellectual Property Ny
Organization é
International Bureau -,

=

\

(10) International Publication Number

WO 2014/015219 A2

(51

eay)

(22)

(25)
(26)
(30)

1

(72

74

23 January 2014 (23.01.2014) WIPOIPCT
International Patent Classification: (81)
GOIR 33/20 (2006.01)
International Application Number:

PCT/US2013/051219

International Filing Date:
19 July 2013 (19.07.2013)

Filing Language: English
Publication Language: English
Priority Data:

61/673,305 19 July 2012 (19.07.2012) US

Applicant: COLORADO SEMINARY, WHICH OWNS
AND OPERATES THE UNIVERSITY OF DENVER
[US/US]; 2199 South University Blvd, Denver, Colorado
30208 (US).

Inventors: RINARD, George; 1805 Meadow Vale Road,
Longmont, Colorado 80504 (US). EATON, Gareth; 1855
S. Milwaukee St., Denver, Colorado 80210 (US).

Agents: SANDERS, Jason A. ct al,; Two Embarcadero
Center, Fighth Floor, San Francisco, California 94111

(US).

(84)

Designated States (uniess otherwise indicated, for every
kind of national protection available). AE, AG, AL, AM,
AO, AT, AU, AZ, BA, BB, BG, BH, BN, BR, BW, BY,
BZ, CA, CH, CL, CN, CO, CR, CU, CZ, DE, DK, DM,
DO, DZ, EC, EE, EG, ES, FI, GB, GD, GE, GH, GM, GT,
HN, HR, HU, ID, IL, IN, IS, JP, KE, KG, KN, KP, KR,
KZ, LA, LC, LK, LR, LS, LT, LU, LY, MA, MD, ME,
MG, MK, MN, MW, MX, MY, MZ, NA, NG, NI, NO, NZ,
OM, PA, PE, PG, PH, PL, PT, QA, RO, RS, RU, RW, SC,
SD, SE, SG, SK, SL, SM, ST, SV, SY, TH, TJ, TM, TN,
TR, TT, TZ, UA, UG, US, UZ, VC, VN, ZA, ZM, ZW.

Designated States (uniess otherwise indicated, for every
kind of regional protection available): ARIPO (BW, GH,
GM, KE, LR, LS, MW, MZ, NA, RW, SD, SL, SZ, TZ,
UG, ZM, ZW), Eurasian (AM, AZ, BY, KG, KZ, RU, TJ,
TM), European (AL, AT, BE, BG, CH, CY, CZ, DE, DK,
EE, ES, FL, FR, GB, GR, HR, HU, IE, IS, IT, LT, LU, LV,
MC, MK, MT, NL, NO, PL, PT, RO, RS, SE, SI, SK, SM,
TR), OAPI (BF, BJ, CF, CG, CIL, CM, GA, GN, GQ, GW,
KM, ML, MR, NE, SN, TD, TG).

Published:

without international search report and to be republished
upon receipt of that report (Rule 48.2(g))

(54) Title: CROSSED-LOOP RESONATORS

(57) Abstract: Embodiments of the invention are directed toward a crossed-loop electron paramagnetic resonance resonator com-
prising a first resonator having a first resonator axis; and a second resonator having a second resonator axis. The first resonator axis
and the second resonator axis can be substantially perpendicular. Either or both the first resonator and the second resonator can be a
ribbon resonator having a plurality of metallic ribbons formed in a loop. Fach metallic ribbon can include a central axis. The plural -
ity of metallic ribbons can be arranged parallel relative one to another.



10

15

20

25

30

WO 2014/015219 PCT/US2013/051219

CROSSED-LOOP RESONATORS

BACKGROUND
Electron paramagnetic resonance (EPR) spectroscopy and electron spin resonance (ESR)
spectroscopy are generally used to study molecular structure in chemistry, physics, biology, and
medicine. EPR is also used to determine electron wave functions, lifetimes, and impurities in
dielectrics used in solid state sciences. Prior EPR spectrometers comprise four main components:
1) a magnet to provide a steady DC magnetic field; 2) a high Q factor microwave resonator in
which a sample is placed; 3) a microwave bridge capable of producing an oscillating
electromagnetic field which is coupled via a waveguide, coaxial cable, or the like to the
resonator; and 4) a signal detector with field modulation, signal amplification and display
Systems.
In EPR, a steady magnetic field is applied to the chemical sample in the microwave resonator.
The steady magnetic field causes the electrons in the sample to precess at a frequency defined by
the sample composition. The precession frequency is called the paramagnetic resonant frequency
and is proportional to the intensity of the applied steady magnetic field. The precession is altered
by application of high frequency energy when the frequency of the energy is near the
paramagnetic resonance frequency. If the sample contains unpaired electrons, the precession
change can be detected. A comparison of change in electron precession as a function of magnetic
field or frequency provides valuable information relating to the chemical characteristics of the

sample.

A typical EPR spectrometer uses a reflection type measurement on the electrical resonator that
contains the sample. In a reflection type spectrometer a single resonator is used. The sample is
placed in the resonator and microwave energy is injected via a waveguide, coaxial cable, or the
like into the resonator while the sample and resonator are positioned in the steady magnetic field.
A microwave device called a circulator is usually used to separate the desired EPR signal from
the microwave source power. A disadvantage of the reflection mode of operation is that any
portion of the microwave source power that is reflected from the resonator will interfere with the
EPR signal generated in the resonator. In one type of measurement, also called "continuous
wave" because the input microwave energy is applied as a continuous AC signal, the resonator is

tuned to provide minimal reflection of the input energy.

Analysis is accomplished by sweeping the magnetic field or the microwave frequency source

until the precession frequency matches the frequency of the input microwave power. When the
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two frequencies are the same, microwave energy is absorbed by the sample resulting in reflected

energy that can be detected by the detector electronics.

In conventional CW, reflection type spectrometers; phase-sensitive detection at the magnetic
field modulation frequency is used to improve the signal-to-noise. One disadvantage of this for
continuous wave (CW) measurements is that the EPR signal is minute compared to the
magnitude of the injected microwave energy. The signal detector must detect the EPR signal
while separating out the injected microwave energy. It has proved difficult to completely

separate the EPR signal from the input power.

Another difficulty arises in that any parasitic reflection of the microwave source caused by
improper coupling of the input power to the resonator may create significant noise in the EPR
signal. In addition, the source input waveguide and the detector waveguide can be considered to
be critically coupled to the resonator to prevent a large reflection of the input power that would

add to the EPR signal and saturate the detector electronics.

Phase noise or noise frequency modulation of the microwave source is converted to noise
amplitude modulation in the reflected signal by the resonator, creating further noise in the EPR
signal. Phase noise cannot be eliminated from microwave sources. It can be reduced but this can
be expensive. Since the phase noise intensity is proportional to the source intensity, it becomes
more serious at higher powers. Hence, current EPR tools must be operated at low power which in
turn requires larger samples. A phase or dispersion component of the reflected EPR signal is

difficult or impossible to study in reflection-type spectrometers because of this phase noise.

EPR tools can also be used for pulse-type measurements such as electron spin echo (ESE). In
pulse type measurements, the input energy is provided by a high power pulse rather than a
continuous wave microwave source. The pulse causes a near instantaneous change in the
precession and a gradual decay as the sample returns to the baseline state created by the DC
magnetic field. In this type of measurement the difficulty in separating input power from the
EPR signal requires a delay after the application of the input pulse before a measurement can be
made. Because the energy stored in the resonator by the input pulse must "ring-down" or
dissipate before a measurement can be taken, much of the ESE signal can be lost in a reflection-

type spectrometer.

Two types of resonators may be used in EPR spectrometry. Cavity resonators were used in early
spectrometers due to their easily modeled performance, availability, and high Q factor. Cavity
resonators are called distributed element circuits because the microwave, magnetic, and electric

field are continuously distributed and mix throughout the cavity. Characteristic dimensions of
2
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cavity resonators are of the same order of magnitude as the wavelength of the electromagnetic
fields used. More recently, lumped element resonators have been suggested because their

dimensions can be much smaller than the wavelengths of interest.

Lumped element resonators have much less mixing of the microwave, magnetic and electric
fields; each is confined largely to separate physical areas of the resonator. The area where the
magnetic field is concentrated can be identified primarily as an inductor. The area where the
electric field is concentrated is identified primarily as a capacitor. A term used to describe some
of these lumped element resonators is "loop-gap resonators”. In this case, the loop is primarily
inductive and the gap is primarily capacitive. In loop-gap resonators used for spectrometers, the

sample is positioned in the loop so as to interact with the magnetic field.

Most loop-gap resonators are used in the reflection type spectrometers discussed above.
Conventional loop-gap resonators have low Q factor compared to cavity resonators, however,
because the magnetic field is concentrated in the vicinity of the sample, good EPR signals can be

obtained.

One means that has been tried in order to reduce the problems associated with reflection type
resonators is a bimodal resonator. A bimodal resonator structure would take advantage of the fact
that the EPR signal is circularly polarized. In other words, the EPR signal is a rotating vector
field and is equivalent to two signals that are 90 degrees out of phase in space and time. One of
these EPR signals is coupled to the input source and can be detected in the conventional
reflection type spectrometers discussed above. A bimodal resonator is a structure that detects the
other EPR signal that is isolated from the input source. In theory, if two uncoupled modes with
microwave magnetic fields oriented 90 degrees in space could be excited in a resonator, one
mode might be used to couple microwave energy into the sample and the other to detect the EPR
signal. Hence, the bimodal resonator design promises to offer superior separation of input power
from the EPR signal and make the EPR spectrometer immune to noise caused by reflected input

power or phase noise.

Rapid scan is an electron paramagnetic resonance (EPR) method in which the magnetic field is
scanned through resonance in a time that is short relative to Ty, and the absorption and dispersion
signals are recorded by direct detection. Phase-sensitive detection at the magnetic field
modulation frequency is not used. Oscillations are observed on the trailing edge of the signal.
Rapid scan signals obtained with either triangular or sinusoidal scans can be deconvolved to give

the conventional spectra.
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SUMMARY

Embodiments of the invention are directed toward a crossed-loop electron paramagnetic
resonance resonator (EPR) comprising a first resonator having a first resonator axis; and a
second resonator having a second resonator axis. The first resonator axis and the second
resonator axis can be substantially perpendicular. Either or both the first resonator and the
second resonator can be a ribbon resonator having a plurality of metallic ribbons formed in a
loop. Each metallic ribbon can include a central axis. The plurality of metallic ribbons can be

arranged parallel relative one to another.

In some embodiments, the second resonator is different type of resonator than the first resonator.
In some embodiments, the ribbon resonator can include two elongated metallic strips coupled to
at least a subset of the metallic ribbons. The two elongated metallic strips can be disposed
parallel to the central axis of the subset of the metallic ribbons. In some embodiments, each
metallic ribbon is discontinuous between the two elongated metal strips. In some embodiments,
the ribbon resonator can include a plurality of capacitors, wherein each capacitor is coupled with
cach of the two elongated metallic strips. In some embodiments, the ribbon resonator can
include a plurality of chip capacitors, wherein each chip capacitor is coupled with each of the
two elongated metallic strips. In some embodiments, the electron paramagnetic resonance

resonator is adapted to work with rapid scan electron paramagnetic resonance.

In some embodiments, the first resonator comprises the ribbon resonator and the second
resonator comprises a resonator selected from the group consisting of a resonator having at least
one of the following topologies; cavity, helical, solenoidal, slotted tube, split ring, loop gap,
saddle coil, Alderman-Grant, Helmholtz, Birdcage, reentrant, surface coils of various types,
scroll, Fabry-Perot, parallel coil, dielectric ring, dielectric disk, dielectric cylinder, whispering

gallery, transmission line, and horn.

In some embodiments, the first resonator comprises the ribbon resonator and the second
resonator comprises a resonator selected from the group consisting of a resonator comprising

solid metal loops, wire loops, plated diclectric loops, and/or dielectric loop.

BRIEF DESCRIPTION OF THE DRAWINGS

lustrative embodiments of the present invention are described in detail below with reference to

the following drawing figures:

Figure 1 is a diagram of a crossed-~loop resonator according to some embodiments of the

invention.
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Figure 2 is a wire loop resonator according to some embodiments of the invention.
Figure 3 is a ribbon loop resonator according to some embodiments of the invention.
Figure 4 shows a resonator according to some embodiments of the invention.

Figure 5 shows an X band crossed-loop resonator that can be used in rapid scan EPR according

to some embodiments of the invention.

DISCLOSURE
The subject matter of embodiments of the present invention is described here with specificity to
meet statutory requirements, but this description is not necessarily intended to limit the scope of
the claims. The claimed subject matter may be embodied in other ways, may include different
elements or steps, and may be used in conjunction with other existing or future technologies.
This description should not be interpreted as implying any particular order or arrangement
among or between various steps or elements except when the order of individual steps or

arrangement of elements is explicitly described.

Embodiments of the invention disclosed herein can solve problems occurring in continuous wave
EPR such as, for example, rapid scan EPR. Some embodiments of the invention can include an
open cavity to facilitate many samples in the cavity and/or provide access to the sample(s) within
the cavity, including in vivo studies. In some spectroscopic measurement it is desirable to be

able to scan the magnetic field rapidly and/or over a wide range.

Embodiments of the invention include crossed-loop resonators for EPR applications. These
crossed-loop resonators can include two resonators positioned orthogonally relative to one
another and positioned to resonate over a sample cavity. One of these two resonators is a sample
resonator and the other an excitation resonator. The excitation resonator can be coupled with an
energy source and produce an RF field within a sample of interest. The sample resonator can
detect excitations within the sample of interest. Each resonator may be tunable to change the
frequency at which the resonator resonates. The sample resonator and the excitation resonator
may comprise any type of resonator discussed herein or known in the art. In some embodiments,

the cross-lopped resonator does not include a reentrant loop.

The basic idea of crossed-loop {or orthogonal) resonators has been used i magnetic resonance
for years. But even with magnetic resonance the challenge of finding practical resonators has
proven difficult. And practical working resonators at the frequencies used for EPR have proven

to be more clusive. Some embodiments of the invention solve this problem.
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Figure 1 is a diagram of @ VHF crossed-loop resonator according to some embediments of the
wvention. I some embodiments the entire assembly shown in Figure 1 can be enclosed inan
RF shicld. In some embodiments, this shield can provide a common reentrant path for the two
resonators together or individually. The sample resonator 125 can be constructed with a minimal
amount of conductive material so as to allow good penetration of the RF field from the excitation
resonator 103 and/or to minumize eddy currents induced by the rapidly scanning field, which can
alter the uniformity of this field and cause line broadening in the EPR signal. For example, the

support for the sample resonator 125 can be constructed from rexolite.

In this example, the sample resonator 125 comprises a helical winding or loops of AWG Neo. 38
wire, which is 0.004 . (0.1 mm} in diameter. The wire, for example, 15 wound helicallyon a 16
mm diameter thin Teflon form. In some embodiments, the sample resonator 125 can be
conuected in series with one or more capacitors; for example, one or more equally spaced non-
magnetic chip capacitors as shown in Figure 2. The { factor, for example, of a 16 mm diameter
sample resonator of this design was about 30 at a frequency of 250 MHz., This relatively low Q
factor can provide a wide bandwidth of rapid scan signals that have a signal bandwidth
proportional to the scan rate. Rapid scan EPR is particularly applicable for samples that lower the

{3 factor of the resonator.

In some embodiments, either the sample resonator 105 and/or the excitation resonator 125 can
mclude a number of concentric loops of wire with their ends termunated 1o a pair of fine metal
strips. Figure 2 shows such a resonator. Resonator 200 includes a first metal strip 205 and
sccond metal strip 210 coupled with cach (or at least a plurality of) concentric loops 220, In
some embodiments, cach {or at least a plurality of) concentric loops 220 terminate at first metal
strip 205 and second metal strip 210 leaving a gap in concentric loops 220 between first metal
strip 205 and second metal strip 210, In sowe ewbodiments one or more chip capacitors 211,
212, 213 and 214 can bridge these strips. While four chip capacitors 211, 212, 213 and 214. are
shown i the figure, any nurnber can be used. The capacitance of chip capacitors 211, 212, 213
and 214 can be chosen to ensure that the loops resonate at the desired frequency using standard
resonance cquations known in the art. In some embodiments, chip capacitors 211, 212, 213 and
214 can be replaced by thin metal strips separated by a low loss dielectric such as Teflon or
alumina. This can potentially produce a higher resonator @ factor than chip capacitors.
Resonator 200 can be used for either or both the sarple resonator 125 and the excitation

resonator 105,
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As shown in Figure 1, in some embodiments, sample resonator 125 can be rigidly mounted to
coil supports 145 and/or support columns 140. Coupling to sample resonator 125 can be either
by capacitors in series or parallel with the resonator or by means of a magnetic loop. The
coupling to sample resonator 125 can be variable or fixed at a point near critical coupling. In
some embodiments, if the resonator Q factor is relatively low, frequency tuning may not be used.

In some embodiments, frequency tuning may be used.

The Q factor (or quality factor) of a resonator is a dimensionless parameter that describes how
under-damped the resonator is, or equivalently, characterizes a resonator's bandwidth relative to
its center frequency. A higher Q factor indicates a lower rate of energy loss relative to the stored

energy of the resonator. That is, the oscillations die out more slowly.

The excitation resonator 105 shown in Figure 1 can include two loops of fine wire connected in
serics or parallel, for example, with chip capacitors. The loops can be spaced approximately at
the Helmboltz spacing, with spacing equal to their radius, to produce a uniform RF field
distribution over the sample resonator. In some ernbodirnents, thin metal (¢.g., copper) loops can
be connected to a capacitor cousisting of thin metal foil separated by a low loss dielectric to

provide a higher  factor and/or a higher power handling capability.

In some embodiments, a high Q factor in the excitation resonator 105 can be used. This can be
useful, for example, since the resonator will produce a higher RF magnetic field for a given
power. The bandwidth of excitation resonator 105 may not be an issue, since it is excited by a
constant frequency source. The Helmholtz spacing of excitation resonator 105 can allow easy
access to the sample and/or an unimpeded path for the scanned magnetic field. Excitation
resonator 105 can be mounted such that its axis can be rotated about a line perpendicular to the
axis of the sample resonator to achieve a maximum (or optimal or increased) isolation between
the two resonators. Crossed-loop resonator 100, for example, can achieve an isolation of about
40 to 60 dB, which can eliminate phase noise in the EPR signal. Coupling to excitation resonator
105 can be either capacitive or by means of a magnetic loop. A trimmer capacitor can be
positioned in parallel with the capacitor(s) of excitation resonator 105 and/or can be used to
adjust the frequency of excitation resonator 105 to be the same as that of the sample resonator

125.

Crossed-loop resonant 100, which can be constructed of wire, is an example of one configuration
of the crossed-loop resonator. Other configurations of resonators are feasible. In some
embodiments, resonators can be used that allow for the RF energy from the excitation resonator

to be relatively unimpeded and/or of the scanning field penetrating both resonators without
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excessive distortion in uniformity and without producing excessive eddy currents. In some
embodiments, the interaction of the resonator and the scanning field may be minimized to
prevent excessive background signals. In some embodiments, the sample resonator, for example,
can be constructed as two Helmholtz like coils, with one or the other or both having a higher Q
factor and/or eddy current effects only in the vicinity of the two coils at the extremes of the

sample.

Excitation resonator 105 and/or sample resonator 125 can also be constructed from various
dielectric or metal coated dielectric materials. Excitation resonator 105 and/or sample resonator
125 can also be coated, by any of the standard techniques in the desired pattern, to provide
resonators with the desired Q factor and/or field transparency for rapid scan, pulse and/or CW
applications. Coating techniques, for example, can include vacuum evaporation, chemical

deposition, deposition followed by electroplating and even conductive painting.

Crossed-loop resonator 100 can be used at moderate frequencies, for example, at and/or between
250 MHz and 1 GHz. Other configurations are possible that can operate at higher frequencies.
For example, crossed-loop resonator 100 could be configured to be used at frequencies up to 10
GHz, X band. One configuration, for example, for an X band crossed-loop resonator could be a
dielectric resonator inside a cavity resonator. The magnetic fields of these two resonators could
be aligned to be perpendicular to achieve good isolation. The cavity could be constructed of a
dielectric with a metal plating thick enough to contain the RF energy but thin enough to allow
penetration of the rapid scan field. Alternatively the cavity can be constructed of a closely wound

coil of insulated wire.

The X band is a band of frequencies that is indefinitely set at approximately 7.0 to 11.2 gigahertz
(GHz). or 8.0 to 12.0 GHz.

In some embodiments either or both resonators can include a ribbon resonator as shown in
Figure 3. Ribbon resonator 300 can include a plurality of concentric ribbon loops 320 with ends
terminated in first metal strip 305 and second metal strip 31¢. Each ribbon loop 320 can include
a flat elongated sheet of metal formed, for example, in a circular or oval loop with the flat
portion of the ribbon substantially parallel with the axis of the loop. Each ribbon loop 320 can
be disposed parallel relative to one another and/or with parallel central axis. That is, the normal

vector of the flat surface of the ribbon can point outward from the axis of the loop.

In some embodiments one ot more capacitors 311, 312, 313 and 314 can bridge n first wetal
strip 305 and second metal strip. The capacitors 311, 312, 313 and 314, for example, can be

chosen to cusure that the loops resonate at the desived frequency using standard resonance
8
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cquations known in the art. In some embodiments, capacitors 311, 312, 313 and 314 can be chip
capacitors. lu some erabodiments, the capacitors 311, 312, 313 and 314 can be replaced by thin
metal strips separated by a low loss diclectric such as Teflon or alumina. This can potentially

produce a higher resonator (3 factor than chip capacitors,

The ribbou material that make up each ribbon loop 320 can allow for high electrical power
within each loop of the resonator. In some embodiments this can provide more excitation power

to the sample.

Another example of a crossed-loop resonator is shown in Figure 4. Cross looped resonator 400
has excitation resonators 410 and sample resonator 405. Note that the axis of excitation
resonators 410 and sample resonator 405 are perpendicular. Excitation resonator 410 can be
larger than sample resonator 405. In some embodiments, excitation resonator 410 can be
fabricated in a conventional Helmholtz configuration, which also incorporates parallel plate

capacitor 415 (or any other type of capacitor) for resonance.

In some emnbodiments a tunable resonator can be used for either the excitation resonator and/or
the sample resonator. Such a resonator can be tuned by changing the physical and/or electrical
properties of the resonator. For example, the shape, length, diameter, capacitance, etc. of the

resenator can be changed to tune the resonate frequency of the resonator,

In sorue ermbodirnents a ribbon or wire loop resonator can include one or more capacitors
coupled with the loop in series to improve the uniformity of the RF magnetic field and also to
mitigate eddy currents. These capacitors can be placed at a distance of a fraction of 2
wavelength frov cach other; for exarople, 18, 1/4, or 1/2 of a wavelength. These capacitors can

be chip capacitors. In some embodiments capacitors can be placed every one and a half turns.

In some embodiments a crossed-loop resonator can work with frequencies up to 10 GHz or

higher.

In some embodiments the resonator can be used with rapid scan EPR. For example, Figure 5
shows an X band crossed-loop resonator that can be used in rapid scan EPR according to some
embodiments of the invention. This resonator includes cavity resonator 510 and dielectric
resonator 505. Cavity resonator 510 can be a TE o, resonator and/or can produces a maximum
magnetic field in the center of the cavity which is orthogonal to external steady magnetic field
520 and the magnetic field in dielectric resonator 505, which is parallel to the axis of sample tube
550. Dielectric resonator 505 can be a short cylindrical tube, for example, with an outside

diameter of about 10 mm, an inside diameter of about 5 mm, and length of about 13 mm.

9
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Dielectric resonator 505 can be substantially concentric with sample tube 550. Sample tube 550,

for example, can be about 4 mm in diameter, and can be centered inside the cavity resonator 510.

In some embodiments, a crossed-loop resonator can include any combination of dissimilar
resonators. For example, of the two resonators one resonator can be a wire loop resonator and
the other a ribbon loop resonator. As another example, of the two resonators one resonator can
be a wire or ribbon loop resonator and the other a dielectric resonator. As another example, of

the two resonators one resonator can be a cavity resonator and the other a dielectric resonator.

In some embodiments, a crossed-loop resonator can include any combination of resonators
whose electromagnetic properties produce ficlds that are substantially orthogonal to one another
at least in the location of the sample to be measured by EPR. For example, a crossed-loop
resonator can include two of the following resonators: solid metal, wire, ribbon, plated dielectric,
and/or dielectric. As another example, a crossed-loop resonator can include any two resonators
with the following topologies: cavity, helical, solenoidal, slotted tube, split ring, loop gap, saddle
coil, Alderman-Grant, Helmholtz, Birdcage, reentrant, surface coils of various types, scroll,
Fabry-Perot, parallel coil, dielectric ring, dielectric disk, dielectric cylinder, whispering gallery,
transmission line, horn, and/or other resonant structure that works at a location of interest in the

electromagnetic spectrum from low RF frequencies through the optical.

As a specific example, a crossed-loop resonator can include a concentric slotted tube resonator
and a dielectric cylinder resonator. Such a crossed-loop resonator could be used, for example, as

an X band resonator.

In some embodiments the frequencies of the two resonators of a crossed-loop resonator could be

the same. In other embodiments, the frequencies of the two resonators could be different.

In some embodiments the resonator can include a sample cavity that has a diameter greater than
1,2,3,4,5,6,7,8,9,10, 11 or 12 inches. In some embodiments the sample cavity can be more
than 1, 2, 3, or 4 feet in diameter. In some embodiments the sample cavity can be large enough

for a human being to be placed within the sample cavity.

Different arrangements of the components depicted in the drawings or described above, as well
as components and steps not shown or described are possible. Similarly, some features and sub-
combinations are useful and may be employed without reference to other features and sub-
combinations. Embodiments of the invention have been described for illustrative and not
restrictive purposes, and alternative embodiments will become apparent to readers of this patent.

Accordingly, the present invention is not limited to the embodiments described above or depicted

10
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in the drawings, and various embodiments and modifications can be made without departing

from the scope of the claims below.
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WHAT IS CLAIMED I8S:

1. A crossed-loop electron paramagnetic resonance resonator comprising:

a first resonator having a first resonator axis; and

a second resonator having a second resonator axis, wherein the first resonator axis
and the second resonator axis are substantially perpendicular, wherein either or both the first
resonator and the second resonator comprise a ribbon resonator having a plurality of metallic
ribbons formed in a loop, wherein each metallic ribbon includes a central axis, and wherein the

plurality of metallic ribbons are arranged parallel relative one to another.

2. The crossed-loop electron paramagnetic resonance resonator according to

claim 1, wherein the second resonator is different type of resonator than the first resonator.

3. The crossed-loop electron paramagnetic resonance resonator according to
claim 1, wherein the ribbon resonator comprises two elongated metallic strips coupled to at least
a subset of the metallic ribbons, wherein the two elongated metallic strips are disposed parallel to

the central axis of the subset of the metallic ribbons.

4. The crossed-loop electron paramagnetic resonance resonator according to

claim 3, wherein each metallic ribbon is discontinuous between the two elongated metal strips.

5. The crossed-loop electron paramagnetic resonance resonator according to
claim 3, wherein the ribbon resonator comprises a plurality of capacitors, wherein each capacitor

is coupled with each of the two clongated metallic strips.

6. The crossed-loop electron paramagnetic resonance resonator according to
claim 3, wherein the ribbon resonator comprises a plurality of chip capacitors, wherein each chip

capacitor is coupled with each of the two elongated metallic strips.

7. The crossed-loop electron paramagnetic resonance resonator according to
claim 1, wherein the electron paramagnetic resonance resonator is adapted to work with rapid

scan electron paramagnetic resonance.

8. The crossed-loop electron paramagnetic resonance resonator according to
claim 1, wherein the first resonator comprises the ribbon resonator and the second resonator
comprises a resonator selected from the group consisting of a resonator having at least one of the
following topologies; cavity, helical, solenoidal, slotted tube, split ring, loop gap, saddle coil,

Alderman-Grant, Helmholtz, Birdcage, reentrant, surface coils of various types, scroll, Fabry-

12
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Perot, parallel coil, dielectric ring, dielectric disk, dielectric cylinder, whispering gallery,

transmission line, and horn.

9. The crossed-loop electron paramagnetic resonance resonator according to
claim 1, wherein the first resonator comprises the ribbon resonator and the second resonator
comprises a resonator selected from the group consisting of a resonator comprising solid metal

loops, wire loops, plated diclectric loops, and/or diclectric loops.

10. A crossed-loop electron paramagnetic resonance resonator comprising:

a first resonator having a first resonator axis; and

a second resonator having a second resonator axis, wherein the first resonator axis
and the second resonator axis are substantially perpendicular, wherein either or both the first
resonator and the second resonator comprise a resonator having a plurality of metallic loops,
wherein each loop includes a central axis, the plurality of loops are arranged parallel relative one
to another, and a plurality of capacitors electrically coupled with one or more of the metallic

loops.

11.  The crossed-loop electron paramagnetic resonance resonator according to

claim 10, wherein cach of the metallic loos are discontinuous.

12.  The crossed-loop electron paramagnetic resonance resonator according to
claim 10, further comprising two metallic strips coupled to at least a subset of the metallic loops,
wherein the metallic strips are disposed parallel with each central axis of the metallic loops, and

wherein the capacitors are coupled with the two metallic strips.

13.  The crossed-loop electron paramagnetic resonance resonator according to
claim 10, wherein the electron paramagnetic resonance resonator is adapted to work with rapid

scan electron paramagnetic resonance.

14.  The crossed-loop electron paramagnetic resonance resonator according to
claim 10, wherein the first resonator comprises the resonator having a plurality of metallic loops
and the second resonator comprises a resonator selected from the group consisting of a resonator
having at least one of the following topologies; cavity, helical, solenoidal, slotted tube, split ring,
loop gap, saddle coil, Alderman-Grant, Helmholtz, Birdcage, reentrant, surface coils of various
types, scroll, Fabry-Perot, parallel coil, dielectric ring, dielectric disk, dielectric cylinder,

whispering gallery, transmission line, and horn.
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15.  The crossed-loop electron paramagnetic resonance resonator according to
claim 10 wherein the first resonator comprises the resonator having a plurality of metallic loops
and the second resonator comprises a resonator selected from the group consisting of a resonator

comprising solid metal loops, wire loops, plated dielectric loops, and/or dielectric loops.

16. A crossed-loop electron paramagnetic resonance resonator comprising:

a first resonator having a first resonator axis; and

a second resonator having a second resonator axis, wherein the first resonator axis
and the second resonator axis are substantially perpendicular, and wherein either or both the first

resonator and the second resonator resonates with a frequency within the X band frequencies.

17.  The crossed-loop electron paramagnetic resonance resonator according to

claim 16, wherein the second resonator is different type of resonator than the first resonator.

18.  The crossed-loop electron paramagnetic resonance resonator according to
claim 16, further comprising a sample cavity defined by the first resonator, wherein the sample

cavity has a diameter greater than 2 inches.

19.  The crossed-loop electron paramagnetic resonance resonator according to
claim 16, wherein the first resonator resonates at a frequency that is different than the second

resonator.

20.  The crossed-loop electron paramagnetic resonance resonator according to
claim 16, wherein the first resonator comprises a plurality of metallic loops, two metallic strips
coupled with the plurality of metallic loops, and a plurality of capacitors, wherein each capacitor

is coupled with each metallic strip.

14



WO 2014/015219 PCT/US2013/051219

1/5

100
{\_._//
} 45
PR
v’
105 | i
| 125
T
N | L ///
i el
= O =
1 ) 33
. | "““‘} “\\
yd 130
105 |
- / o

R )

\; 4 1457
\? 145 "
\
‘\‘5 40 140 ”)

Figure [



WO 2014/015219 PCT/US2013/051219

2/5

200

220

Figure 2



11111111111111111111111111111

3/5




PCT/US2013/051219

WO 2014/015219

4/5

Figure 4



WO 2014/015219 PCT/US2013/051219

5/5

Exiernal
Field

Figure 5



	Page 1 - front-page
	Page 2 - description
	Page 3 - description
	Page 4 - description
	Page 5 - description
	Page 6 - description
	Page 7 - description
	Page 8 - description
	Page 9 - description
	Page 10 - description
	Page 11 - description
	Page 12 - description
	Page 13 - claims
	Page 14 - claims
	Page 15 - claims
	Page 16 - drawings
	Page 17 - drawings
	Page 18 - drawings
	Page 19 - drawings
	Page 20 - drawings

