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(57) Abstract: Devices and methods for magnetic imaging and / or irradiation are discuseed. The magnetic fields produced for ima-
ging and / or irradiating, as well as the associated magnetic field, can be focused using one or more magnetic metalens devices. Vari-
ations of magnetic metalens devices may be made of cubic unit cells equipped with capacitor-bearing conductive loops printed on an
inside face of a dielectric of the cube(s). Some variations may also include a series capacitor equipped with a matching network that
includes at least one series capacitor. Other variations may also include a tapered microstrip.
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MAGNETIC META-LENSES FOR MAGNETIC IMAGING

CROSS REFERENCE TO RELATED APPLICATION
10001} This non-provisional application claims priority under 35 US.C. § 1 %e) to
ULS. Provisional Application No. 61/513,903 filed on August 1, 2011, the entire contents of

which arc hereby incorporated by reference,

BACKGROUND

[0002] Currently, magnetic imaging technigues, such as MRI (magnetic resonance
imaging) are limited in ferms of resolution and imaging depth. In part, this is due fo
limitations of magnetic lenses and magnetic lens designs used in conjunction with MRI colls

o produce, focus, and receive magnetic field data for imaging.

SUMMARY

{0003] Variations of technigues, systems, and devices discussed herein pertain to
magnetic imaging techniques using magnetic metalenses, magnetic imaging, and magnetic
induction

{0004] Some variations of techaiques, systems, and devices discussed herein pertain
to a magnetic metalens device, the metalens device comprising: an isolropic metalens; a
matched resonant coil operating in conjunction with the isotropic metalens; and a matching
network that includes af least a serigs capacitor, where the matched resonant coll is equipped

with said matching network,
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[GOO3S] In some variations, the isolropic metalens includes a periodic array of
subwavelength cubic unit cells, each cubic unit cell including a conducting loop and capacitor
on sach of sixX inver faces. In some variations, the capacitors on loops disposed on opposing
sides of a cubic unit cell are disposed on alternate sides of thewr respective loops.

{0006} in some variations, the matching network further includes a tapered microstrip
that {ransforms an impedance of the matched resonant coil. In some variations, the tapered
microstrip includes a waveport, a.capacitance area, 3 resistance ares, and an inductance area.
100671 in some variations, the series capaciior reduces or eliminates an indoctive
reactance portion of a load impedance associated with the resonant coil. In some variations,
the waveport transforms an impedance of the series capacitor. In some variations, the
magnetic metalens device has a magnetic permeability {p) of -1.

[0008] In some variations, the maiched resonant coil is a receiving coil. In some
variations, the matched resonant coil is a transmitting coil. In some variations, the matched
resonant coil is wsed for fransmitting and receiving.  In some variations, the magnetic
metalens device further nchudes a second maiched resonant coil, where the matched resonant
coil is a transmiitting cotl and the second matched resonant coil is a receiving coil.

[O009] Seme variations of techniques, systems, and devices discussed herein pertain
o an imaging device, said imaging device comprising: s magnetic field generafing device
that generates 8 magoetic field for imaging; a magnetic field detector that detects a wagnetic
field associated with an imaging target, said associated maguoetic feld being caused by an
interaction of the generated magnetic field and the imaging target; and a first magnetic
metalens device that focuses the magnetic field before it is detected by the magnetic field

detector.
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{0010} in some variations, the first magnetic metalens device is disposed between
said detector and said imaging target and where the first magnetic metalens device focuses
said associated magnetic field for detection. In some variations, the first magnetic metalens
device is disposed between the magnetic ficld generating device and the imaging target, and
where the magaetic metalens device focuses said generated magnetic field for imaging.
[0011) In some variations, the imaging device further includes 8 second maguetic
metalens device disposed betweet said detector and said inmaging target and where the second
magnetic metalens device focuses said associated magnetic field for detection.  In some
variations, the first magnetic metalens device focuses said generated magnetic field for
imaging and also focuses said associated magnetic field for detection.

F0612] I some variations, either or both of the magnetic metalens devices may bea
magnetic metalens device as discussed in one or more of the variations listed above and
described further horeln.

[0013] Further scope of applicability of the present invention will become apparent
from the detailed description given hereinafter. However, it should be understood that the
detailed description and specific examples, while indicating preferred embodiments of the
invention, are given by way of jlustration only, since various changes and medifications
within the spirit and scope of the invention will become apparent to those skilled in the art

from this detailed description.

BRIEF DESCRIPTION OF DRAWINGS
[0014] The present invention will become more fully understood from the detailed
description given herein below and the accompanying drawings which are given by way of

Hiustration only, and thus are not limitative of the present invention, and wherein
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{0016} FIG.
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0817} FiG.
hereing
[O018] FIG.
herein;
[e019] FIG.
herein:
{00261 FIG.

herein: and
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la is a block diagram of an embodiment of an apparatus as described

1b is a block disgram of an embodiment of an apparatus as described

te is a block diagram of an embodiment of an apparatus as described

id is a block diagram of an embodiment of an apparatus as described

2a is a block diagram of an embodiment of an apparatus as described

2b is a Block diagram of an embodiment of an apparatus as described

(00211 FIG. 3 is a block diagram of an embodiment of an apparatus as described
herein.

[6022] The drawings will be described fusther in the course of the detatled
description,

DETAILED DESCRIPTION

{00231 The following detailed description of the techniques and solutions discussed

herein refers to the accompanying drawings. The same reference numbers in different

drawings identify the same or similar elements. Also, the following detailed description does

not limif the techoiques and sohitions discussed herein, Instead, the scope of the techniques

and solutions discussed herein is defined by the appended claims and equivalents thereof.
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§00241 In magnetic imaging applications, a magnetic field used for imaging can be
detected through the detection of the magnetic resonance image in variations that employ an
MRI, or by direct detection only of changes in magnetic field intensities, detected in a similar
way to diffusion tensor measgrements in motion resonance, in variations that employ direct
magnetic imaging devices or technigues,

[0025] One variation of an imaging and detection arrangement is shown m Fig. la. In
the arrangement shown, a magnetic imaging device 2010 may concentrate or otherwise
generate magnetic field directed at an imaging target 2020, The magnetic imaging device
2010 may include an MRI, direct magnetic imaging device, or other device configured to
perform magpetic imaging. The target 2020 mayv include a living organism, such as a
hospital patient, or may include machines, devices, structures, archeological findings, rocks,
and / or other fypes or combinations of organic, inorganic, animate, and / or in-animate
objects. A detection result of the imaging is then detected by a detector 2030 which may be
part of the magnetic imaging device 2010 or, in some cases, a separate device,

[0026] In some variations, when imaging, a magoetic RF pulse generated by the
imaging device 2010 is preferably at 90 degrees perpendicular to the polarizing main feld of
the imaging device 2010. In some variation, the magnetic field detector 2030 may be
arranged downstream from the magnetic imaging device 2010, Variations of such a detector
2030 may include a solenoidd, a superconducting quantum interference device (SQUIDY, or a
solid state magnetometer,

{00271 in some wu*i:z'o:ir:’,«ns‘E after generating a magnetic field with imaging intensity, a
focusing step may be performed that focuses the magnetic field generated by the magnetic

imaging device via a magnetic metalens device. In some variations, the magnetic field may
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also be concentrated and focused with a magnetic metalens device as part of an frradiating
process or other magnetic radiation exposure process.

{0028} in some variations, the magnetic field may be focused by the magnetic
metalens device as part of an imaging process meant to enable and improve detection of an
rradiation target area to tmprove the effectivencsy of the irradiation. The focused magnetic
field way also be geverated by the magnetic imaging device as part of & procesy of
irradiating.

{00259 In some variations, the imaging process and hradiation process may be
performed using separate or otherwise distinet pieces of equipment. In some variations, even
it the same ragnetic source is used for imaging and irradiating, a metalens used or
configured for imaging may be different from a metalens used or configured for irradiating.
in other variations, the same metalens may be used for both applications.

{00307 A variation of & magunetic imaging arrangement using a magnetic metalens is
shown in Fig, 1b. in the variation shown, a magnetic mefalens device 2120 is disposed
befween a magnetic imaging device 2110 and an imaging farget 2130, The magnetic field
concentrated or otherwise generated by the magnetic imaging device 2118 may be focused by
the magnetic metalens device 2120 to improve the imaging and / or rradiation characteristics
of the field with respect to the target 2130, In an imaging embodiment, the focused magnetic
field may then be detected by a magnetic field detector 2140 to produce an image of the
target 2120,

{0031} Variations of a metalens device having transmitting and receiving coils may
be configured to net only focus the magnetic radiation from the magnetic imaging device
2210, but to also focus & magnetic field signature back to the magnetic field detector. In one

such variation, shown in Fig. 1d, the positioning of the metalens device for receiving 2340
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may be different than that of the metalens device for transmitting 2120, Such a positioning
change may help in focusing a magnetic feld signature by optimizing the signal fo noise ratio
of the detector 2234, In such a variation, the magnetic imaging device 2310 may concentrate
a magnetic field onto the target 2330, The field is then focused 2340 by the magnetic
metalens device 2340 after it has been used to image the target but before the imaging result
is detected at the detector 2350,

{0032] In yet further variations, a magnetic metalens device may be used in either or
both of pre-imaging focusing and posi-imaging, pre-detection focusing., Such a varjation is
depicted in Fig. lc. In the variation shown, a first magnetic metalens device 2220 is disposed
between the imaging device 2210 and the target 2230 1o focus the magnetic field from the
imaging device onto the target 2230, A second magunetic metalens device 2240 may then be
disposed between the target 2230 and the detector 2250 to focus the magnetic field after it has
imaged the target 2230 to improve the detection result(s}. In some variations, the same
magnetic metalens may be used to focus the maguetic field onto the target 2230 and onto the
detector 2230,

[0033] Variations of such magnetic metfalens device(s) may be disposed at varying
distances from a patient or Imaging subject / target depending on the leas characteristics and
the properties and intensity of the imaging radiation source(s).

[03034) Some variations of such a magnetic metalens device may include an isotropic
metalens, and a matched resonant coil operating in conjunction with the metalens, where the
coil is equipped with a matching network that includes at least a series capacitor. Ta such a
variation, 4 metalens may include a periodic array of subwavelength cubic unit cells, with a
conducting loop and capacitor on each of the six inner faces. In some variations, a matching

aetwork may further include a tapered microstrip that transforms an impedance of the coil. In



WO 2013/019883 PCT/US2012/049195

one variation, the matched resonant coil is a receiving cofl. In another variation, the resonant
coil is a transmitting coil. In yet another variation, the magnetic metalens device may include
a second matched cotl, where one of the coils is a transmitting coil, and one of the colls is a
receiving coil.

{00351 in a further variation, a tunable metalens device may be used. A tunable
metalens device may inclade a metalens having adjustable or otherwise configurable
properties, such as variable impedance. In a still fasther variations, two different metalens
devices may be used — one for focusing during imaging and one for focusing during
irradiating. In one variation, a maguetic metalens device where g =-1 (used for enbancing a
magnetic field) may be used for imaging, while a second metalens device where n=1 (for
focusing a magnetic field) may be used for irradiating.

{0036} A matehed resonant coil in conjunction with an isotropic metamaterial lens
{metalens) may increase the detection depth of & magnetic resonance imaging (MR1) system
inside the body and / or imaging subject or target. In some variations, s metamaterial lens
may include a periodic array of subwavelength cubic unit cells, with a conducting loop and
capacitor on sach of the six inner faces. Such a structure can provide an isotropic effective
magnetic permeability of -1 with low loss at operating frequency for an approximately 3
Tesla () MRI system. Such a configuration can enhance the magnetic field strength at the
receiving coil, and thus increase the received signal power, improving the signal-to-noise
ratio (SNR). Since MRI scan time is inversely proportional to the square of the SNR, even
modest improvements in SNR can reduce the scan time dramatically or allow for
significantly more scanning passes in a given time period.

{0037} A variation of a subwavelength cubic unit cell is shown in Fig. 2a. In the

variation shown, each cubic unit cell 2620 may be equipped with a conducting loop 2600 and
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capacitor 2610 on each of the six inner faces. In some variations, the capacitors may be
fumped capacitors. In some variations, as shown in Fig. 2b, the capacitors 2900, 2910 on
oppesing rings 2920, 2930 may alternate sides to eliminate or reduce bi-anisotropy. In some
variations, such a capacitor-loaded conducting loop 2930 may be printed on the inner wall of
the dielectric of cach side of the cube. A 3D periodic structure composed of such unit cells
has nearly identical responses o plane waves coming from three orthogonal directions.
(0038} A receiving coil in such a metalens-cquipped system may be tuned for a match
in free space at the operating frequency of an MRI or other magnetic imaging sysiem. In
some variations, a maiching network of at least a series capacitor can be added to maintain
the match when the coil is adjacent to the metalens, thereby improving received signal power.
In some variations, the matching network may include additional components, such as more
than one series capacitor and / or capacitance array(s) (which may be a series or parallel
array, or a mix thercof).

{0039} A block diagram illustrating operation of such a capacitor-equipped variation
is shown in Fig. 3. In the variation shown, a series capacitor 271 is connected to cancel the
mductive reactance of a load impedance 2720, A tapered microstrip 2700 may then
trapsform the impedance to a better match level. For instance, using the exemplary numbers
shown in the figure, a load impedance 2720 may have an impedance of 26.30 and an
inductive reactance of 122.86nH. An 11.8 pF capacitor 2710 can cancel out the inductive
reactance, leaving only an impedance of 26.53Q. This impedance may then be transformed by
a tapered microstrip 2700.

{0040} in a further variation, the matching network may include a tapered microstrip
as shown in Fig. 2¢. The microstrip variation shown in Fig. 2¢ may be equipped with & wave

port 2800, capacitance region 2810, resistance region 2830, and inductance region 2820.
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Such a microstrip may be represented in some cases by an eguivalent RLC {resistance,
inductance, and capacitance) circuit (not shown). In one variation, the wave port 2800 may
be a 500 wave port, the inductance may be 122.86nh, the resistance may be 26.58, and the
capacitance may be 11.8pF. In such a variation, operating at 132MHz, a variation of the
microstrip shown in Fig. Z¢ may act as an impedance transformer, transforming the
impedance from 26,38} to 5043,

{00411 In one variation of a mivrosirip as depicted in Fig. 2¢, the microstrip width
may be 4.745mm {which may provide an impedance of 50L). The length of such a
microstrip variation may be 10mm. In some varistions, the substrate material of such a
microstrip may be Rogers RT3880. The substrate may be 1.573num thick and 60mm wide,
[0042] Microstrip variations, such as the type shown in Fig. 2c, may be configured to
transform an impedance of the coil. In one variation, the matched resonant coil is a receiving
coil. In another variation, the resonant coil is a transmitting coil. In vet another variation, the

first maguoetic metalens device includes a second masched coil, where one of the coils is a

L7l

transmitting coil, and one of the coils is a receiving coil.

{10431 In some variations, such a metalens and receiving codl variation nuay be used
in fraditional MRI systems as an external component that can simply be plugged in fo the
machine like any other optional receiving cotl.  Such variations of MRI systems with
metalens and receiving coil arrangements as discussed hercin may provide improved
operating characteristics in terms of losg, isotropy, homogeneity, resolution, and detection
depth,

{00447 Variations of a matched resonant coil design as discussed herein have much
lower loss, a critical aspect that affects both the imaging property and the detection depth,

compared with the current state-of-the-art. On fests with metalens prototypes, an imaginary
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part of permeability as small as .05, was achieved. Compared to an imaginary part around
0.25 in current state~of-the-art devices, variations of metalenses as described herein suffer
from much lower loss as an electromagnetic wave propagates through., Reduced loss
characteristics of this type are useful in many aspects. In one particnlar variation, low-loss
characteristics may be advantageous for thick lenses, which are generally used to increase
MRI detection depth

10045} Varjations of metalens designs described herein are more isotropic than
existing lenses. As discussed above, variations of the metalens unit cell may be equipped with
a capacitor loaded square ving printed on the inner walls of the dielectric on each of the six
sides. The capacitors on opposing rings may alternate sides to eliminate bi-anisotropy. A 3D
periodic structure composed of such a unit cell may have nearly identical responses to plane
waves coming from three orthogonal directions, verifying its isotropy. In soine variations, the
transmission between two small loop antennas is Invariant to tilting the lens.

[6046] Variations of metalens designs as discussed herein have more homogencous
properties than existing lenses, partially arvising from the ability to have a small unit cell size
and partially because of the above-mentioned lens isotropy. In some variations, both the
imaging properties and the transmission between two loop antennas are well maintained
despite changes in the position of the source and receiver relative to the lens (in the middle,
or near the edge of the {ens),

{0047} Variations of metalens designs as described herein can resolve two small
sources with a separation distance smaller than 3.5 times the onit cell size (approximately
§.011 lambda). Furthermore, by including a matching network, the input impedance of the
toop is well matched when it is in close proximity of the lens. Doing so allows the detection

depth of an MRI device equipped with such a metalens to reach the thickness of the lens.



WO 2013/019883 PCT/US2012/049195

12

[6648] in one variation, the matched resonant coil is a receiving coil. In another
variation, the resonant coil is a transmitting coil. In yet ancther variation, the imaging
magnetic metalens device may include two matched coils, where one of the coils is a
transmuitting coil, and one of the coils is a recciving coil,

[60491 Some embodiments of a magnetic metalens device as depicted above may be
configured for magnetic twaging snd irradisting. For focusing different frequencies, the
design and composition of the metalens device may be variable. Variations may occur in unit
cell size, capacHiors, inductors, and copper rings versus crosses. In some variations, the
different components may be individually or jointly tuned {o achieve a proper resonance.
Also, variations in the spacing of the unit cells may affect the resonance at which the desired
u orn s achieved. In one variation, the magnetic metalens device may be configured whers
po=-1. In a different variation, the maguoetic metalens device may be configured so that n=-1.
In yet another variation, the metalens device may include an isotropic metalens and a
matched resonant coil operating in conjunction with the metalens, where the coil is equipped
with a matching network that includes at least a series capacitor. The composition of such a
metalens device is variable based upon the frequency to be focused; therefore, the
composition or coufiguration of the metfalens device (and any associated resonant coil(s))
may be different during imaging or irradiating operations. Furthermore, a metalens device
used or configured for focusing during a transmission portion of an imaging process may be
different from a metalens device used or configured for focusing during a reception portion of
an imaging process,

[00356] In further variations, the coll equipped with a matching network {(connected to

the transmitting antenna), and the scries capacitor may alse be variable to facilitate the power
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required for the strength of the input field. The matching network may be disposed behind
the metalens (in close proximity), and may be connecied to the transmitting antenna.

{00511 The mvention being thus deseribed, it will be obvious that the same may be
varied in many ways. Such variations are not o be regarded as departure from the spirit and
scope of the invention, and all such modifications as would be ebvious to one skilled in the

art are intended to be included within the scope of the following claims
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We Claim:

1. A magnetic metalens device, the metalens device comprising:
an isofropic metalens;
2 matched resopant coil operating in conjunction with the isotropic metalens; and
a matching network that inchdes at least a series capacitor, where the matched

resonant coil is equipped with said matching network.

2. The magnetic metalens device of claim 1, where the {sotropic metalens includes a
periodic array of subwavelength cubic unit cells, each cubic unit cell including a conducting

loop and capacitor on each of six inner faces.

3. The magnetic metalens deviee of claim 2, where the capacitors on loops disposed on

opposing sides of a cubic unit cell are disposed on aliernate sides of their respective loops.

4, The magnetic metalens device of claims 1, 2, or 3 where the matching network further

includes a tapered microstrip that transforms an impedance of the matched resonant coil.

5. The magnetic metalens device of claim 4, where the tapered microstrip includes a

Waveport, a capaciiance area, a resistance area, and an inductance area.

5. The magnetic metalens device of any preceding claim, where the series capacitor
reduces or eliminates an inductive reactance portion of a load impedance associated with the

vesonant coil.
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7. The magnetic metalens device of claim claims 5 or 6, where the waveport transforms
an impedance of the serics capacitor,
8. The magnetic metalens device of any preceding claim, where the matched resonant
coil is a receiving coil.
9. The magnetic metalens device of any preceding claim, where the matched resonant
coil is a transmitting coil.
10.  The magnetic metalens device of any preceding claim, the magnetic metalens device

further comprising a second matched resonant coil, where the matched resonant coil is a

transmiiting coil and the second matched resonant coil is a recelving ¢oil,

1. The magnetic metalens device of any preveding claim, where the magnetic metalens

device has a magnetic permeability (1) of -1.

12, Anumaging device, said imaging device comprising:

a magnetic fleld generating device that generates a magnetic field for imaging;

a magnetic field detector that detects a magnetic field associated with an imaging
target, said associated magnetic field being caused by an interaction of the generated
magnetic field and the imaging target; and

a first magnetic metalens device that focuses the magnetic field before it is detected

by the magnetic field detector.
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13.  The imaging device of claim 12, where the first magnetic metalens device is disposed
between said detector and said imaging target and where the first magnetic metalens device

focuses said associated magnetic field for detection.

14, The imaging device of claim 12, where the first magnetic metalens device is disposed
between the magnetic ficld generating device and the imaging target, and where the magnetic

metalens device focuses said generated magnetic ficld for imaging.

15, The imaging device according to claims 12 or 14, further comprising:
a second magnetic metalens device disposed between said detector and said imaging
target and where the second magnetic metalens device focuses said associated magnetic ficld

for detection.

16, The imaging device according to claims 13 or 14, where the first magnetic metalens
device focuses said generated magnetic field for imaging and also focuses said associated

magnetic field for detection,

17.  The imaging device according to any one of claims 12 - 16, said first magnetic
metalens device comprising:
an isotropic metalens;
a matched resonant coil operating in conjunction with the isotropic metalens; and
a matching network that includes at lcast a series capacitor, where the matched

resonant coil is equipped with said matching network.
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18.  The imaging device according to any one of claims 12 - 17, where the isotropic
metalens includes a periodic array of subwavelength cabic unit cells, each cabic unit cell

including a conducting loop and capacitor on cach of six inner faces.

19, The imaging device gocording to any one of ¢laims 12 - 18, where the capacitors on
toops disposed on opposing sides of a cubic unit cell are disposed on alternate sides of their

respective loops:

20.  The imaging device according to any one of clabms 12 — 19, where the matching
network further includes a tapered microsirip that transforms an impedance of the matched

resonant coil,

21, The imaging device according to any one of elaims 12 - 20, where the tapered

microstrip ncludes a waveport, a capacitance area, a resistance ared, and an inductance area.

22.  'The imaging device of according to any one of claims 12 - 21, where the series
capacitor recuces or eliminates an inductive reactance portion of a load impedance associated

with the resonant coil.

23.  The imaging device according to any one of clabms 12 - 22, wherg the waveport

transforms an impedance of the series capacitor,

24, The imaging device according to any one of claims 12 - 23, where the matched

resonant coil is a receiving coil.
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25, The imaging device according to any one of claims 12 - 24, where the matched

resonant coil is a transmitting coil.

26,  The imaging device according to any one of claims 12 - 23, the magnetic metalens
device further comprising a second matched resonant coil, where the matched resonant coil is

a transmitting coil and the second matched resonant coil is a receiving coil.

27.  The imaging device according to any one of claims 12 - 26, where the magnetic

metalens device has a magoetic parmeability (p) of -1.
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