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Dielectric Dielectric Artificial Metamaterials
Comventional insert resonators dielectrics Metasurfaces

EPR cavity
10s-100s GHz

NMR resonator
0.5-1.2 GHz

MRI resonator
50-500 MHz
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Desirable properties of transmit/detection device

High filling factor

High B, strength

High B; homogeneity

Low E-field in sample (heating, SNR)
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Dielectric materials and dielectric inserts
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Displacement current (produces secondary magnetic field)
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Dielectric inserts in optimized EPR metallic cavities

. - Applied
Appl Magn Reson (2017) 48:1185-1204 Magnetic Resonance CrossMark

DOI 10.1007/s00723-017-0935-4

ORIGINAL PAPER

EPR Uniform Field Signal Enhancement by Dielectric
Tubes in Cavities

James S. Hyde1® - Richard R. Mett'?
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Dielectric inserts for high resolution NMR /

Journal of Magnetic Resonance 200 (2009) 49-55

Contents lists available at ScienceDirect

Journal of Magnetic Resonance

ELSEVIER journal homepage: www.elsevier.com/locate/jmr

Dielectric inserts for sensitivity and RF magnetic field enhancement in NMR
volume coils

Arnon Neufeld?, Naftali Landsberg®, Amir Boag >*

2The Wohl Institute for Advanced Imaging, Tel Aviv Sourasky Medical Center, 6 Weizmann Street, Tel Aviv, Israel A. Neufeld et al./Journal of Magnetic Resonance 200 (2009) 49-55
bSchool of Electrical Engineering, Tel Aviv University, Tel Aviv 69978, Israel
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Dielectric inserts for high resolution NMR /
A

B-field
without insert

without insert
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Voltage SNR improvement B; enhancement

10 mm tube length  Simulation 1.2 1.16
Experiment 1.208-1.24 1.16
40 mm tube length  Simulation  1.07 1.13
Experiment 1.035-1.081 1.12




Dielectric inserts for high resolution NMR /

No 1nsert Dielectric insert




Steering and focussing magnetic fields /

High permittivity materials



Image non-uniformities at high field
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Effects of finite RF wavelength in tissue

Wavelength (cm) Muscle

3 Tesla
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RF inhomogeneity
constructive/destructive interference




Displacement and conduction currents /

Displacement currents in the dielectric material
produce a secondary local RF field which
coherently increases the total B4*

Conduction currents in the dielectric material act
as lossy eddy currents and reduce the total B4*




Dielectric pads in imaging

dielectric
pads




High-permittivity thin dielectric pads improve imaging of femoral arteries at

No Pad H.P. Pad

Lindley MD, Kim D, Morrell G, Heilbrun ME, Storey P, Hanrahan CJ, Lee VS Invest Radiol. 2015 Feb;50(2):101-7.
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Modes of a dielectric resonator
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MR microscopy at 17.2'T

COMMUNICATION A%X%ENR AEILDs
Ceramics for Improved Microscopy www.advmat.de

Systematic Analysis of the Improvements in Magnetic
Resonance Microscopy with Ferroelectric Composite
Ceramics

Marine A. C. Moussu, Luisa Ciobanu, Sergej Kurdjumov, Elizaveta Nenasheva,
Boucif Djemai, Marc Dubois, Andrew G. Webb, Stefan Enoch, Pavel Belo,
Redha Abdeddaim,* and Stanislav Glybovski
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HEM s mode quadrature volume coil
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Artificial dielectrics

Journal of Magnetic Resonance 320 (2020) 106835

Contents lists available at ScienceDirect x

Journal of Magnetic Resonance

ELSEVIER journal homepage: www.elsevier.com/locate/jmr

Communication

An artificial dielectric slab for ultra high-field MRI: Proof of concept M)

Vsevolod Vorobyev ¢, Alena Shchelokova?, Irena Zivkovic °, Alexey Slobozhanyuk?,
Juan D. Baena®, Juan P. del Risco“, Redha Abdeddaim ¢, Andrew Webb ", Stanislav Glybovski **
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Artificial dielectrics

Dielectric pad Phantom
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Artificial dielectrics

Journal of Magnetic Resonance 291 (2018) 47-52

Contents lists available at ScienceDirect

Journal of Magnetic Resonance

journal homepage: www.elsevier.com/locate/jmr

A new quadrature annular resonator for 3 T MRI based on )
artificial-dielectrics Sz

Anna A. Mikhailovskaya ®, Alena V. Shchelokova?, Dmitry A. Dobrykh?, Ivan V. Sushkov®,
Alexey P. Slobozhanyuk *, Andrew Webb ¢*
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Fig. 1. Schematic view of the geometries of the annular dielectric resonator (a) and artificial-dielectric resonator (b) The inner diameter d = 110 mm and the height h = 232

mm are equal for both structures, while the outer diameters are different: dielectric resonator Dpg = 352 mm and artificial-dielectric resonator Dapg = 220 mm. The length of
wires I,, = 182 mm and the thickness of the PMMA is 5 mm.




Artificial dielectrics
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Metamaterials and metasurfaces




SOVIET PHYSICS USPEKHI VOLUME 10, NUMBER 4 JANUARY-FEBRUARY 1968
538.30

THE ELECTRODYNAMICS OF SUBSTANCES WITH SIMULTANEOUSLY NEGATIVE
VALUES OF € AND u

V. G. VESELAGO
P. N. Lebedev Physics Institute, Academy of Sciences, U.S5.5.R.
Usp. Fiz. Nauk 92, 517-526 (July, 1964)
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FIG. 4. Passage of rays of light through a plate of thickness d
made of a left-handed substance. A — source of radiation; B — de-
tector of radiation.




Split ring resonators (SRRS)

Magnetism from Conductors, and Enhanced Non-linear Phenomena
JB Pendry, AJ Holden, DJ Robbins, and WJ Stewart

Article in IEEE Transactions on Microwave Theory and Techniques - December 1999

DOI: 10.1109/22.798002 - Source: IEEE Xplore
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In conclusion: we have shown how to design structures made from non-magnetic thin sheets of
metal, which respond to microwave radiation as if they had an effective magnetic permeability. A
wide range of permeabilties can be achieved by varying the parameters of the structures. Since the
active ingredient in the structure, the this metal film, comprises a very small fraction of the volume,

typically 1:104, the structures may be very light, and reinforced with strong insulating material to
ensure mechanical strength, without adversely affecting their magnetic properties. It is likely that the
structures will be exploited for their ability to concentrate the electromagnetic energy in a very small
volume, increasing its density by a huge factor, and greatly enhancing any non-linear effects present.



Direct relevance to magnetic resonance

Split-ring resonator for use in magnetic
resonance from 200-2000 MHz

Cite as: Review of Scientific Instruments 52, 213 (1981); https://dol.org/10.1063/1.1136574

Published Online: 04 June 1998 .
W. N. Hardy, and L. A. Whitehead \/




Diffraction Limited Image

Reconstructed Image

MRI is not diffraction/wavelength limited,

- otherwise spatial resolution would be metres!

Intensity

Every RF coil used in NMR or MRI has
Wavelength

— feature sizes less than a wavelength.
D\ /4 )ay
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Glass Metamaterial




Applications to MRI

Journal of Magnetic Resonance 203 (2010) 81-90

C lists ilable at Sci: Direct

Journal of Magnetic Resonance

ELSEVIER journal homepage: www.elsevier.com/locate/jmr

On the applications of ¢, = —1 metamaterial lenses for magnetic resonance imaging

Manuel J. Freire *, Lukas Jelinek, Ricardo Marques, Mikhail Lapine

de Electronica y Eleci Universidad de Sevilla, Facultad de Fisica, Avda. Reina Mercedes s/n, 41012 Sevilla, Spain




Split ring resonators (SRRs) /

PHYSICAL REVIEW LETTERS week ending

PRL 95, 223902 (2005) 25 NOVEMBER 2005

Saturation of the Magnetic Response of Split-Ring Resonators at Optical Frequencies

J. Zhou,' Th. Koschny,'? M. Kafesaki,> E.N. Economou,>* J. B. Pendry,” and C. M. Soukoulis'>3

'Ames Laboratory and Department of Physics and Astronomy, lowa State University, Ames, lowa 50011, USA
2Institute of Electronic Structure and Laser, FORTH, 71110 Heraklion, Crete, Greece
Department of Materials Science and Technology, University of Crete, Greece
“Department of Physics, University of Crete, Greece
3Condensed Matter Theory Group, The Blackett Laboratory, Imperial College, London SW7 2BZ, United Kingdom
(Received 18 July 2005; published 23 November 2005)

We stress the fact that the 4-cut single-ring SRR design
is favorable for more-dimensional metamaterials not only
for its highest attainable magnetic resonance frequency but
also for its inherent symmetry [11,12]. For the 2-cut de-
sign, the role of elongating the two noncut sides is worth-
while to be explored, since this way one may induce a
negative & response as well.




Babinet’s principle

PHYSICAL REVIEW B 76, 033407 (2007)

Babinet’s principle for optical frequency metamaterials and nanoantennas

T. Zentgraf,* T. P. Meyrath, A. Seidel, S. Kaiser, and H. Giessen
4. Physikalisches Institut, Universitat Stuttgart, Pfaffenwaldring 57, D-70550 Stuttgart, Germany

C. Rockstuhl and F. Lederer
Institut fiir Festkorpertheorie und -optik, Friedrich-Schiller-Universitit Jena, Max-Wien Platz 1, D-07743 Jena, Germany
(Received 4 June 2007; published 10 July 2007)
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FIG. 1. Color online Schematic view of a the fabricated gold
SRRs and b their complementary structure. Both structures have a
height of 15 nm and are deposited on a 2-mm-thick Infrasil glass
substrate.
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Electron spin resonance

y

SCIENCE ADVANCES | RESEARCH ARTICLE

MATERIALS SCIENCE

Scalable microresonators for room-temperature
detection of electron spin resonance from dilute,
sub-nanoliter volume solids

Dopants and defects in single crystal
Information on anisotropies is masked by orientation
distribution in polycrystalline materials

Active volumes <1 nL, easily coupled to microwave feedlines

Nandita Abhyankar'*, Amit Agrawal, Pragya Shrestha®>, Russell Maier?, Robert D. McMichael?,

Jason Campbell?, Veronika Szalai®*
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PHYSICAL REVIEW B 95, 035104 (2017)

Extremely high Q-factor metamaterials due to anapole excitation FIG. 1. A fragment of a metamaterial supporting toroidal dipolar
excitation. Red arrows show displacement currents j induced by the
Alexey A. Basharin,! Vitaly Chuguevsky,"? Nikita Volsky,' Maria Kafesaki,® and Eleftherios N. Economou? vertically polarized plane wave, blue arrow shows toroidal dipole
! National University of Science and Technology MISiS, Moscow 119049, Russia moments T of the metan?olecule. green arrow sh.ows circulated
2Voronezh State Technical University, Voronezh 394026, Russia magnetic moment m; the picture shows a metamaterial sample. The
3 Foundation for Research and Technology Hellas (FORTH), Heraklion, Crete, Greece dimensions of the fragment are 15 mm x 15 mm with the central gap
and University of Crete, Heraklion, Crete, Greece equal to 0.75 mm and the lateral gaps at I mm. The period of the
(Received 20 July 2016; revised manuscript received 30 November 2016; published 3 January 2017) metamaterial is 15 mm in both directions.
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Electron spin resonance
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FIG. 3. Calculated distributions of the corresponding electric field |E| (a), magnetic field [absolute value |[H| (b)], and amplitude of the
conductive current j (¢) induced in the metamolecule at 9.54 143 GHz.




Electron spin resonance
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Dielectrics and metamaterials

week ending
PRL 101, 027402 (2008) PHYSICAL REVIEW LETTERS 11 JULY 2008

Experimental Demonstration of Isotropic Negative Permeability
in a Three-Dimensional Dielectric Composite

Qian Zhao,"” Lei Kang,' B. Du,' H. Zhao,' Q. Xie,' X. Huang,' B. Li,' J. Zhou,"* and L. Li'
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Compact, flexible metasurtace for 300 MHz (7 Tesla)

SCIENTIFIC REP{%}RTS

OPEN Flexible and compact hybrid
metasurfaces for enhanced
ultra high field in vivo magnetic

s resonance imaging
Pl

Rita Schmidt?, Alexey Slobozhanyuk?*?, Pavel Belov? & Andrew Webb*
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Phantom results at 300 MHz (7 Tesla)

Simulated
B,* maps

Dielectric pad
No structure €,=110 Metasurface
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In vivo results at 300 MHz (7 Tesla) /

No structure With metasurface

0.5 uT/vw




In vivo results at 300 MHz (7 Tesla) /

No structure With metasurface

4 353 252 151 ppm 4 353 252 15 1 ppm




Research Article

www.acsami.org

IEJAPPLIED MATERIALS

X INTERFACES

Metamaterial Combining Electric- and Magnetic-Dipole-Based
Configurations for Unique Dual-Band Signal Enhancement in
Ultrahigh-Field Magnetic Resonance Imaging

Rita Schmidt*"*® and Andrew Webb'
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Double-tuned metasurfaces for high field MRI /

a 3P 121 MHz O~ 1H 298 MHz T kg
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Double-tuned metasurtaces tor high field MRI /

b 3P spectra
a 'Himaging -w/o
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1 5 Tesla wire metamaterial

Experimental investigation of a metasurface resonator
for in-vivo imaging at 1.5 T

Alena V. Shchelokova®, Alexey P. Slobozhanyuk®P?, Paul de Bruin®, Irena
Zivkovic®, Efthymios Kallos?, Pavel A. Belov®, Andrew Webb®*
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A detunable 1.5 Tesla wire metamaterial

y

SCIENTIFIC
REPORTS

natureresearch

M) Check for updates

A smart switching system to enable
automatic tuning and detuning of
metamaterial resonators in MRI

Shimul Saha*?™, Roberto Pricci'?, Maria pidou’?, Helena C ial?,
Ditjon Katana’, Srinivas Rana’, Panagioti 23, George Palikaras™?, Andrew Webb* &

Efthymios Kallos*?
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Future applications to NMR?

PHYSICAL REVIEW APPLIED 12, 044023 (2019)

Harnessing Surface Plasmons for Magnetic Resonance Imaging Applications

Carlo Rizza,'?* Marco Fantasia,” Elia Palange.* Marcello Alecci,>*~ and Angelo Galante>*-

Supports a Pendry lens and also surface-plasmon excitations



Volume resonators for high field MRI

©-PLOS | one

RESEARCH ARTICLE

Metamaterial-based transmit and receive
system for whole-body magnetic resonance
imaging at ultra-high magnetic fields

Tim Herrmann'*, Thorsten Liebig?, Johannes Mallow', Christian Bruns', Jérg Stadler?,
Judith Mylius®, Michael Brosch®#, Jan Taro Svedja2, Zhichao Chen?, Andreas Rennings?,
Henning Scheich®# Markus Plaumann’, Marcus J. B. Hauser', Johannes Bernarding'4,
Daniel Erni?
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