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Summary

This text briefly presents a selected part of the scientific career
of Lukas Jelinek and serves as an underlying document for the
habilitation lecture presented at the Czech Technical University
in Prague. In particular, the text presents a brief introduction to
magnetic metamaterials made of resonant rings and to magnetic
planar lenses, with a particular focus on possible improvements
to image acquisition in magnetic resonance imaging.
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Souhrn

Ptedlozeny text struéné shrnuje vybranou ¢ast védecké kariéry
Lukas Jelinka a slouzi jako podklad pro habilita¢ni pfednasku
prezentovanou na Ceském vysokém uceni technickém v Praze.
Text obsahuje predevsim strué¢ny tvod do magnetickych mate-
materidli vytvorenych z rezonan¢nich prstencu a déle struény
uvod do magnetickych planarnich cocek a jejich vyuziti v mag-
netickém rezonanénim zobrazovani.
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1 Introduction

A metamaterial is most commonly understood as an artificial
medium with macroscopic electromagnetic characteristics (per-
mittivity, permeability, conductivity), i.e. constitutive parame-
ters that are not attainable in natural materials. During their
development over the last 15 years, the metamaterials have be-
came a mature topic and an inseparable part of the classical
electromagnetic field theory. The fundamental theory of meta-
materials and a detailed history of them can nowadays be found
in public Internet sources and in several eminent textbooks, see
for example [1-3].

2 The Perfect Lens

Particular examples of metamaterials of great importance are
materials with negative values of their constitutive parameters.
These materials have attracted a lot of attention among physicists
and electrotechnical engineers, and have also led to proposals for
interesting new devices. Probably the most important is the
perfect lens [4], which consists of an isotropic slab of thickness
diens With material constants €j, and pi,, surrounded by another
isotropic material with parameters eqoyt and piont. If the materials
are chosen [4] in such a way that eouy = —€in and fiout = —fin,
the slab behaves as a perfect lens that transfers all plane waves,
including all evanescent harmonics, from the source plane at a
distance dgource in front of the lens, to the image plane, which is
situated at a distance dimage behind the lens, provided that the
distances are chosen such that ku’Utdsource + kzgmdimage = kizndlens,
where k, is a wavenumber component perpendicular to the slab.
Figure 1 depicts the superior properties of the perfect lens in
comparison to the conventional lens when subwavelength details
are to be imaged. Due to the inability of the conventional lens
to transfer the evanescent part of the planewave spectrum, the
image suffers from loss of details and also from loss of intensity.
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Figure 1: A sketch of the imaging properties of the conventional
lens and the perfect lens. A vacuum surrounding is assumed.
The amplitude curves represent a transversal variation of an un-
specified electromagnetic field component in the source plane and
the image plane.

3 Use of the Perfect Lens in Magnetic Res-
onance Imaging

Magnetic resonance imaging is a technique of eminent impor-
tance in medical diagnostics. In this method, the magnetic field
generated in spin transitions of hydrogen is usually picked up by
simple resonant coils, which are tuned to a specific frequency of
the spin transition in a particular part of the imaged tissue. The
major issue in magnetic resonance imaging is the signal-to-noise
ratio, the low value of which is mostly due to the very low signal
coming from the imaged tissue. There are two reasons for this.



First, the source itself (a cube of properly magnetized tissue) is
very weak. Second, the radiating piece of tissue does not lie on
the surface of the body, since it is also necessary to image the
internal part of the body. This means that the source of the ra-
diation is located at some distance from the pick-up coil, and the
coil generally loses its sensitivity with growing distance. There
is practically no cure for the first of these problems. The second
problem can however be solved by using an imaging device that
virtually shifts the pick-up coil to within the tissue - i.e. by using
the perfect lens [5], [6], see Fig. 2a. Knowledge of the electrical
sizes of the pick-up coils indicates that the perfect lens is an ap-
propriate device for this task. In widely used imaging systems
with a static magnetic field of 1.5 T the diameter of the pick-up
coils is close to A/50, where A is the wavelength at the operation
frequency (approximately 64 MHz). The field patterns of such
electrically small coils cannot of course be imaged by a conven-
tional lens, the resolution of which is limited to approximately
A/2, see Fig. 1.
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Figure 2: (a) A sketch of the use of the perfect lens in mag-
netic resonance imaging. The pick-up coil sensing the magnetic
field coming from the imaged tissue is virtually imaged into the
depth of the body. (b) A sketch of a magnetic lens made of a
lattice of resonant conducting loops (c¢) Practical realization of
the magnetic lens

Realistic construction and use of the perfect lens unfortu-



nately faces three difficulties. The first is the need for simultane-
ously negative permittivity and negative permeability, which is
rather difficult to achieve with present-day metamaterials. How-
ever, this does not pose a serious problem when using the perfect
lens in magnetic resonance imaging, which performs the imag-
ing solely within the near-field of the source, where the electric
and magnetic fields are reasonably decoupled. In such a case it
can be shown [4] that a dominantly magnetic source (TE waves
along the optical axis, as in magnetic resonance imaging) can
be imaged using only negative permeability, while a dominantly
electric source (TM waves along the optical axis) can be imaged
using only negative permittivity. The second difficulty is the in-
herent frequency dispersion of all known metamaterial designs,
which greatly narrows the useful bandwidth of realistic metama-
terial lenses. This however also does not pose a serious obstacle
for their use in magnetic resonance imaging, which is a narrow
band system operating at a fractional bandwidth smaller than
1 %. The third difficulty is due to the inherent losses in all
metamaterial designs, which is naturally connected with the dis-
persive behavior. This is the only serious challenge for the use of
the perfect lens in magnetic resonance imaging, since the losses
enhance the thermal noise.

4 The Design of the Magnetic Lens

The previous section introduced the possibility of using a lens
made of a negative permeability material with otherwise positive
permittivity for magnetic resonance imaging applications. This
is a considerable simplification, as a material of this type can be
relatively simply designed using resonant rings [7,8]. The sim-
plest (but for magnetic resonance applications sufficient) design
of the resonant ring is a capacitively loaded ring (CLR), origi-
nally proposed in [7], see Fig. 3a, which consists of a metallic
ring loaded in its gap by a capacitor. Assuming that the CLR
is significantly smaller than the operation wavelength (kr < 1),
which is a necessary condition for being a component of a ho-
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Figure 3: (a) A metallic ring loaded by a capacitor, (b) A cut of
an infinite 3D cubic lattice of resonant rings forming a magnetic
metamaterial, (c) A sketch of the frequency dependence of the
permeability of the ring lattice from panel (b).

mogenizable material, its polarization can be well described by
the induced electric dipole moment p and the magnetic dipole
moment m. Following the standard notation [9], these dipole
moments are connected to exciting fields via the polarizability

tensors as
p=[0ff] B+ [af] B "
m = o] - B+ [a}"] - B

where within the defined coordinate system
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and where the reciprocity theorem [10] has been used to equate

al® and —af®. The form of the electric polarisability a$$ and
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magnetic polarisability ;7™ is quite intuitive, and the magnetic
polarizability can in fact be easily estimated from Faraday’s law
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where L is the self-inductance of the closed loop and C' is the
loading capacitance.

The form of the magnetic polarizability (3) shows that the
ring resonance can be seen as the resonance of a serial resonance
circuit in which the inductance is given by the ring, while most
of the capacitance is concentrated inside the gap. The form of
(2),(3) also suggests that the cubic system of such CLRs depicted
in Fig. 3b resembles a homogeneous medium with permeability
[11] according to Fig. 3c. The permeability of such a medium
can be negative in a narrow frequency band above the resonance
frequency, and proper frequency tuning can cast the permeability
to the desired pu, = —1. The corresponding magnetic lens can be
designed as a slice of such a medium.

5 Performance of the Realistic Magnetic
Lens

A lens of the type introduced in the previous section has been
designed [6] from a two unit cell thick slab of cubic ring material,
see Fig. 2b,c. Although a two unit cell thick slab clearly cannot
be considered to be made of a homogeneous medium, the real life
performance of this lens has been very good [6], see Fig. 4. In
order to understand the lens in greater detail, a proper homoge-
nization scheme taking into account its small thickness has been
developed [13]. The results surprisingly showed that within the
realm of quasi-static TE waves the lens can in fact be approxi-
mated by a slab of a homogeneous medium, which explained its
performance. Subsequently, the lens has been tested in various
scenarios [12], both experimentally and theoretically, by means
of the detailed discrete model [14].

So far the lens has been used for compensating of the am-
plitude loss between the source plane and the image plane, but
its subwavelength resolution has not been employed. However,
a magnetic resonance imaging technique exists where the resolu-
tion in the transverse plane is of great importance. The method
is called parallel imaging, and it relies on an array of small pick-
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Figure 4: (a) Imaging of knees - a comparison of the same sce-
nario with the lens (right) and without the lens (left), as depicted
in [6] (b) Imaging of ankles - a comparison of the same scenario
with the lens (bottom) and without the lens (top), as depicted
in [12].

up coils that makes the image acquisition in parallel. However,
a necessary prerequisite is very small overlap of the regions from
which each coil picks up its signal. Ideally, each coil should see
only the tissue in column below it. This is of course increasingly
difficult with growing depth of the image. It is exactly this is-
sue with that the magnetic lens can offer great help, due to its
ability to effectively project the pick-up coil array to within the
tissue, thus retaining the original small overlap between the coils.
The potential of the lens in parallel imaging technology has been
shown to be considerable [12].

The study on parallel imaging also raised the question of the
actual transversal resolution of the real magnetic lens. A detailed
study [15] has been performed, and it showed that the lens res-
olution can be deeply subwavelength, reaching a size around six
unit cells (see Fig. 5), i.e. around A/50, with lambda being the
operation wavelength. It has also been shown that the resolution
of a realistic magnetic lens is actually limited by the finite size



of the unit cell of the ring metamaterial that is used.
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Figure 5: Axial component of the magnetic field observed at
imaging frequency in the image plane of the lens for two small
source coils of negligible radius placed in the source plane of the
lens. The source coils are separated by distance 1la—12a, where a
is the lattice constant of the resonant ring metamaterial.

6 Conclusions

The emergence of metamaterials stimulated a wave of interest
in classical electromagnetism, though at that time this area of
physics had been considered to be almost exhausted. The major
reason was that, in the past, the importance of material proper-
ties was often underestimated, or materials were even taken as
parasitic components needed only to support metallic structures.
Metamaterials have however shown that constitutive parameters
are extremely valuable and offer an extremely flexible degree of
freedom which can bring whole new functionalities in even the
simplest geometries, e.g. a simple slab behaving as a perfect
lens [4].



The text presented here has dealt with one of the major
branches of metamaterials, i.e. materials made of resonant rings,
which aim to manipulate the magnetic properties. The text has
laid particular emphasis on the usage of negative permeability
metamaterials for constructing a magnetic lens that can consid-
erably enhance the performance of present-day systems for mag-
netic resonance imaging. The improved image acquisition has
been presented on a realistic lens fabricated from a 3D lattice of
capacitively loaded rings.
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