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Magnetized Plasma for Reconfigurable Subdiffraction Imaging
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We show that magnetized plasma with appropriately designed parameters supports nearly diffraction-
less propagation of electromagnetic waves along the direction of the applied magnetic field, arising from
their unbounded equifrequency contour in the magnetized plasma. Such a unique feature can be utilized to
construct subdiffraction imaging devices, which is confirmed by detailed numerical investigations.
Subdiffraction imaging devices based on magnetic plasma do not require microfabrication normally
entailed by construction of metamaterials; more importantly, they can be dynamically reconfigured by
tuning the applied magnetic field or the plasma density, and therefore they represent a facile and powerful

route for imaging applications.
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The progress in the field of metamaterials has shown
many new striking physics [1,2] that may lead to many
important applications, including subdiffraction imaging,
slow light, and invisibility cloaking [3—-6]. Imaging beyond
the diffraction limit is of special importance because of
many applications ranging from biological imaging in the
optical regime to magnetic resonance imaging at radio
frequencies. It has been shown that negative index meta-
material slabs were capable of magnifying the evanescent
waves that carry the information of high spatial resolutions
and recovering the fine features of the object at the image
plane [2-4,7]. However, the spatial resolution of imaging
using the negative index metamaterials is extremely sensi-
tive to the presence of material loss and therefore limits
their applications as practical superimaging devices.

Recently, it was shown that anisotropic media with
mixed signs of permittivity tensor elements exhibit a very
unique dispersion relation that supports hyperbolic equifre-
quency contour (EFC), allowing the propagation of elec-
tromagnetic waves with very large wave vectors [§-10]. As
a result, superfine features of the objects can be transported
by propagating waves through the medium. In comparison
with the negative index slab, the imaging through a hyper-
bolic medium is highly robust against the presence of
material loss; therefore, it represents a more practical ap-
proach for subdiffraction imaging. Artificial media with
hyperbolic dispersion have been demonstrated recently
in the form of metallic wire arrays, metal-dielectric multi-
layers, and Swiss roll magnetic resonators [l11-14].
However, the fabrication of these media requires time-
consuming microfabrication procedures, and the electro-
magnetic properties cannot be conveniently reconfigured in
real time. Here we propose to employ magnetized plasma
for achieving dynamically reconfigurable superimaging at
the radio, microwave, and terahertz frequencies.

The electromagnetic properties of a lossless plasma

are described by the Drude model e, =1 — Z—z where
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w, =+Ne’/gym is the plasma frequency, N being the
electron concentration. For electromagnetic waves with
frequency below the plasma frequency, the plasma exhibits
metalliclike properties and the waves cannot propagate
through the plasma, whereas under a strong external dc
magnetic field, the electromagnetic properties of the
plasma are modified in such a way that they not only
show direction-dependent wave propagation (anisotropy)
but also exhibit optical activity for electromagnetic waves
propagating along the direction of the magnetic field. In a
magnetized plasma, the electrons circle around the direc-
tion of the magnetic field at the cyclotron frequency, given
asw, = % . As aresult, the permittivity takes the form of a
tensor [15]:
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Notably, in the presence of an infinitely large applied
magnetic field, the off-diagonal elements in Eq. (1) dis-
appear, and the permittivity can be simply written as
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According to Eq. (2), a plasma under an infinitely strong
magnetic field exhibits the same electromagnetic proper-
ties as an uniaxial anisotropic medium. Depending on
whether the frequency of the electromagnetic wave is
above or below the plasma frequency, the EFC of the
magnetized plasma can be either elliptical or hyperbolic.
In particular, for the electromagnetic frequency well below
the plasma frequency, the hyperbolic EFC exhibits a very
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flat feature, which lays the foundation for applications such
as the hyperlens [11] and subwavelength endoscope [13].

However, in a realistic system, the magnitude of the
magnetic field is always finite. Therefore, the off-diagonal
elements in Eq. (1) still play an important role for deter-
mining the electromagnetic properties of the magnetized
plasma. In the following, we will explore the potential of
realistic magnetized plasma for subdiffraction imaging
applications. The dispersion relation of magnetized plasma
is given as [15]
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where 6 is the angle formed between the wave vector
and the applied magnetic field, n is the refractive index,

e =1- w(ww—:;wc)’ and ey = % The dispersion given
by Eq. (3) shows very rich features depending on the
relative values of w, w,, and .. Here we are interested
only in the case where the electromagnetic frequency is far
below the plasma frequency for the imaging purpose. We
assume a realistic magnetized plasma system in which the
plasma density is 1 X 10'> cm™? (corresponding to w, =
5.64 X 10'° rad/s) under an applied dc magnetic field
ranging from 1 to 4 T, with the corresponding cyclotron
frequency ranging from 1.76 X 10! to 7.03 X 10" rad/s.
Since the collision frequency is normally in the megahertz
scale [16], which is several orders of magnitude lower than
the frequency of the electromagnetic field of interest, it will
be neglected in the subsequent investigation of EFCs of the
magnetized plasma.

We first plot the critical parameters &g, €7, €p, and €y
for the electromagnetic frequency below the plasma fre-
quency at an applied magnetic field of 4 T, in Fig. 1(a). The
presence of the magnetic field leads to different dispersions
for left-handed (LH) and right-handed (RH) circularly
polarized electromagnetic waves propagating along the
magnetic field, with refractive indices m , which could
be real even for the electromagnetic frequencies below the
plasma frequency. The two modes become elliptically
polarized for 0 < 6 < 77/2. At @ = 7/2, the LH and RH
modes turn into ordinary and extraordinary modes, with
polarization parallel and perpendicular to the applied mag-
netic field, and refractive indices given by NG and /ey,
respectively.

As shown by Fig. 1(a), for electromagnetic frequency
below the plasma frequency, the LH mode exhibits a
positive dielectric constant (¢; > 0) for propagation along
the applied magnetic field and a negative dielectric con-
stant (gp < 0) for propagation perpendicular to it, indicat-
ing an unbounded EFC for the LH mode. This is confirmed
by the plots of EFCs for an electromagnetic frequency of
1 GHz (A =30 cm), or @ = 6.28 X 10° rad/s at several
applied magnetic fields ranging from 1 to 4 T [Fig. 1(b)].
At large dc magnetic field (> 3 T), there exist two EFCs,
one bounded (RH) and the other extending to infinity (LH),
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FIG. 1. (a) Four critical parameters determining the dispersion
of magnetized plasma: ey, £, €p, and ey vs electromagnetic
frequency at an applied magnetic field of 4 T. The vertical
dashed line shows the frequency at which the EFCs are plotted.
(b) The EFCs of plasma under a magnetic field ranging from 1 to
4 T. The horizontal dashed lines in each figure indicate flatness
of the EFC of the left-handed mode.

reminiscent of the EFCs of the transverse-electric-field
(TE) and transverse-magnetic-field (TM) modes in a hy-
perbolic medium. For the magnetic field below a cutoff
value (2.85 T), the permittivity of the RH mode becomes
negative and its propagation is not supported in the plasma
anymore. As a result, its EFC disappears at a lower mag-
netic field of 1 and 2 T in Fig. 1(b).

To investigate the strength of the magnetized plasma in
imaging, we carried out numerical simulations on wave
propagation with subdiffraction features by using commer-
cial software—COMSOL. The configuration is shown in
Fig. 2. The object to be imaged consists of three holes,
positioned in a triangle, with a diameter of A/7.5 and
spacing of A/5 in a perfect electric conductor (PEC)
film, which is separated by A/30 from the plasma. A plane
electromagnetic wave of 1 GHz frequency is incident
normal to the PEC film. The plasma frequency is kept
the same as before (w, = 5.64 X 10'° rad/s), whereas a
very large collision frequency y =5 GHz is assumed
(2 orders of magnitudes larger than that in Ref. [16]) to
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FIG. 2 (color online).

Schematic of an imaging system based
on the magnetized plasma. The object consists of three subwave-
length circular apertures in a PEC film, with the detailed geometry
shown in the figure. The magnetic field is along the z direction. A
plane wave is incident upon the object at the normal direction
from underneath the object, with the polarization indicated.

ensure the convergence of the simulation. The permittivity
tensor taking into account the finite collision frequency is
given by [17]
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The distribution of the electric field is shown in Fig. 3.
The fields plot in the x-z plane presents a direct view on
how the wave propagates inside the plasma [Fig. 3(a)]. At
the lowest magnetic field of 1 T, the waves emerging from
the holes interfere and form a diffraction pattern after
propagating through a certain distance. As a result, the
pattern of the three holes is not transported to the image
side, as shown in Figs. 3(b) and 3(c). However, it is worth
noting that the subwavelength spatial information of the
object is still contained in the diffraction pattern, as the
waves with large in-plane wave vectors can propagate
through the magnetized plasma. As the magnetic field
increases, the electromagnetic waves start to exhibit almost
diffractionless propagation and are confined in narrow
beams with deep subwavelength width. This can be attrib-
uted to a flatter EFC at higher magnetic field (Fig. 1). A
standing wave pattern is formed along the propagation due
to the impedance mismatch at the plasma-air interface.
Diffractionless propagation is very important for the imag-
ing, as illustrated by Figs. 3(b) and 3(c), where three bright
spots are clearly observed both inside and outside the
plasma at higher magnetic fields of 3 and 4 T, correspond-
ing to the images of the three apertures in the PEC film.
However, the images right outside the plasma in Fig. 3(b)
are somewhat distorted, whereas inside the plasma, the

FIG. 3 (color online). The simulated field distribution at a
magnetic field ranging from 1 to 4 T. In the calculation, a higher
collision frequency is assumed to assure the convergence of the
calculation. (a) Field plot in an x-z plane that intercepts the
centers of two holes aligned along the x direction. (b) Field plot
in an x-y plane right outside the plasma on the image side (output
plane). (c) Field plot in an x-y plane inside the plasma at the
antinode of the standing wave, as indicated by the white dashed
lines in (a).

field plots faithfully exhibit the same pattern as the object
[Fig. 3(c)]. The difference between the field plots inside
and outside the plasma can be attributed to the large dis-
continuity of the z component of the electric field at the
interface between the plasma and air. This is confirmed by
the plot of the x and z components of the electric field at the
4 T magnetic field in Fig. 4. Inside the plasma, the total
electric field is dominated by the x component; in com-
parison, the z component is almost negligible. Across the
interface, the z component of the electric displacement
field is continuous, and, due to the large permittivity of
the plasma along the surface normal, the z component of
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FIG. 4 (color online). . The field plots of the x and z compo-
nents of the electric field at the 4 T magnetic field in the (a) x-z
plane and (b) x-y output plane.
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FIG. 5. (a) Plot of Im(k.) vs k, for the same parameters as in

Fig. 1, but with a realistic collision frequency of 30 MHz taken
from Ref. [16]. The inset shows a zoom-in view of the plot for k,
up to 5kq. (b) The same as (a) but with an exaggerated collision
frequency of 5 GHz.

the electric field outside the plasma is significantly larger
than that inside the plasma and comparable to the magni-
tude of the x component. Therefore, one possible solution
for imaging would be a polarization-selective detection
wherein only the in-plane (x-y) component of the electric
field is measured.

The imaging resolution of the magnetized plasma sys-
tem is fundamentally limited by the material loss and
thickness of the plasma. This is evident from the plot of
Im(k,) vs k, [Fig. 5(a)], obtained by combining Eq. (4) and
the wave equation, for a plasma under a magnetic field of
4 T, and with a realistic colliding frequency of 30 MHz
taken from Ref. [16]. The imaginary part of k, increases
linearly at large k., indicating that the waves containing
information of higher spatial resolution experience higher
propagating loss. The resolution is inversely proportional
to the thickness of the magnetized plasma d, as the attenu-
ation is characterized by e ™*J4 Given a magnetized
plasma with a thickness A as in the configuration shown
in Fig. 2, the spatial resolution can be estimated by
Im(k,)Ag = 1, or Im(k,)/ky = 0.16, which, according to
Fig. 5(a), corresponds to an extremely large cutoff in-plane
wave vector k, = 585ky, or an imaging resolution of
Ao/1170 = 256 um. The inset in Fig. 5(a) shows
Im(k,)/kg = 5% 10™* for k, = 4ky, which means that
the feature size of Ay/8 can be transported through a
plasma of 32047, thick. As shown by Fig. 5(b), even with
an exaggerated collision frequency of 5 GHz, the cutoff in-
plane wave vector for imaging after a propagation length of
Ao is given as k, = 6k, corresponding to an imaging

resolution of Ay/12. This is consistent with the simulation
results shown in Figs. 3 and 4, where features as small as
Ao/ 7.5 can be resolved.

The imaging system based on magnetized plasma can be
readily modified to curved configurations, with a magnetic
field approximately along the radial directions, to form a
hyperlens [11]. Imaging with magnetized plasma can be
extended to radio frequencies where important applica-
tions such as magnetic resonance imaging may benefit
from the capability of transportation and magnification of
deep subwavelength features. In certain doped semicon-
ductors such as indium antimonide (InSb), the effective
mass of electrons is almost 2 orders of magnitude less than
its free space mass; therefore, the cyclotron frequency can
easily reach terahertz with a readily available magnetic
field. Thus, reconfigurable subdiffraction imaging using
magnetized plasma may bring important applications to
the terahertz as well.
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