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1.1 Introduction

High-power microwaves (HPMs), or directed energy RF, is an evolution of vacuum electron devices
(VEDs) that seeks to generate the highest peak power levels in the frequency range of 100s MHz
through 100 GHz (and even higher frequencies) in short pulses (10-100s ns in duration) that can
be repetitively pulsed [1, 2]. They came onto the scene in the late 1960s following the advent of
pulsed power drivers that not only provided high-energy electron beams (in the order of a MeV
and higher), but concomitantly provided high currents as well (1-10’s kA) [3]. Similar to VEDs, the
electron beam is the power source from which the microwaves grow. Unlike VEDs, HPM sources
have much less-stringent vacuum and material requirements since their applications tend to be
limited in scope with short mission times.

The state-of-the-art in the practice of HPM sources has been led by intense beam-driven oscilla-
tors whose output scale as Pf2, where P is the peak output microwave power and f is the operating
frequency [2, 4]. This is the Figure-of-Merit (FOM) for HPM oscillators. The equivalent FOM for
HPM amplifiers is PfAf where Af is the bandwidth (BW). Until recently, conventional wisdom sug-
gested that for emerging defense applications, the highest power on target (highest intensity field)
was of greatest utility. However, recent advances in the understanding of the interaction of intense
microwave fields with components and circuits argue that a tailored waveform synthesized at low
power and amplified to very high power, might provide even superior capabilities. This is termed
waveform diversity. Consider a comparison of the state-of-the-art oscillator and amplifier in terms
of the FOM: (i) the ITER/DIII-D’s plasma-heating gyrotron oscillator at 110 GHz, 1 MW (10 s pulse),
1.1 MHz BW, has a FOM 1.2 x 10" W-GHz? and essentially no BW. (ii) Haystack radar’s gyrotron
amplifier at 94 GHz, 55 kW output power (5.5 kW average), 1600 MHz BW yields a FOM 8.3 x 10°
W-GH?z2. Thus, there is a 2 order-of-magnitude opportunity to advance the FOM in high-power
amplifiers with considerable BW.

Interest in metamaterials (MTMs) grew rapidly following the publication of Pendry [5] and
its practical implementation by Smith afterwards [6]. As discussed in this chapter, the history of
MTMs dates back to the nineteenth century with numerous contributors, many of whom have only
recently been rediscovered. This history has been reviewed in several books [7, 8] and continues
to be unraveled.

While numerous books have been written on the EM properties of MTMs, all of the applica-
tions that have been described in these books to-date are at low-power levels. In this book, we
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bring together advances that have been made in studying MTMs as slow-wave structures (SWSs)
for active electron beam-driven HPM devices. We discuss structures that satisfy Wasler’s definition
of a MTM (see Section 1.2), and we also describe periodic SWSs with degenerate band edges (DBEs)
that do not satisfy this definition, yet do offer novel engineered dispersion relations that are rele-
vant to our overall goal-seeking to discover novel beam/wave interactions that can be exploited for
new HPM amplifiers.

1.2 Electromagnetic Materials

In many VEDs, the particle wave interaction is mediated in part via a material, where the func-
tionality of the material manipulates the electromagnetic (EM) wave in a controlled fashion. The
creativity of engineers to construct new devices is largely limited by the EM properties of avail-
able materials and the ability to precision engineer geometries from these materials. Of course,
we are not restricted to naturally occurring materials; for decades, RF engineers have used materi-
als synthesized at the molecular level with peculiar RF properties, such as Polytetraflufoethylene
(Teflon™) and HfO,. These molecular synthesized materials can be used in VEDs to modify the
behavior of an EM wave in a useful manner. In a simplistic form, this behavior between wave and
material is described via the constitutive relations:

D(k, w) = e(k, w)E(k, ®)
Bk, w) = u(k, ) H(k, w). (1.1)

Here the permittivity (¢) and the permeability (u) are the complex averaged EM response func-
tions of the molecules that make up the material due to the interaction with the electric and mag-
netic components of an incident wave. The molecules in the material respond to the incident
EM wave by forming dipoles, and these individual responses are averaged over all molecules in a
volume ~ 43 to yield the permittivity and permeability. This averaging process discussed further in
Section 1.3 even holds for gases as the number of molecules is still large enough that the parameters
e and u accurately describe the interaction of an EM wave well into ultraviolet frequencies.

As ¢ and y are the primary parameters that define a materials response to an EM wave it is use-
ful to categorize materials based on the real components of these two parameters, as shown in
Figure 1.1. Materials in the upper right quadrant of Figure 1.1 are often termed Double Positive
Media (DPM), common dielectric materials, such as Polytetraflufoethylene, Al,O,. The upper-left
and lower-right quadrants of Figure 1.1 are the single negative media, such as plasmas or metals
with a negative permittivity and negative permeability materials such as “wet” ice crystals. Unlike
the DPM these single-negative media only allow evanescent wave transport. The lower-left quad-
rant of Figure 1.1 represents a special case of materials where both permittivity and permeability
are simultaneously negative. These Double Negative materials (DNGs) like their double-positive
counterparts support wave propagation though the media. The key difference between the DNG
quadrant and the other three is that single-negative and double-positive media all occur naturally,
whereas we are yet to find a naturally occurring DNG media.

Although presenting fantastic opportunities, molecular synthesized materials are limited in the
range of RF properties they can produce due to the nature of the EM interaction with the molecules
of the material. An interaction where the light-mass negatively charged electrons surrounding the
relatively large-mass positively charged nucleus of the atoms move in response to an EM wave
forming a dipole. This response is fixed by both the fundamental properties (charge, mass) and
the chemical bonds formed in the material, limiting the available parameter range ¢ and y these
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Figure 1.1 Broad categorization of materials u
based on the real components of the permittivity
and permeability.

ENG Normal materials
Electric NeGative media (ENG) Double Positive Media (DPM)

i.e. Plasmas, metals

DNG MNG
Double NeGative media (DNG) |Magnetic NeGative media (MNG)

i.e. Metamaterials i.e. wet ice crystals

materials can access. These limitations have led scientists and engineers to create a range of artifi-
cial composite structures with periodic subwavelength functional inclusions. Although these inclu-
sions are many orders of magnitude larger than the molecules of the constitutive materials, they are
still much smaller that the EM wavelength of interest. In this case, to an incident EM wave, these
inclusions respond no differently than giant molecules with a very large polarizability. This enables
the interactions between wave and the collective structures to be described in terms of the “homog-
enized” abstracted bulk material parameters permittivity and permeability. Treating the collective
periodic structures in this homogenized manner is called an “effective” medium or material. This
approach in theory allows the engineer to fabricate artificial effective materials with specific engi-
neered EM properties, most notable of which is the creation of the above DNG materials. There are
of course restrictions on achievable physical material properties that are impossible to engineer,
such as the creation of media where waves propagate with group velocities greater than the speed
of light in vacuum.

Around 20years ago, the word “MTM” entered the lexicon to refer to certain types of effective
media. Even though a large number of peer-reviewed papers using the word “MTM” have been
published an agreed definition of what a MTM is remains elusive. The origin of the word “meta”
from the Greek “beyond” implies in some sense that “metamaterials” are a form of material
beyond conventional materials. Sources suggest the term “MTM” was first coined by Rodger
Walser in 1999 [9], who defined a MTM as; “. .. macroscopic composites having man-made, three-
dimensional, periodic cellular architecture designed to produce an optimized combination, not
available in nature, of two or more responses to specific excitation.” Whereas the Metamorphose
Network defines a metamaterial as “...an arrangement of artificial structural elements, designed
to achieve advantageous and unusual electromagnetic properties” [10].

This later definition although encompassing the Walser definition could be considered too
“broad,” as, for example it does not recognize the critical differences between MTMs, photonics
structures, and other man-made structures such as multi-input, multi-output (MIMO) antenna
arrays. To quote Cai and Shalaev [8]; “Metamaterials are, above all, man-made materials. The struc-
tural units of a metamaterial, known as meta-atoms or metamolecules, must be substantially smaller
than the wavelength being considered, and the average distance between neighboring metaatoms
is also subwavelength in scale. The subwavelength scale of the inhomogeneities in a metamaterial
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makes the whole material macroscopically uniform, and this fact makes a metamaterial essentially a
material instead of a device. The scale of the inhomogeneities also distinguishes metamaterials from
many other electromagnetic media.” These last two sentences from Wei are critical in defining the
underlaying physics that enables us to consider MTMs as “effective media.” For example some
definitions would allow the eye of a lobster to be defined as a MTM, even though the structure of
the lobster’s eye works on reflection with a periodicity of ~10 pm [11], many times larger than the
wavelength of light entering the lobster eye meaning that the system cannot really be treated as an
effective media.

1.3 Effective-Media Theory

Effective media theory builds upon the theoretical framework developed in the nineteenth century
by Mossitti [12] and Clausius [13] on the homogenization of materials. For example consider a
system of small, subwavelength, particles arranged into a lattice. If the particles are small enough,
then the response of the system to an EM wave is the same as if the system were a collection of
molecules with a large polarizability, i.e. if the scale of the inhomogeneities is small compared to
the incident wavelength, then the system appears homogeneous to the wave. This homogenization
approach allows us to predict the EM behavior of a heterogeneous system by evaluating the effec-
tive permittivity and permeability of a macroscopically homogeneous medium. Where the effective
permittivity and permeability of the bulk material is found in terms of the permittivities, perme-
abilities, and geometry of the individual constituents of the system. This approach is the basis for
many “effective media” theories, Lakhtakia [14] presents a comprehensive review of the early work
on effective media theories and a review of more modern work can be found in the paper by Belov
and Simovski [15] that also discusses the homogenization of MTMs including a radiation term.

Two commonly used effective media theories that illustrate the general approach are the
Maxwell-Garnett [16] and the Bruggeman [17] approach. Each approach is based upon slightly
different assumptions about the topology and material properties of the constituent materials. In
the Maxwell-Garnett approach it is assumed that the inclusions are well-defined spheres sparsely
scattered across the host medium. The Bruggeman approach is essentially a percolation approach,
where the two mediums are equally intermingled. These examples highlight a key point about
effective-media theories. As the effective-permittivity/permeability are averaged differently in
each model, different effective-media theories cannot be directly compared to each other even
when the same subwavelength configuration is considered.

1.4 History of Effective Materials

1.4.1 Artificial Dielectrics

The realization of artificial materials began a hundred years before the term “metamaterial” was
introduced, with the work of Rayleigh and Bose in the 1890s. Rayleigh proposed a system of small
scatterers as an equivalent continuous medium [18], and Bose produced an artificial chiral material
by twisting “jute” root [19]. This work was extended in 1914 by Lindman who considered small wire
helices embedded into a host medium to create an artificial chiral material [20]. The first practical
applications did not appear until the 1940s with the pioneering work of Kock [21]. Kock created
Artificial Dielectrics from arrays of subwavelength metallic structures (spheres, rods, and plates)
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Figure 1.2 Kock’s artificial dielectric lens, consisting of
conducting spheres embedded in a low index foam, taken
from [21]. Source: Kock [21] / with permission of John Wiley
& Sons, Inc.

to form Dielectric Lenses [21] of the form shown in Figure 1.2, with the aim to develop light weight
RF lens compared to their metal counterparts.

In 1953 Brown [22] extended the work of Kock, considering a lattice of thin metallic wires, show-
ing the system could be considered to have a plasma frequency. Brown demonstrated that the
system formed an artificial plasma and could be considered an effective medium with negative
permittivity. In the case of lossless wires, the wire array can be modeled as an array of inductors
with inductance L. In this case, the effective permittivity (e) of the system becomes

1
d2w?e, L’

Importantly, Kharadly and Jackson [23] generalized this work to consider effective media formed
from lattices of metal ellipsoids, disks, and rods, with the assumption that the frequency of opera-
tion is low and the Rayleigh quasi-static restriction holds. Interest in this type of effective medium
grew as the possibilities for exploitation were realized, most comprehensively by Rotman [24], who
explored these artificial materials as plasma analogs to investigate the effect of plasmas on antenna
systems. This type of wire array media have been turned into an “active” material by the inclu-
sion of diodes enabling the media to be actively switched from a negative to a positive permittivity
medium. Progress with this type of media resulted in the material becoming commercially available
in the 1970s [25]. Even today wire-array based media are still attracting interest as subwavelength
elements for epsilon negative (ENG) and DNG materials. Also, especially, in configurations that
exhibit spatial dispersion (i.e. a dependence of the permittivity or permeability on the wavevector,
e(w, k) and u(w, k)) [26-28].

€oge(@) =1 — (1.2)

1.4.2 Artificial Magnetic Media

Research into artificial magnetic media dates back to the work of Schelkunoff and Friis [29] in
the 1950s and the proposed Split Ring Resonator (SRR). Engineered high-permeability materials
are especially interesting as most conventional materials of the magnetic field component of the
EM wave couples only weakly to the material [30]. Magnetism without magnetic materials has been
known for sometime, such as “wet” ice crystals, where the water in the system causes a diamagnetic
behavior, although even in these systems, the relative permeability is low. Today, the SRR remains
the magnetic meta-atom of choice for researchers, although multiple researchers have examined
the SRR in depth (see for example [31, 32]), the basic geometry remains the same as that originally
proposed by Schelkunoff in 1950.
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Figure 1.3 (a) Double SRR geometry building block, and (b) An array of SRRs. (c) The equivalent circuit
diagram from the SRR shown in (a).

Due to the significance of the SRR, it is pertinent to review the key aspects of its function and
behavior. Consider the geometry shown in Figure 1.3, a double SRR formed from concentric metal-
lic tracks similar to the design of Pendry et al. [33]. We consider the case where this SRR meta-atom
is much smaller than the wavelength of interest allowing a system of multiple SRRs to be described
by effective medium theory. At the level of an individual meta-atom, the incident wave upon a SRR
produces a magnetic flux to oppose the incident field. Without the split, this interaction would
be purely an inductive nonresonant phenomena, resulting in a weakly diamagnetic system. The
split prevents the current circulating causing a collection of charge at the split edge creating a
capacitance.

A meta-atom with a single SRR will accumulate charge at the gap creating a large electric dipole
moment that in most cases dominate over the magnetic dipole moment. A second concentric SRR
where the “gaps” of the SRRs are opposite each other offers control over the capacitance of the
meta-atom, allowing the electric dipole moment of the inner ring to suppress the electric dipole
moment of the outer ring, allowing the magnetic moment to dominate the system.

The resulting SRR configuration can be modeled as an equivalent subwavelength quasi-static
LCR circuit, shown in Figure 1.3. This circuit although a crude first approximation can present
great insights into the system’s response and behavior of the artificial material over all. The induc-
tive elements of the equivalent circuit are relatively easy to determine, estimated by L = 2u,r. The
Ohmic loss in the system can be estimated as R ~ zr/coé. Determining the capacitance is tricky
as in addition to the capacitive effects of the split “gaps,” there is also the capacitance from the gap
that separates the two SRRs. An analysis conducted by Baena et al. [34] approximates the capaci-
tance of the double SRR system by C ~ zreyt/2d, where ¢ is the combined width of the rings and
d the separation between the rings. This enables the resonant frequency of the meta-atom to be
estimated as w, = 1/1/(L + R/jw,)C. Using the resonant frequency, we can estimate, to first order,
the magnetic moment m,, of an individual meta-atom in response to an incident wave of magnetic
field, H [35]:

z2rtuH
(@} )w? - DL
Using Eq. (1.3) one can then determine the effective permeability [35] (p.4) of an artificial material
formed from a lattice of individual subwavelength SRRs:
my
ﬁ .

V is the unit-cell volume for an individual meta-atom. This approach is of course rather crude and
does not take into account electric coupling or the bianisotropic nature of the material. Although
it does enable us, at least to first order, to gain useful insights into how engineered changes to the
unit-cell geometry will alter the effective permeability of our artificial material.

(1.3)

mh(w) =

Hegr(@) =1+ (1.4)
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Although several researchers have considered materials with simultaneous negative permittivity
and permeability (DNG materials) [36], and materials with a negative index of refraction [37] prior
to 1965. The first systematic study of the general properties of a hypothetical DNG medium with
a negative refractive index is attributed to the seminal 1967 paper by Veselago [38]. In this paper,
Veselago examined plane-wave propagation in a material with simultaneous negative permittiv-
ity and permeability. His theoretical study showed that a monochromatic uniform plane wave
propagating in such a medium in the direction of the Poynting vector would be antiparallel to
the direction of the phase velocity, contrary to the case of plane wave propagation in conventional
simple media. Veselago then considered the possibility of a lens constructed from this material.

The refractive index (n) is one of the most important parameters used to describe the propagation
of EM waves across a medium, where in general n has a complex frequency dependent form
n=n'+jn". The real component relates to the phase velocity of the wave and the imaginary
component the extinction coefficient of the medium. Where the refractive index is related to the
constitutive relations by

n=/eu. 1.5

If we consider the case of simultaneous negative permittivity (¢ = —1 + ja) and permeability
(u = =1 +jb), then Eq. (1.5) yields
n=x[1-ja+b). (1.6)

To preserve causality, the imaginary component of n must be greater than zero, but there is no
restriction on the sign of the real component. Hence, in the case of both permittivity and perme-
ability are negative, the refractive index is also negative. Materials where the real component of the
refractive is less than zero are often referred to as Negative-Index Materials (NIMs). The most obvi-
ous impact of a NIM is the effect on Snell’s law (n, sin §; = n, sin 6,), where an EM wave incident
on a NIM is refracted to the same side, of the normal to the interface, to the incident EM wave, as
seen in Figure 1.6(B)c. To consider the impact of a medium consisting of simultaneous negative
permittivity and permeability Veselago considered the effect directly from Maxwell’s equations:

V X H = jocE

1.7
VXE = —jouH. @.7)

Assuming a plane wave of the form expj(k - r — wt) propagating through the medium then from
Eq. (1.7) we have

kx H = weE

kX E = —ouH. (1.8)

The impact of a simultaneous negative ¢ and y on both H and E, and on the wave vector k can be
seen from Eq. (1.8). As k gives the direction of the phase velocity v, = n/c = w/k, and the Poynting
vector (E X B) gives the direction of the group velocity v,. Hence, in the case of simultaneous
negative e and u, the “energy” propagates in the opposite direction to k. Veselago coined the term
“Left-Handed Materials (LHMs)” for such media because the field vectors E, H, and wavevector
k form a “left-handed system,” as opposed to the “right-handed system” formed by conventional
materials. Although we know this “left-handed” property is known to occur in multiple systems
not just in DNG media.

Veselago [38] also discussed several remarkable properties that would derive from a DNG
medium, such as the reversed Doppler effect, where a detector in a DNG medium moving toward
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(b)

Figure 1.4 (a) Cerenkov effect in a DPM, (b) The same effect in a DNG material. Where v is the particle
velocity, S the Poynting vector, and k the wave vector.

a source which emits a frequency w, will detect a frequency w that is smaller than w,, not larger as
would be the case in a right-handed medium. Although one of the most interesting phenomena,
from the point of view of HPM VEDs, is the reversed Vavilov-Cerenkov effect. A particle moving
though a medium with speed v in a straight line, as shown in Figure 1.4, will emit EM radiation
according to exp i(k,z + k,r — wt). k, is the wavevector component in the direction of the beam,
and k, is the wavevector component perpendicular to the beam. The wavevector of the emitted EM
radiation from the moving particle is k' = k,/ cos # and is in the general direction of the particle
velocity v. Where the k, component is media-dependent and given by

krzp‘y/k’z—kg

The choice of sign in Eq. (1.9) ensures that the energy moves away from the radiating particle to
infinity and the angle 6 of the Cherenkov radiation cone is given by cos§ = (nf)~!, where § is
the normalized particle velocity. Hence, for a DNG with n < 0 the Cherenkov radiation will be
“backward” as the angle 0 is obtuse, as shown in Figure 1.4.

The seminal paper by Pendry [5] in 2000 marked a turning point for artificial materials and can be
said to be the key driver for the tremendous increase in interest and research of artificial materials
since the beginning of the twenty-first century. The key aspect of Pendry’s paper was to recon-
sider the Veselago lens using transformative optics and presenting the mechanism that allows the
diffraction limit to be beaten. Pendry pointed out how evanescent waves propagating in a DNG
material can be redistributed in space so that the waves are transported far from the source [5].
Importantly in earlier work Pendry et al. [33] presented and discussed the key subwavelength ele-
ments that could be used to construct a DNG material unit-cell. These elements were the double
SRR to control the permeability and wire array to control the permittivity.

The first realizations of DNG materials came from the work by Smith and Schultz who con-
structed the first DNG media in 2000-2001. The basic form realized was a material with a negative
refractive index in one direction of propagation [39]. This work was quickly followed by the famous
two-dimensional NIM paper [6], where each subwavelength unit cell consists of two basic elements,
a double SRR supported on a dielectric substrate (FR4) with a Cu track (wire) placed uniformly
between the split rings on the opposite side of the FR4. The subwavelength component elements
were tailored to give a specific EM response over a certain frequency range, the wire array was used
to give an effective negative permittivity and the SRR to give a negative effective permeability. In
the paper [6], Smiths group demonstrated the NIM behavior of the above material by performing
an experimental measurement using Snell’s law, where the materials were shaped into a wedge to
form a prism. The experiment was performed at 10.5 GHz with the RF propagating in parallel plate
system with microwave absorber on each side to produce plane waves incident on to the back of the

) (1.9)
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Figure 1.5 (a) Electric field lines in the SRR at resonance. (b) Magnetic field lines in the dual CSRR. (c) CSRR
and the equivalent-circuit models, grey represent the metal areas. Diagrams taken from the paper [41].

prism. The results showed that the EM wave propagating through the DNG media was refracted
though an angle of —61°, corresponding to a material with a refractive index of —2.7.

1.5.1 DNG Realization

One of the most common approaches to realizing a DNG media is a combined meta-atom consisting
of an SRR to give the negative permeability response, and a conducting wire strip acting as a shunt
inductance, creating a wire array throughout the material that presents a negative permittivity.
This configuration does require a way to support the two elements electrical succinct from each
other usually achieved by using a dielectric substrate between wire strip line and SRR. Although,
of course, the use of a dielectric substrate does lead to additional loss in the unit cell which in
a VED can have devastating impact. An alternative approach developed by Falcone et al. [40] is
to derive a planar negative of the SRR in metal, this complementary SRR or CSRR is shown in
Figure 1.5, where the gaps cutting into the metal are the complement of the SRR tracks. In terms
of operation, the capacitances of the SRR are replaced by inductors in the CSSR. The result is that
the CSSR presents a negative permittivity response to an incident EM wave. The CSRR exhibits an
electromagnetic behavior which is almost the dual of that of the SRR. Recently a range of other
geometries have been used to construct DNG unit-cells, such as the electromagnetically induced
transparency geometries [42].

1.6 Backward Wave Propagation

The concept of backward wave propagation in materials and structures is of course well known to
microwave engineers through the theory of backward-wave VEDs developed by Brillouin [43] and
Pierce [44] in the late 1940s. Pierce’s theory of traveling-wave interactions assumes a slow-wave
circuit in which two waves propagate, one forward wave and one backward wave. This interac-
tion can be modeled via an equivalent circuit model of series-capacitance/shunt-inductance [44].
This research sparked a vast body of work around 1D structures as slow-wave periodic systems for
applications in VEDs [45], and this approach is the cornerstone of many commercial devices.

The possibility and consequences of materials with negative group velocity has been considered
by researchers as far back as 1904 in the work of Schuster and Lamb [37, 46]. Schuster discussed
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(b)

4 . 1/ 4

Figure 1.6 The dispersion relation for various waveguide loaded artificial dielectrics (a). Positive and
negative refraction in artificial dielectrics (b). Figure created by R. Seviour based on Figure 1 from [49].
(@) x: Material with both positive and negative dispersion, y: Negative media, v: Positive media

with anomalous dispersion. (b) 1:n<0,2:n>0,3:n<-1,4:-1<n<0,5:n<-1,6:n> 1.

Source: Silin [50].

that in the region of an absorption band as the wavelength decreases, the wave velocity increases,
and the group and phase velocity can be anti-parallel [37]. Schuster used this concept to consider
an EM wave incident on an isotropic semi-infinite block of backward wave material. Schuster
noted that “the wave entering such a medium is greater than the angle of incidence,” concluding
that energy can be carried forward by the group velocity but in the opposite direction to the
phase velocity. In this case, the observed negative refraction is clearly linked to the negative
phase velocity due to anomalous dispersion without the need to invoke the concept of negative
permittivity or permeability.

In contrast, Lamb [47] considered acoustic wave propagation in a fictitious 1D medium, exam-
ining the relationship between group and phase velocities of the waves. The work of Lamb and
Schuster paved the way for the seminal paper by Mandelstam [48], who noted that in a medium
with negative dispersion, a wave’s group velocity is in the opposite direction to the k vector. This
led to his conclusion that negative refraction would occur at an interface with such a medium. In
Schuster’s Work, negative refraction is clearly linked to negative phase velocity, although in general,
it is not necessary to associate backward wave propagation with negative refraction [49].

The 1972 paper by Silin [50] presents an excellent review of waveguides loaded with various
artificial materials. Silin examined multiple materials that exhibited a range of properties: positive
and negative dispersion, negative index of refraction, and backward wave propagation (shown
in Figure 1.6). The left-hand side of Figure 1.6, curve 4, shows a system where a segment of
the dispersion curve exhibits positive anomalous dispersion. Silin discussed that unlike conven-
tional dielectrics, artificial-dielectrics can exhibit anomalous dispersion even when losses are
neglected [50]. Silin also points out that for artificial dielectrics with a multivalued dispersion curve
(Figure 1.6, curve X) birefringence can arise. Critically, none of the structures presented in Silin’s
review are DNG materials. The first researcher to consider backward wave propagation in materials
arising from simultaneous negative permittivity and permeability was Sivukhin [36] in 1957, where
he noted that no material with simultaneous negative permittivity and permeability was known.

1.7 Dispersion

Artificial materials offer many unusual and promising features, derived primarily from their
structure rather than their composition. Among these unusual properties are negative refraction,
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backward Cherenkov radiation, and surface waves propagating at the interface with an ordinary
material. One feature in particular that makes MTMs very attractive for HPM VEDs is the ability
to arbitrarily engineer the dispersion relation of the material [51], enabling engineers to create
materials that produce EM waves with very low-group velocities (i.e. SWS), thus ensuring that we
can synchronize a beam with an EM wave. These unusual electrodynamic properties make MTMs
an excellent choice for use in VEDs.

To investigate the ability to tailor the dispersion relation of these materials, we start from the
Lorentz model for a bulk, isotropic, homogeneous material, where electron motion in the material
is described in terms of a driven, dampened, harmonic oscillator. The Lorentz model describes the
temporal response of the polarization field of the material to the EM field via the second order PDE

d? d

EP" +I I
where the first term represents an acceleration force, the second term accounts for dampening
via the dampening coefficient I';, and the third term is a restorative force. The driving term on
the RHS couples to the system via y;. Equation (1.10) also enables us to gain an insight into the
frequency-dependent behavior of our DNG material by considering a mechanical analogy of a mass
on a spring, looking at the effect of the driving and damping forces. Equation (1.10) also allows us
to describe the material response to an EM wave via a dispersive Drude (effective permittivity) and
Lorentz (effective permeability) model, deriving expressions for the effective permittivity (¢;) and

permeability (uy):

P; + wiP; = €y 1, E;, (1.10)
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ef(a)) =€, —
(1.11)

In general ¢; and u, are complex dispersive parameters, where the real components relate the
response of the material to the incident EM wave, and the imaginary component relates to the
loss component of the EM wave. Here, €, is the permittivity in the high-frequency limit, w,, is
the radial plasma frequency, v, is the collision frequency, u, (u,) is the permeability at the
low(high)-frequency limit, w, is the radial resonant frequency, and ¢ is the damping frequency.
Figure 1.7(a) shows the real components of the effective permittivity and permeability calculated
using Eq. (1.11) for a bulk block of artificial material as a function of frequency. As seen in
Figure 1.7(a), there is a “narrow” frequency range between 9.5 and 10.5 GHz where the material
behaves as a DNG; this relatively narrow band frequency range where the media behaves as a
DNG is common for media constructed using SRRs. Outside of this narrow frequency range the
bulk material behaves as a single negative media, meaning wave transport occurs evanescently.

The more relevant case for HPM VED applications isn’t bulk media in vacuum, but media loaded
into a waveguide type geometry. Several authors have made use of loading waveguides below cutoff
with artificial media, to provide an additional material parameter, i.e. a waveguide below cutoff
behaves as a plasma, which is a negative permittivity media. For the example here, we have chosen
WR102 waveguide (similar to [51]), operated above cutoff between 7 and 11 GHz and loaded with
the material with the parameters shown in Figure 1.7(a). In the case where we have a dielectric
loaded waveguide, the propagation constant g for the TE,, mode is given by

@y g2

> (1.12)
C a
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11
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Figure 1.7 (a) The real components of e, and . calculated via Eq. (1.11), using the following material
parameters; e _; 1, @, = 223.62 x 10”, v, = 3.07 x 107, u; = 1.26 (u,, o = 1.24 x 10’ and

wy = 279.56 X 10°. (b) the dispersion for an empty waveguide and waveguide loaded with the material
from (a), also showing the beam line for a 30 keV electron beam. Source: (a) Based on Silin [50].

€; and y, are determined from Eg. (1.11) as shown in Figure 1.7(a), and a is the dimension of
the WR102 waveguide (defining the cutoff frequency). The dispersion for this system is shown in
Figure 1.7(b), the black curve shows the dispersion for an empty WR102 waveguide. The dashed
line shows the 30 keV beamline. The dispersion for the WR102 waveguide loaded with our “meta-
material” is more complicated; in different regions of the dispersion curve the system behaves either
as a DNG system, or as a single negative system.

Figure 1.7(b) also shows several interesting turning points, which if we use the definition for the
group velocity v, = dw/dk seems to imply a velocity greater than c, although we have to remember
the definition of group velocity v, = dw/dk is only true for a nondispersive or at best a weakly dis-
persive media. DNG materials by their very nature are dispersive media and, in the regions of these
cusps, are highly dispersive to the point that the group velocity is not well defined. The key point
to take from Figure 1.7(b) is that the inclusion of the artificial material engineers the dispersion to
enter a regime where the empty waveguide could not reach. Specifically, the material, when acting
as a DNG, has a negative dispersion curve and has an interaction point with a relatively low-voltage
electron beam. The results of Figure 1.7 show that artificial materials can be used to tailor a disper-
sion relation to maximize and control the interaction between wave and beam, presenting a very
powerful tool for the design and development of HPM VEDs.

1.8 Parameter Retrieval

As discussed, theoretical approaches to predicting the behavior of artificial materials can give us
great insight into how a particular material configuration will function to first order, although for
a technological application, it is crucial to understand how a specific material actually functions.
In this section, we examine how to determine the material’s effective permittivity and permeability
from measurements of the scattering parameters.

In the literature, there are a number of papers on how to determine the permittivity and perme-
ability of MTMs from S-parameter measurements. Nearly all of these methods are rooted in the
standard Nicolson-Ross-Weir (NRW) technique [52, 53], the accepted standard technique for mea-
suring the complex permittivity and permeability of homogeneous, isotropic materials. The key
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point to this formalism is that the NRW uses a closed-form expression allowing the complex form
of the permittivity and permeability to be determined directly from S-parameter measurements.
In addition, the NRW technique is relatively robust to experimental error. Although positioning
the material to a calibrated phase point in an experiment is easier said than done.

The approach presented here is a variant of the NRW approached adapted by Smith et al. [54] to
account for possible negative responses in the real components of the permittivity and permeabil-
ity. The technique is relatively straight forward but does require an understanding of the physics
involved to ensure the correct solutions are selected. The approach starts from the assumptions
that the media is in the form of a free-standing slab surrounded by a vacuum, with normal incident
plane waves. If we consider a slab of material, thickness d, then the S-parameters S,, and S;; of the
wave from the slab are given by

) -1

S, = [cos(nkd) - JE <Z + %) sin(nkd)] , (1.13)
j 1\ .

S, = _JE (Z - 2) sin(nkd) - S,,. (1.14)

k=2r/4, is the free space wave vector, Z =Z' +jZ" the impedance of the material, and
n=n'+n" the refractive index. By inverting 1.13 an 1.14, we can find expressions for the
impedance Z and refractive index » in terms of the known quantities:
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2 2
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W=t e[cos < 25, o (1.16)
1-82 + 52
n' = iilm cos ! —2 2L )], (1.17)
kd 25,

where m is an integer. Once Z and n have been determined the permittivity and permeability can
be determined directly from ¢, = n/Z and p; = nZ. The tricky part is of course to choose the correct
root and branch of Egs. (1.15), (1.16), and (1.17) to give the correct solutions for Z and n. To ensure
causality is maintained for a passive media the imaginary components of €, us, n and the real
component of Z must be positive (except at points of anti-resonances). The inverse cosine function
in n introduces some ambiguity, as although the real component is bound between 0 and z, the
imaginary component remains unconstrained. The second condition is to select the correct solution
branch of Eq. (1.16) by choosing the correct m to ensure that n’ is continuous across the frequency
range. For convenience, it is best to start at a frequency far from any resonances in the material,
meaning m starts at the Oth branch.

1.9 Loss

As discussed in Section 1.4.2, DNG materials consist of resonant elements where the operation of
the material at resonance is necessary to achieve a DNG response. This results in a relatively high
field near the metal components of the unit-cell. This has led several authors to claim that due to
unavoidable losses and dispersion, DNG materials would not be usable [55, 56]. Ohmic loss due to
current flow in the metallic elements of the unit-cell can becomes the dominant loss mechanisms
in DNG materials especially at high frequencies. Ohmic loss due to the constituent materials of
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the meta-atoms is not the only cause of loss, but EM field concentration in the resonant elements
and nonuniform current due to the geometry of the unit-cells can dominate the loss process [57].
This has motivated several authors to consider reducing losses by tailoring the geometry of the
unit-cells [58, 59]. The high-level of loss exhibited naturally from DNG materials has led some
authors to propose novel technologies that capitalize on this loss for a beneficial end, such as novel
absorber materials [60].

1.10 Summary

This book seeks to introduce the reader to the use of MTMs and DBE structures for dispersion
engineering to identify novel beam/wave interactions in the quest for new classes of HPM ampli-
fiers. Chapter 2 summarizes recent advances toward using multitransmission line models to discuss
beam/wave interactions. Chapter 3 describes a self-consistent derivation of the Pierce model from a
Lagrangian formulation. Chapter 4 summarizes dispersion engineering uses and cold tests of DNG
MTM SWSs, DBE structures, as well as other novel structures. Chapter 5 describes a perturba-
tion analysis of Maxwell’s Equations to describe beam/wave interactions. Chapter 6 reviews recent
work that shows that the properties thought to be unique to MTM structures appear in conven-
tional metallic periodic structures with deep corrugations. Chapter 7 summarizes the novel use of
group theory in designing passive MTM structures for HPM applications. Chapter 8 reviews recent
advances in the understanding of the time-domain response of MTM structures in the microwave
regime. Chapter 9 reviews recent work on the survivability of MTM structures in the HPM environ-
ment. Chapter 10 reviews recent experimental hot tests of MTM and DBE SWSs. The conclusions
and future directions for this research are presented in Chapter 11.
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