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Abstract

This thesis presents the theory, design, and experimental demonstration of coherent
microwave generation at 2.4 GHz in a metamaterial loaded waveguide using a 490
keV, 84 A, one microsecond pulse length electron beam that produced more than
5 MW of microwave power. Three different metamaterial structure designs named
MTM1, MTM2, and MTM3 were tested with design frequencies of 2.8, 2.4, and 3.7
GHz, respectively. The waveguides were loaded with two metamaterial plates that
were machined with complementary split ring resonators with periods ranging from 5
to 10 mm. The metamaterial waveguides supported two distinct modes: a symmetric
mode that occurs when the two metamaterial plates were excited in phase, and an
antisymmetric mode that occurs when the metamaterial plates were excited out of
phase. The electron beam propagated on axis between the metamaterial plates. The
output radiation was studied for solenoid magnetic field values in the range 350 to
1600 G and for beam voltages from 350 to 500 kV. The best results were found in a
370 mm long structure using the MTM2 design, where output power levels of up to 5
MW were obtained at 400 G in the antisymmetric mode at a frequency near 2.39 GHz.
The frequency tuning vs. magnetic field for operation at a power level exceeding 1
MW was consistent with that predicted by an anomalous Doppler shifted resonance
condition, W = k~v, - Q/7. At magnetic fields above 750 G, the microwave output
switched to the symmetric mode at a frequency near 2.44 GHz, but the power level
dropped drastically to below 100 W. In contrast to the antisymmetric mode, the fre-
quency tuning of the symmetric mode was consistent with that predicted by a normal
Cherenkov resonance, w = k~v,. CST PIC simulations predict the observed output
frequencies and the switch between modes at 750 G. However, the CST simulations
also predict multi-megawatt power levels in both modes, which was observed in the
antisymmetric mode, but not the symmetric mode. The discrepancy between the
symmetric mode output power of the simulations and experiment Is unexplained. To
the authors knowledge, these are the first reported experimental results of high power
(> 1 MW) microwave generation from an electron beam interacting with a metama-
terial structure. The results are important for the development of new microwave
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sources and novel devices which utilize active metamaterials.
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Chapter 1

Introduction

1.1 Background

Microwave radiation occupies the part of the electromagnetic spectrum defined by

the frequency and free space wavelength range of 300 MHz to 300 GHz and 1 m to

1 mm, respectively. Partly due to the characteristic wavelength size of microwaves,

it has been relatively straightforward to build microwave based devices compared to

devices in other frequency ranges, and microwaves are now utilized in a wide variety

of applications. Most people are familiar with the microwave oven in their homes,

which uses a magnetron to produce microwave power at 2.45 GHz in order to heat

food. This is an example of microwaves being used as a means to transport energy.

By far the biggest economic and societal impact that microwaves have had is not in

their ability to carry electromagnetic energy, but as a means to transport informa-

tion either in the amplitude or frequency of the microwave signal. The most obvious

examples of this are the wired transmission of microwave signals within a computer

and the wireless transmission of information that enables the modern cellular phone.

In fact, the majority of microwave devices used today are found in radar and commu-

nications systems. However, in addition to these two giant fields, microwaves are also

used in a variety of other fields including various remote-sensing applications (which

span multiple diverse disciplines), weather monitoring systems, GPS, imaging, spec-

troscopy, medicine, and a large number of other specialized areas. Since microwave
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tclinology is the Ciablinig factor in so many different applications which are impor-

tant to both industry and defense, there is a huge incentive to advance the existing

field of microwave technology and discover new applicatioiis along the way.

An obvious component of all active microwave technology is a microwave source.

Since there are so many different applications the required performance of microwave

sources is highly application dependent. Nevertheless, generally speaking the most

important parameters of merit that distinguish between the available sources include

peak and average output power, frequency, bandwidth, stability, efficiency, cost, and

size. Further, microwave sources can generally be divided into two different camps,

those that rely on solid-state technology and those that rely on electron beamims or

'vaciuuni electronic' devices. Due to their ability to produce very high power, vac-

n um n electronic sources have remained the only incrowave source available for many
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applications requiring very high power (and some other application specific qualities)

despite the major advances in reducing the size and cost of solid state microwave

sources over the past few decades. A comparison between the maximum average out-

put power as a function of frequency for some of the most common microwave sources

is shown in Fig. 1-1. The vacuum electronic devices (red curves) are in general able

to achieve a much higher power for a given frequency than the solid state devices

(blue curves).

The research presented in this thesis has been funded by the Air Force Office

of Scientific Research as part of a five university MURI grant administered by the

University of New Mexico. The Air Force has a significant interest in microwave

technology and future applications. Some major areas of research in microwave tech-

nology include directed energy, defense and civilian radar, communications, particle

accelerators, and other interests in the fundamental understanding of microwave sci-

ence. One particular area of research is in the generation, amplification, and control

of high-power microwaves (HPMs). While the HPM criteria has only been loosely

defined, it includes microwave sources from 10's or 100's of MW to as high as 15

GW in power [2]. At these power levels and even significantly below them, electric

fields are strong enough that certain nonlinear field effects can be important, such

as vacuum or gas breakdown, evolution of plasmas on surfaces, multipactor, material

and dielectric damage, and for continuous wave sources, heating and potentially long

term damage of microwave components. These particular issues present a significant

challenge in the overall performance of HPM sources and components and thus have

a substantial influence on their design and engineering.

One area of HPM research has been-in the application of HPMs in electronic

warfare. The general concept is that a HPM device mounted to an aerial or ground

vehicle can fry the sensitive electronics of an enemy vehicle in order to immobilize

them. In theory it is also possible to fry electronics without injuring a human on

board (or nearby civilians in the case of enemy ground vehicles in heavily populated

areas). In Fig. 1-2 a schematic of the US EA-18G Growler jet is shown which makes

use of electronic warfare components. HPMs can also be used to immobilize human
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modified F/A-18, the Growler uses electronic warfare in place of bombs andi missiles

[3].

targets without injuring them. Use of microwaves in this fashion is usually referred to

as directed energy or active denial technology. In active denial systems a microwave

beamL (usually in the millimeter band) is laulnclhed fron a vehicle to a person or group

of persons. Because the high-frequency microwaves attenuate iii the top layer of skiii

the radiation can he very painful, but cause very little or no long term damlage to the

Figure 1-3: Photographs of current active denial systems nounted o vehicles for
remote deployment that are in development by the US military [4].
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individual. In Fig. 1-3 a photograph of two different active denials systems is shown

where the beam forming microwave antenna is on top of both vehicles. In both of

these particular applications there is a large effort to develop novel ways to generate

and control HPMs.

1.2 Metamaterials

A new area of research in microwave and optical technology is in the development of

artificially engineered materials that have unique electromagnetic behavior. In elec-

tromagnetics these artificially engineered materials have been given the name meta-

materials, where the prefix meta- implies the exciting ability to extend 'beyond' the

limitations of natural electromagnetic materials. Natural materials such as a metal

or a dielectric are composed of atoms and molecules that are generally on the order

of Angstroms in size. While the way microwave radiation propagates through the

material is ultimately determined at the atomic level, the individual building blocks

of normal materials are so small compared to the microwave wavelength that indi-

vidual photon-atom interactions aren't consequential to wave propagation. In many

substances this is also true of optical radiation as well (i.e. most crystals), and it

isn't really until the ultraviolet region of the electromagnetic spectrum that individ-

ual photon-atom interactions become important and it is necessary to use quantum

instead of classical electrodynamics to describe how electromagnetic radiation inter-

acts with matter. Simply put, metamaterials are the new 'atoms' of electromagnetic

design, but now because we have the ability to build these atoms from scratch we

can engineer them in such a way as to make bulk materials that have properties that

normal materials do not.

Metamaterials are composed of an assembly of a (usually) periodic, repeating

element (the unit cell) that is composed of conventional electromagnetic materials

(metals and dielectrics). What makes a metamaterial unique is that the bulk meta-

material derives its unique electromagnetic behavior from the magnetic or electric

responses that occur within the unit cell, which is much smaller than the wavelength,
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and not the bulk properties of the materials that make up the individual parts of the

unit cell. Practically, this is accomplished by engineering the geometries associated

with the components of the unit cell in order to give them electric or magnetic res-

onances. These discrete resonances affect the overall propagation of the wave. In a

general sense this separates them from the class of electromagnetic materials known as

photonic crystals, which may also be composed of sub-wavelength periodic structures.

Photonic crystals instead rely on internal reflections resulting in wave cancellation to

give them their unique properties and do not necessarily use resonant elements [5].

However it should be stated that the term metamaterial has become somewhat ubiq-

uitous, so it sometimes may be used interchangeably to describe a material that is

not resonant or sub-wavelength and so not in the strict sense a metamaterial.

Because of their unique properties, metamaterials have the potential to signifi-

cantly impact the current methods for generating and manipulating electromagnetic

radiation. In addition, they have been proposed to create completely new and exotic

applications including cloaking at optical and microwave frequencies, perfect lensing

for microwave and optical beams, advanced antennas for microwave signals, as well

as many additional passive and active electromagnetic devices. Some of these ap-

plications are briefly discussed below after an introduction to the general physical

concepts underlying metamaterial design is given.

1.2.1 Metamaterial Physics

Even though many metamaterials have fairly complex geometries that make purely

analytical analysis of their electromagnetic behavior difficult, it is important to gain

an intuitive understanding of the physics that underlie the truly unique ways they

can influence electromagnetic waves. The differential form of Maxwell's equations in

a medium absent of both charge and current sources can be written as [6]
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V- = 0

V = 0

ai
V x E =a-

aE
V x = at (1.2.1)

In addition, the constitutive equations that relate the electric and magnetic fields to

the electric and magnetic fluxes can be written as

B = pS (1.2.2)

where c is the permittivity and it is the permeability of the medium. Maxwell's

equations are a set of coupled first-order partial differential equations which relate

the electric and magnetic fields. In most circumstances it is easier to solve second-

order equations by introducing the scalar electric potential 0 and the vector magnetic

potential A defined by

B=V x A

= -V- at (1.2.3)

Using these definitions it is straightforward to obtain the wave equations which are

given by

V20 ~ a82o 0
a2 0

VA - e' = 0 (1.2.4)

There are real and propagating solutions to these wave equations when the ma-

terial's index n is real (where n = V/ij-), which occurs when both c and /y are both
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positive or both negative. Waves will decay (become evaniescelit) Ill iaterials where

n is Imaginary and ( or pI is independently positive. M\Iaterials cain thus be classified

aCcording to the simple diagrai shown in Fig. 1-4 which highlight the materials that

exhibit, wave propagation and evanescence according to their constitutive parameters.

I-I

Electric Plasma Right Handed
Air

E

1

Left Handed Magnetic Plasma

Figure 1-4: Simple diagran which classifies materials by their constitutive parameters
and p and highlights the regions of wave propagation and evanescence. Materials

with real n may have propagating waves, while materials with imaginary n have
decaying waves.

The most familiar type of materials belong to the quadrant where both ( and

It are positiVe. These types of miaterials include dielectrics and represent nany of

the naterials on the earth's surface (glasses, many rocks, biological material. etc.)

A material where ( < 0 and It > 0 is called an electric plasma. For this type of

miaterial microwaves are evanescent, aimid do not propagate. Naterials that faill into

this category are actually fairly abundant iii the universe and include mnaiy types of

low-loss plasmas, metals, and seiiconductors at optical and immrare(d frequenicies. For

( > 0 and p < 0 the material is a magnetic plasma and the wave is again evanescent.

Materials of this kind are not common (In to the weak magnetic interactions Ii niost

solid-state materials, though ferrites fall into this category and are very ii)ortat in

many microwave components. Veselago is credited with first describing the situatioii

where both parameters are negative, and he is considered by many to first envision

the significance of the 'left-handed' material that results [7].
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We again turn our attention to Eq. 1.2.4 and consider a plane wave in vacuum

of the form E = Eoexp(-ik - r+ iwt) and H = Hoexp(-ik - r+ iwt) to be incident

on a hypothetical infinite block of material with r < 0 and p < 0. We know from

the above discussion that there is a solution for a propagating wave in this material

and so there will be some transmission of the plane wave into it. To get a qualitative

understanding of the wave we reduce the first-order Maxwell's equations to

kE = awH

k x H =-wE (1.2.5)

From Eqs. 1.2.5 we see that a change in sign of c and it does affect the plane wave

solutions just described. For c > 0 and p > 0 the wave is a right-handed orthogonal

system of vectors. However, for c < 0 and p < 0 the wave is a left-handed orthogonal

set. This is why negative index media are commonly referred to as 'left-handed.'

Interestingly, the sign of the Poynting vector S = 2 x H* does not change for a

change in the sign of the index. Therefore, wavefronts in a left-handed medium move

in the opposite direction as energy [8]. Physically, this means that the group velocity

V= and phase velocity - = g have opposite sign, and as a result left-handed9 Ok k

metamaterials are sometimes called 'backward-wave' materials. The significance of

backward-wave propagation applied to some well known physical phenomena is in-

vestigated below.

Negative Refraction

One of the most exciting areas of application in metamaterials research has been in

utilizing the property of negative refraction. For a TE or TM wave propagating in a

positive index medium with Poynting and wavevectors Si and ki that is incident on a

slab of negative index media, Snell's law still holds the same as it does for a positive

index medium [9]. Snell's law is given by the equation

niSin(64) = n2Sin(Ot) (1.2.6)
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where Oi and Ot are the angles of the incident and transmitted wave, and ni and n2 are

the indices of the two materials. For a negative index medium Snell's law is depicted

in Fig. 1-5a. Because of the sign change of the index between the two media and the

fact that the wavevectors must be parallel to the Poynting vectors, the component

of the transmitted Poynting vector (and hence the energy) traveling in the direction

parallel to the interface will have the opposite sign of what it would be for an interface

between two positive index media. This has important ramifications for geometrical

optics. First, concave and convex lenses made from a negative index material have the

opposite focusing effect from their positive index counterparts, namely, they become

convergent and divergent, respectively. Second, even flat lenses made from negative

index media can have a focusing effect. Finally, for a lossless flat lens of index n = -1

it can be shown that all light rays coming from a source are focused at two points,

one inside and one outside the lens. This type of lens has been called a 'perfect lens'

for it's ability to focus electromagnetic energy to much smaller than the conventional

limit of A/2 for a gaussian beam. This type of lens is illustrated in Fig. 1-5b. Much

of the research on metamaterials has been on trying to achieve perfect lensing like the

one shown in 1-5c which was built at MIT and uses a copper mesh-like metamaterial

to focus microwaves near 10 GHz [10]. Unfortunately losses and other issues have so

far limited the performance of perfect lenses, but it has been shown experimentally

that resolutions much smaller than the classical limit of A/2 and as small as A/20 can

be achieved [11].

Inverse Doppler Effect

The Doppler effect is a well known physical phenomenon whereby a relative velocity

between a source and receiver of radiation can shift the frequency of the radiation

detected by the receiver [6]. In the non-relativistic case the formula for the frequency

shift detected by the receiver is given by the formula [8]

df = fo-- (1.2.7)
C
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a) b) c)

Sr, kr

S"rk St. -ktSi. ki

Figure 1-5: a) Graphical (e p iction of Snell's law for a negative index medium. The

inci(lent wave is from the left, and the nornalized Poynting and wavevectors are

shown. b) An illustration of a 'perfect lens', where rays from the source are perfectly

focused within and outsi(le the lens. c) Negative index metamaterial lens (lesigne(l at

MIT for operation at 10 GHz [10].

where fO is the original frequency of the source, v is the component of the receiver

velocity moving towar(s the source in the framne of reference where the source is

stationary (and may be positive or negative), v, is the index of the media, an(l c is the

speed of light in free space. From the above formula it is easy to see that as n changes

sign so (loes the frequency shift. Thus radiation that would normally be blue-shifted

in a positive in(lex medium is re(l-shlifte(l in a negative index one, and vice versa. This

effect has been observed in negative in(lex media in experiment [12, 13].

Backward Cherenkov Radiation

Another well known physical phenomenon that is significantly affected by the II-

tro(luction of negative index materials occurs for radiation from relativistic moving

charges in a (ielectric medium. Cherenkov ra(diation is a well known phenomena

whereby charge(l particles moving faster than the speed of light in the medium they

are traveling in will radiate. The spherical wavefronts radiated by the relativistic

particle will create a forward propagating shock wave or 'Cherenkov cone' [61. The

angle between the shock wave andl the particle velocity is given by the forimila

Cos() =- (1.2.8)
,nv
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where 0 is the angle between the radiation wavevector and the velocity of the particle,

c is the speed of light in vacuum, n. is the material index, and 7.' is the particle velocity.

This concept is illustrated for a positive index medium in Fig. 1-6a. However, from

Eq. 1.2.12 it is easy to see that for a negative index the wave propagation is backward.

This effect, which is called backward Cherenkov radiation and is illustrated in Fig.

1-6b, has also been observed in experiment [14].

Fig. 1-6a depicts the formation of Cherenkov shock waves in a positive or normal

index mnedium travelling faster than the speed of light in the medium. Spherical

wavefronts move away from the source at a speed c/InI. The spherical wavefronts are

therefore delayed with regard to the particle motion which results in the shock wave

or Cherenkov cone which is depicted in the figure. The axial direction of the shock

wave is in the same direction as the particle motion. In 1-6b the Cherenkov shock

wave is shown for a negative index medium. In this case, the axial direction of the

shock wave is in the direction opposite to the electron motion.

a) b)
~t, cIIn/-~ k k 0 \CiIfl-----

n-00 I V
k

vi vi

Figure 1-6: Graphical depiction of Cherenkov shock waves in a material with a)
a positive index and b) a negative index. For the positive index media wavefronts
propagate fromi the source at a speed c/IrnI and for the negative index media wavefronts
propagate towards the source at a speed c/InI. This figure has been adapted from
Ref. [8].

1.2.2 Metamaterial Engineering

It has already been mentioned that left-handed materials as a concept, and hence

the very interesting applications associated with themi, long preceded experimental

demonstration of such miaterials. The lack of a doubly negative natural material
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was overcome with several systematic attempts at simulating and understanding the

permittivity of ionosphere plasmas, which have a negative permittivity. It was realized

that certain simple systems composed of periodic unit cells (namely hollow metal

waveguides and metal wire meshes) behave like plasmas for a particular range of

frequencies [15, 16]. This work resided on the premise that 'effective permittivities'

can be obtained which describe the overall interaction of a wave with a composite

material if the size of the components that the composite is constructed from is

small enough to permit accurate field averaging over the unit cell. The next step

was to create composite materials where both the permittivity and permeability were

individually controlled parameters. The composite materials would be described by

the effective parameters, which are defined by the relations [17]

Bave = /eff AO Have

Dave = feffEOEave (1.2.9)

where the subscript 'ave' refers to the averaged field over the unit cell. For a square

unit cell the x component may be calculated from the following equations

1 r=(a,O,O)

( Nave)x =H - di
a r-(O,0,0)

ave)x jB dS

ave)x r=(a,O,O) E d-
a Jr(OO)

(Dave)x = D dS (1.2.10)

Finally the effective parameters are defined by the relations

(ave)x
Aef fx =

(ave)x
Ceffx = ""av- (1.2.11)

CO(Eave)x
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where averaging must be performed over each spatial diiiiesion to obtain the total

effective parameter. A major advanceineit came in 1999 when Piendry t. al. demon-

stratcd that edge coupled split-ring resonators (edge-coupled SRRs) could be used

to create an artificial negative permeability in 3 spatial dimensions. Various experi-

ments verified this effect [17, 18, 19]. In Fig. 1-7a is the unit cell of Pendry's original

design for his negative permeability material, which consists two thin rings printed

on a dielectric. Each ring is split in order to introduce a small capacitance into the

a)

C)

b)

5
4
3

Z_2
1
0

--1

0 I 2 3 4
W

Figure 1-7: Original magnetic material proposed by Pendry et. al. [17] a) a single

metallic split ring resonator pair which is printed on a dielectric substrate of permit-
tivity (, has a magnetic resonance at frequency wo. b) A unit cell of a 3D arrangement
of the split ring resonators shown iii Fig 1-7a. The unit (ell has a resonance in all

three spatial diIeisiois. c) Real and Iagiinary p1j for the 3D magnetic material
proposed for wO = 1, wj = 1, aid - = 0.2.
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loop which serves to enhance the loop's magnetic response near a particular resonance

frequency. When the system is excited by a time-varying external magnetic field just

above the resonance frequency, wo, the effective permeability of the ring is negative.

A 1D array of identical SRRs can create a negative effective permeability just above

the resonance frequency, and arranging the rings as shown in Fig. 1-7b can create a

negative effective permeability in 3 spatial dimensions. The resonance frequency of

the SRR can be estimated analytically by using an equivalent circuit analysis. Then

wo is given by the expression

1
WO (1.2.12)

LZC

Where L is the inductance of the SRR system and C is the capacitance. For simple

geometries (such as a single edge-coupled SRR) this can be estimated analytically, but

in practice this is calculated numerically. Generally the effective parameters usually

exhibit a 'Drude-like' response or a 'Lorentz-like' response, where the mathematical

form of each is given by the equations

f~rud = W + Ci_ W(1.2.13)

fLorentz - (1.2.14)w2 _2w +io

where wo is the resonant frequency, -y is the damping coefficient that accounts for

ohmic and dielectric loss, and w, and wc are the plasma and cyclotron frequencies

and are determined by the geometry of the unit cell (here the cyclotron frequency

has no direct relation to the cyclotron frequency of a plasma, which depends on the

background magnetic field, but is so named to be consistent with the nomenclature of

Pendry). As an example, the split rings presented by Pendry et. al. have a Lorentz-

like response, which is graphically illustrated in Fig 1-7c. A below-cutoff waveguide

or a wire mesh has a Drude-like response, which is shown graphically in Fig. 1-8.
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Figure 1-8: Real and Imaginary pe(, for a Drude-like magnetic response, with c 1,
and -y = 0.

1.3 Microwave Generation Using Electron Beams

The use of high power electron beanis to produce or aimplify cohereit icrowave

radiation is a well-established area of research that is commonly referred to as vacuum

electronics [20]. All vacutun electron microwave devices rely on the use of electron

beams to generate electrom nagmietic radiation. Moving electrons, electron bunches,

and electron beais all have the ability to radiate photons. There are a wide variety

of vacuun electron devices that make use of different physical radiation muechanisims

(Cherenkov, Transition, Bremnsstrahlung, Cyclotron, Synchrotron, etc.) ill order to

generate electromagnetic waves that cover the electromagnetic spectruni fron RF

all the way to X-Rays. In general the frequency and power of the electromagnetic

radiation is the most important factor in determining the radiation mechanism (and

the device) that is most useful. The most conmmon vacuum electron devices, and of

greatest interest to this work, occur in the iicrowave range. In the following sections

the three most important radiation mnechanisns for vacuum electronics at microwave

frequencies are discussed, along with some examples of microwave amplifiers and

generators that rely on each of the miechaiisnis presented.
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1.3.1 Cherenkov Radiation

A relativistic electron with velocity v that is moving in a medium of relative permittiv-

ity f(w) and permeability p(w) will emit Cherenkov radiation when v > e/ (w)-A(w),

where c is the speed of light in vacuum [6, 21]. This type of radiation was first pro-

duced in experiment by Cherenkov in 1934 and later explained mathematically in 1937

by Tamm and Frank. The Frank-Tamm equation that they derived, which describes

the energy radiated per unit length by an electron, is given by the expression

dE _e
2 f(id - ( )w 1 - ) dw (1.3.1)dx 47r V >Clnt) #-(jc 2n2 (W))

From the above equation it is evident that Cherenkov radiation is not continuous,

but only occurs for frequencies that satisfy the condition v > c/n(w). In a dielectric,

this puts a requirement on either the minimum permittivity or the minimum electron

energy required to observe radiation at a given frequency. Cherenkov radiation is

responsible for the eerie 'blue glow' that is observed from spent nuclear fuel assemblies

that are usually stored in water. Highly relativistic beta particles emitted from the

nuclear fuel travel much faster than the speed of light in the water and so radiate. It

should be noted that Cherenkov radiation is emitted by individual electrons. For an

electron beam traveling through a dielectric the radiation from individual electrons

is incoherent. For coherent radiation it is necessary to first form electron bunches.

An analogous radiation mechanism that occurs in periodic structures and can be

thought of as a type of Cherenkov radiation is called Smith-Purcell radiation. In

Smith-Purcell radiation the phase velocity of the electromagnetic wave is modified by

the periodicity of the waveguide. This type of radiation was first discovered in 1953

by sending an electron beam over a periodic grating [22]. The radiation is due to the

fact that in a periodic structure slow waves may exist where the phase velocity is less

than the velocities of the electrons. From Floquet's theorem the electric field E of

an electromagnetic mode with frequency w in a periodic structure with periodicity d

can be represented as an infinite sum of spatial harmonics over harmonic number 1
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and axial wave number k_1 . This can be expressed mathematically as

+00

E = e-iwt Aleiklz (1.3.2)
1=-Co
2irl

k = kzo + (1.3.3)
d

where ko is the zeroth order spatial harmonic and A, is determined by the geometry

of the periodic waveguide. The spatial harmonics have a wavelength A, = 27/kzl,

phase velocity vol = w/kzl and group velocity vg = aw/9kzO.

Slow-Wave Devices

A common microwave device that relies on Smith-Purcell radiation is the slow-wave

structure, which can be used as a backward-wave oscillator (BWO) or as a traveling-

wave tube (TWT) amplifier. The first TWT amplifier was first conceived and built by

Rudolph Kompfner in 1943 [23]. This first device was a metal helix structure which

is still used today for it's impressively large bandwidth. Approximately 10 years later

Kompfner also discovered that his TWT could be used to generate microwaves and

used it as a BWO. The full detailed linear theory of these devices was developed

shortly after by John Pierce while working with Kompfner [24]. A photograph of

both Pierce and Kompfner along with some of there early tube designs is shown in

Fig. 1-9.

In a slow-wave device a DC electron beam that is guided by a magnetic field

interacts with a traveling TM polarized electromagnetic wave with a phase velocity

approximately equal to the electron beam velocity. It was discussed in the previous

section that Cherenkov radiation from individual electrons is by nature incoherent and

bunches must be formed in order to generate coherent radiation. This is accomplished

in a slow-wave device by using a synchronous wave, or by using an electron beam and

an electromagnetic mode where the difference between the beam velocity and the

phase velocity v, - vo is small. This bunching is forced and the radiation that is

emitted is induced, and so it is most accurate to say that the slow-wave device makes

40



Figure 1-9: John R. Pierce (left) and Rudolph Konipfner (right) shown with somie of
their earliest T\VT Iubes. These tubes utilized a netal helix structure to slow down
the electromiagiietic wave iII order to interact with the electron beam. Tihese early
I libes were eniclosed ill glass tubes ill order to provide the vacuumn necessary for the
eminttei of the electron gun to work. This photo was taken at Bell labs iin the 1950's
[25].

use of stinulated Clierenkov radiatlion [26].

The bunching interaction of a slow-wave device is Imost easily understood wlieni

exainiied fromn the frame of' reference where the DC electron beain anlld wave are

both stationary. As the elect ronis enter the device they are uniformily distributed in

phase, but as they co-propagate with the wave they experience an accelerating or

decelerat Ing field from the AC field which in turn results in an AC inodulation of the

electron beam. This is illustrated graphically i Fig. 1-10.

The electron 1 bulches are forimed on Hie zero field point. but there is a1 phase

slippage putting the bunches in the retarding field of the elect romagnetic wave which

allows energy transfer 1et ween the buIlches and the wave. Oice the bunches have lost

a significant amount of energy to the wave they imay fall into the accelerating part
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Figure 1-10: Simplified illustration that shows the bunching of electrons (red dots)
as they travel with the electric field of an electromagnetic wave (blue curve) that has
a phase velocity equal to the electron beam velocity. As the electrons travel with the
wave they are bunched due to the electric field of the wave.

of the electric field and take energy back from the wave. Therefore it is necessary to

build the device short enough so that the interaction stops after electrons have had

enough time to bunch and dumip energy to the wave, but also not so long that the

efficiency of the device is reduced.

The coupling impedance K, a ineasure of how strongly the electron beam couples

to a node in a slow-wave structure, is given by the formula

E
2

K = 'V (1.3.4)
2k 1

where P is the power flux through the structure and the electric field that couples to

the electron beam E., is given by the formula

1 f '
EI = - E,(z)eik' (1.3.5)

In addition to coupling to and amplifying a wave with positive group velocity, a,

TWT can be used as a backward-wave oscillator to generate microwaves. Oscillatiomn

in the device comes from noise in the electron beami, where the frequency spectrum

of the noise is very wide. Because there is a muechanisim for feedback for a backward
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Figure 1-11: a) Illustration of the TWT amplifier interact ion in a rippled wall waveg-
uide. A simplified schematic of the device is shown which shows the power flowing in

the same direction as the electron beam. b) Illustration of the BWO interaction in
a rippled wall waveguide. A simplified schematic of the device is shown which shows
the power flowing in the opposite direction as the electron beam.

wave when the right conditions are met (namely that the current is above the start

current for the structure geometry and beam voltage) the beam will bunch and aim-

plify the microwave noise until saturation is reached or the interaction is terminated.

The BWO interaction is an absolute instability, which imeans that it is an instability

that will start simply from the microwave noise that exists iii the system and doesn't

require any input microwave signal. This has an important physical consequence iii

that the plase of the generated microwaves cannot be controlled, which is disadvan-

tageous for several iiicrowave applications (especially in connunications). Another

interesting point about BWOs is that by inspection of the dispersion relation in Fig.

1-11 it's clear that the group velocity and phase velocity are of the opposite sign,

which is the saime physical result obtained iii the analysis of a left-handed material.

This observation will be further discussed in this thesis.

As was already mentioned, a BWO has a start current for oscillation, 's, above

which the device will oscillate and generate microwaves with zero input signal. The
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start current depends on the device geometry, mode of interaction, and beam pa-

rameters. Traditionally BWOs are operated when the current is - 3x the start

current. Increasing the current well beyond the start current (> 7x) can result in

auto-modulation of the output power as the device enters a stochastic regime. This

type of behavior has been observed in both theory and experiment as shown, for

example, in Ref. [27]. In order to estimate Ist for any microwave waveguide one can

follow the method similar to that outlined by Pierce and discussed in detail in Ref.

[26], where Ist is given by the equation

(CN)3 A 3
ist = 4UO S Z (1.3.6)

KL3

where UO is the beam energy, K is once again the coupling impedance, A, = is the

longitudinal wavelength, L is the total length of the structure, (CN),t is the start

condition parameter, N = L/A, is the number of longitudinal wavelengths, and C is

the Pierce parameter. The Pierce parameter is an important normalized parameter

in microwave tube analysis, and is given by the equation

C3 = 10K (1.3.7)
4UO

Here 10 is the beam current. Loss, space charge, and the spatial harmonic that the

device is operating in will determine the value of (CN),t. For the simple lossless case

with no space charge and operating in the zeroth harmonic 1 = 0 the start condition

(CN),t is calculated to be 0.314 [26]. In order to accurately include the effects of

space charge, loss, and other losses due to coupling etc., a nonlinear calculation of

the fields or a PIC simulation is needed to calculate the start current.

1.3.2 Transition Radiation

Transition radiation occurs when electrons pass through a discontinuous media, either

as a discontinuity in the index of refraction or through regions with grids, plates, and

cavities. Moving, negatively charged electrons induce positive charges on the metal
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or d(ielec(t1i through which it passs. At, a discontiiuit'y the (11p1 ioient betweei

the iovig (iarge and the iiidiced chiarige cianges in Linle a1d thus will radiate [2(].

Several niicrowave devices are based on this type of radiation ineclaimiisin.

Klystron Devices

Ihe klystroi tibl was first proposed by the Varian brothers Russel and Sigurd in

1935 (d the first successful test was carried out in 1937 [281. While the ibie was

Figure 1-12: P1iot ograpli of tie Varian brothers with oiie of their klystriiol tulibws [28].

d(evelope(d at StafOrd University and has become synonynous with tie StainfOrd

Linear Accelerat or Center (now SLAC National Accelerator Laboratory), Staniford

originally only provided the Varian 1 brothers with S100 to carry out their work [26].

A photograph of the Variail brothers with their klystron inveition is shown jif Fig.

1-12. A simplified scheinatic of the klystroii tube is shown in Fig. 1-13.

T e klystron uses a velocity iiodulated electron Ieain and( electruoiniuagiiet ic cavil ies
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Drift Tube

Power In Buncher Power Out Catcher

Figure 1-13: Schematic of a simplified two-cavity klystron design. The design shows
a DC electron beam formed by an electron gun (the cathode) that is bunched by a
buncher cavity. A drift tube separates the buncher from the catcher cavity where the
amplified microwave signal is coupled out.

to amplify co)herent microwave radiation. Cavities with very high quality factors that

utilize TMi modes (an electromagnetic mode with an electric field parallel to the

velocity of the electrons) are used to bunch an electron beam. The bunches in the

electron beam grow as they travel through a drift section that is below-cutoff for the

microwave signal. A magnetic field of moderate strength (~ 0.5T) is used to confine

and guide the electron beam through the cavities and down the drift tube, usually

produced from several different solenoids. A catcher cavity is used to rapidly generate

a, microwave signal by decelerating the bunched electron beam where the AC current

is maximum. A common way to display how velocity modulation is used to aiplify

microwaves in a klystron is with the so called 'Applegate Diagram,' which is shown

in Fig. 1-14.

The Applegate Diagram illustrates how a sinusoidal velocity modulation in time

(on the x-axis) results in a time varying AC current at the catcher cavity a, particular

distance away from the buncher cavity (the y-axis). In I the figure the blue lines rep-

resent the electron trajectories, and the slope of a line is the velocity of the electrons.

The transit angle of the electron bunches in the catcher cavity ocnr = WLcatchr/j'l'z

cannot exceed 7r to maintain optimal phasing between the electron bunclies and the
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Figure 1-14: Applegate diagrami shows how mnodulated electron velocities from1- a

bunching cavity result in current modulation at a, catcher cavity. Electrons velocities
are modulated by a tim-e-varying microwave signal in the bunching cavity at y = 0
and excite ain electromagnetic mnode in a catcher cavity at y = LDrifl wll('I* IDrift is
the distance between the catcher and buncher cavities.

m-icrowave field. This requires a short cavity length relative to the wavelength of

operation. Both this condition and the requirement that the drift, tube between the

buncher and catcher cavities be bclow-cutoff limits the mnaximumin poweri achicvable as

the frecquency is increased beyond X-band. In sonic klystrons mnany cavitics or el(c-

tron bcamns mnay bc used in order to overcome problemns associatcd with icrowave,(

breakdown or reduced beami-wave interaction.

1.3.3 Radiation by Accelerating Charges

Charges that iindergo accelerationi due to a magnetic or electric field will radiate.

Bremisstralhung describes the radiation fromn charged particle collisions" and is coml-

mnonly observed in nature. Positrons and electrons emitted during beta decay undergo

Bremisstrahlung as they are rapidly accelerated in the parent nucleus [61. Bremisstrahlung

also occurs plasm-as, in which Coulomb collisions between charged particles results

in radiation due to their acceleration. In general the radiation produced by these

natural processes has a very wide spectrumn and is not coherent. Some X-ray tubes
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also rely on Bremsstrahlung, where electrons which are accelerated to high energy

collide with a metallic anode in order to generate X-rays.

Charges can also be accelerated by an externally applied, static magnetic field.

This kind of radiation is the basis for many types of vacuum electron devices such as

synchrotrons, free electron lasers, and gyrotrons. Electrons moving perpendicular to

a spatially uniform magnetic field will orbit around the field lines due to the Lorentz

force. The acceleration from the curved orbit results in radiation. At very high

energies, the radiation is called synchrotron radiation, while for moderate electron

energy the radiation is generally referred to as cyclotron radiation [29]. Both of these

radiation mechanisms will in general produce incoherent radiation.

Gyrotron Devices

The gyrotron oscillator is a microwave tube that relies on induced cyclotron radiation

to produce coherent narrow band microwave radiation. Gyrotrons are the highest

power sources of microwave radiation in the millimeter-wave region where klystrons

and TWT structures are impractical to build due to the difficulty in fabricating

interaction structures which must be on the order of the wavelength. In this respect,

what makes the gyrotron so successful from a practical point of view is the ability

to use overmoded cavities to produce microwaves. This means the dimensions of

the cavities they use can be fairly large compared to their operation wavelength.

Also, unlike klystrons and TWTs, which extract energy from the velocity component

parallel to both the beam direction and magnetic field, gyrotrons extract energy

from the energy associated with the components of the electron velocity that are

perpendicular to the beam direction and magnetic field. A simplified schematic of a

gyrotron oscillator is shown in Fig. 1-15.

Electrons in a strong magnetic field will gyrate in Larmor orbits of radius rL =

vI/w, where rL is the Larmor radius, Q = eB2/my is the relativistic cyclotron fre-

quency, y is the beam energy, and v1 is the electron velocity component perpendicular

to the magnetic field. For a ring of electrons interacting with an electromagnetic wave

with frequency w ~ sQ, where s is the cyclotron harmonic, the electrons will tend to
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Figure 1-15: Schematic of a simplified gyrotron oscillator. The electron gun is on
the left and produces an aumular electron beam with a large transverse velocity. The
large snperconducting magnet compresses the beam, andi microwaves are generated
in the small gyrotron cavity in the flat-top portion of the magnetic field.

fori electron bunches which can then transfer their kinetic energy to the electroiag-

netic wave [30]. In a gyrotron device, however, an annular electron bean (traveling

at slightly relativistic velocities where -y 1.25) is used to interact with a fast TE,,

node. Therefore the condition for energy transfer between the electrons and the

TE~ n mode is given by the Doppler shifted cyclotron resonance condition, which is

given by the equation

W = k 2v, + - (1.3.8)

For an electron that loses energy to a co-propagating wave, both the axial component

of velocity will change as well as the cyclotron frequency Q. One special case that is

interesting is when these two changes nearly cancel, which causes an electron initially

in resonance to stay in resonance. This effect is called 'autoresonance.'

Gyrotrons may also be used as mficrowave amplifiers, sometiies called Gyro-

TWTs or Gyroklystrons. The dispersion curve for a gyrotron oscillator and Gyro-

TWT is shown in Fig. 1-16.

While gyrotrons are norially designed to interact with the norinal Doppler shifted
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Figure 1-16: Diagram of the gyro-BVO interaction with the

(red circle) and gyro-TWT interaction with the TE, mode

The interaction uses the first (s = 1) cyclotron harionie.

TEn1 , mode at 125 GHz
at 225 GHz (blue circle).

cyclotron resonance condition and therefore use a fast wave ('> > c), there is also

the possibility for an interaction at the anomalous Doppler shifted resonance when

an electron beam interacts with a slow wave (viy < c) [31, 32, 33]. Obviously this

requires a different type of interaction structure than most gyrotrons, which generally

interact with one of the fast, waves of a cylindrical mietal cavity. Mathematically, the

anomalous doppler interaction relies on the resonance condition given by the equation

w = kz' SW (1.3.9)

In Ref. [30], the author points out that in terms of the quantum theory often used

to describe gyro-devices, electrons simultaneously radiate photons and transition to

higher perpendicular energy levels, where the energy for this transition is taken from

the axial motion of the electrons. Therefore, in devices that make use of the anoma-

lous Doppler effect, an electron beam with zero initial perpendicular velocity can be

used. Gyro-devices that make use of the 'normal' doppler effect must use an electron

beam which has a significant amount of perpendicular energy, usually provided by a

magnetron injection gun (MIG). Despite not needing a MIG, building a slow-wave
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structure add,s to the conplexity of the device and so there are a relatively simall

number of experiiental devices that make use of the anomalous doppler effect [341.

The dispersion curve for the anomalous Doppler interaction is shown in Fig. 1-17.

Anomalous Doppler Interaction

0 7I/p 2r/p

k, (n--1)

Figure 1-17: Diagram of the anomalous Doppler interaction with a slow wave mode.
The doppler shifted beam line is drawn in blue, and the Cherenkov resonance is drawn
in red for reference.

Because gyrotrons are the only source of high power microwaves in the millimeter-

wave regime they have a wide variety of different applications. Very high power

(greater than 1 MAW) contimnuous-wave gyrotroms at 110 and 170 GHz have been de-

veloped for fusion research iii electron-cyclotron heating (ECH) for tokamak plasmas.

In addition, gyrotrons are used for soimei niche materials processing applications where

the use of microwave heating is advantageous, but the low loss tangent of the ma-

terial to be heated (such as in glasses or ceramics) does not allow the use of lower

frequency microwave devices which in general are usually less expensive to build. An

exciting new application area is iii NMR spectroscopy, where a gyrotron is used ill

order to increase nuclear spectroscopic signals by factors greater than 100 [35]. A

photograph of a Communication and Power Industries (CPI) gyrotron developed for

fusion research is shown in Fig. 1-18.
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Figure 1-18: Photograph of a VGT-8110 Gyrotron Oscillator gyrotron which was
designed and built by CPI. The electron gun is in the very bottomi of the photo and
the very large water cooled collector, which is designed to handle all of the power
froin the spent beam, is on the top of the photograph [36].

1.4 An Electron-Beam Powered Metamaterial

While research on electromagnetic mnctamat(rials is a decade-old field of study, there

are still nany unexplored new applications. One such area is in the design of active

metainaterials [37, 38 . As the name implies this field makes use of passive met ama-

terial components in conjunction with active elenients-solid state devices, plasmas,

and electron beams. The theory of the electron beam powered inetaiaterial was

first developed by Shapiro et. al. in 2012, where it was shown that the dispersion

of a negative index material powered by an electron beam is analogous to the linear

theory of the TWT [39]. From the discussion of slow-wave devices above, it has been

established that electron beanis can be used to generate microwaves when they have a
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high enough current to interact with a spatial harmonic of a periodic structure. Here

noise from the electron beam is amplified at the frequency where feedback is met,

or where the resonance condition is established. Several attempts to theoretically

investigate metamaterial devices that use electron beams for microwave generation

[40, 41, 42, 43, 44] and particle acceleration [45, 46] have previously been made. In

addition, some experiments have been performed where incoherent microwave gen-

eration from electron bunches and metamaterial structures was observed [47]. How-

ever, coherent microwave generation from a metamaterial loaded waveguide with an

electron beam, where the metamaterial is composed of subwavelength and resonant

periodic structures, has yet to be experimentally demonstrated. This was the pri-

mary aim of this thesis, and this goal was achieved and the results are presented in

detail in Chapter 4. A 370 mm long metamaterial structure with a particular design

(MTM2-see Chapter 2) that uses periodically spaced CSRBs with a 10 mm period

was used in order to generate over 5 MW of microwave power at 2.4 GHz.

In addition to the first experimental demonstration of microwave generation from

a device that uses a metamaterial-based interaction circuit and an electron beam, this

work also has several additional research ambitions. First, and most obvious, is the

characterization of the performance of metamaterial based vacuum electron devices.

In particular it is important to understand what specific advantages metamaterial

devices have over conventional slow-wave vacuum electron devices, if any. The meta-

material structure investigated is a planar structure formed from metal plates. Large

scale manufacturing of a device with planar (2D) elements is inherently simpler and

easier to fabricate than a structure that has a 3D interaction slow-wave structure, as

is the case with a rippled-wall or coupled-cavity device. It is also important to inves-

tigate the potential advantages of using a waveguide below cutoff, which allows the

transverse dimensions of the structure to be much smaller than a wavelength. This is

important in the miniaturization of low frequency (<10 GHz) microwave generators

and amplifiers where structure size can be important. In addition, it is essential to

understand some of the nonlinear effects of the unique HPM environment that affect

the design and performance of metamaterials at high power. In the chapters that
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follow we present the design, simulation, low-power test, and high-power test of a

metamaterial loaded waveguide.

1.5 Summary of Thesis Contributions

This thesis presents the first experimental demonstration of coherent, high power

microwave generation from a metamaterial interacting with an electron beam. Three

different metamaterial designs are presented: MTM1, MTM2, and MTM3 with design

frequencies of 2.8, 2.4, and 3.7 GHz, respectively. The most significant results came

from a structure that was built with the MTM2 design (see section 2.2.3 and 4.3.2)

that was 370 mm long, which is summarized here. Multi-megawatt output power

levels were achieved at a frequency near 2.39 GHz using a 490 keV, 84 A electron

beam. In Fig. 1-19 an example trace is shown which has a peak power of 2.3 MW

and uses a gun voltage of 400 keV and 60 A. This particular trace is shown because it

had an efficiency of approximately 10%. For a more detailed description of the figure

and the operating conditions in which it was taken, see Fig. 4-21 and the surrounding

discussion. The result shown in Fig. 1-19 is the first experimental demonstration that

a metamaterial and an electron beam can be used to generate coherent, high power

microwaves.

The possibility of generating microwave radiation from an electron beam and a

metamaterial via a reverse Cherenkov interaction has been extensively studied in

the literature [39, 40, 41, 42, 43, 45, 46, 47]. However, to the author's knowledge,

microwave generation from an electron beam interacting with a cyclotron mode of

a metamaterial has not been discussed. The MTM2 structure supports two differ-

ent modes, a symmetric mode that is observed to have a Cherenkov interaction,

and an antisymmetric mode that is observed to have an anomalous Doppler or

cyclotron-Cherenkov interaction. A significant discovery of this thesis was that multi-

megawatt operation was observed with the anomalous Doppler interaction and not the

Cherenkov interaction, especially given the previous theoretical work. This discovery

was confirmed in experiment by the frequency tuning of the device, which followed the
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Figure 1-19: Microwave power (black curve), electron gun voltage (blue curve) and
measured collector current (red curve) for an applied magnetic field of 375 G. lihe
scale for the current (voltage) is given on the left in re(l (blue) and the scale for the
microwave power is given on the right in black. The lens current was set at 10.1 A.
A blow up of the high power trace is also shown below.

I

anomalous Doppler resonance condition. A plot of the experimental frequency, PIC

simulation frequency, an(l theoretical frequency pre(licte(l by the anomalous Doppler

interaction are shown in Fig. 1-20. For a more detaile(l description of the results shown

in Fig. 1-20 see Fig. 4-25 and the surroun(ling discussion. Despite the goo(l agreement

between theory, simulation, and experiment for the anomalous Doppler interaction

with the antisymmetric mode, poor agreement between sinmlation and experiment

was achieved with regard to the output power of the metainaterial structure for the

Cherenkov interaction with the synnetric mode. This highlights an important area
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for future research to develop better a better theory and/or simulations that match

the experimental results obtained in this thesis.

In addition to the novel physical results that were just discussed, the research

presented in this thesis was done in a structure that is undersized (smaller transverse

dimensions-63 mm by 43 mm) than conventional microwave tubes (which generally

are on the order of the wavelength, which at 2.4 GHz is 125 mm). This may have

practical benefits for device miniaturization for some microwave device applications.
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Figure 1-20: Frequency tuning of the 370 inm1 MTM2 structure. All of the green
star (lata poiits are those obtained from PIC sinulations, and the black data points
are the experimentally measured values. The power plot shows a distinct transition
at about 430 G where the device starts to produce high power in the antisynmetric
imiode, and a transition at about 750 G where the device switches from alitisyninetric
to symmnetric mode excitation.
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Chapter 2

Metamaterial Circuit Design

In this chapter we outline the general theory and specific simulation tools that went

into the design of a beam-powered, metamaterial waveguide. First the general elec-

tromagnetic description of a metamaterial filled waveguide is presented. Following

this, eigenmode and PIC simulations are discussed which were used to characterize

the performance of the metamaterial BWO design. Finally low-power measurements

are shown to benchmark the simulation tools vs. experiment.

2.1 Theory of A Metamaterial Filled Waveguide

We wish to solve for the lowest order TM modes in a rectangular metallic waveguide,

where HZ = 0. The waveguide extends from one of its corners at x = 0, y = 0 to its

other corner at x = a, y = b, is perfectly conducting, and is filled with a dielectric.

The general model of the waveguide is shown in Fig. 2-1. The dielectric completely
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Figure 2-1: Graphical illustration of the netallic waveguide that is filled with a
theoretical dielectric of permnittivity ' and perieability ju.

fills the waveguide, and has a permittivity and perneability
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0 0

1 0

0 ij

(2.1.1)

To solve for the propagating Waves in the waveguide we assumne time-harmonic fields

that depend on time as e . We can then write Maxwell's Equations as [48]

V x 1E= -iwjil

v x I= iW(E
(2.1.2)

The waveguide is also uniform in the z direction and so we can assume that the fields

also depend on z as c . After expanding out Eq. 2.1.2 we obtain the following set
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of equations which are valid for TM waveguide modes.

DE
z +ikEY =Dy

-ikzE, + DE =
ax

ax a y

ikHy =ic

-ikz Hz = ic4

ally _ DHx
Dx Dy

ipowHx

ipowHy

(2.1.3)

Combining Eqns. 2.1.3 we arrive at the 'wave equations' (which have now been re-

duced to the form of Helmholtz's equation after a change of variables is made) for Ey

and Ex

D2E~ D2E
Exx 2 + C y 2 + 6zz

D2 EX &2 EX
xX 2 + 192 + e'ZZ

(2.1.4)

S2

- yy -k2 Ey = 0

t2
cxx - k 2 Ex = 0

After finding a solution for Ey and Ex it is straightforward to find the various field

components and solve for the dispersion relation in the waveguide for the lowest order

TM mode (e.g. analogous to the TM1 1 mode of a rectangular waveguide and the TM 1o

mode of a circular waveguide) from Eqns. 2.1.3. We now consider the solution to these

equations for two different cases of e.

2.1.1 For ex y Z = 1

This is the case of a vacuum filled rectangular waveguide. Eqns. 2.1.4 can be solved

by assuming a separated solution of the form Ey(x, y, z, t) = AoX(x)@(y)eikaz-iwt and

then solving for X(x) and 0(y). All of the field components can then be readily

obtained from Eqns. 2.1.3. Using the boundary condition on the metal walls, we can
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readily solve to obtain the following fields for the lowest order mode

Ez = E0 Sin (Y) 5 . Ain )

E = -ik ir Eo Sin ) Cos [')
ak b / al

E = k E0 Cos (l) Sin (2.1.5)

H = WO E0 Cos (WySinrX

Hy = - ZW7a Eo Sin Cos

Here we have defined the cutoff wavenumber and the propagation constant by

ke =+
a+b (2.1.6)

kz = -Wk

The cutoff frequency is given by the equation

We = C (2.1.7)

Eq. 2.1.6 defines the dispersion relation for the lowest order TM mode of this waveg-

uide which is well known [48]. The dispersion of this mode is shown in Fig. 2-2 for

7r/a = ir/(2b) along with the dispersion curve of a free space electromagnetic wave

which is given by w = kc. The dispersion of Eq. 2.1.6 is positive and the mode is a

fast wave, which means it cannot interact with an electron beam.

2.1.2 For a Lorentzian E,, = y, and Ezz 1

To model an anisotropic metamaterial with an electric response in the direction per-

pendicular to wave propagation we set c,, = 1 and E,, = EYY = EL, where

W 2  Wo2

EL= (1 - F) 1-F (2.1.8)2 -2w
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Figure 2-2: Dispersion curve for
rectangular waveguide for (7/a)2

of a wave in free space w = kc.

the lowest
(7/(2b)) 2

order TA I mode in a vacuum filled

= 1. Also shown is the dispersion curve

where F is the filling factor (typical value -0.9) and is determined by the geometry

of the metamnaterial unit cell and wo is the resonant frequency. Then the fields can

be solved in the same manner as before

Ty
E, = E0 Si1n7 -b Si'n( )

Ex = A~ E) Sin - CKOs -
ak 2CL b 0
-ikz -

Ey = E- i ,7
bk 2 Z

7SFif TXCos - \in -
b 0

Z , T)
b j) 

7a 1

b )
Cos 7)-

(a

63

2.

1 51

z 1.

0.
0 4 5

H, IF E Cos
bk E

LW2T(()

a 0 akc

(2.1.9)
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where the propagation constant k, and the cutoff wavenumber k, are defined by the

expressions

= a b (2.1.10)

kz = cL - LC

Eq. 2.1.10 defines the dispersion relation for the lowest order TM mode of this waveg-

uide. Interestingly, because of the addition of the Lorentz response in the dispersion

relation, the dispersion relation now depends on the values of a, b, wo, and F. Depend-

ing on the relative values of these parameters, the dispersion can either be positive

or negative. For purposes of illustration we now define the transition frequency wt by

W = c (1 -F) (EY+ G )(2.1.11)

The dispersion is sensitive to the relative value of wo and wt. When wo > wt, the

resonance is well above the cutoff of the equivalent vacuum filled waveguide and

modifies the dispersion curve defined by Eq. 2.1.6 as w - wo. The lowest order

TM mode is no longer a fast-wave, but intersects the light line with positive group

velocity. This type of dispersion curve is analogous to one used in a TWT amplifier

[26]. For wo < wt, the resonance of the dielectric is below the cutoff frequency of

the equivalent vacuum filled waveguide and allows for a new mode with negative

dispersion (negative group velocity). This type of dispersion curve is analogous to

one used in a BWO [26]. However, this mode may exist in a uniform waveguide that

can be well below-cutoff, or where the dimension of the waveguide is much smaller

than the wavelength. For wo ~ wt the dispersion curve is nearly flat due to the strong

resonance near the cutoff of the vacuum equivalent waveguide. The dispersion curve

for the lowest order TM mode with wo > wt, wo = wt, and wo < wt is shown in Fig.

2-3 along with the dispersion curve of free space w = kc.
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Figure 2-3: Dispersion curve for the lowest order TMI1 mode in a dielectric filled
rectangular waveguide where c, and (yy are defined by Eq. 2.1.8. For the red curve
(r/a) 2  (7/(2b)) 2  1, F = 0.9 and w = 2w,. Because the resonance is above w,
the dispersion is positive. For the orange curve (7/a)2 = ( r/(2b)) 2 = 1, F = 0.9 and
wo = wt. Because the resonance is equal to wt the dispersion is nearly flat. For the

(-r/(2b))2 1, F = 0.9 and wo = 0.5wt. Because the resonance

is below wL the dispersion is negative. Also shown is the dispersion curve w = kc in

])lack.

2.1.3 A Uniform Metamaterial Slab with an Electric and

Magnetic Response

The effect that the waveguide has on the dispersion of the lowest order TM mode

becomes more clear when we compare wave propagation in the waveguide in sub-

section 2.1.2 t o an even simpler case where a wave is incident on a slab of isotropic

material with both a magnetic and electric response defined by

2 _

2

1 - w2

(2.1.12)
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Where w, is the cutoff frequency of the material. Now the dispersion relation in the

slab is found by relating the index to the constitutive parameters as n = Vcj- in order

to obtain

k2 - (1 - F) 2 - 1 - (2.1.13)

For the appropriate choice of w, this is identical to the expression encountered earlier

in Eqn. 2.1.10. Therefore, the cutoff frequency of the rectangular waveguide (which

is indirectly proportional to its dimensions) influences the dispersion in an equivalent

way as to how the cutoff frequency influences the dispersion of the theoretical meta-

material slab. In the slab example, the resonant frequency of the permittivity must

fall below the cutoff frequency in order to have negative dispersion, which is analogous

to the waveguide example where the Lorentz resonance of the theoretical dielectric

had to occur below the cutoff of the waveguide in subsection 2.1.2. Therefore, the

size of the waveguide and the type of metamaterial that fills it affects the dispersion

of a metamaterial filled waveguide. By tuning the parameters of the metamaterial

and the waveguide we are able to tune the dispersion curve. The dispersion curve for

the lowest order TM mode of the slab model with wo = 0.33, w, = 0.67, and F = 0.9

is shown in Fig. 2-4 along with the dispersion curve of free space W = kc. The curve

is identical to the curve of Fig. 2-3 when wo = 0.5wt.

2.2 Electromagnetic Design

It is clear from the above discussion that a resonant metamaterial can significantly

affect the dispersion of a waveguide. Thoughtful engineering of the metamaterial

can result in a carefully controlled beam-wave interaction and mode dispersion. The

ability to have precise control over waveguide dispersion is an attractive potential

benefit of using metamaterials in vacuum electronics. With very precise manipulation

of the dispersive properties of microwave generators and amplifiers there may be ways

to demonstrate physical or practical advancements.

In a mode with negative dispersion, power flows anti-parallel to the electron

66

III! IjIl !I II!Pl' ~ IIII'Illg | lllll p p | ||l I ppI IIIIl; l ' lI ' ' i T '" I ' 1 1 1 1 1 1 l l l l l l ll " i l l l l l i l | l l l l '1 1 'l 1 ' 1 ' i' f11| 1111



Lowest Order TM Mode Dispersion
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Figure 2-4: Dispersion curve for the lowest order T111 mode in a dielectric sla) with
permittivity and permeability given by equations Eq. 2.1.12 with omcgao = 0.33 and
omega( = 0.67, and F = 0.9.

beam's motion. While the interaction is similar in nature to a traditional BWO,

it is unique in that a conventional BWO relies upon the interaction of an electron

beam with spatial harmonics of a slow wave structure. In a negative index guide,

a mode with negative group velocity is supported by the simultaneous negative per-

mittivity and permeability of the guide. A related approach in creating structures

that support modes with negative group velocity makes use of plasmuonic waveguides

[49, 50, 51, 52, 53, 54]. In contrast, the use of mnetamaterials in a, waveguide provides a

means to artificially duplicate the dispersive effect of the plasila without introducing

the tricky engineering problem of producing and sustaining a plasna in a microwave

tube while simultaneously sending a beam through it.

The above discussion of a wxaveguide filled with a theoretical negative permittivity

resonant dielectric is only illustrative in nature. However, we now wish to extend

the discussion to a waveguide filled with an act ual metamaterial and show that the

treatment of a muetamnaterial as a dielectric is accurate in sonc cases. Two different

imetamaterial based waveguides suitable for microwave gelneratioll will be introduced
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after a motivation for the choice of metamaterials used is given.

2.2.1 Metamaterial Element Choice

It has already been stated that arrays of split-ring resonators (SR1s) can be used

to produce an effective negative permeability in a bulk material [17]. When used in

conjunction with a carefully designed array of metallic posts or a below-cutoff waveg-

uide, SRRs can also be used to create a negative index medium with a simultaneous

negative permeability and permittivity [18]. Unfortunately, the structures investi-

gated in these early metamaterials are unsuitable for vacuum electronics for several

reasons. First, these structures make use of SRRs, which must be printed on a dielec-

tric. Even though there are vacuum-compatible dielectrics, they are not commonly

used in many vacuum electronics applications because they can create problems with

beam charging and decrease the breakdown threshold, which is of major concern for

a high-power device.

Second, similar to our analysis in the above section, we wish to construct a waveg-

uide that supports a negative group velocity TM mode in order to interact with a

rectilinear electron beam. This means, as in the theoretical example, we wish to use

a metamaterial that demonstrates a negative effective permittivity that may either

have a Drude or Lorentz like response. Unfortunately, SRRs have a magnetic response

and thus cannot be used.

Therefore, for our structure design we use the electric analog of the SRR, the

complementary-SRR (CSRR) [55]. The CSRR was first proposed as a result of the

theory of diffraction and the Babinet principle and was shown to possess a negative

effective permittivity over a small frequency band due to it's Lorentz-like electric

response. The CSRR is particularly attractive to vacuum electronics applications be-

cause it is all metallic, robust, and eliminates the need to use lossy dielectrics which

can limit microwave tube performance due to breakdown and charging. Moreover,

because CSRRs can be machined from thin metal plates and inserted into prefabri-

cated rectangular metallic waveguides they can allow for simple structure fabrication

that only relies on 2D machining methods using a CNC. As long as the CSRRs are
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designed to have a resonance below the cutoff of the waveguide for the TM mode,

the waveguide should in theory behave like the dielectric filled waveguide investigated

earlier.

In the following subsection, the particular design for the metamaterial plates

of three different metamaterial structures, named MTM1, MTM2 and MTM3, is

presented. The MTM1 and MTM2 metamaterial structures consist of an identical

rectangular waveguide with metamaterial plates that are loaded with CSRRs. The

metamaterial plates of MTM1 and MTM2 are slightly different, which affects their

dispersive qualities. In addition, MTM3 is nearly identical to MTM2 except that it

is scaled to operate at a higher frequency. In order to make the fields in the rectan-

gular waveguides symmetric (with respect to the beam) two metamaterial plates are

all the structure. Consequentially two different general types of modes exist in both

structures, which are called antisymmetric and symmetric modes and are discussed

in more detail in the subsection that follows (2.2.2). In the theoretical analysis of

metamaterial structures it was also found that the geometrical arrangement of the

metamaterial layers is shown to affect the types of modes they support [56].

2.2.2 MTM1 Design

The MTM1 structure is constructed by placing two periodic metamaterial plates into

a rectangular waveguide. A CAD rendering of the MTMl structure and metamaterial

plate that it utilizes is shown in Fig. 2-5. In this figure the structure dimensions are

labeled with corresponding variable names. Different values of the waveguide variables

in Fig. 2-5 were investigated in simulation and experiment, however the values used

for the high power microwave test are shown in Table 2.1. These particular dimensions

and also the machining tolerances that went into the structure fabrication were chosen

after numerous eigenmode simulations were performed to calculate the condition for

beam-wave synchronism at S-Band frequencies. Consideration was made to align

with other standard components purchased for the experiment, and after discussion

with the MIT central machine shop where all structures were fabricated. The device

can be easily scaled in order to be used at different frequencies.
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Figure 2-5: CAD rendering of the MTM1 structure on the right and one of the
two identical metamnaterial plates it uses on the left. Variable names for important
dimensions are given, and values llsed for microwave testing are given in Table 2.1.

This imetainaterial plate design makes use of dual CSRR.s which are oriented

parallel to each other. The resonant frequency of the CSRRs is designed to be below-

cutoff for TM\ ml odes in the waveguide. The intainaterial platcs are created by

machining CSR.Rs with period p = 8 nun and width = 37 nn along two metal plates

of thickness /I = 1 nun. The resonators have a slot width of g = 2.5 inin. These

plates are then placed with a separation of w = 36 nun in a rectangular waveguide

with inner dimensions wg = 63 nun by d = 43 num.

The eigenmode solver of the ANSYS High Frequency Structure Simulator (HFSS)

code and CST Microwave Studio (MWS) were used to simulate the eigenmodes of one

period of the total structure, and the codes were found to be in agreement [57, 58].

Both codes are 3-D finite element electromagnetic field solvers. The eigenmodes

are solved while enforcing a particular phase advance across the structure period

in the direction of wave propagation. These simulations were repeated at different

phase advances in order to find the dispersion of the waveguide modes (frecuency vs.

waveiniimber). The eigenmnode simulations also generate 3D E and II field vectors

in the structure. These fields are important to visualize, but also can le.) used to

estimate the beam-wave coupling and peak electric fields in the device.
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Table 2.1: Dimensions of the MTM1 structure shown in Fig. 2-5 that were used in
high power microwave testing.

Variable Dimension (mm)
w 36
wg 63
d 43
b 37

g 2.5
bw 1
th 1

p 8

In general two types of modes were found in this structure, antisymmetric modes

(Ez,axis=0) and symmetric modes (Ey,axi,=0). The names 'symmetric' and 'antisym-

metric' are used because they describe the symmetry of the electric field components

across the imaginary plane lying in the center of the waveguide and parallel to both

metamaterial plates. Antisymmetric modes can be found by enforcing an 'E-wall'

boundary along the y axis symmetry plane between the two metamaterial plates, and

the symmetric modes could be found by enforcing an 'H-wall' boundary condition

along the same plane. The 'E wall' boundary represents a perfect electrical conduc-

tor and restricts the simulation to find modes where the electric field is perpendicular

to the boundary, and the 'H-wall' boundary represents a perfect magnetic conductor

and forces the tangential component of the H-field to be the same on both sides of

the boundary.

The dispersion curves of the six lowest order modes calculated by the eigenmode

solver are shown in Fig. 2-6. Also shown is the beam line 2 rf = kvo for a 500

keV electron beam, where 27rf is the angular frequency, c is the speed of light, k, is

the wavenumber, and vo = 0.86 c. The mode structure of the waveguide is clearly

more complex than the waveguide investigated in the analysis of Section 2.1. The

eigenmode solver calculates negative group velocity modes (vg, I < 0) below the

cutoff frequency of the TM11 mode in the empty rectangular waveguide (fc 4.2

GHz) as well as positive group velocity (vgr - 2 > 0) modes. In total there are
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Figure 2-6: Dispersion relation for the six lowest order modes solved with the eigen-
mode solver of HFSS for one period of the MT1\ described by Fig. 2-5 and Table
2.1. The antisymmetric modes are in blue and the symmetric modes in red. There
are four negative group velocity modes and two positive group velocity modes shown.
Also shown is the beam line for a 500 kcV electron beam (black) and the beam hi1e
corresponding to the anomoulous Doppler shift in a magnetic field of 400 G (purple).

four negative group velocity mnodes in this waveguide that result from the insertiomi

of the metamaterial plates. These four modes are analogous to the negative group

velocity mode that was discovered in the waveguide filled with a dielectric possessing a

Lorentz-like electric response, however due to both the symnmetry in the metarmaterial

and the symmetry of the waveguide the singular negative group velocity mode has

become four distinct modes.

To understand the differences between these modes it is instructive to look at

the field profiles generated by the eigenmuode solver. In Fig. 2-7 and Fig. 2-8 the

field profiles of the three symmetric and three antisymmetric modes are shown, re-

spectively. The fields are plotted for a phase advance of 24 (lower negative group

velocity modes), 32 (upper negative group velocity modes), and 54 degrees (positive

group velocity modes), which is the approximate phase advance of each of the modes

corresponding to synchronism with a 500 keV beam. For each mode the vector field

72



MTM1 Field Patterns - Symmetric Modes (Eaxis~Ez)
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Figure 2-7: Field profiles of the three synnetric modes (red curves of Fig. 2-6) of
MTM1. Shown are the vector field distribtions within the CSRRs on the far left.,
the |Ej and JEzj fields on the symmetry plane that, intersects the CISRRs along the
center of the waveguide, and JEJ plotted on the plane that is normal to the electron
beam direction. Note the difference between the vector fields of the two negative
group velocity modes, and the difference between the |Eyj and JEz| fields of these
symnmetric modes and antisyinnietric modes of Fig. 2-8.
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MTM1 Field Patterns - Antisymmetric Modes (Eaxis~Ey)

0
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Figure 2-8: Field profiles of the three antisyininetric modes (blue curves of Fig. 2-6)
of MTM1. Shown are the vector field distributions within the CSRRs on the far left,
the 1Eyj and JEz| fields on the symmetry plane that intersects the CSRRs along the
center of the waveguide, and JE plotted on the plane that is normial to the electron
beam direction. Note the difference between the vector fields of the two negative
groupl velocity modes, and the difference between the |L1, and JEz fields of these
antisynunetric modes and symnmetric modes of Fig. 2-7.
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distribution within the CSRRs is shown on the far left. In the center the IEI and

|E fields are shown in the full structure on the plane of symmetry that intersects

the CSRRs along the center of the waveguide (the x plane). On the far right JEl

is plotted on the plane normal to the beam to show the distribution of fields in the

waveguide.

The qualitative differences between the symmetric and antisymmetric modes are

best understood when each is considered as the superposition of two surface modes

of each metamaterial plate. Because there are two plates there is the possibility for a

phase difference between the two metamaterial plate surface waves. The symmetric

mode occurs when two surface waves are in phase, and the antisymmetric occurs

when they are 180 degrees out of phase. Looking at the IE.1 and lE2I components

of the electric field in Fig. 2-8 and Fig. 2-7, it is evident that the electric field that

the electron beam sees (which is generally 6-15 mm in diameter in size depending

on the applied magnetic field, and is located on the axis of the device) is essentially

perpendicular or TE-like in the case of the antisymmetric mode and longitudinal or

TM-like mode in the case of the symmetric. For the upper negative group velocity

modes, the frequency of the antisymmetric mode is slightly higher than the frequency

of the symmetric mode.

In addition to splitting into antisymmetric and symmetric modes due to the use of

two metamaterial plates, there are also two different types of negative group velocity

modes (lower and upper) due to the fact that dual CSRRs are used. The lower

frequency modes (cutoff just ab'ove 2 GHz) have essentially a flat dispersion and have

a very small field on axis. The higher frequency upper negative group velocity modes

(cutoff above 3 GHz) have much greater dispersion and have a stronger electric field

on axis. When the vector fields of the lower and upper negative group velocity modes

are compared in Fig. 2-8 the difference between the two modes becomes quite obvious

in that the fields of one CSRR relative to the other CSR.R are in phase in the lower

negative group velocity mode, whereas in the upper modes the fields are 180 degrees

out of phase. This causes two different unique resonances for the metamaterial (the

dual CSRR) as a whole unit. Intuitively speaking, since the CSRRs are oriented
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in opposing directions, wheni the fields in the individual CSRRs are iII phase they

actually tend to cancel out. That is why the fields of the lower modes are iiuch

weaker on axis than the upper modes. Also, changing the phase advance of the

structure has much less of a change on the eigenfrequencies of the lower modes and

these modes have a much flatter dispersion curve.

2.2.3 MTM2 Design

The MTM2 structure is constructed by placing two periodic metamaterial plates into

a rectangular waveguide. A CAD rendering of the MTM2 structure and netaiaterial

plate it utilizes is shown in Fig. 2-9. In this figure the structure dimensions are labeled

with corresponding variable names. Different values of the variables that describe the

b

p .

bw

th

g
d

Figure 2-9: CAD rendering of the MTM2 structure on the right and one of the
two identical imetainaterial plates it uses on the left. Variable names for important
dimensions are given, and values used for microwave testing are given in Table 2.2.

waveguide in Fig. 2-9 were investigated in simulation and experiment, however the

values used for the high power microwave test are shown iii Table. 2.2. These l)artic-

ular dimensions and also the mnachining tolerances that went into the structure design

were chosen after numerous eigenimode simulations were performed to calculate the

condition for beam-wave synchronism at S-Band frequencies, consideration was made
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to align with other standard components purchased for the experiment, and after

discussion with the MIT central machine shop where all structures were fabricated.

The device can be easily scaled in order to be used at different frequencies.

Table 2.2: Dimensions of the MTM2 structure shown in Fig. 2-9 that were used in
high power microwave testing.

Variable Dimension (mm)
w 29
wg 63
d 43
b 37

g 4.45
bw 2.5
th 3.125

p 10

This metamaterial plate design makes use of single CSRRs. The resonant fre-

quency of the CSRRs is designed to be below cutoff for TM modes in the empty

waveguide (fc ~ 4.2 GHz for 43 mm by 63 mm waveguide). The metamaterial plates

are created by machining CSRRs with period p = 10 mm and width b = 37 mm along

two metal plates of thickness th = 3.125 mm. The resonators have a slot width of

g = 4.45 mm. These plates are then placed with a separation of w = 29 mm in a

rectangular waveguide with inner dimensions wg = 63 mm by d = 43 mm.

The eigenmode solver of the High Frequency Structure Simulator (HFSS) code and

CST Microwave Studio (MWS) were used to simulate the eigenmodes of one period

of the total structure. There are again two general types of modes, antisymmetric

(Ez,axis=O) and symmetric (Ey,axis=0). The dispersion curves of the four lowest order

modes calculated by the eigenmode solver are shown in Fig. 2-10. Also shown is the

beam line 27rf = k~vo for a 500 keV electron beam. It's immediately obvious that the

two lower negative group velocity modes of the structure have disappeared. However,

the positive group velocity mode and the upper negative group velocity modes still

exist. The two negative group velocity modes are analogous to the negative group

velocity mode that was discovered in the waveguide filled with a dielectric with a
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Figure 2-10: Dispersion relation for the four lowest order modes solved with the
eigenmode solver of HFSS for one period of the MTM2 design described by Fig. 2-9
and Table 2.2. The antisymnnetric modes are in blue and the synnetric modes in
red. There are two negative group velocity modes and two positive group velocity
modes shown. Also shown is the beam line for a 500 keV electron beam (black) and

the leam line corresponding to the anornoulous Doppler shift in a magnetic field of
400 G (purple).

Lorentzian response. Nevertheless, due to the symmetry of the waveguide which arises

from the use of the two metamnaterial plates the singular negative group velocity mode

has become two different modes.

To understand the differences between these modes it is again instructive to look

at the field profiles generated by the eigenmode solver. In Fig. 2-11 and Fig. 2-

12 the field profiles of the two symnnetric and two antisymmnetric modes are shown,

respectively. The fields are plotted for a phase advance of 34 (negative group velocity

modes) and 82 (positive group velocity modes) degrees, which is the approximate

phase advance of the modes corresponding to synchronism with a 500 keV beam. For

each mode the vector field distribution within the CSRRs is shown on the far left.

In the center the Iv and Ez fields are shown in the full structure on the plane of

symmetry that intersects the C'SRRs along the center of the waveguide (the x plane).
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MTM2 Field Patterns - Symmetric Modes (Eaxis~Ey)
E (V/m)

0

IEy IEzI IEL
a)

Negative Group Velocity Mode

(fcutof~ 2.65 GHz)

g~iii- ------h-1- --

b)
Positive Group Velocity Mode

(futoff 3.56 GHz)

t'~itt~tXL~ttIA.L~kII iitt~L t.

Figure 2-11: Field profiles of the three symmetric modes (red curves of Fig. 2-10) of
MTM2. Shown are the vector field distributions within the CSRRs on the far left.,
the |Fyj and |Ez| fields on the symnmetry plane that intersects the CSRRs along the
center of the waveguide, and JEJ plotted on the plane that is normal to the electron
beam direction. Note the difference between the difference between the JEyj and E,|
fields of these symmetric modes and antisymnetric modes of Fig. 2-12.
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MTM2 Field Patterns - Antisyrmetric Modes (Eaxis~Ey)
E (V/m)
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a)
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(fCtoff~- 2.70 GHz)

t f t4t I t4 . 4
4 ~ ~ I4~ f44444

b)
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Figure 2-12: Field profiles of the three antisymnmetric modes (blue curves of Fig. 2-10)
of M\TM2. Shown are the vector field distributions within the CSRRs on the far left,
the II1j and I|zI fields on the syniietry plane that, intersects the CSRRs along the
center of the waveguide, and I EJ plotted on the plane that is normal to the electron
beam direction. Note the difference between the difference between the IE, and I E,
fields of these antisymmetric modes and symmetric modes of Fig. 2-11.
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The qualitative differences between the symmetric and antisymmetric modes is

the same as what was discovered in the MTM1 structure. Looking at the IE.I and

IEI components for the electric field in Fig. 2-12 and Fig. 2-11, it's clear the fields

that the electron beam sees are essentially that of a TE-like mode in the case of the

antisymmetric mode and a TM-like mode in the case of the symmetric mode on the

axis of the metamaterial device. The frequency of the negative group velocity anti-

symmetric mode is slightly higher than the frequency of the negative group velocity

symmetric mode.

The main difference between this structure and the last is that it no longer has

a lower negative group velocity mode due to the fact that the CSRR is singular and

does not have two different resonances, which in the MTM1 structure depended on

the phase difference of the fields in each of the individual CSRRs that comprise the

dual CSRR unit cell.

2.2.4 MTM3 Design

The MTM3 structure is constructed by placing two periodic metamaterial plates into

a rectangular waveguide. The MTM3 design is essentially identical to the MTM2

design, but is scaled to a higher frequency. A CAD rendering of the MTM3 structure

and metamaterial plate it utilizes is shown in Fig. 2-13. In this figure the struc-

ture dimensions are labeled with corresponding variable names. Different values of

the variables that describe the waveguide in Fig. 2-13 were investigated in simulation

and experiment, however the values used for the high power microwave test are shown

in Table. 2.3. These particular dimensions and also the machining tolerances that

went into the structure design were chosen after numerous eigenmode simulations

were performed to calculate the condition for beam-wave synchronism at S-Band fre-

quencies, consideration was made to align with other standard components purchased

for the experiment, and after discussion with the MIT central machine shop where

all structures were fabricated.

This metamaterial plate design makes use of single CSRRs. The resonant fre-

quency of the CSRRs is designed to be below cutoff for TM modes in the waveguide.
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Figure 2-13: CAD rendering of the MTM3 structure on the right and one of the
two identical ietamaterial plates it uses oin the left. Variable names for important
dimensions are given, and values used for microwave testing are given in Table 2.3.

The metamnaterial plates are created by machining CSR.Rs with period p = 5 nun and

width b = 24 inin along two mietal plates of thickness th = 3.125 mm11. The resonators

have a slot width of g = 3.5 nun. These plates are then placed with a separation of

w = 25 1n1n in a rectangular waveguide with inner dimensionls Wg = 60 mill by d

29.6 inun.

The eigenmnode solver of the High Frequency Structure Simulator (HFSS) code and

CST Microwave Studio (MWS) were used to simulate the eigenmuodes of one period

of the total structure. There are again two general types of modes, amtisyminetric

(E,,a;0x=O) aid symmnetric (Eya=iqO). The dispersion curves of the four lowest order

modes calculated by the eigeimnode solver are shown in Fig. 2-14. Also showl is the

beam line 27f = kvo for a 500 keV electron beam. The two negative group velocity

modes are analogous to the negative group velocity mode that was discovered in the

waveguide filled with a dielectric with a Lorentzian response. Like the ITM2 struc-

ture, however, the singular negative group velocity mode has becomie two different

modes.

The difference between these two modes was described for the MTM2 structure.

and the explanation for the difference between these two types of modes iii the MTM3
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Table 2.3: Dimensions of the MTM3 structure shown in Fig. 2-9 that were used in
high power microwave testing.

Variable Dimension (mm)
w 25

wg 60
d 29.6
b 24

g 3.5
bw 1
th 3.125

p 5

structure is identical. In Fig. 2-15 and Fig. 2-16 the field profiles of the two symmetric

and two antisymmetric modes are shown, respectively. The fields are plotted for a

phase advance of 26 (negative group velocity modes) and 63 (positive group velocity

modes) degrees, which is the approximate phase advance of the modes corresponding

to synchronism with a 500 keV beam. For each mode the vector field distribution

within the CSRRs is shown on the far left. In the center the IEyI and IE I fields are

shown in the full structure on the plane of symmetry that intersects the CSRRs along

the center of the waveguide (the x plane).

Looking at the IEyj and IEI components for the electric field in Fig. 2-16 and Fig.

2-15, it's clear the fields that the electron beam sees is essentially a TE-like mode in

the case of the antisymmetric mode and a TM-like mode in the case of the symmetric.

The frequency of the negative group velocity antisymmetric mode is slightly higher

than the frequency of the negative group velocity symmetric mode.

2.3 Theory of an Electron Beam Interacting with

a Metamaterial Waveguide

Of particular interest is the performance of the metamaterial devices when compared

against more conventional BWOs such as rippled wall devices. In order to make

a comparison we investigate some of the standard parameters used to describe com-
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Figure 2-14: Dispersion relation for the four lowest order nodes solved with the
eigennmode solver of HFSS for one period of the MTM3 design described by Fig. 2-13
and Table 2.3. The antisymnietric modes are in blue and the symmetric modes in
red. There are two negative group velocity modes and two positive group velocity
modes shown. Also shown is the beam line for a 500 keV electron beamn (black) and

the beamn line corresponding to the anomnoulous Doppler shift in a magnetic field of
400 G (purple).

monly used BWO tubes. The coupling impedance is a useful parameter that measures

the beam-wave coupling of an electron beam and an electromagnetic wave. We define

the coupling impedance for the syimnetric modes by

22

2k2P
(2.3.1)

and the coupling impedance for the antisymnnetric modes by

2
K = 1""

Y 2k2P
(2.3.2)

where JEw| and JEY.| are the components of the electric field parallel and perpen-

dicular to the direction of and in phase with the electron beam, P is the power flux.

and k, is the wavenumber. JEn.z and JEzj are calculated from the fields solved in
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MTM3 Field Patterns - Symmetric Modes (Eaxis~Ey)
I (V/m1)

i i 0

IEy I Ezl |El
a)

Negative Group Velocity Mode
(fcutoff ~ 3.94 GHz)

4 4- - - - - - - - - - -

b)
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Figure 2-15: Field profiles of the three symmetric modes (red curves of Fig. 2-14) of
MTM3. Shown are the vector field distributions within the CSRRs on the far left.
the [ and 1E2, fields on the synunetry plane that intersects the CSRRs along the
center of the waveguide, aid JEl plotted on the plaiie that is normal to the electron
beam direction. Note the difference between the difference between the JEj anld lEz

fields of these symmetric modes and antisymmetric mT-odes of Fig. 2-16.
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MTM3 Field Patterns - Antisymmetric Modes (Eaxis~Ey) F (V/nI)
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(fcutoIi~ 4.10 GHz)
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Figure 2-16: Field profiles of the three antisymnnetric modes (blue curves of Fig. 2-14)
of MTM3. Shown are the vector field distributions within the CSRRs on the far left,
the IE7| and IEI fields on the synmmetry plane that intersects the CSRRs along the
center of the waveguide, and JEJ plotted on the )lane that is normal to the electron
beam direction. Note the difference between the difference between the |Eyj and JEJ
fields of these antisymmetric mohdes and symmetric modes of Fig. 2-15.



the eigenmode simulations and are given by the following expressions

1
Ez=- Ez( z)eikz

p 1 (2.3.3)
E = - Ey(z)e ikrz

P f

P may be calculated from the fields from the following expression

P = jE x H* (2.3.4)

where A is the area of a plane of the unit cell perpendicular to the beam direction. P

can also be estimated from the dispersion relation and eigenmode simulations from

the following equation

P = Uv1r (2.3.5)
p

where U is the stored energy in one period of an eigenmode simulation (1 J in the CST

Microwave Studio eigenmode solver), v, is the group velocity, and p is the structure

period. The power flux near the point of synchronism can then be calculated from

the dispersion curve via the relation

_gr = (2.3.6)

The coupling impedances for the six modes of MTM1 that were solved with the

eigenmode solver were calculated and are shown in Table 2.4.

The fields used to calculate the coupling impedances for each particular mode

were taken from the eigenmode simulation corresponding to beam-wave synchronism

(i.e. taken from the simulation corresponding to the phase advance where the beam

line intersects the particular dispersion curve of each mode). In addition, the cou-

pling impedances for the four modes of the MTM2 device that were solved with the

eigenmode solver were calculated and are shown in Table 2.5 Finally, the coupling

impedances for the four modes of the MTM3 device that were solved with the eigen-

mode solver were calculated and are shown in Table 2.6
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Table 2.4: Coupling impedances and group velocities of the six lowest order modes
of the MTM1 device. The coupling impedances and group velocities were calculated
at the point of synchronism with a 500 keV beam.

MTM1 Structure and Mode K (Ohms) vgr/c
Negative Group Velocity Antisymmetric-Lower 151 0.0073
Negative Group Velocity Antisymmetric-Upper 34 0.13
Positive Group Velocity Antisymmetric 25 0.18
Negative Group Velocity Symmetric-Lower 114 0.0053
Negative Group Velocity Symmetric-Upper 65 0.096
Positive Group Velocity Symmetric 11 0.20

Table 2.5: Coupling impedances and group velocities of the four lowest order modes
of the MTM2 device. The coupling impedances and group velocities were calculated
at the point of synchronism with a 500 keV beam.

MTM2 Structure and Mode K (Ohms) vr/c

Negative Group Velocity Antisymmetric 160 0.086
Positive Group Velocity Antisymmetric 9 0.11
Negative Group Velocity Symmetric 131 0.075
Positive Group Velocity Symmetric 6 0.10

Table 2.6: Coupling impedances and group velocities of the four lowest order modes
of the MTM3 device. The coupling impedances and group velocities were calculated
at the point of synchronism with a 500 keV beam.

MTM3 Structure and Mode K (Ohms) vg,/c
Negative Group Velocity Antisymmetric 59 0.073
Positive Group Velocity Antisymmetric 4 0.16
Negative Group Velocity Symmetric 78 0.058
Positive Group Velocity Symmetric 3 0.15

The linear theory outlined in Ref. [59] calculates the start current for oscillation,

It, of a traveling TM electromagnetic wave with a rectilinear electron beam and is an

extension of the linear theory pioneered by John Pierce. When the beam current is

above Ist the device will oscillate with zero input signal. The start current depends on

the coupling impedance, device geometry, mode of interaction, and beam parameters.

The theory developed by Pierce is only applicable to interaction with traveling TM
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modes and so is unsuitable to calculate the start current for interaction with the

antisymmetric modes. However, when the axial magnetic field is very strong, the

beam is confined to the axis and one can expect an interaction only with the symmetric

modes since the antisymmetric modes have no longitudinal electric field and the

electrons are prevented from transverse deflections. In addition, Pierce's theory is

not applicable to modes where the group velocity is very low, as is the case for the

lower negative group velocity modes of the MTM1 design, so we only use it to estimate

the start current of the upper negative group velocity symmetric mode of MTM1, the

negative group velocity mode of MTM2, and the negative group velocity mode of

MTM3. For the symmetric negative group velocity modes the start current is given

by the formula
(CN) A 3

Ist =4UO St (2.3.7)
KL

3

where UO is the beam energy, A, = is the longitudinal wavelength, L is the total

length of the structure, N = L/Az is the number of longitudinal wavelengths, and C

is the Pierce parameter. The Pierce parameter is defined as

I0KC3 = (2.3.8)
4UO

Here Io is the beam current. From Table 8.1 in Ref. [26] the start condition (CN),t

is calculated to be 0.314 for zeroth order axial harmonic operation. From Eq. 2.3.7

the start current is plotted in Fig. 2-17 as a function of structure length for both the

MTM1, MTM2, and MTM3 negative group velocity symmetric modes. Traditionally

one operates a BWO at - 3x the start current. Increasing the current well beyond

the start current (> 7x) can result in auto-modulation of the output power as the

device enters a stochastic regime. This type of behavior has been observed in both

theory and experiment as shown, for example, in Ref. [27].
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Figure 2-17: The start current as a function of length plotted for the synnetric tipper
negative group velocity mode of 'TM1 (blue), the symmetric negative group velocity
mode of MTM2 (red), and the symmetric negative group velocity mode of MTM3
(black) which is obtained from the linear theory of Pierce extended by Ref. [59].

2.4 PIC Simulations

We use the Particle in Cell (PIC) solver of CST Particle Studio to investigate the

perforniance of the various metamaterial structures utilizing a relativistic electron

bean L60]. Using a PIC code, we are able to calculate the self consistent solution

for the mutual coupling between relativistic particles and electromagnetic fields. The

code is able to simulate the qualitative behavior of a DC electron beam in the different

metamaterial structures and take into account ohmic losses and reflections from the

output coupler and the end of the waveguide. In addition, the PIC solver is also able to

capture nonlinear effects that would be missed in a more basic (i.e. Pierce) treatment

of the beam-wave interaction. We use the code to simulate the performance of the

MTM1I, MTM2, and MTM3 structures as well as an effective dielectric with a Lorentz

response. The particular model of each of the structures simulated with the PIC solver
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is shown in Fig. 2-18. Each structure has an identical outer waveguide and output

a) c)

b) 17_ d)

Emiter

Figure 2-18: a) Perspective view of the 352 nn long MTM1 structure simulated in
CST. b) Cross section views of the saime MTM1 structure. c) Perspective view of the
370 1111 long MTM2 structure simulated in CST d) Perspective view of the 352 mm
long waveguide filled with a Lorentzian dielectric simulated in CST

coupler. All simulations assume a lossy steel outer waveguide with conductivity 6 *

106 S/in and in the case of the MTM1, MTM2 and MTM3 designs, lossy copper

metainaterial plates with conductivity 5 * 107 S/in. For all of the PIC simulations

performed, the beam size was determined (by changing the emitter radius) so that

or a given magnetic field, the radius of the electron beam was picked to match that

required for Brillouin flow to avoid scalloping of the beam. For a given axial magnetic

field B, the radius of the beam used in the simulations is given by the formula [61]

-b = 0.83 (2.4.1)
U2. .B

where rb is the beam radius in mum, UO is the beam energy in eV, lb is the beam

current in A, and B is in Teslas. In Fig. 2-19 a plot of the beam radius used in the

simulations performed for a 500 keV, 80 A electron beam for a magnetic field from

400 to 1800 G is shown. For more infornmation on the details of the code setup, see

Appendix A.
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Figure 2-19: Beam radius used in each of the PIC simulations for different magnetic

field values for a 500 keV., 80 A electron beam that avoided scalloping of the electron

beaiii.

2.4.1 MTM1 PIC Simulations

A perspective view of the MTM1 inetamaterial structure simulated with the PIC

solver is shown in Fig. 2-18a, and two cross section views are shown in Fig. 2-18b.

In Fig. 2-18b, the electron beam comies from the left. Output ports are shown in Fig.

2-18a and were used to record the power generated and coupled out of the structure.

An 80 A, 500 keV (o =- 0.86 c) beamin is used for the simulations. The electron beam

simulated was a DC beam with a 10 ns rise time to reach full current from zero initial

starting current. A variable, but uniform axial magnetic field was used to confine the

beam. In Fig. 2-20 the output power aid frequency is shown for a simulation with

an axial magnetic field of 1.5 kG. See Table A.1 for a more detailed description of

the inputs to the simulation. In the simulation, the device saturates at an output

power of 5.75 MW after 280 ns. The output frequency is peaked at 2.82 GHz. The

simulation used approximately 5 millioni mesh points and took approximately 5 days
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Figure 2-20: Output power of a 352 mm long metamaterial waveguide with the design
of MTM1 calculated by the PIC simulation along with the Fourier Transform of the
output signal. The simulation uses a 500 keV, 80 A electron beam with a 10 ns rise
time and a longitudinal field of 1.5 kG. The output power saturates at about 5.5 MW
and the radiation is peaked at 2.82 GHz.

to complete on a desktop with 128 GB of RAM and 64 processors. A simulation

perforned with 2 million mesh points predicted a nearly identical output power and

saturation time (6 MW and 280 ns). See Table A.2 for a more detailed description of

the inputs to the simulation.

For different values of B, the qualitative behavior of the electron beam is very

different. In Fig. 2-21 the electric field profile and particle trajectories are shown

for the case where B = 1.5 kG. See Table A.1 for a more detailed description of

the inputs to the simulation. It is clear from the electric field plots that the beam

excites the symmetric mode, and the particle orbits are roughly constrained to the

axis. In addition to the qualitative snapshots of particle trajectories that CST is able

to produce, it, also is able to export the phase space of the particles at any particular

time during the simulations. In Fig. 2-22 a snapshot of the electron energies is

plotted along the full length of the simulation for an axial magnetic field of 1.5 kG. In

addition, a histogram plot below the electron energy plot shows the electron density
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Figure 2-21: For the PIC simulation of the 352 mm long MTM1 structure, a) E,
component of the electric field b) EY component of the electric field c) Electron

trajectories. The electron beam is incident from the left and the color of each particle

indicates it's energy. The arrow indicates the direction of the magnetic field which

has a magnitude of 1.5 kG. The field distributions and particle trajectory plots were

generated 300 us after the injection of the electron beam.

(which is proportional to the current) along the axis of the device. Bunches are clearly

evident and are spaced at approximately one wavelength apart.

In Fig. 2-23 the electric field profile and particle trajectories are shown for the

case where B = 700 G. See Table A.3 for a more detailed description of the inputs

to the simulation. It is clear from the electric field plots that the beam excites the

antisyurinetric mode, and the electron beam spirals around its initial center with

an angular frequency nearly equal to that of the output microwave frequency (2r*

2.813 GHz) which was calculated in the CST PIC code by using a particle monitor to

measure the position of the beam centroid at the end of the waveguide. This spiral

frequency was also determined to be approximately the same for different of magnetic
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Figure 2-22: Snapshot of the electron energies at t=200 ns after injection of the 500
keV electron beam in the 352 mm MTM1 device when the magnetic field is 1.5 kG.
The beam is incident from the left and bunches form at approximately the longitudinal
wavelength corresponding to the condition for synchronism.

fields (1 0.05 GHz). In Fig. 2-24 a snapshot of the electron energies is plotted along

the full length of the simulation. There is a major qualitative difference between

the way electrons lose energy between the high B field (axial bunching) and low B

field (spiral bunching) cases. The velocity modulation of the antisymmetric mode

(700 G) is much less than that produced by the symmetric mode (1.5 kG). For the

excitation of the antisymmetric waveguide mode, the energy loss rate by the electron

beam is essentially constant along the length of the waveguide. Practically speaking,

this could have significant benefits if operation in the antisymmetric mode were to be

used in conjunction with a depressed collector in order to achieve high efficiency.

Besides the qualitative behavior of the beam, the magnetic field was also observed
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Figure 2-23: For the PIC simulation of the 352 mmi long MTM1 structure, a) E,
component of the electric field b) EY component of the electric field c) Electron tra-

jectories. The electron beam is incident from the left and the particle color indicates

it's energy. The beam is observed to spiral. The arrow indicates the direction of the

magnetic field which has a magnitude of 700 G. The field distributions and particle
trajectory plots were generated 300 us after the injection of the electron bearm.

to slightly tune the frequency and significantly affect the output power of the device.

In Fig. 2-25 the output power, saturation time, output frequency and calculated

bcamn interception are shown for diffCrent simulations plcrformmed at eight diffkrent B

fields. The magnetic field is the only parameter varied in each of the simulations

as well as the beam radius which is minade to match the curve shown in Fig. 2-19 to

avoid scalloping of the electron beam. See Table A.4 for a imore detailed description

of the inputs to the simulation. The beam interception is calculated by measuring

the average current getting through the structure without being intercepted on any

component (i.e. making it to the collector in the experiment). Particles that are

intercepted are lost to the simulation; no secondary electron emission is included in
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Figure 2-24: Snapshot of the electron energies at t=200 ns after injection of the

500 keV electron beam in the 352 mm MTM1 device when the magnetic field is 700
G. The beam is incident from the left and bunches form at approximately half the
longitudinal wavelength.

the simulations. The highest output power occurs near the transition magnetic field

between 700 and 900 G, which is the magnetic field in which the beam transitions from

a spiraling trajectory to a linear one. Near this magnetic field value the saturation

time is also very long. The red line in the plots indicates the magnetic field where the

device transitions from excitation of the antisymmetric mode at low magnetic field

to excitation of the symmetric mode at high magnetic field.

2.4.2 MTM2 PIC Simulations

A perspective view of the MTM2 metamaterial structure simulated with the PIC

solver is shown in Fig. 2-18c. The structure is 37 periods and 370 mm long and the
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Figure 2-25: Output power, saturation time, output frequency, and beam interception
calculated for the 352 nun MTM11 device for eight different simulations performed at
different magnetic field values. The red line in each plot is drawn between the two
simulations where the beam is observed to transition from purely axial bunching to
bunching while spiraling between 800 and 900 G to indicate the transition between
modes.
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same type of electron beam is used in the simulations of this structure as was used in

the simulations of the MTM1 structure. In Fig. 2-26 the output power and frequency

are shown for a simulation with an axial magnetic field of 1.5 kG. See Table A.5 for

a more detailed description of the inputs to the simulation. In the simulation, the

370 mm MTM2, Bz=1.5 kG
10 . . . . .

8 Fourier Transform
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0 i0 4244
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01 I . . . .
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Figure 2-26: Output power of a 370 mm long metamaterial waveguide with the design
of MTM2 calculated by the CST PIC simulation along with the Fourier Transform
of the output signal. The simulation uses a 500 keV, 80 A electron beam with a 10
ns rise time and a longitudinal field of 1.5 kG. The output power saturates at about
6.2 MW and the radiation is peaked at 2.40 GHz.

device saturates at an output power of 6.2 MW after 175 ns. The output frequency is

peaked at 2.40 GHz. Because of the simpler geometry in the metamaterial unit cell,

the simulation used approximately 2 million mesh points and took approximately 1

day to complete on a desktop with 128 GB of RAM and 64 processors. A simulation

performed with 0.8 million mesh cells showed a nearly identical saturation time and

output power (170 ns and 6 MW) . See Table A.6 for a more detailed description of

the inputs to the simulation.

For different values of B, the qualitative behavior of the electron beam again

mimics the behavior observed in the MTM1 design. In Fig. 2-27 the electric field

profile and particle trajectories are shown for the case where B = 1.5 kG. It is clear
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Figure 2-27: For the PIC simulation of the 370 inm long MTM2 structure, a) E,
component of the electric field b) Ey component of the electric field c) Electron

trajectories. The electron beam is incident from the left and the color of each particle

indicates it's energy. The arrow indicates the direction of the magnetic field which

has a magnitude of 1500 G.

from the electric field plots that the beam excites the symmetric mode, and the

particle orbits are roughly constrained to the axis.

In Fig. 2-28 the electric field profile and particle trajectories are shown for the

case where B = 700 G. See Table A.7 for a more detailed description of the inputs

to the simulation. It is evident from the electric field plots that the beam excites the

antisyninietric mode, and the electron beam spirals around its initial center with an

angular frequency nearly equal to that of the output imicrowave frequency (27* 2.357

GHz) which was again calculated in CST by using a particle monitor to measure

position of the beam centroid at the exit of the device.

Besides affecting the qualitative behavior of the beam, the magnetic field was also

observed to slightly tune the frequency and significantly affect the output power of
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Figure 2-28: For the PIC simulation of the 370 imim long MTM2 structure, a) E2
component of the electric field b) E component of the electric field c) Electron tra-
jectories. The electron beam is incident from the left and the particle color indicates
it's energy. The beam is observed to spiral. The arrow indicates the direction of the
magnetic field which has a magnitude of 700 G.

the device. In Fig. 2-29 the output power, saturation time, output frequency and

calculated beam interception are shown for several different simulations with different

B fields. The magnetic field is the only parameter varied in each of the simulations

as well as the beam radius which is nade to match the curve shown in Fig. 2-19 to

avoid scalloping of the electron beam. See Table A.8 for a more detailed description

of the inputs to the simulation. The highest output power occurs near the transition

magnetic field at 800 G, which is near the magnetic field in which the beam transitions

from a spiraling trajectory to a linear one. However, significant beam interception

is observed when the antisynnetric mode is excited so that nearly all the electron

beam is intercepted on the metanmaterial structure.
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Figure 2-29: Output power, saturation time. output frequency, and beam interception

calculated for the 370 mm MTM2 device for simulations performed at seven different
magnetic field values. The red line in each plot is drawn between the two simulations
where the beam is observed to transition from purely axial bunching to bunching

while spiraling between 700 and 800 G.
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2.4.3 MTM3 PIC Simulations

The MTM3 metanaterial structure simulated with the PIC solver structure was 84

periods and 420 mn long. The structure that was simulated looked similar to the

M1\TM2 structure which is shown in Fig. 2-18c since it was a scaled version of the

MTM2 design. The same type of electron beam was used in the simulations of this

structure as were used in the simulations of the MTM1 and MTM2 structure. In

Fig. 2-30 the output power and frequency is shown for a simulation with an axial

magnetic field of 1.5 kG. See Table A.9 for a more detailed description of the inputs

to the simulation. In the simulation, the device saturates at an output power of 1

370 mm MTM2, Bz=1.5 kG
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Figure 2-30: Output power of a 420 mm long metamaterial waveguide with the design

of MTM3 calculated by the PIC simulation along with the Fourier Transform of the

output signal. The simulation uses a 500 keV, 80 A electron beam with a 10 ns rise

time and a longitudinal field of 1.5 kG. The output power saturates at about 1 MW

and the radiation is peaked at 3.71 GHz.

MW after 120 ns. The output frequency is peaked at 3.71 GHz. The simulation used

approximately 5 million mesh points and took approximately 2.5 days to complete

on a desktop with 128 GB of RAM and 64 processors.

The qualitative behavior of the electron beam as the magnetic field was varied

mimicked the behavior observed in the MTM2 and MTM1 designs. For low magnetic
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field values (800 G or less) the antisymmetric mode was excited and the beam was

observed to spiral, and for higher magnetic field values the beam bunched axially.

Besides affecting the bunching of the beam, the magnetic field was also observed to

slightly tune the frequency and significantly affect the output power of the device. In

Fig. 2-31 the output power, saturation time, output frequency and calculated beam

interception are shown for seven different simulations with different B fields. The

magnetic field is the only parameter varied in each of the simulations as well as the

beam radius which is made to match the curve shown in Fig. 2-19 to avoid scalloping

of the electron beam. See Table A.10 for a more detailed description of the inputs

to the simulation. The highest output power occurs near the transition magnetic

field at 900 G, which is near the magnetic field in which the beam transitions from a

spiraling trajectory to a linear one. Again a significant amount of beam interception

is observed when the antisymmetric mode is excited so that nearly all the electron

beam is intercepted on the metamaterial structure. In this structure, there is also

beam interception when the symmetric mode is excited except at a very high magnetic

field (1800 G).

2.4.4 Effective Medium PIC Simulations

In addition to the realizable metamaterial plates, we also simulate the interaction of

an electron beam with the theoretical metamaterial composed of a Lorentz dielectric

like the one investigated in Section 2.1 in order to show that the effective medium

theory is valid for our metamaterial structure. A perspective view of the waveguide

filled with a theoretical dielectric material that was simulated with the PIC solver is

shown in Fig. 2-18d. The dielectric completely fills the waveguide except for a small

beam tunnel of radius 5 mm through with the beam of radius 3 mm can pass and has

a Lorentz response in the transverse direction. In order to avoid the beam hitting the

dielectric and causing problems with dielectric charging, a nearly infinite magnetic

field (4 T) was used to keep the particle orbits fixed to the z-axis. The permittivity

of the dielectric in the directions transverse to the electron beam velocity is defined

104



420 mm MTM3

1.4
1.2
1.0 *

Z'0.8 e
: 0.6

S0.4
0.27

3 200

150

.2100 7

Z 50+

3.72

3.71

p 3.70

3.69

3.68-

100 ----

80
-260-

C 40

20

0 .
0 500 1000 1500 2000

B- (G)

Figure 2-31: Output power, saturation time, output frequency, and beam intercept io
calculated for the 420 mnn MTM3 device for simulations performed at seven different

magnetic field values. The red line in each plot is drawn between the two simulations

where the beam is observed to transition from purely axial bunching to bunching

while spiraling between 800 and 900 G.
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C 1 2 2 (2.4.2)
S- W 2

where wc is the plasma frequency and wo is the resonant frequency. The particular

numerical values of wo and w, are chosen so that the dispersion of the waveguide

matches the dispersion of the MTM1 metamaterial structure. Since the permittivity

is given by c , the resonance and plasma frequencies in Eq. 2.4.2 are determined

from the dispersion relation by letting c - oc and -+ 0, which corresponds to

letting kAp -- oo and k2p -> 0, respectively. To match this we set the resonance

frequency at wL = 27r - 2.5 Gi z and the plasma frequency at , 27 1.8 GL z. The

dispersion relation predicted by the effective medium model vs. the dispersion of the

upper negative group velocity mnode of the MTM1 metamaterial structure that was

found with the eigeniode solver is shown in Fig. 2-32. The model predicts a mode

with negative group velocity at approximately the same frequency as the MTM1

structure, however the frequency of interaction is slightly higher for the model than

for the MTM1 metamaterial structure (2.96 vs. 2.83 GHz).

MTM 1 vs Effective Medium Model
3.5

3.25-

3. - MTMI Eigennode

Z 2.75

2.5

2.25

2. -
0 20 40 60 80

k, (m 1 )

Figure 2-32: Dispersion relation for the upper negative group velocity mode of the
MTM1 metamnaterial structure (blue dashed) plotted against the dispersion of the

effective medium structure (red). Also shown is the beam line for a 500 keV electron
bean in black.
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The simulation uses an identical beani to the previous PIC simulations at 500 keV,

80 A and with a 10 ns rise time. In Fig. 2-33 the output power and frequency are

shown. See Table A. 11 for a more detailed description of the inputs to the simulation.

In the simulation, the device saturates at an output power of 1.2 MW after 450 ns.

352 mm Lorentzian Dielectric, Bz=4 T
2.5

Fourier Transform
2.0

1.5 10-

I 1.0 -4
0 

10 2.5 3 3.
P- 0.5

/o27r (GHz)

0.0

0 100 200 300 400 500
Time (ps)

Figure 2-33: Output power of the Lorentz dielectric filled waveguide calculated by the
PIC simulation along with the Fourier Transform of the output signal. The simulation
uses a 500 keV, 80 A electron beam with a 10 ns rise time and a longitudinal field
of 4 T. The output power saturates at about 1.2 MW and the radiation is peaked at
2.92 GHz.

The output frequency is peaked at 2.92 GHz. Because of simple geometry involved,

the simulation used approximately 500 thousand mesh points and took approximately

4 hours to complete on a desktop with 128 GB of RAM and 64 processors, which was

much faster than the full simulations of the MTM1, MTM2 and MTM3 devices.

In Fig. 2-34 the electric field profile and particle trajectories are shown. Because

of the strong magnetic field the electrons are confined to the axis and excite a mode

which qualitatively looks similar to the symmetric modes of the MTM1, MTM2 and

MTM3 simulations. The mode has 3 variations along the y axis, one along the x axis,

and has an electric field that is longitudinal on axis E~ 0.
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Figure 2-34: For the PIC simulation of the 352 inin long waveguide filled with a

dielectric possessing a Lorentz electric response, a) E, component of the electric field

b) E, component of the electric field c) Electron trajectories. The electron beam is

incident from the left and the particle color indicates it's energy. The arrow indicates

the direction of the magnetic field which has a magnitude of 4 T, which confines the

beam to the small beam tunnel in the theoretical Lorentzian dielectric. The field

distributions and particle trajectory plots were generated 400 ns after the injection

of the electron beam.

2.5 Cold Tests

To validate the electromagnetic response of the metamaterial waveguide design, mea-

surements of microwave transmission in several test structures with different over-

all designs were performed using a vector network analyzer (VNA model Agilent

E8363B). These low power microwave measurements are meant to verify the results

of section 2.2 and show the existence of below-cutoff modes supported by the meta-

material. They do not investigate the beami-wave coupling that was analyzed with the

PIC simulations. In addition, different coupling schemes were examined in the test
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structures in order to investigate any potential problems associated with coupler de-

sign. Coupling to metamaterial devices can be one of the main engineering challenges

associated with using metamaterial structures since they generally have very complex

field patterns that are unlike the field patterns of a standard rectangular or cylindri-

cal waveguide [62, 63]. In the designs for the MTM1, MTM2 and MTM3 structures,

coupling to the negative group velocity mode was non-trivial since the electric field

topology of the negative group velocity mode in the metamaterial waveguide is unlike

the fundamental waveguide mode of the standard WR284 rectangular waveguide that

was planned to be used for output couplers and microwave loads in the high power

experiment.

Two different test structures were designed based on the metamaterial plate de-

sign of MTM1, which for purposes of clarity are called MTM1a and MTM1b since

they have slightly different designs than the MTM1 design. The first test structure,

MTM1a, is shown in Fig. 2-35 along with a CAD rendering showing the general design

of the structure. The structure is identical to that shown in Fig. 2-5 except with p

= 7 mm, w = 16 mm, and g = 2 mm. The change in the dimensions of the structure

shifted the operating frequency (simulated and experimental) slightly lower than the

design in section 2.2 (synchronism with a 500 keV beam is now at 2.6 GHz instead of

2.856 GHz) but otherwise the mode pattern and dispersion were similar. The overall

structure length was 20 periods (160 mm). The metamaterial plates were aligned in

a brass WR340 waveguide (inner dimension wg = 86 mm by d = 43 mm) by end

supporting plates, and the metamaterial resonators were created by machining out

two brass plates.

In this test design, coupling was accomplished through WR284 waveguide mated

to the sides of the test structure. This matched the polarization of the electric field

in the fundamental TE mode of the WR284 waveguide and the polarization of the

axial field in the symmetric negative group velocity modes of the test structure. This

coupling scheme is different than that used in the PIC simulations of the metamate-

rial structures, and was originally chosen for the simplicity of using only one output

coupler. However, this design was not used in high power testing due to space limita-
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972 m

Figure 2-35: CAD rendering, photograph of the ITM1a metainaterial test structure

based on a slightly modified version of the MTM1 design, and photograph of the

CSRR loaded brass plate. The photo is taken looking into one of the identical WR284

input ports for coupling in/out of the structure. The negative group velocity mode

in the test CSRR structure is excited by the fundamental mode of the input WR284

waveguide. The flange shown in the photograph mates to coax to WR284 waveguide

adapters.

tion inside the bore of the solenuiod where the high power test structure needed to fit.

Additionally this coupling scheme only serves to excite the synnetric modes in the

waveguide since the electric field in the W13284 waveguides has the wrong polariza-

tion to excite the antisymnmetric modes. Therefore this design was not investigated

iin the PIC simulations since it was not possible to experimentally test it.

Coax to WR284 waveguide adapters are used to excite the fundamental TE mode

in the WRk284 waveguide. The transmission measurement is shown in Fig. 2-36 iin

blue, along with a simulation of the samie setup using CST Microwave Studio ill red.

Excitation of the negative group velocity mode is demonstrated by nom-zero trais-

mission where the negative group velocity mode was predicted by HFSS eigenmode

simulation. The simulation and measurement show excellent agreement. The simula-

tion is able to predict all of the spatial modes of the structure (seen as resonances oi

the transmission plot) although there is a very small (<0.025 GHz) frequency shift.

Im addition, near the design frequency of 2.6 GHz, the experiment and simulation are

iii agreement to within 2 (113.

A second cold test structure, MTM1b, was built to test a different coupling method

and to investigate the excitation of the antisymmetric vs. syinnietric modes. A
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Figure 2-36: Transmission measurement of the test MTM1a structure (blue) coin-
pared with CST Microwave Studio simulation (red). Note that the design of MTM1a
is slightly different than the design of MTM1. See surrrounding text.

photograph of the test structure is shown in Fig. 2-37. The structure is identical

to that shown in Fig. 2-5 except with p = 8 ruin, and g = 2 nun, and w = 36 irun.

By controlling the phase between the input ports the antisyminetric and symmetric

imrodes could be independently excited. The test structure is 47 periods (376 inun) in

length and terminates in two output ports which are identical to the input ports. The

VNA was again used to measure the transmission through the test structure. Two

phase matched power splitters were used to split the input power evenly between

the two input waveguides and recombine the power at the output waveguides. Phase

matched cables were used to take the power from the splitters to the coax to WR.284

waveguide coupler heads. The orientation of one of the waveguide heads was flipped

to change the phase of the input microwave signal by 180 degrees. This caused the

'surface waves' oil each metanaterial plate to be in phase (synmnetric waveguide

miode) or 180 degrees out of phase (antisymmiretric waveguide irode).

In Fig. 2-38 the experimental (blue) and simulated (red) transmission is shown for

the symnnnetric waveguide node (corresponding to 180 degree phase shift between the

111



Figure 2-37: Photographs of the MTM1b inetainaterial test structure based on a
slightly modified version of the MTM1 design. The device has two input ports and two
output ports. By controlling the phase between the input ports the antisynmetric and
synunetric nodes could be independently excited. Note that the design of MTMib
is slightly different than MTM1.

excitation) and the antisyinnetric mode (corresponding to a 0 degree phase shift).

The simulated transmission curves were calculated using the time domiain solver of

CST Microwave Studio. The slightly higher cutoff frequency of the antisynnetric

mode calculated in the eigenmode dispersion and transmission simulations with CST

and HFSS was also seen in the transmission measurement. Here the cutoff frequency

is defined by letting k~p -- 0 in Fig. 2-6, or in Fig. 2-38 is the maximum frequency

where transmission of microwave power is observed. (For a, positive group velocity

mode, the cutoff frequency would be the minimum frequency where transmission of

microwave power would be observed.) This shows that each mode could be excited

independently from the other by choosing appropriate an appropriate phase difference

between the inetamaterial plates.

The simulation and measurement in both of the plots in Fig. 2-38 show good

agreement. The cutoff frequency of 1oth nodes is correctly modeled to within 0.05

GHz, and nearly 20 spatial modes are resolved in both measurements. There is a dis-

agreement in the transmission of about 10 (lB near 2.7 GHz in both agreements. This

disagreement may be due to poor contact between the top and bottom metamnaterial

waveguide and the central guide. Similar transmission error was see in the MTM1

structure presented in section 4.2.1.
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Figure 2-38: Transmission measurement of the test MTMBWO structure (blue) coin-

pared with CST Microwave Studio simulation (red).

2.6 Summary of Design

In this chapter we outline the general theory and specific simulation tools that went

into the design of a beam-powered, metamaterial waveguide. Three different meta-

material structures were presented which are called MTM1, MTM2, and MTM3.

Eigenmnode simulations were presented for a linear analysis of the wave propagation

in the metamaterial structures and in order to investigate the field structure of the

modes supported in the waveguides. A simple linear theory was presented to show

that for all three metamaterial structures oscillation should occur in the symirmet-

ric mode as long the length of the structure the structures is long enough (typically
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greater than 300 mm). PIC simulations are discussed which were used to characterize

the performance of the metamaterial BWO design. They show that multi-megawatt

operation is predicted in all three structures for a 500 keV, 80 A electron beam. They

also highlight the fact that the magnetic field controls whether the device oscillates in

the antisymmetric mode or the symmetric mode. Finally low-power measurements are

shown to benchmark the simulation tools vs. experiment and show good agreement

between the two.
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Chapter 3

High Power Test Experimental

Setup

In this chapter the setup for the high power microwave test of the metamaterial struc-

tures, which used a 500 keV and 80 A electron beam, is introduced. The various RF

components used to investigate the microwave signal are discussed. In addition, the

transport of the 500 keV electron beam which was formed using an electrostatically

focused electron gun and guided with a magnetic lens and solenoid is also examined.

3.1 Magnetic Lens and Solenoid

A water cooled, low aberration magnetic lens and a set of four large bore pancake

magnets were used in the metamaterial experiment to confine the 500 keV electron

beam. All magnets were designed by Haimson Research Corporation and their fabri-

cation was also supervised by Jake Haimson. Knowing the magnetic field profiles of

each of the magnetic components was important in understanding the transport of

the electron beam through the experiment. The magnetic field profile of the magnetic

lens was provided by Haimson Research Corporation and is shown below in Fig. 3-1.

The lens was designed so that the squared magnetic field integrated along the axis

at different radii is the same. This is so that electrons at different radial positions in

the electron beam focus to the same axial location.
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Figure 3-1: Magnetic field profile provided by Haimson Research Corporation mea-
sured at 3 different radial positions. Also shown is the longitudinal field integrated
along the axis at different radial positions.
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It was necessary to calculate the magnetic field profile of the solenoid since Haim-

son Research Corporation only provided the magnetic field profile for these mnag-

nets for a different experimental configuration. The solenoid was constructed from a

stacked set of four pancake magnets which were sandwiched between two steel pole

pieces. The inner diameter of the pancake magnets was specified at 7.97 in, and the

two 0.55 in thick pole pieces had bore diameters equal to the pancake magnets. The

2D electrostatic field code Poisson was used to calculate the magnetic field profile

[64]. The result for a current of 175 A in the solenoid coils is shown in Fig. 3-2. The

magnetic field of the solenoid assemlbly was also measured at 3 axial locations (on

the axis at both pole pieces and on the axis at the center of the solenoid) and agreed

with the calculation to within + 1.5%.

Solenoid Magnetic Field Profile

1500

1000

500

n
0 200 400 600 800 1000

Axis (mm)

Figure 3-2: Magnetic field profile of the solenoid and steel pole pieces calculated with
the code Poisson for a current of 175 A through each of the solenoid magnets. The
field profile is shown in blue, and the location of the pole pieces is given in gray. The
four pancake magnets are sandwiched between the pole pieces.

In the metamaterial experiment the two solenoid magnets closest to the gun and

two solenoid magnets closest to the collector were run in series on different power

supplies. This allowed the magnetic field in the metamaterial structure to be profiled

which had an effect on the operation of the device.
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3.2 500 keV Electron Beam and Transport

The metamaterial experiment utilized a 500 keV electron beam. The electron gun

used to generate this beam was designed and built by Haimson Research Corporation.

The gun was initially designed for operation up to 550 kV and 92 A as part of a 17 GHz

choppertron amplifier experiment. The gun was designed to create a low convergence,

electrostatically focused, and space-charge limited beam. The beam is focused to a 7.5

mm waist diameter in the gun isolation vacuum valve. After traveling through a short,

field free, adjustable drift region the beam was then focused by a water cooled, low

aberration lens into a water-cooled solenoid assembly. The lens and solenoid systems

were mounted on linear bearing supports that could be independently adjusted.

The metamaterial experiment was installed in place of the 17 GHz choppertron

experiment and used the electron gun, magnetic lens, and solenoid support assembly

designed by Haimson Research Corporation. Therefore, the metamaterial experiment

had to mate to the components that were recycled from the 17 GHz experiment, and

it was necessary to know the dimensions of the components used in this experiment.

A block drawing of the 17 GHz choppertron experiment was provided by HRC for

this purpose. A schematic of the metamaterial experiment that uses the Haimson

Research electron gun is shown in Fig. 3-3 where all of the major components are

labeled and an approximate scale is given for reference.

The Pierce-type gun uses a thermionic cathode. The emitter is made from a

porous tungsten matrix that is impregnated with barium. Barium that travels to the

surface of the emitter has a low work function which allow these types of cathodes to

achieve high emission current densities and very long operation lives. A photograph

of the original cathode installed before the 17 GHz choppertron amplifier experiments

were performed is shown in Fig. 3-4.

In order to achieve the temperatures necessary for high electron emission, the

cathode uses a molybdenum heater element which is embedded under the emitter in

a ceramic matrix. The heater is then powered by an external power supply. Unfortu-

nately, the heater element of the gun burned out during operation in June 2015, and
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Figure 3-3: Simplified schematic of the high power metamaterial experiment. The structure shown in this schematic is the
370 mm MTM2 metamaterial structure. The electron beam (orange) is formed by an electrostatically focused Pierce electron

gun. The beam generates microwaves in the metamaterial circuit and then is dumped into a high power beam collector. The
microwaves are coupled out of the metamaterial structure and into Bethe-hole couplers, where the power and frequency of the
microwaves can be measured. The scale shown in the figure is approximate.
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Figure 3-4: Photograph of the cathode opened up to air for installation. The anode
is centered on the inside of the flange on the right. The gun vacuum isolation valve
is also shown attached to the beam tunnel (not visible).

was replaced in July 2015. Because the heater element is embedded under the emit-

ter, it was necessary to replace the whole cathode. The replacement of the cathode

was observed to have a slight effect on the perveance (emitted current for a particular

voltage) of the electron gun. The operational secondary heater current of 23 A, which

is the new specification provided by Jake Haimson of Hainison Research Corporation

in July of 2015, was exceeded in the original cathode and this was the likely reason

for failure. In any case, all data taken prior to July 2015 has a slightly different volt-

age/current ratio than data taken after this (late. Traces of the voltage and current

measured at the collector for the same magnetic field taken with the old cathode on

May 29, 2015 and with the new cathode on October 14, 2015 are shown in Fig. 3-5

and Fig. 3-6, respectively. After replacement of the cathode the emitted current of

the gun was observed to be higher for the same gun voltage (for 490 keV and the

same magnetic field settings the measured current was 81.5 A with the old cathode

and 84.5 A with the replacement cathode).

After the cathode was replaced in July 2015 care was taken to characterize the op-

eration of the heater of the new cathode for future reference. In Fig. 3-7 the variation

of heater current with applied voltage is shown as the power to the heater filament is
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Figure 3-5: Gun voltage (black) and mreasured current at the collector (blue) of the
electron gun before the cathode was replaced. The measurement was taken on May
28, 2015 for a solenoid current of 50 A and a lens current of 12 A. The heater was set
to 84% on the variac.

slowly increased from 0 W to it's full operational value of approximately 360 W. Mea-

surenents of the heater current were performed with a, current clamp approxinately

30 minutes after each increase in voltage in order to measure the current at the steady

state value. The voltage measurements were made with a standard voltmeter. Note

that as the temperature of the cathode changes the resistance also changes and so

the V/I relationship is not a straight line.

It was already stated that the electron guni produces an electron beam electro-

statically focused to a 7.5 mm waist diamneter in the gun isolation vacuum valve. The

exact location of the focus was specified by Halinson Research Corporation as well as

the beam envelope (in the absence of any external magnetic fields) past the focal spot.

The specification drawing for the gun focus that was provided is shown in Fig. 3-8.

From the beam focus location it was necessary to calculate the beam profile along

the axis of the experiment to ensure that it safely umade it to a high-power, water-

cooled beam collector. To accomplish this two different approaches were used. A

commercial 3D particle tracking code called MICHELLE was used to calculate the

beamn envelope [65]. The code has been used successfully to design other Pierce-type

and MIG-type guns at MIT and has been benchmarked against guns built elsewhere.
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Figure 3-6: Gun voltage (black) and measured current at the collector (blue) of the
electron gun after the cathode was replaced. The measurement was taken on October
14, 2015 for a solenoid current of 50 A and a lens current of 12 A. The heater was set
to 74% on the variac.

In addition to this code, a ID code was written to solve the beam envelope equation

when given ani input beam current, voltage, focus waist radius, and ID axial magnetic

field profile. The 1D code was much faster to use than the MICHELLE code both in

simulation tine and in simulation setup time, and therefore this was generally used

to explore different magnetic field profiles once it was benchmarked against the much

more powerful MICHELLE code for a few different magnetic field profiles.

The ID code calculates the electron beam envelope from the envelope equation.

For an electron beam traveling in a magnetic field that is parallel to the beam velocity

the envelope equation is given by [66]

e 2Bj2 1 ,2
"B+ 1 K _" = 0 (3.2.1)
2myc 'r /22r0

where r is the beam envelope, B, is the magnetic field, K is the generalized perveance

of the electron beam, ( 7, is the normalized enittance, ) is the electron velocity relative

to the speed of light, and 3 is the electron energy relative to the electron rest mass.
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Figure 3-7: Measured secondary heater current and voltage applied to the heater
element as the power in the primary power supply is increased froi 0 to its full
operational value. The nominal operating point of the gun is with a heater current
of 23 A which was specified by Haimson Research Corporation.

The teriml K, which is dimensionless, is given by the following equation

CI
27rCOrnmc3

3y3c3 (

For I = 80 A, -y = 1.98, and 3= 0.86c (which corresponds to a 500 keV beam), K

0.00188.

It can be shown that the beam used in the inetaimaterial experiment is space-

charge dominated, and therefore the emittance term in Eq. 3.2.1 can be ignored.

From Liouville's theorem we know that for a set of non-interacting particles, the

normalized emnittance c, = 0-y is conserved [66]. Therefore, we can estimate the

emittance at the cathode from the following equation

KT
(71 = 2o 2- T

- 2 ec
(3.2.3)

where T is the temperature of the cathode and a is the radius of the cathode. For T

= 1000 C and a = 25 ininnm, n 23 nn mrad. Comparing the space charge term and
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Figure 3-8: Beam envelope for the Haimson Research Corporation 500 keV gun.
The beam is focused to a waist size of 7.5 mm in the gun vacuum isolation valve a

distance of 12.5 mm from the face of the mini conflat flange where the vacuum valve

is attached.

emittance terms in Eq. 3.2.1 for the focused beam (where r=3.75 mm) we find that

E2
" = 0.007 (3.2.4)

and so ignoring the emittance term in Eq. 3.2.1 is a good approximation for the

metamnaterial experiment electron beam. The resulting envelope equation to be solved

by the ID beam envelope code is then given by the equation

e2 B2 e1 1
+ e r - = 0 (3.2.5)

2me-y/ 3c 2rcomes 3 ' 3c3 r

The ID beam envelope code takes the relevant beam parameters, the current in the

lens, the current in the solenoid, the axial location of the lens, and the axial location

of the solenoid and from that calculates the resulting total magnetic field profile from

the simulated and provided magnetic field profiles given in the previous section. It
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then uses this total magnetic field profile to calculate the beam envelope along the

length of the experiment with an initial condition of r'(0) = 0 and r(0) = 3.75inn,

corresponding to the focused beani spot specified by Haimson Research Corporation.

As an example the code was run for a typical operating point (12 A of current in

the lens, 137.5 A of current in the solenoid, center of lens spaced 145 mm from the

gun focus, and the edge of the solenoid pole plate spaced 90 mm from the edge of

the lens) and compared with the code MICHELLE. The MICHELLE simulation was

performed as a 2D axisymmetric emission of 186 particles from a flat emitter of the

same size of the focused beam radius, and the beam was allowed to propagate down

a straight metal pipe of radius 25 mm. The emission was fixed to 500 keV and 80 A

and the beam envelope was recorded and compared with the ID beam envelope code,

which is shown below in Fig. 3-9.

138 A (solenoid), 12.25 A (lens), 145 mm (ziens), 279 mm (z,01 )

500

000

00

0 200 400 600 800 1000 1200

Distance from Gun Focus (mm)

Figure 3-9: Beam envelope of a 500 keV, 80 A electron beam starting from a focused

7.5 mm width spot size calculated with MICHELLE (purple) and the ID code devel-

oped at MIT (black) for the magnetic field shown as a dashed blue curve (magnetic

scale on the right). The red shaded regions indicate the location of the magnets which

produces the blue magnetic field curve shown. The beam is incident from the left, and

the metamaterial experiment is installed in the region where the solenoid magnet is.

The ID MIT code was then used to calculate the beam envelope for several dif-

ferent operating points. It was desired to create a variable size beam without much
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scalloping (fairly flat radial profile) in the solenoid region where the metamaterial

experiment fits. The reason the ID MIT code was superior to the MICHELLE code

was that it was much faster (less than 5 seconds to run vs. approximately 5 min-

utes to run) and the optimization of the radial profile in the solenoid region could

be automated, where the MICHELLE code had to be rerun every time. In Fig. 3-

10 three different operating conditions are shown which give flat beam profiles with

waist diameters of approximately 4, 7, and 15 mm. The locations of and the currents

in the lens and solenoid that were used in the code to produce the magnetic field

profiles (shown as the blue curves in the figures) are given at the top of each plot.

In the figure ze,,8 is the distance from the beam focus to the center of the magnetic

lens and Zsolenoid is the distance from the beam focus to the edge of the solenoid pole

piece. From the figure it is evident that as the solenoid field is decreased the beam

size gets bigger for our flat profiled beam. Experimentally this means that beam size

and magnetic field are not independent of each other and as the magnetic field of the

experiment was varied this also had an affect on the size of the electron beam.

3.3 High Power Modulator and Test Facility in

NW21

The high power modulator used to drive the 500 kV electron gun was designed and

built by MIT and is used to power the gun of the metamaterial experiment, the gun

of a 17 GHz klystron, and the gun of a 17 GHz linac accelerator which is driven

by the klystron. The guns for the linac and klystron are installed on ports on the

southeast side of the modulator tank which is opposite the port for the metamaterial

experiment, which is located on the northwest side of the tank. The modulator has a

nominal flat-top pulse of 1 ps and a rise and fall time of approximately 1 pus as well.

A photograph showing the 500 kV electron gun installed on the northwest port of the

modulator tank is shown in Fig. 3-11. The klystron and linac guns are installed on

the opposite side of the modulator, and the edge of the klystron gun enclosure is just
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Figure 3-10: Beam envelopcs of a 500 kcV, 80 A electron beai starting fron a focused

7.5 mm width spot size calculated by the ID beam envelope code (black) for three
different magnetic field profiles (blue dashed). The three beam profiles illustrate
that a relatively flat beam profile could be created in the solenoid with different
waist diameters. The red shaded regions indicate the location of the magnets which

produced the magnetic field curve plotted in blue. The locations of and the currents
in the lens and solenoid that were used to produce the magnetic field profiles are
given at the top of each plot,. 127
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visible on the left side of the photograph.

Figure 3-11: Photograph of the 500 kV electron gun mounted to the high power

modulator. This photograph was taken before installation of the netanaterial ex-

periment and magnets, and some of the magnets used in the choppertron experiment
are visible on the lower right side of the picture.

The modulator tank was filled with oil during normal operation. A photograph

looking into the tank with the tank cover off is shown in Fig. 3-12. The gun used to

power the metanaterial experiment was connected to the copper tube labeled 'high

voltage connection' on the right side of the photograph. The photograph was taken

where the heater power supply was connected to power the heater of the metamaterial

experiment gun only. To run either the klystron or klystron/linac guns in additioni

to the gun used for the metamaterial experiment, the red banana plugs shown in

Fig. 3-12 must be plugged into the primary side of the klystron and/or linac heater

supplies.
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Figure 3-12: Photograph taken looking in to the modulator tank. The photo was
taken just prior to operation of the metamaterial experiment gun. Because the
klystron and linac use the same modulator, some of the connections in the tank
are different when running those experiments.

3.4 Vacuum System

Because the electron gun (morw specifically, the theriionic cathode) requires a high

vacutium to operate, the structure needed to be designed inside of a vacuum chamber.

This constrained the llaterials that were available for structure fabrication. All of

the components were fabricated from either stainless steel or copper (except for the

microwave absorbers in the RF loads which were a silicon carbide composite), and

care was taken in the choice of imaterials for braze and solder joints that saw vacuui.

The vast majority of the vacuuim seals were forlned by commnercially available

conflat style flanges, which use a compression-type seal on a copper gasket between

two flat flange faces that have a sharp knife edge. The use of these flanges placed a

size constraint on the experilment because the vacuum chamber needed to slide into

the solenoid imagnet. The solenoid has an internal bore diameter of 7.97 in. and so

the largest standard conflat flange that could fit in the solenoid was the 8 in. diameter

conflat (after a sm1all amount of machining was done to the edges of the flanges to
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bring them below 7.97 in.) The 8 in. flanges mate to stainless steel cylindrical tubes

with a maximum inner diameter of 6 in., so the metamaterial structure and coupler

had to be designed to fit in a cylinder with a 6 in. diameter.

Since the experiment was built without the intention to use the microwave power

for any particular application it was advantageous to build the entire system without

RF windows. This feature had the benefit that operation at a different frequency other

than the design frequency would not significantly affect the RF power diagnostics.

Typically RF windows have a narrow bandwidth. This would limit the ability to

fully characterize the device if the beam excited an unexpected mode at a different

frequency. However, eliminating the RF windows also complicated the design of some

of the RF diagnostics to some extent. The loads and couplers had to be designed

using rectangular waveguide at high vacuum. In order to achieve this, all of the

RF waveguide components were fabricated with SLAC-style WR284 vacuum flanges.

The flanges are unlike the conflat flanges, which can be torqued very tightly because

they use a compression-type seal on a copper gasket. Instead the SLAC-style flanges

use a shear-type seal on a fully annealed copper gasket and must be tightened with

a torque wrench to 15-20 ft.-lbs. Over tightening these flanges can damage them.

SLAC provided drawings of the flanges and specified the torque limits for their use.

Three pumps were used on the metamaterial vacuum system. Because the silicon

carbide composite of the RF loads can outgas when it absorbs microwaves, both

of the RF loads were fabricated to have pump ports which mated to 20 L/s ion

pumps. In addition, a 75 L/s ion pump was used to mate to the vacuum chamber

near the collector since the collector would outgas significantly when struck by the

high power electron beam. The gun has a 150 L/s ion pump attached to it before

the gun vacuum isolation valve, which can be closed to isolate the gun from the

rest of the metamaterial vacuum system. This valve made it much easier to test

different metamaterial structures. Without it, it would have been necessary to bring

the cathode up to air every time it was necessary to open the tube and do work

on the experiment. After opening the metamaterial vacuum chamber (with the gun

isolation valve closed) it was observed that typically the tube could reach a vacuum
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of 5-9*10-7 T within 3-6 hours of closing the vacuum and turning on the ion pumps

and reach a baseline of 1-4*10-9 T after it was left to sit for 2 weeks.

Care was taken to clean all components before installation in the tube with acetone

and ethanol. All metamaterial structures were additionally put in the PSFC sonicator

for 45 minutes in a bath of acetone and then a bath of ethanol. Before the first

structure installation, the entire tube was baked out to -150 'C to remove water

vapor on component surfaces.

3.4.1 RF Components

The metamaterial experiment uses several microwave waveguide components that

mate to the experiment for diagnostic purposes. Because of the symmetry of the

output coupler there are two identical RF arms which are each comprised of an

internal waveguide bend, a waveguide to conflat flange mating port, an external

waveguide bend, a Bethe-Hole directional coupler, and a microwave load. Here the

descriptors 'external' and 'internal' refer to whether the component was completely

inside the vacuum chamber, or whether the component had to hold vacuum on one

side and was exposed to atmosphere on the other. All the components that needed to

hold vacuum had to be fabricated with copper gasket vacuum seals. A CAD drawing

of one RF arm which labels each of these components is shown in Fig. 3-13. The

internal waveguide bend was designed to bring power out of the structure by mating

the output coupler of the structure to the conflat flange mating port. Because the

waveguide bend was inside the vacuum, it was fabricated from standard thickness

WR284 waveguide and did not need flanges with a vacuum seal. However, special

waveguide flanges were designed on the coupler side to allow transport of the beam and

on the mating port side to fit inside the vacuum chamber. The flanges were modified

versions of standard CMR284 waveguide flanges which are commercially available.

The internal waveguide bend and flanges were fabricated and brazed together by

Penn Engineering.

The waveguide to conflat flange mating port was designed to mate to the stan-

dard WR284 waveguide inside the vacuum chamber. The design for the mating port
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Figure 3-13: CAD rendering of one of the RF arms which labels the RF load, Bethe-

hole coupler, external waveguide bend, waveguide to conflat mating port, and internal

bend. Refer to Fig. 3-19 for how the RF arm fits to the rest of the metamnaterial

assembly.

and the external waveguide was sent to Haimson Research Corporation where they

were fabricated because they required the use of a high-temperature Hydrogen braze

in order to secure the steel SLAC-type vacuum flanges on the sections of copper

waveguide.

The two waveguide bends and waveguide to conflat flange mating port were de-

signed with large enough bend radii so that they operate over a wide frequency band.

The simulated S1 and S12 of these components connected together as they are in the

experiment are shown in Fig. 3-14.

Because the experiment generated a significant, amount of imicrowave power it was

necessary to pick off a very small amount of power for the sensitive microwave diag-

nostics. Bethe-hole style directional couplers were chosen because they have a very

small coupling, and because the designs for these types of couplers that have SLAG-

style vacuum flanges were made available from SLAC to outside vendors. Bethe-hole

directional couplers are used at SLAC for their 60 MW 2.856 GHz klystrons. The

couplers used in the experimnent were built by CML Engineering. These couplers were

then calibrated at MIT. The coupling for the two Bethe-hole directional couplers is
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Figure 3-14: Simulated S 1 and S21 of the internal waveguide bend, waveguide to
conflat flange mating port, and external waveguide bend showing good transmission
over a wide frequency ramige. The assembly connects the output coupler of the device
to the Bethe-hole coupler.

shown iii Fig. 3-15.

One of the experiments performed with the high power electron beam generated

microwaves at approximately 5.95 Gi-z. Calibration of the couplers at this frequency

required a different approach than simply measuring the transmission with the VNA.

This is because the WR284 waveguide which is used to bring the microwaves out

of the experiment ceases to be single-moded above 4.16 GHz. There are five sup-

ported miodes at 5.95 GHz, and so the output coupling of the Bethe-hole couplers at

this frequency depends not only oil the frequency, but oi the imode content of the

microwaves in the waveguide.

However, using CST MWS we caii calculate the mode content of the 5.95 GHz

microwaves in the couplers that are produced from the imetamnaterial structure. Then

CST can be used to calculate the coupling for each of the 5 different modes at 5.95

GHz. Since we can benchmark the CST model of the coupler over the frequency band

where only the TE 0 miode exists and the coupling was able to be imeasured to a high

degree of accuracy (~0.1 (IB), we have a way to benchmark this mode dependent

calibrationi method.
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Figure 3-15: Measured coupling of the two Bethe-Hole couplers used in the experiment

which was taken November 2015. Looking froim the electron beam to the collector,
coupler A was mounted on the right and coupler B on the left. The measured coupling

at 2.35, 2.43, 2.85, and 3.70 GHz in coupler A was - 63.8 (B, -62.8 (B, -59.3 dB, and
-55.2 dB, respectively, and the measured coupling at the same frequencies in coupler

B was -61.2 dB, -59.8 (d, -56.0 (IB, and -52.1 dB, respectively. The coupling could

be adjusted by rotating the stripline detector in the head and recalibrating. Different

coupling values were used for data, prior to October 5, 2015.

The mode content of microwaves in the waveguide emitted by the netamaterial

structure was solved with CST MWS and is shown in Fig. 3-16. In the simulation,

the mode content of microwaves launched from the netamuaterial structure was calcu-

lated in the waveguide before the Bethe-hole coupler. The microwaves were launched

from a small antenna near the gun end of the metamaterial structure. At 5.95 GHz

Approximately 99% of the microwave power was found to be in the TA II (cutoff 4.87

GHz) and TE10 (cutoff 2.08 GHz) modes and the rest in the TE20 (cutoff 4.16 GHz),

TEO, (cutoff 4.41 GHz), and TEI1 (cutoff 4.87 GHz) modes.

The coupling of the five modes was calculated in CST MWS. The dimflensions of

the couplers were taken from drawings provided by CML Engineering or measured

directly. The coupling values calculated with CST are shown in Fig. 3-17. The

coupling of the TE20 , TEO,, and TE modes was found to be significantly (< -10

(B) lower than the TE 10 and TAII1 modes and so only the coupling for the TEIr and
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Figure 3-16: Mode content of microwaves entering the Bethe-hole coupler as launched
from the metainaterial structure. Almost all of the power is in the TE1 0 and TA1IO
modes.

TM1 1 modes are shown.

Using the results of Fig. 3-16 and Fig. 3-17 it is straightforward to obtain the

coupling, which is shown in Fig. 3-18. The coupling values of couplers A and B at

5.95 GHz are calculated to be -46.3 dB and -48.4 (B, respectively. However, where

a direct comparison can be made there is obviously some disagreement between the

measured and simulated coupling, (up to +/-0.5 dB) which is visible iii the plot in

Fig. 3-18. We can expect at least this much error in the end result and estimate that

the total error in this method is +/-1 dB. A more accurate measurement of the power

at 5.95 GHz would require a major redesign of the entire output coupler section.

The microwave loads used in the experiment were also built by CML Engineering.

The loads use a coie shaped lossy ceramic disk made from a silicon carbide composite

that has mnimimal outgassing in UHV. The microwave loads were calibrated at CML

where the S11 of the loads over S-Band was iieasured with a VNA. The measured

S1 was everywhere less than 30 (lB over the frequency raiige from 2.5 to 4 GHz in

both loads.
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Figure 3-17: Plot of the simulated output coupling of microwaves in the TEI) mode
in coupler A (blue solid) and coupler B (black solid), as well as the simulated coupling
of microwaves in the TA I mode in coupler A (purple solid) and coupler B (red solid).

3.4.2 Structure Assembly and Installation

The inetamaterial structure assembly was fabricated in-house at the MIT Central

Machine Shop. A CAD drawing of the experiment with labels of the major parts is

shown in Fig. 3-19. A photograph of the unassenibled collector assembly and ceramic

standoff is shown in Fig. 3-20. The collector was designed as a two piece assembly

that could be bolted together to decrease the size of the structure that needed to be

put in the brazing oven. The coimiponents for the collector assembly were fabricated

at the MIT Central Machine shop, but the copper collector piece was brazed to the

collector flange by CPI in Beverly, Massachusetts. The braze required the use of a

dry hydrogen furnace. A small channel was machined into the collector and N-type

fittings machined into the collector flange to which it was brazed so that the collector

could be water cooled. The collector flange was bolted to a ceramic standoff so that

it was electrically isolated from the rest of the experiment. The current reaching the

collector could be mleasured with a 10 to 1 current to voltage ratio rogowski coil.

Several mietamaterial structures were tested in the high power experiment. All

of the metanmaterial structures were constructed fromi 6 individual plates (two side
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Figure 3-18: Plot of the calculated coupling for the imetainaterial experiment for
coupler A (red solid) and coupler B (black solid). Also shown is the measured trans-
mission of the coupling of coupler A (blue dashed) and coupler B (black dashed) over
the frequency range where the coupler is single-moded and the measurement can be

perforned with the VNA.

plates made from stainless steel, two top plates made from stainless steel, and two

metainaterial plates made from copper) which were either bolted or brazed together

and then bolted to stainless steel end flanges so that they could be secured in the

vacuum chamber and bolted to the output RF arms. Photographs of two of the

metamaterial structures that were tested are shown in Fig. 3-21. In Fig. 3-21a-c the

structure shown uses the design of MTM1 discussed in the previous chapter and is

352 mm long (44 ietamaterial periods). The structure in this photograph was held

together by bolts. In Fig. 3-21d the structure uses the design of MTM2 and is 370

imn long (37 metamaterial periods). This structure was brazed together along the

full length of each of the 6 plates. To accomplish this, the braze material was inserted

into the slots where the top and metamnaterial plates fit into the side plates.

A photograph of the fully assembled experiment after being baked out, but prior

to installation on the electron gun is shown in Fig. 3-22. The tube could slide into the

bore of the magnet without breaking the vacuum seal. Once the tube was in place in

the magnet it could be slightly pressurized with dry nitrogen while the vacuum seal

137

COL pler B

P.I

4 I



Lens Solenoid Viewport

- A Ceramic
Standoff

Structure Support
System-

Sliding Rail Supprs

Flexible Bellows
Electron Beam Vacuum Chamber

Collector

Metanaterial
Structure COuLeJII

75 L/s PUmTp
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Figure 3-20: From left to right, ceramic standoff, collector piece 1 that bolts to the
ceramic standoff, collector piece 2 that bolts on to the end of collector piece 1, collector
fingers that bolt to the end of collector piece 2 that provide a ground plane for the
beam after it exits the structure.

was broken and the tube was installed on the gun.
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Figure 3-21: a) Photograph of the unassembled 352 mum MTM1 metamnaterial struc-
ture which is composed of 6 plates that are bolted together and then bolted in between

two unique end flanges. b) Photograph of the MTM1 nietamaterial structure bolted
together without end flanges and c) with end flanges showing the collector side of the
structure (inner dimensions of the metamnaterial waveguide are 63 nun x 43 muuun for
scale). d) Photograph of the 370 mun brazed MTM2 metanaterial structure (inner

dimensions of the netanmaterial waveguiclq(pre 63 nun x 43 inin for scale).
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Figure 3-22: Photograph of the experiment under vacuum after bakeout. This photo

was taken before the experiment was installed on the gun. To install on the gun, the

tube was inserted into the imagnet (just visible in the bottom left of the photo) and

the vacuum was opened. Dry nitrogen could be pumped through the structure so

that it never saw atmospheric air after bakeout.
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Chapter 4

Experimental Results

Several experiments were performed testing different metamaterial structures using

the high power electron beam. Since the method of assembly proved to be important

to the performance of the different structures that were tested with the beam, the

experimental results that are presented in the following chapter are characterized

by their metamaterial design (MTM1, MTM2, and MTM3), length, and method

of assembly. A summary of the different designs that were tested is presented in

Fig. 4-1. Three different methods were used in the assembly of the various structures:

bolting the structure together, bolting the structure together with indium foil filling

the joints, and completely brazing the structure together.

4.1 Experimental Diagnostics

Two main diagnostics were used in order to characterize the microwave signals gen-

erated by the metamaterial device. A Keysight DSO-S 604A S-Series oscilloscope

with the ability to measure signals of up to 6.2 GHz (if only two of its four channels

were utilized, memory depth of 100 Mpts) or 4.2 GHz (if all 4 channels were utilized,

memory depth of 50 Mpts) was used to measure the microwave signals. The scope

can sample a maximum of 20 GSa/s and was useful for providing real time Fourier

transforms of microwave signals measured in the lab.

In addition to the oscilloscope, a Keysight N1912A P-Series power meter was used
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Mode Design Frequency of Negative Frequency of Positive
Group Velocity Modes Group Velocity Modes

MTM 1 2.8 GHz 4.8 Gllz

MTM2 2.4 GIHz 5.9 GHz

MTM3 3.7 GHz 9.2 GIIz

Figure 4-1: Summary of the MTM1, MTM2, and MTM3 designs which were tested
in experiments. The approximate frequency of Cherenkov synchronism with a 500
keV electron beam for the negative group velocity modes and positive group velocity
modes of each design is also shown.

to read the power signals detected from two N1922A detector heads. The heads are

self-calibrating and can measure microwave power from 50 MHz to 40 GHz. The safe

operating power range for the heads is -30 dlBm to +23 dBmn. The detector displays

a calibrated power trace (similar to an oscilloscope) which is read by a Labview

program that was created to save the power meter data with a time stamp. Additional

fixed attenuation from commercially available attenuators was also necessary to avoid

damaging the diodes in the sensitive detectors that the power imeter used.

In addition to the oscilliscope and power meter, a vector network analyzer (VNA

model Agilent E8363B) was used in order to measure the transmission of the imeta-

imaterial structures. The VNA cani measure the phase and amplitude of a low power

microwave signal and so calculate the S-parameters of a, microwave circuit.

Commercially available coaxial microwave bandpass filters purchased from Mini-

circuits (models VBFZ-2130+ and VBFZ-3590+) were used for some measurements

to measure the power at one frequency when more than one frequency was present in

the output signal. The insertion loss of the bandpass filters was specified by Minicir-
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cuits.

4.2 Experiments Using the MTM1 Design

A 352 nn long structure based on the MTM1 design presented in Chapter 2 was

tested. The structure was composed of 6 individual plates which fit together with in-

terlocking joints. This structure was tested with all three assembly methods: bolting,

bolting with indium, and brazing. The results of all three tests are presented below.

4.2.1 Unbrazed MTM1 Structure Results

A photograph of the 352 irim unbrazed structure based on the MTM1 design that

was bolted together is shown in Fig. 4-2. The side plates have pockets which were

Figure 4-2: Photograph of the 352 nun unbrazed MTM1 structure taken on October
17, 2014 before high power testing. 3 of the 4 bolts that hold the two side plates
are visible in the photograph. The top, botton, and metanaterial plates are then
sandwiched between these two side plates and sit in pockets which were machined
into the side plates. The whole structure then slides into pockets in two end flanges
to which it is then bolted and which are shown on the right hand side of the photo.
For scale, the spacing of the holes on the optical table the structure rests on is 1 inch.

machined into then so the top, bottom, and inetamnaterial plates would be held

together when bolted. Finally, the structure ends are bolted into two flanges which
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are shown on the right. One of these flanges is secured to the vacuui chaimber and

the other is bolted to the output coupler.

This structure was tested over a range of magnetic field values from 1200 G to

1550 G and a wide range of voltage values. Initially there were concerns albout testing

structures at low magnetic field values because it was not certain if a catastrophic

failure would result if the beam was somehow deflected. Major deflections were ob-

served in the PIC simulations of the structure at magnetic fields less than 850 G,

and so magnetic field values lower than 1200 G were not initially investigated for this

structure, although later experiments performed at magnetic field values below 1200

G were performed with the same structure assembled with indium foil (section 4.2.2)

and brazed (section 4.2.3).

Over the range of parameters investigated the output power was measured to be

20 10 NV (this error bar is only approximate and based on the shot-to-shot variation

of power observed in the lab over wide range of operating voltages and magnetic field

values). A characteristic plot of the power, collector current, and gun voltage is shown

in Fig. 4-3. This power trace was taken with a solenoid field of 1500 G and a lens

352 mm Unbrazed MTMI Traces (B, = 1500 G)
~ -0 40.

100 -
-30.

/0 -200-

> 20.

-300-

10.
-400

-500 - 0.
1 2 3 4

Time (ps)

Figure 4-3: Electron gun voltage (blue curve) and measured collector current (red

curve) for an applied magnetic field of 1500 G plotted with the ieasured microwave

power (black). Thc scale for the current (voltage) is given on the left iii red (blue)
and the scale for the imiicrowave power is given on the right in black.
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current of 12 A (which corresponds to a peak magnetic field at the center of the

lens of roughly 875 G). Averaged over the FWHM of the RF pulse, the metamaterial

structure produced 20 W 5 W for a voltage of 510 kV and beam current of 84 A.

The predicted power from the CST PIC simulations for a similar operating condition

(see Fig. 2-20) was over 5.5 MW at 2.82 GHz. The output power predicted by CST

PIC simulations and the measured output power disagree by more than 5 orders of

magnitude.

For the measurement in Fig. 4-3, the location of the magnetic lens was 140 mm

away from the focal spot of the gun, and the edge of the steel solenoid pole plate was

approximately 256 mm from the focus of the gun. Using the ID beam envelope code

for this configuration, the beam diameter is inversely proportional to the magnetic

field and ranges from a diameter of 4.2 mm at 1200 G to 3.2 mm at 1550 G at 500 keV

and 80 A. The beam size could be measured using a beam witness plate measurement,

however this is a fairly complicated measurement for a 500 keV, 80 A electron beam

and was not attempted for this experiment.

For the same magnetic field as Fig. 4-3, the frequency was also measured in both

of the RF arms. In order to make this measurement, the output microwave signal

was measured with the oscilloscope over a 50 ns window near the peak of the cur-

rent and voltage pulse corresponding to the flat-top of the RF pulse. In Fig. 4-4 a

plot of the measured microwave signal and the corresponding Fourier transformed

signal is shown. The time duration on the x-axis of the microwave signal in Fig. 4-4

corresponds to the time of the current, voltage, and power traces of Fig. 4-3. The

signal peak in the Fourier transformed signal is centered at 2.837 GHz, in very good

agreement to 2.82 GHz which is the value predicted by CST PIC simulations (see

Fig. 2-20). In the Fourier transform that is shown, the bandwidth of the central

lobe is time-limited due to the fact that the Fourier transform was calculated from

a time window of 50 ns, but this does not affect the value of the central frequency.

Despite the low output power of the metamaterial structure, it is clear that the out-

put microwave signal was coherent in Fig. 4-4. CST PIC simulations predict 5 MW

of microwave power at a frequency of 2.830 GHz. While the frequency was in good
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352 mm Unbrazed MTM1 Signal (B- = 1500 G)
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Figure 4-4: Top: Normalized microwave signal measured with the 6 GHz oscilloscope
over a 50 ns time window. The time on the x-axis corresponds to the time of Fig. 4-3,
though the signal was neasured froiii a different shot with identical settings. Below:
Fourier transform of the measured signal. The signal is peaked at 2.837 GHz, which is
very close to the frequency of 2.820 GHz that was predicted by CST PIC simulations.

agreement, the output power was 105 tines lower than sinulated.

The frequency and power was measured at a few different magnetic field values

at a fixed voltage and current of 500 kV and 81 A, respectively. This is shown in

Fig. 4-5. The power was averaged over the FWHM of the signal and the frequency

was measured over a 50 ns window in the flat top of the voltage pulse. Because the

power was so low compared to the predicted value by the CST PIC simulation, no

attempt was made to analyze the statistical variation of the output power and so no

error bars are shown. The frequency measurements in Fig. 4-5 were very repeatable

at each of the magnetic field values where the measurements were made.

In addition to the above measurements, the frequency was measured as the voltage

of the gun was varied. The result of these measurements is shown in Fig. 4-6. The
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Frequency and Power 352 mm Unbrazed MTMI
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Figure 4-5: Microwave frequency and output power of the 352 mm unbrazed MTM1
structure at different magnetic field values taken from 1200 G to 1550 G.

frequency of operation as a function of voltage can be estimated by using the cold

dispersion relation that was solved with the eigenmode solvers of HFSS and CST and

shown in Fig. 2-6, and by using the theory of a, cold interacting electron beam with

the resonance condition w = kiv7. As the gun voltage is varied so is the energy of the

electron beam, and this affects the slope of the beam line and therefore changes the

frequency where the beam line intersects the cold dispersion curve. The red curve in

Fig. 4-6 corresponds to the frequency predicted by the cold dispersion relation down-

shifted by 50 MHz. Qualitatively the measured dispersion, or slope of the frequency

vs. voltage curve, agrees quite well with simulation. The shift may be due to fabrica-

tion errors or possibly due to the effect of the space charge of the beam. Because the

electron beani is formed by a Pierce gun it is impossible to independently vary the

voltage fromi the current, and near the design point of 500 kV the gun current varies

as V3 /2 . Thus care should be taken in ascribing the frequency tuning as purely due

to the dispersion of the waveguide or as a combination of dispersion and the changing

space charge of the beam.
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Frequency tuning with V (B: 1500 G)
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Figure 4-6: Frequency tuning of the 352 mm uinbrazed MTM1 structure as the voltage

(and current) of the electron bean is varied from 520 kV to 380 kV. The voltage shown
on the x-axis is the average voltage over the 50 ns window that the microwave signal
is taken, which is approximately equal to the peak gun voltage.

4.2.2 Unbrazed MTM1 Structure with Indium Foil Results

The 352 mm unbrazed MTM1 structure produced much less power than what was

predicted with PIC simulations (see section 4.2.1). It was hypothesized that the way

that the structure was assembled had a negative impact on its performance. The

structure was bolted together from six individual plates which allowed for small gaps

in the joints of the structure where the plates fit together. When the structure was

removed from vacuum, it was cold tested with the VNA and then also tested with

indium foil put into the structure joints before bolting together. The transmission

from these two measurements is shown in Fig. 4-7.

In both transmission imeasurements two straight probes were inserted into the axis

of the structure in order to selectively excite the symimnnetric imode of the structure.

It, is clear from the figure that the transmission ill the upper negative group velocity

mode (the high power design mode which theoretically spans fron approximately 2.6

GIIz to 3.2 GIiz and is shown in Chapter 2 in Fig. 2-6) is significantly enhanced

when the indium foil is used. In addition, the transmission in the lower negative
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S21 352 mm Unbrazed MTMI
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Figure 4-7: Transmission of the 352 1n1n ietamaterial structure with (blue) and
without (red) indium foil put into the structure joints before the structure was bolted
together. The measurement was made using two straight probes at either end of
the metamaterial structure inserted parallel to the direction of the beam in order to
selectively excite the symmetric mode.

group velocity mode (at approximately 2.1 GHz) is also significantly enhanced. One

interesting feature of the measurement, however, is that there seems to be a mode

between the two known modes which is also enhanced (frequency from approximately

2.25 GHz to 2.6 GHz), but was not found with the eigeninode solver.

The reason indium foil was used in the joints was to seal the gaps in the structure

joints since it is a good conductor and has some similar qualities to a liquid at room

temperature. In addition to this, indium foil had been used previously as a good

electrical seal in other experiments in our group.

The indium structure was then returned to vacuum and tested with the electron

beam. For high magnetic fields the structure was observed to behave approximately

the same as without the indium foil (power -10-100 W, f ~ 2.83 GHz). However, it

was decided to test the structure at lower magnetic fields as well and risk any problems

with beam interception. It was discovered that at low magnetic field (< 400 G) the

structure produced megawatts of output power at 2.35 GHz. A characteristic plot

of a high power trace, collector current, and gun voltage taken at 294 G is shown in
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Figure 4-8: a) Electron gun voltage (blue curve) and measured collector current (red
curve) for an applied magnetic field of 294 G. The scale for the current (voltage) is
given on the left in red (blue). b) Using microwave filters it was deternined that
nearly all of the microwave power was measured at 2.35 GHz, as evidenced by the
two power traces showing the 2.35 GHz power (red) and 2.83 GHz power (blue) below
the voltage and current traces. The 2.83 GHz power trace is blown up by a factor
of 104 so that it is visible. The scale for the microwave power is given on the left in
black.

Fig. 4-8.

Averaged over the FWHM of the RF pulse, the met amaterial structure produced

approximately 1.5 MW for a voltage of 465 kV and beam current of 78 A. In the

figure the power at 2.35 GHz and 2.83 GHz was independently measured by using

commercially available coaxial microwave handpass filters purchased from Minicir-

cuits (models VBFZ-2130+ and VBFZ-3590+). The power in the 2.83 GIz mode

produces 120 W of peak power, but the 2.35 GHz mode produces 2 MW of peak

power. The measured microwave power at 2.35 GHz was observed to be fairly sen-

sitive to the structure alignment. Care was taken to align the structure by sliding

the position of the magnet assembly so that it produced both a maximum of output
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power and so that, the power in both RF arms was approximately equal. Using the ID

beaim envelope code, at the operating conditions shown in Fig. 4-8 the beam diameter

was approximately 19 inn.

352 mm Indium MTM I Power vs Bz

3.5 - Vgun=4 7 5 kV

3.0 "gun=8 A
2.35 GHz Power

2.5

2.0

1.5

1.0 -

0.5

0.0 - ,,
300 320 340 360 380 400

B- Solenoid (G)

Figure 4-9: Microwave power measured at 2.83 GHz (red) and 2.35 GIz (blue) as the
solenoid field is varied from 300 to 400 G. The microwave power at each particular

frequency was measured using band pass filters between the coupler and power meter.

The gun voltage and current were fixed at 475 kV and 81 A and the magnetic lens

current is held fixed at, 11 A. The 2.83 GHz microwave power trace is blown up by a
factor of 104 so that it is visible when compared to the 2.35 GHz.

The variation of the microwave power in each mode was measured as a function of

the applied solenoid field. This is shown in Fig. 4-9 where the gun voltage and current

were fixed at 475 kV and 81 A and the magnetic lens current, was held fixed at, 11 A.

High power microwave generation in the 2.35 GHz 1mode is observed below 350 G. At

400 G and above no microwaves are detected at 2.35 GlIz. The 2.83 GHz microwave

signal remains roughly constant at - 20 W for higher magnetic field values, and then

quickly rises to about 300 WV at approximately the same magnetic field the 2.35 GHz

microwaves start.

In Fig. 4-10 the measured frequency of the 2.35 G~lz microwave signal is shown as

the gun voltage is varied. The dispersion of the measured frequency data at 2.35 GHz

is opposite that of the 2.83 GHz mode. No microwaves at 2.35 GHz were observed
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Figure 4-10: Frequency tuning of the 2.35 GHz microwave signal as the voltage (and
current) of the electron beam is varied froii 520 kV to 380 kV. The voltage shown on
the x-axis is the average voltage over the 100 ns window (,entered at 2.5 Is and the
frequency is also measured at 2.5 Is over a 250 ns window.

below 445 kV. In addition to the data already presented, the microwave signal at

2.35 GHz was not observed to tune significantly with magnetic field. The excitation

of the 2.35 GHz mode was observed to be very sensitive to alignment, which made

repeatability of the measurements difficult if the structure was moved.

One interpretation of the above measurements and the origin of the 2.35 GHz

microwaves was that the introduction of the indium foil served to create the gaps in

the slots of the structure to the extent that a long enough section of the structure

supported slot modes which could then be excited by the elect ron beam. Inspection

of the cold transmission data, presented in Fig. 4-7 seems to confirm the hypothesis

that the addition of indium improved the transmission of a mode there. In Fig. 4-11 a

photograph is shown of the metamaterial structure assembled with indiumn foil taken

after high power testing. Unfortunately, it was nearly impossible to cut the strips

to a consistent thickness and uniformly put them in the slots along the length of

the structure. This was especially the case in the small 1 mn thick slots that the

metamaterial plates fit in, which are incidentally the most critical.

To investigate this idea further, additional eigenmode si mulations were performed

with small gaps around the edges of the metamaterial plates to model the gaps that
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Figure 4-11: Photograph of the partially unassembled 352 nun unbrazed MTM1
structure that had indium foil put in structure joints before the structure was clamped
together. The photograph was taken on October 6, 2015 after high power testing.

might be present in the actual experiment. Modes that are present due to any gaps

in the structure joints are called -slot modes.' In Fig. 4-12 the electric field profile

and dispersion of the four lowest order slot modes is shown. In the simulation gaps

of 0.5 mun were used around the metainaterial plates. All of the four slot modes

have positive group velocities near the beaim line. The structure supports an anti-

symmetric and symmetric mode with positive group velocities that have no cutoff

and all antisyiimetric and sylmnetric mode that have positive group velocities and

cutoff, frequencies at 2.06 GHz. The dispersion curves of the synnnetric and antisyll-

metric modes are nearly identical in this structure and so they overlap on the plot.

Different gap variations (from 0.2 to 2 mm) and geometries were investigated in the

eigenimode simulations, but all seemed to produce a qualitatively similar dispersion

relation and a cold beam-wave interaction frequency of 2.2 to 2.4 GHz. Finally, a,

CST PIC simulation was run of a 352 1n1 long structure with the same design as

shown in Fig. 4-12 that produced 700 kW of microwave power at 2.40 GHz. Not all of

the same gap geometries and gap widths could be investigated with the PIC solver as

were investigated with the eigenmIode simulations due to constraints o computation
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Figure 4-12: a) Simplified schemnatic of the MTM1 inctainaterial structure with a 0.5
mm gap around the metamaterial plate. b) Electric field amplitude generated by an

eigenmode simulation in CST MWS in the MTMI1 metamaterial structure with a gap.
The field corresponds to the antisymmetric inode that intersects the beam line at 2.30
GHz. c) Dispersion relation for the four lowest order modes of the above structure

and for a 500 keV electron beam (black). There are two antisymmetric (red) modes

and two symmetric (blue) modes.
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time.

It is unlikely that the structure had uniform slots along the full length of the

structure, or that the gaps were 0.5 mm. The tolerance of the slots around the meta-

material plates was specified at 1 mil, and the thickness of the plates was specified at

2 mils, so any gaps that were present in the structure were very small (and impossible

to simulate with the current simulation capabilities). The results of the above dis-

cussion are merely included to illustrate the fact that poor electrical contact around

the metamaterial plates could support a mode which has a) positive group velocity

('- > 0 and b) a frequency of approximately 2.35 GHz, which is close to what was

measured in the high power experiments.

4.2.3 Brazed MTM1 Structure Results

In order to verify that gaps in the structure were causing the high power excitation

observed when the structure was assembled using indium foil, the structure was tested

after being completely brazed together. The structure was first tested with the VNA

to measure the transmission, which is shown in Fig. 4-13. This measurement was

performed using SMA coax to WR284 couplers to excite the antisymmetric mode

of the structure. Comparing Fig. 4-13 to Fig. 4-7 it is clear that there is a drastic

difference in the transmission below 2.6 GHz, and especially at 2.35 GHz where high

power operation was observed with the structure assembled with indium foil.

The power detected at higher magnetic field values remained unchanged from the

measurements made when the structure was bolted both with and without indium

foil, as is illustrated in the power, collector current, and gun voltage traces shown in

Fig. 4-14 which were taken at a magnetic field of 1285 G. The beam diameter at this

operating condition was approximately 4.2 mm. Averaged over the FWHM of the RF

pulse, the metamaterial structure produced 30 W of power at 2.83 GHz for a voltage

of 465 kV and beam current of 78 A. When the structure was put under vacuum and

tested with the high power electron beam, no power at 2.35 GHz was detected and

all of the microwave power came from the 2.83 GHz mode.

The power from the 2.83 GHz mode at low magnetic field (< 400 G) was also
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Figure 4-13: Transmission of the brazed 352 1nn metamaterial structure (blue) corn-

pared with a CST MWS simulation of the transmission (red). The measurement (and
associated simulation) were perforned using SMA coax to WR284 couplers to excite
the antisymmetric mode of the structure. Note that the transmission below 2.6 GIlz

is significantly reduced from when it was assembled with and withouti indium in the
joints and bolted together.

approximately the same as the structure assembled with indium, though without

competition from the 2.35 GHz mode the power trace (i(d have a qualitatively different

profile. This is illustrated in the power, collector current, and gin voltage traces

shown in Fig. 4-15 which was taken at a magnetic field of 265 G. The beam diameter

at this operating condition was approximately 25 mm. Averaged over the FWHM of

the RF pulse, the metamaterial structure pro(diced 275 W at 2.83 GHz for a voltage

of 460 kV and beam current of 75 A.

Finally in Fig. 4-16, the microwave power is shown as a function of the applied

solenoid field at a few different magnetic field values. Uniform current interception

of ~5 A prevented measurements at lower magnetic values. Since the power is so low

compared to the predicted output power, it is difficult to draw any conclusions on

the variation of the power from low magnetic field to high magnetic field.
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Figure 4-14: Microwave power (black curve), electron gun voltage (blue curve) and
measured collector current (red curve) for an applied magnetic field of 1285 G. The
scale for the current (voltage) is given on the left in red (blue) and the scale for the
microwave power is given on the right in black.
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Figure 4-15: Microwave power (black curve), electron gun voltage (blue curve) and
measured collector current (red curve) for an applied magnetic field of 265 G. The
scale for the current (voltage) is given on the left in red (blue) and the scale for the
microwave power is given on the right in black.
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352 mm Brazed MTMl Power vs B-
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Figure 4-16: Microwave power measured at 2.83 GHz as the solenoid field is varied

from 260 to 350 G. The microwave power at each particular frequency was measured

using a 2.83 GIIz band pass filter between the coupler and power meter. The gun

voltage and current were fixed at 460 kV and 76 A and the magnetic lens current was

held fixed at 10.8 A.

4.3 Experiments Using the MTM2 Design

4.3.1 370 mm Unbrazed MTM2 Structure Results

A photograph of the 370 mm structure based on the MTM2 design is shown in

Fig. 4-17. The unbrazed structure was first tested with the VNA to measure the

transmission, which is shown in Fig. 4-18. This measurement was perforined using

SMA coax to WR284 couplers to excite the antisymmetric mode of the structure.

The simulated and measured transmission agree fairly well, however the measured

transmission at, the operating frequency (2.4 GHz) is about 5 dB below the simulated

transmission. The 370 mm unbrazed MTM2 structure was tested right after the 352

mm unbrazed MTM1 structure and before the 352 mm MTM1 structure assembled

with indiui foil. The structure was tested over the same Paraimeter space as the

352 nin unbrazed MTM1 structure because there were still concerns about testing

structures at low magnetic field values which were anticipated to cause najor beaim

deflections. Therefore this structure was tested over a range of magnetic field values

from 1200 G to 1700 G and a wide range of voltage values. Lower magnetic field values

were not, investigated for this structure and the output power was not observed to
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Figure 4-17: Photograph of the brazed 370 inn inetanaterial MTM2 structure taken
on January 1, 2015 after high power testing. This photo was taken after the structure
was brazed together, however, the bolted structure looks identical. The braze material
is not visible, but was put into the slots that were machined into the side plates prior
to being put into a, dry hydrogen furnace. For scale reference, the inner dimensions
of the rectangular waveguide are 63 nin by 43 mm.

vary more than 10 W over the range of parameters investigated. A characteristic

plot of the power, collector current, and gun voltage is shown ill Fig. 4-19. Averaged

over the FWHM of the RF pulse, the imetamiaterial structure produced 25 W for a

voltage of approximately 510 kV and beam current of 84 A. The measured frequency

for these same voltage, current, and magnetic field settings was 2.431 GHz. This

agreed fairly well with the CST PIC simulation which predicted a frequency of 2.401

GHz. However, the power predicted by CST PIC simulations (6.4 MW) was again

10' higher than what was measured in the experiment.

4.3.2 370 mm Brazed MTM2 Structure Results

The 370 inin structure was then sent out to be brazed. It was then tested with the

VNA to measure the transmission, which is shown in Fig. 4-20. This measurement

was performed using SMA coax to WR284 couplers to excite the antisyimetric mode
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Figure 4-18: Transmission of the 370 mm unbrazed metamaterial structure (blue)
compared with a CST MWS simulation of the transmission (red). The neasulrement

(and associated simulation) were performed using SMA coax to VRI284 couplers to
excite the antisyinmetric mode of the structure.
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Figure 4-19: Microwave power (black curve), electron gun voltage (blue c(urve) and
measured collector current (red curve) for an applied magnetic field of 1500 G. The
scale for the current (voltage) is given on the left in red (blue) and the scale for the
microwave power is given on the right in black.
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Figure 4-20: Transmission of the 370 i111ii brazed MT\12 inetainaterial structure (blue)
compared with a CST MWS simulation of the transmission (red). The measurement

(and associated simulation) were performed using SMA coax to WRI284 couplers to
excite the antisynnmetric mode of the structure.

of the structure. The simulated and measured transmission agree fairly well, and

comparing these results to Fig. 4-18 it is apparent that brazing helped to improve the

transmission of the design mode. The measured transmission at the operating point

near 2.4 GHz agrees almost exactly with the simulation.

The structure was then returned to vacuum and tested with the electron beam.

For all of the data presented for the 370 mm brazed MTM2 structure on the following

pages, the location of the magnetic lens was 145 mmir away from the focus spot of the

gun, and the edge of the steel solenoid pole plate was approximately 260 mm from

the focus of the gun. Different lens and solenoid positions were investigated, but

were not observed to significantly impact the results. A plot of a high power trace,

collector current, and gun voltage for an applied magnetic field of 375 G is shown

in Fig. 4-21. The beami diaimeter at this operating condition was approximately

17 mn. Averaged over the FWIIM of the RF pulse, the netamnaterial structure

pro(duced 2.3 MW at 2.380 GHz for a voltage of 400 kV and beam current of 62 A.

For high magnetic fields (700 G and above) the structure was observed to behave
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Figure 4-21: Microwave power (black curve), electron gun voltage (blue curve) and

measured collector current (red curve) for an applied magnetic field of 375 G. The

scale for the current (voltage) is given on the left in red (blue) and the scale for the

microwave power is given on the right in black. The lens current was set at 10.1 A.

A blow up of the high power trace is also shown below.

approximately the same as the bolted structure (microwave power ~10-100 W, f ~

2.44 GHz). However, below a certain magnetic field value the structure produced

megawatts of output power at approximately 2.4 GHz, provided that the voltage and

current were above a particular threshold. In all instances of high power generation, a

significant amount of beam interception was also observed as evidenced by a missing

portion of the collector current. While the beam interception was significant, in

PIC' simulations performed at the same magnetic field approximately 98% of all the

current was intercepted on the metamaterial structure (beam interception in the PIC
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simulations was presentcd in Chapter 2, for the comparison of this measurement with

simulation see section 2.4.2). It, should be further noted that the PIC simulations do

not have any model of re-emission, flashover, or gas generation from associated beam

interception, which likely have a major impact on the operation of the device. If any

of these effects are responsible for terminating the RF pulse, the PIC simulations

would be unable to predict the pulse shortening. A camera was used to monitor the

quartz window on top of the experiment for light emission from inside the chamber

and none was observed. However, it should be noted that there is not a direct line of

sight from the window to the metamaterial structure and so only very bright flashes

of light would have been detected on the camera.

Fig. 4-21 is an example of a high power- trace where there is an RF 'flat-top, or

a period of a few hundred nanoseconds of continuous power. However, many of the

shots where high power was observed had very high peak power pulses (> 5 MW)

with shorter time durations ( 100 us). A plot of such a power trace along with the

gun voltage and collector current, is shown in Fig. 4-22. The trace was taken with an

applied magnetic field of 431 G. The beam diameter at this operating condition was

approximately 14 mm. The peak power observed exceeds 5 MW at, 2.386 GHz for a

370 mm Brazed MTM2 Traces (Bz=431 G)
In n ) - 0 - -. . . . . . . . . . . . .8.
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Figure 4-22: Microwave power (black curve), electron gun voltage (blue curve) and
measured collector current (red curve) for an applied magnetic field of 431 G. The
scale for time current (voltage) is given oni the left, in red (blue) and time scale for the
microwave power is given on the right in black. The lens current was set at 10.8 A.
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voltage of approximately 460 kV and beam current of 75 A. The measured microwave

power did have a certain degree of shot-to-shot variation in both the measured RF

power (1 50%) and the RF pulse duration (the pulse length defined by the FWHM

power value) at any given voltage or magnetic field. Despite the shot-to-shot variation

in pulse duration, over all of the parameters investigated the pulse length was greater

than 100 ns and less than 400 ns, and the mean duration was approximately 300 ns.

The structure was found to have a starting voltage (or current) at which high

power microwave generation would occur for a particular magnetic field value. The

high power turn-on condition was defined by the minimum voltage where over a

megawatt of power was generated. Because the change in the output power of the

device was very abrupt (i.e. the device produced a peak power of at least 2 MW

or only a few hundred watts of power) the turn-on condition or starting voltage was

easily defined by this abrupt transition. Typically one defines a starting current for

operation. However, since the gun that was used in the experiment is a Pierce gun the

current follows the voltage. Therefore, since it is actually the voltage that is varied in

the experiment, this is the value that is recorded. The current roughly varies as V3 /2 .

The starting voltage was very repeatable and was found to depend on the applied

solenoid field. The starting voltages for the 370 mm brazed MTM2 structure are

shown in Fig. 4-23. The lens current was set at 10.8 A for this measurement. The

starting voltage was observed to be very slightly influenced by magnetic field of the

lens, however this had only a small effect on the value. The approximate beam size

in Fig. 4-23 ranged from 12 mm at 450 G to 15 mm at 410 G.

The microwave frequency was observed to tune with the gun voltage for a fixed

magnetic field of 410 G. In Fig. 4-24, the frequency of the microwave signal is shown as

the gun voltage was varied from 450 to 490 kV. The beam diameter is approximately

15 mm over these voltages. All of the data points in Fig. 4-24 were taken above

the starting voltage and produced a high power microwave pulse with peak power

exceeding 2 MW. The solid red curve represents the frequencies predicted by the cold

dispersion relation of the antisymmetric mode governed by the resonance condition

W = kzv,, and the solid black curve corresponds to the anomalous Doppler resonance
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Figure 4-23: Measured starting voltage (related to the starting current) of the 370
n1n brazed MTM2 structure. For voltages above the dashed curve (which is drawn
to guide the eye) the structure produced more than 1 MW of power, and below the
curve the structure produced about 1 kW or less.

condition j = kv - /. In addition to the predicted eigenmode frequencies, the

frequency predicted by CST PIC simulations for the same operating conditions are

also shown in this figure. Very good agreement between the CST PIC simulations,

anomalous Doppler shifted antisymmetric mode, and experiment was found. The

frequency of these high power shots is lower than low power shots at higher magnetic

field values (i.e. 1500 G) where the frequency was closer to 2.44 GHz due to the

Cherenkov synchronism (w = kzov) with the synnetric mode.

To illustrate this fact, the frequencies of the low power microwave signals were

measured at higher magnetic field values and above the starting voltage. This is shown

in comparison to PIC simulations in Fig. 4-25. In addition to this plot, the measured

and predicted phase difference between the microwave signals in BF arm 1 and arm 2

is also shown. The measurements were made for a fixed gun voltage and current of 489

kV and 84 A with the lens current set at 10.8 A, and the beam diameter varies from

20 mm at 350 G to 3 mm at 1800 G. These are compared with CST PIC simulations

(green stars) performed at the same voltage and current values. See Table A.12 for
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Figure 4-24: Variation of the frequency of the high power microwave pulses with the
gun voltage for the 370 mm brazed MTM2 structure at a fixed magnetic field of 410
G with the lens current set at 10.8 A. The frequencies of the antisyninetric mode

predicted by the eigelnode simulation corresponding to the normal (Cherenkov)
resonance condition and the anomalous Doppler resonance condition is displayed as
the solid red curve and black curve, respectively. Frequencies predicted by CST PIC
simulations are also shown (blue).

a minore detailed description of the inputs to the simulation. From the plot, there are

two different transitions that the device makes which depend on the magnetic field

and are important to point out. First, there is a transition from the antisyninetric

to the symmetric mode around 750 G which is highlighted by the different shaded

blue (antisymnetric) and red (symmetric) regions. The transition between these two

modes is determined by the change in phase that is measured between the output

signals of the RF arms and shown in Fig. 4-25c. The PIC simulations accurately

predict the magnetic field where this transition occurs. At this transition there is

also a change in the frequency tuning, which is highlighted in Fig. 4-25b. Above 700

G the frequency of the device is approximiately constant, while below this value the

frequency changes with the magnetic field. To compare this with the cold dispersion

nodel for the MTM2 structure that was solved with the eigeninode solver, there are

three different curves shown in Fig. 4-25b. These curves correspond to the frequencies

predicted by the cold dispersion relation for the resonance condition w kv with
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Figure 4-25: Stacked plot of the a) average microwave power (top), b) frequency

(middle), and c) phase difference between the two RF arms (bottom). All of the green
star data points are those obtained from PIC simulations, and the black data points
are the experimentally measured values. The power plot shows a distinct transition

at about 430 G where the device starts to produce high power in the antisymmetric

mode, and a transition at about 750 G where the device switches from antisymmetric

to symmetric mode excitation.
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the symmetric mode (red), w = kov with the antisymmetric mode (purple), and

w = kzvz - Q,/-y with the antisymmetric mode (blue). Qualitatively, these predicted

frequencies do agree with both the simulations and the measured values; however, in

the range of magnetic field values from 450 to 700 G, the measured frequencies are

higher than the predicted values by CST. In addition, the frequencies lie in between

the frequency curves predicted by the w = kzv, and w = kzVz - Qc/7 resonance

conditions of the antisymmetric mode.

Second, there is a transition between high power operation which also likely affects

the frequency where the device operates. This transition occurs at approximately 435

G where the average output power jumps from just over 1 kW to over 1 MW. While

this transition was measured in the experiment, it was not predicted by the CST PIC

simulations. In fact, the PIC simulations predicted high power microwave generation

for all of the magnetic field values shown at the voltage and current values that were

investigated in Fig. 4-25a. Quantitatively, the CST PIC simulations do a better job at

predicting the frequency of high power operation (as is shown in Fig. 4-25) than they

do of the low power operation. Understanding the low power frequency is difficult

because the device has not reached saturation and is in a pre-oscillation state. For

high power operation there is likely a nonlinear shift in the frequency as the device

locks in to a particular frequency value.

4.3.3 420 mm Brazed MTM2 Structure Results

A structure fabricated with the MTM2 design, but 420 mm long instead of 370

mm, was tested with the high power electron beam. This structure was only high

power tested after being brazed. It was first tested with the VNA to measure the

transmission, which is shown in Fig. 4-26. This measurement was performed using

SMA coax to WR284 couplers to excite the antisymmetric mode of the structure. The

measured transmission near the operating point at 2.4 GHz agrees almost exactly with

the simulation.

The 420 mm brazed MTM2 structure was then put under vacuum and tested with

the high power electron beam. For all of the data presented for this structure, the
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Figure 4-26: Transmission of the 420 imiii brazed MTM2 netainaterial structure (blue)
compared with a CST MWS simulation of the transmission (red). The measurement

(and associated simulation) were performed using SMA coax to WR284 couplers to
excite the antisymmetric mode of the structure.

location of the magnetic lens was 145 mm away from the focus spot of the gun, and

the edge of the steel solenoid pole plate was approximately 260 mm from the focus of

the gun. When the structure was tested with the electron beam it, produced over 100

kW over a, wide range of magnetic field values. However, the frequency of oscillation

was measured with the oscilloscope and verified with microwave band-pass filters

to be approximately 5.95 GHz. This corresponds to the intersection of the beam

line with the positive group velocity modes shown in Fig. 2-10. Unfortunately, the

higher frequency of operation was problematic for the power imeasurenient because

the WR284 waveguide which is used to bring the microwaves out of the experiment

ceases to be single-moded above 4.16 GHz. In fact there are five supported modes

at 5.95 GHz, and so the output coupling of the Bethe-hole couplers at this frequency

depends not only on the frequency, but on the mode content of the microwaves in the

waveguide. It was shown in Chapter 3 that nearly all of the power exists in the TA1 1 1

and TE10 modes of the waveguide (see Fig. 3-16 and surrounding discussion), and the

coupling values of couplers A and B at 5.95 GHz are estimated to be -46.3 dB and
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-48.4 dB, respectively. However, it, was estiiiated that an error of approxiiiately

1 (lB exists for these coupling values so this uncertainty should be reiterated before

drawing conclusions about the device performance.

A plot of the 5.95 GlIz microwave power trace, collector current, and gun voltage

for an applied magnetic field of 1550 G is shown in Fig. 4-27. Averaged over the
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Figure 4-27: Microwave power (black curve), electron gun voltage (blue curve) and

measured collector current (red curve) for an applied iiagnetic field of 1550 G. The

scale for the current (voltage) is given on the left in red (blue) and the scale for the

microwave power is given on the right in black. The lens current was set at 11 A.

FWHM of the RF pulse, the metarnaterial structure produced approximately an

average of 85 20 kW (black curve) at 5.95 GHz for a voltage of approximately

485 kV and beam current of 83 A. For all of the different parameters investigated

the device was only observed to operate in the synuietric positive group velocity

mode deterinied by the phase difference between the microwave signals. Plots of

microwave traces taken at 790 G and 640 G are shown in Fig. 4-28 and Fig. 4-29,

respectively. Averaged over the FWHM of the RF pulse, the metainaterial structure

produced approximately 170 + 45 kW at 5.95 GHz for a voltage of 485 kV, beam

current of 83 A, and a magnetic field of 790 G. In addition, the structure produced

140 1 35 kW for a magnetic field of 640 G and the same voltage and current. In all

three traces, the microwave signal is observed to start only when the voltage is near

its maximal, flat-top value. In Fig. 4-30 the variation of the microwave power and
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Figure 4-28: Microwave power (black curve), electron gun voltage (blue curve) and

measured collector current (red curve) for an applied magnetic field of 790 G. The

scale for the current (voltage) is given on the left in red (blue) and the scale for the
microwave power is given on the right in black. The lens current was set at 11 A.

tuning of the frequency as the magnetic field is varied is shown. In the figure, the

gun voltage and current are held fixed at 480 kV and 81 A. The microwave power is

averaged over the FWHM of the microwave pulse, corresponding to 2.05 to 2.95 its

in Fig. 4-27. The peak power occurs at approxinately 700 G.

The microwave frequency was observed to tune with the gun voltage for a fixed

magnetic field. In Fig. 4-31, the frequency of the microwave signal is shown as the gun

voltage is varied from 440 to 490 kV and the magnetic field is kept fixed at 1550 G.

The frequency tuning of the device with voltage does not match what was predicted

by the eigennode simulations. This discrepancy may be due to strong end reflections

which call affect the frequency of operation. In addition, the dispersive effect of the

beam current can also affect the output frequency.

Additionally, the power at 5.95 GIz was measured at fixed values of the solenoid

field while the gun voltage was varied. This is shown in Fig. 4-32 for a solenoid field

of 640, 790, and 1550 G. The microwave power is averaged over the FWIIM of the

microwave pulse. The dashed trendlines are drawn to guide the eye.

Lower magnetic field values were also investigated for the 420 mm structure. Sim-

ilar to the experiments performed with the 370 mm brazed MTM2 structure, it was
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Figure 4-29: Microwave power (black curve), electron gun voltage (blue curve) and

measured collector current (red curve) for an applied magnetic field of 640 G. The

scale for the current (voltage) is given on the left in red (blue) and the scale for the
microwave power is given on the right in black. The lens current was set at 11 A.

discovered that for some lower magnetic field values the structure produced high power

microwave pulses at approximately 2.4 GHz. Because there was also microwave gener-

ation at 5.95 GHz, it was necessary to use the band pass imicrowave filters to measure

the power generated at 2.4 GHz only.

In the measurements, it was observed that for the same voltage, the magnetic

field value at which the device was observed to turn-on at 2.4 GHz was higher in

the 420 mm structure than in the 370 mm structure. In all instances of high power

generation, a significant amount of l)eam interception was also observed. A plot of a

high power trace, collector current, and gun voltage for an applied magnetic field of

514 G is shown in Fig. 4-33. The peak power is approximately 400 kW for a voltage

of 465 kV and beam current of 78 A. It is obvious from Fig. 4-33 that the device does

not produce microwaves at the peak of the voltage and current, but rather on the

voltage rise and well below the flat-top value. This behavior was actually consistent

over all magnetic field, magnetic lens, alignment, and voltage values investigated.

The microwave pulse always started at approximately 1.7 /s + 100 ns (in reference

to Fig. 4-33).

A plot of a high power trace, collector current, and gun voltage for an applied
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Figure 4-30: Variation of the frequency and microwave power of the positive group
velocity mode of the 420 mn MTM2 structure as a function of the magnetic field.
The power is averaged over FWH.lIiM of the RF pulse. The gun voltage and current
were fixed at 480 kV and 81 A. The lens current was 10.8 A.

magnetic field of 470 G is shown in Fig. 4-34. The peak power is approximately 150

kW for a voltage of approximately 430 kV and beam current of 69 A.

It is not clear why the device would turn on at a fraction of the maximal voltage

and current values or why it was never observed to turn on during the fall of the

voltage trace. One very likely possibility is that competition with the 5.95 GHz mode

would keep the 2.4 GHz mode from starting again during the fall of the voltage pulse.

In addition, during the voltage and current flat-top the 5.95 GHz would compete with

the 2.4 GHz mode and so the 2.4 GHz mode was short lived.

It is also possible that since the electron bean is focused differently at different

voltage/current ratios, the coupling of the beam to the mode is not at its peak at the
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Figure 4-31: Variation of the frequency of the symmetric positive group velocity mode
with the guin voltage for the 420 mm brazed MTM2 structure at a fixed magnetic field
of 1550 G, with the lens current set at 12 A. The frequency of the symmetric mode
predicted by the eigenmode simulations is displayed as the solid red curve (which is
shifted up in frequency by 65 MHz).
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Figure 4-32: Variation of the 5.95 GHz microwave power as a function of the gun
voltage for 640 G (red), 790 G (blue) and 1550 G (black). The power is averaged over
the FWHM of the RF pulse.
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Figure 4-33: Microwave power in the 2.4 GHz mode (black curve), electron gun voltage

(blue curve), and measured collector current (red curve) for an applied magnetic field

of 514 G. The scale for the current (voltage) is given on the left in red (blue) and the

scale for the microwave power is given on the right in black. The lens current was set

at 10.1 A.
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Figure 4-34: Microwave power (black curve), electron gun voltage (blue curve) and

measured collector current (red curve) for an applied magnetic field of 470 G. The

scale for the current (voltage) is given on the left in red (blue) and the scale for the
microwave power is given on the right in black. The lens current was set at 10.1 A.
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voltage maximum but during the rise and fall of the pulse. In other words, the rise

and fall of the voltage has an effect on the beam location in the structure which thus

has a significant impact on the beam-wave coupling. If the beam was focused very

close to the metamaterial plates during the voltage rise, which could be the case if

there is significant scalloping of the beam, this could cause the structure to start to

oscillate at 2.4 GHz.

4.4 Experiments Using the MTM3 Design

A fully brazed 420 mm long structure fabricated with the MTM3 design was tested

with the high power electron beam. The period of the MTM3 design is 5 mm, so

the total number of periods in the structure was 84. The structure was designed

in order to minimize the start current of the negative group velocity mode while

still working with the system that was fabricated to test the MTM1 and MTM2

structures. Practically, this meant that the structure had a smaller spacing between

the metamaterial plates (25 mm for MTM3 vs. 29 for MTM2 and 36 for MTM1),

was built to the maximum length that could be tested in the setup (420 mm), and

operated in the negative group velocity mode at a higher frequency than the MTM2

and MTM1 structures, but still under the frequency where the waveguides became

overmoded (at 4.16 GHz). The brazed MTM3 structure was first tested with the

VNA to measure the transmission, which is shown in Fig. 4-35. This measurement

was performed using SMA coax to WR284 couplers to excite the antisymmetric mode

of the structure. The measured transmission near the operating point of 3.7 GHz

agrees almost exactly with the simulation.

The 420 mm brazed MTM3 was tested with the high power electron beam. For

all of the data presented for this structure, the location of the magnetic lens was 145

mm away from the focus spot of the gun, and the edge of the steel solenoid pole plate

was approximately 260 mm from the focus of the gun. A plot of the microwave power

trace, collector current, and gun voltage for an applied magnetic field of 1550 G is

shown in Fig. 4-36. The beam diameter at this operating condition was approximately
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Figure 4-35: Transmission of the 420 mm brazed MTM3 metamaterial structure (blue)
compared with a CST MWS simulation of the transmission (red). The measurement

(and associated simulation) were performed using SMA coax to WR284 couplers to
excite the antisymmetric mode of the structure.

3.4 mm. The structure produced approximately 80 W of power at 3.74 GHz for a

voltage of 475 kV and beam current of 80 A.

The output power of the structure was approximately constant with naglietic field,

however for magnetic field values between 420 and 450 G the structure produced very

short pulses of microwaves (pulse length ~ 100 ns) that were up to 2 kW in peak

power. To illustrate this, a plot of the microwave power trace, collector current,

and gun voltage for an applied magnetic field of 450 G is shown in Fig. 4-37. The

beam diameter at this operating comiditioni was approximately 13 nim. The structure

produced a peak power of 2 kW at 3.74 GHz for a voltage of 475 kV and beam current

of 81 A, but the pulse was only about 100 ns long. Below 400 G a significant amount

of beam interception was observed (greater than 15 A) so that the device wasn't run

below this magnetic field value. The interception was uniform in time, unlike the

interception observed with the high power operation of both MTM2 structures which

occurred only while the device produced high power microwaves.

The frequency was measured as the voltage of the gun was varied at a fixed
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Figure 4-36: Microwave power (black curve), electron gun voltage (blue curve) and

measured collector current (red curve) for an applied magnetic field of 1550 G. The

scale for the current (voltage) is given on the left in red (blue) and the scale for the

microwave power is given on the right in black. The lens current was set at 12 A.

magnetic field. This is shown in Fig. 4-38. The magnetic field was fixed at 1550 G,

and the voltage corresponds to the average value over the 1 pis flat-top of the gun.

The dashed curve corresponds to the symmetric mode cold dispersion that was solved

with the eigenmode solver. The eigenmode simulation curve was downshifted by 30

MHz. A shift of this magnitude may be due to fabrication errors or possibly due to

the effect of the space charge of the beam.

Finally, the power, microwave frequency, and phase difference between the mi-

crowave signals in the two RF arms (AO) were measured at a fixed voltage and cur-

rent as the magnetic field was varied. The results of these measurements are shown in

Fig. 4-39 along with the results of PIC simulations that were performed at, the same

operating conditions. See Table A.13 for a more detailed description of the inputs to

the simulation. The measurements and simulations were all done at, a fixed voltage

and current of 465 kV and 78 A. The switch in AO between the RF arms at approx-

imately 850 G indicates the magnetic field value where the device transitions from

antisyninnetric to syninietric mode excitation. When the phase difference measured

at, the Bethe-hole couplers was 0, the structure was oscillating in the synmnitricI mode
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Figure 4-37: Microwave power (black curve), electron gun voltage (blue curve) and
measured collector current (red curve) for an applied magnetic field of 450 G. The
scale for the current (voltage) is given on the left in red (blue) and the scale for the
microwave power is given on the right in black. The lens current was set at 11.3 A.
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Figure 4-38: Frequency tuning of the structure as the voltage (and current) of the
electron beam is varied from 390 kV to 365 kV.
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Figure 4-37: Stacked plot of the a) average microwave power (top), b) frequency

(middle), and c) phase difference between the two RF arms (bottom). All of the red

data points are those obtained from PIC simulations, and the black data points are

the experimentally measured values. The power plot shows a distinct transition at

800 G where the device switches from antisyninetric to symmetric mode excitation.
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and when the phase difference was 7r, the device was operating in the antisymmetric

mode. In the figure, the power shown is the peak microwave power observed. Where

the device produced one kilowatt or more of peak power near 450 G, the pulse width

was approximately 100 ns. The device produces very little power (<100 W) for higher

magnetic field, when the symmetric mode is excited. At the transition between the

antisymmetric and symmetric mode, the qualitative tuning of the frequency does not

change, unlike the tuning that was measured and predicted with PIC simulations for

the MTM2 structure.

4.5 Summary of Results

This thesis presents the first experimental demonstration of coherent, high power

microwave generation from a metamaterial interacting with an electron beam. Three

different metamaterial designs are presented: MTM1, MTM2, and MTM3 with design

frequencies of 2.8, 2.4, and 3.7 GHz, respectively. A summary of the three different

metamaterial designs that were tested is presented in Fig. 4-40.

The most significant results came from a structure that was built with the MTM2

design (see section 2.2.3 and 4.3.2) that was 370 mm long. Multi-megawatt output

power levels were achieved at a frequency near 2.39 GHz using a 490 keV, 84 A

electron beam. In addition, an important discovery of this thesis was that multi-

megawatt operation was observed with the anomalous Doppler interaction and not

the Cherenkov interaction. This was significant because all of the previous theoretical

work focused on the Cherenkov instability [39, 40, 41, 42, 43, 45, 46, 47], and to the

author's knowledge, there is no previous discussion of an electron beam interacting

with cyclotron modes that are supported by a metamaterial waveguide.

Despite the good agreement between theory, simulation, and experiment for the

anomalous Doppler interaction with the antisymmetric mode, poor agreement be-

tween simulation and experiment was achieved with regard to the output power of the

metamaterial structure for the Cherenkov interaction with the symmetric mode (see

section 4.3.2). Nevertheless, the radiation observed from the Cherenkov interaction
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Mode Design Frequency of Negative Frequency of Positive
Group Velocity Modes Group Velocity Modes

MTM I 2.8 GHz 4.8 Gliz

MTM2 2.4 GI-z 5.9 Gliz

MTM3 3.7 GHz 9.2 Gllz

Figure 4-40: Summnary of the MTM1, MTM2, and MTM3 designs which were tested
in experiments. The approximate frequency of Cherenkov synchronism with a 500

keV electron beam for the negative group velocity imodes and positive group velocity
modes of each design is also shown.

was coherent, and this suggests that the BWO was in a pre-oscillation state, but still

below threshold for full oscillation. Attempts to achieve high power in the Cherenkov

interaction with the other two designs (MTM1 and MTM3) were unsuccessful. The

discrepancy found between experiment and simulation highlights an important area

for future research to develop a better theory and/or simulations that match the ex-

perimental results obtained in this thesis. A summary of the experimental results

obtained for the brazed netamaterial structures is presented in Table 4.1.
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Table 4.1: Summary of the experimental results obtained for all four brazed meta-
material structure tests. Pmax is the maximum power observed at any magnetic field
or voltage value, and fo is the frequency for the corresponding maximum power mea-
surement. The 352 mm MTM1 simulation inputs are shown in Table A.1- A.4, the
370 mm MTM2 simulation inputs are shown in Table A.5- A.8, and the 420 mm
MTM3 simulation inputs are shown in Table A.9- A.11.

MTM1 MTM2 MTM3
Length 352 mm 370 mm 420 mm 420 mm

Pmax Experimental 30 W 30 W No Power 40 W
Symmetric
vg < 0 Mode

PIC Simula- 6 MW 7 MW 3 MW 1 MW
tion

Antisymmetric 350 W 5 MW 400 kW 2 kW
vg < 0 Mode

PIC Simula- 5 MW' 5 MW 6 MW 1 MW
tion

Symmetric No Power No Power 200 kW No Power
vg > 0 Mode

PIC Simula- No Power No Power No Power No Power
tion

Antisymmetric No Power No Power No Power No Power
vg > 0 Mode

PIC Simula- No Power No Power No Power No Power
tion

fo Symmetric 2.83 GHz 2.44 GHz No Power 3.74 GHz
vg < 0 Mode

PIC Simula- 2.82 GHz 2.40 GHz 2.42 GHz 3.70 GHz
tion

Antisymmetric 2.83 GHz 2.39 GHz 2.40 GHz 3.73 GHz
vg < 0 Mode

PIC Simula- 2.83 GHz 2.38 GHz 2.41 GHz 3.69 GHz
tion

Symmetric No Power No Power 5.95 GHz No Power
vg > 0 Mode

PIC Simula- No Power No Power No Power No Power
tion

Antisymmetric No Power No Power No Power No Power
vg > 0 Mode

PIC Simula- No Power No Power No Power No Power
tion
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Chapter 5

Conclusions

5.1 Summary of Accomplishments and Relevance

The theoretical investigation, design, and experimental test of a novel microwave gen-

erator that uses metamaterials and an electron beam in order to produce high-power

coherent microwave radiation was presented in this thesis. This work is important in

the two broader fields of vacuum electronics and metamaterial physics/engineering.

While vacuum electronics and high power microwaves are a nearly century old field of

study, applications of vacuum electronic devices span many disciplines and present an

important part of our national defense and world economy. High power microwaves

have applications in radar, communications, particle accelerators, plasma heating, in-

dustry, and materials processing. Therefore, development of new microwave sources

is an important and relevant scientific challenge. In contrast, the metamaterial com-

munity is only about a decade old, and the importance of the applications it may have

are not yet well defined. However, this field is growing rapidly and as new ideas are

developed many novel areas of application in optics and microwave engineering are de-

veloping, including optical and microwave cloaks, perfect lenses, advanced antennas,

and advanced microwave sources. This thesis presents several different meaningful

contributions to both of these fields.

The most important contribution of this thesis is that, to the author's knowledge,

this is the first experimental demonstration of coherent microwave generation from a
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metamaterial using an electron beam, and this accomplishment opens the door to new

types of microwave sources and active metamaterials. More than 5 MW of microwave

power at 2.4 GHz was observed from the 370 mm metamaterial structure using the

MTM2 design and a using 490 keV, 84 A electron beam with a one microsecond pulse.

High power microwaves were generated in the negative group velocity antisymmetric

mode for magnetic field values in the range of 375 to 450 G (see section 4.3.2). The

high power interaction (> 1 MW of power) was determined to be consistent with that

predicted by an anomalous Doppler shifted resonance. This caused the microwave

frequency and phase to be controlled by the magnetic field.

In addition, up to 0.2 MW of power was generated in the positive group velocity

symmetric mode at 5.95 GHz in the 420 mm metamaterial structure using the MTM2

design (see section 4.3.3). This same structure also produced up to 0.4 MW in the

negative group velocity antisymmetric mode at 2.4 GHz for magnetic field values

below 600 G.

Finally, up to 3 MW of output power were produced in the 352 mm metamaterial

structure using the MTM1 design assembled with indium foil and a 490 keV, 84 A

electron beam (see section 4.2.2). It was determined that gaps in the joints where the

metamaterial plates bolted to the waveguide were responsible for a slot mode with

a positive group velocity that produced the high power observed. The microwave

frequency of the slot mode was 2.35 GHz.

A summary of the high power experimental results from each of the structures

tested is presented in Table 5.1.

Table 5.1: High power experimental results from the metamaterial structures that
were tested.

Structure Mode Interaction Pmax/fo
352 mm MTM1 (Indium Unbrazed) v9 > 0 Slot Cherenkov 3 MW/2.35 GHz
370 mm Brazed MTM2 Vg < 0 Anti. Anom. Doppler 5 MW/2.39 GHz
420 mm Brazed MTM2 Vg < 0 Anti. Anom. Doppler 0.4 MW/2.40 GHz
420 mm Brazed MTM2 V9 > 0 Symm. Cherenkov 0.2 MW/5.95 GHz
420 mm Brazed MTM3 vg < 0 Anti. Anom. Doppler 2 kW/3.73 GHz
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This thesis has increased the physical understanding and computational modeling

of metamaterials. Very good agreement was obtained in cold test and measurements

made with a vector network analyzer. In addition, excellent agreement between PIC

simulations, eigenmode simulations and the high power experiment was obtained for

the predicted frequency, phase, and mode switching of different metamaterial devices,

in particular the MTM2 device. Furthermore, this work has made advancements in

the design of new types of metamaterial structures for vacuum and/or high power

environments. The specific design constraints placed on the device, namely to operate

at high vacuum and high power, resulted in the design of a new type of metamaterial

loaded waveguide that is fairly simple to fabricate. Other applications with similar

design constraints will be able to use and build on the designs presented in this thesis.

5.2 Discussion of Discrepancies Between the Re-

sults and Simulation/Theory

While the PIC and eigenmode simulations were able to accurately predict many of the

operating conditions observed such as the peak power, frequency of operation, and the

transition between the antisymmetric and symmetric mode, the theory and codes did

not do a good job of predicting the starting condition of the structures for the original

design modes (the negative group velocity symmetric modes) at 2.8, 2.4, and 3.7 GHz

for the MTM1, MTM2; and MTM3 structures, respectively. (We limit our discussion

here to the design modes of each structure which were the negative group velocity

symmetric/antisymmetric modes, and leave out the performance of the slot mode in

the case of the unbrazed MTM1 structure and the positive group velocity mode in

the case of the 420 mm MTM2 structure.) In each iteration of the brazed structures

the coupling impedance and/or length of structure tested was increased. This was

motivated by the fact that in the analytical theory of the starting current presented

in Chapter 2, the starting condition depends on the coupling impedance times the

length of the interaction circuit cubed. However, for all of the structures tested the
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simple linear theory predicted a starting current that was several times below the 80

A that was available from the electron gun. Nevertheless, it was hypothesized that

the linear theory might be quantitatively inaccurate for the metamaterial structures

because of their very flat dispersion, but it could still be useful in describing the

qualitative behavior of the starting conditions.

This hypothesis turned out to be false. In fact, the structure with the best perfor-

mance was the 370 mm MTM2 structure which did not have the lowest start current

predicted by the linear theory. The 420 mm MTM2 structure was also able to produce

high power in the negative group velocity mode, but the results were complicated by

competition with the positive index mode. In this regard, the design of MTM2 was

superior to MTM1 and MTM3. However, the PIC simulations and the theory were

unable to predict this result.

The discrepency between the PIC simulations/theory and the experiment can

potentially be explained by some of the following issues which were not investigated

in this thesis, but are highlighted here for future reference.

5.2.1 Structure Fabrication Errors

Any unintentional differences between the experimental and simulated structures

could have affected the startup condition. It has already been discussed in Chapter 4

that the slots in the MTM1 bolted structure produced unexpected modes. However,

these modes were also seen in the cold test and were eliminated by brazing the struc-

ture, whereas all of the brazed structures had good agreement between cold test and

CST MWS simulations. This indicates that the cold wave propagation in the brazed

metamaterial structures was correctly modeled. Therefore, it is unlikely that fabrica-

tion errors had much of an effect on the device startup. However, it is possible that an

optimized output coupler design could improve the device performance. The current

output coupler (which was designed for space limitations and simplicity) does have

a significant amount of reflection and this could negatively affect the performance of

the device.
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5.2.2 Numerical Issues

The author did encounter discrepancies with the tracking solver of CST and the

MICHELLE code when dealing with relativistic particles which were unable to be

resolved. In private discussions with other groups, similar problems were discovered

with high space charge, relativistic DC beams. It is possible that there are some

problems in the way CST handles the calculation of fields from relativistic particles

in the PIC solver. There is some concern regarding resolution of the code and con-

vergence criteria/whether convergence was met, since the CST code had an internal

algorithm to determine the time step and the number of particles to be used in the

simulation. See Appendix A for more details about the PIC simulations.

5.2.3 Voltage and Current Pulse

There are some very important limitations on what can be simulated in the PIC

simulations that could affect their accuracy. In particular, the voltage pulse from the

modulator had a certain amount of time variation, whereas the simulations all used

an electron beam with a constant energy. Over the 1 ps 'flat top' of the experimental

modulator pulse, there is 4% variation in the voltage and 9% variation in the

current. In the simulations it is not possible to simulate a changing voltage, however

the simulations are able to simulate the current ramping up from 0 A to a final DC

value (i.e. 80 A). In simulations performed with very long ramp-up times (250 ns)

it was observed that the interaction did not start (i.e. no microwaves generated and

no electron bunches formed) until the current reached the final DC value. This is in-

structive as it shows that the metamaterial device may be sensitive to time variations

in the beam current and voltage. This is also consistent with the observation that

the only device to produce high power was the brazed 370 mm and 420 mm MTM2

structures when excited in the antisymmetric mode. These structures, when excited

in the antisymmetric mode at 400 G, were observed to have the fastest saturation

time in the PIC simulations, ~90 ns. This was faster than the MTM1 or MTM3

designs and almost twice as fast as the start up of the symmetric mode in the MTM2
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design. The startup of the antisymmetric mode for the MTM2 design may have been

fast enough to overcome any variation in the voltage and current that would have

killed oscillations in the symmetric mode or the other designs. This is potentially

a limitation of metamaterial based oscillator designs, as the very low group velocity

and long filling time may mean that these devices are more sensitive to the current

and voltage waveforms.

5.3 Potential Future Work

New structures could be tested which build on the successes of this thesis, and several

recommendations can be made from the results presented. First, since the MTM2

structures were the most successful and the 420 mm and 370 mm long structure did

have fairly different results, an additional structure with the MTM2 design but of

a different length could be built and tested in the existing setup fairly easily. This

would give valuable information about the performance of the device with length.

In addition, a tapered structure (dispersion and beam channel dimensions) could

possibly optimize the interaction as well as reduce beam interception. Reduced beam

interception may result in longer and flatter RF pulses, and this could be investigated

experimentally.

Along similar lines, the MTM2 structure operated at a lower frequency and had

the longest period of all the structures tested and it is possible that these parameters

had an effect on its performance that were not captured by the PIC simulations

or the linear theory. Variations of these parameters in the MTM2 design could be

studied with future tests. One should note that the PIC simulations did predict

that the MTM2 design had the fastest saturation time of all three structures and

this is possibly a clue to the success of this design over the others. Future design

work could investigate the importance of the saturation time in the start up of the

desired mode, especially taking into consideration the finite duration and flatness of

the voltage/current pulse. In addition, it may be possible to tune the high power

modulator to improve the flatness of the voltage pulse.

192



While the oscillator is an interesting device to study, amplifiers find much more

use in various microwave applications due to their stability and phase control. In

addition, an amplifier based metamaterial may not suffer from the negative effects

associated with the long filling/saturation time found with the oscillator since there

is a microwave input into the device. One of the structures (i.e. the MTM2) pre-

sented in this thesis could be tested as a backward-wave amplifier (BWA) if a small

resonant cavity is placed in between the metamaterial structure and the gun. The

MIT test stand does have room to put a small cavity in between the magnetic lens

and before the solenoid pole plate. Testing the structure with input RF will help to

better characterize the metamaterial structure. A test like the one described could

potentially be used to estimate the starting condition of the structure at different

magnetic field values (particularly for the symmetric mode), which is of interest to

the oscillator experiment. In addition, to the author's knowledge this would be the

first test of a metamaterial based microwave amplifier.

It will be important for future experiments to have a better understanding of the

beam-wave interaction in metamaterial structures. An emphasis should be placed

on deriving the starting conditions of metamaterial based microwave devices like the

ones shown in this thesis. The linear theory presented in this thesis (see section 2.3)

could be extended to a fully-relativistic electron beam for structures with very low

group velocity and high space-charge. This would most likely modify the starting

condition that was estimated analytically and presented in Chapter 2.

More advanced PIC simulations (or simulations performed with alternative PIC

codes besides CST) could potentially get rid of some of the issues encountered with

numerical Cherenkov oscillations and other observed effects (MAGIC, ICEPIC, etc.)

[67]. In addition, they could provide a benchmark against the PIC simulations done

in CST Particle Studio. Since there is a very large disagreement between the CST

PIC code and the experiment over the starting condition of the symmetric mode, a

different PIC simulation could provide valuable information about any discrepancy

that is observed between the two codes. Ideally, a PIC code should be chosen that has

a history of correctly modeling the starting conditions of high space-charge, relativistic
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devices with low group velocity.
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Appendix A

CST PIC Code Documentation

The CST PIC code uses a self-consistent method for the transient simulation of par-

ticle dynamics and can calculate space charge and self-magnetic as well as relativistic

effects when propagating particles through static or HF electromagnetic fields. For

more information on the CST PIC code, see Ref. [60].

In the design environment, there are several important steps and parameters which

are necessary to run the code. All of the important design parameters are highlighted

in the following description of the code setup in bold, and these paramters are then

given in the sections that follow for the different simulations performed.

" Structure Design: The design environment for the code is similar to most CAD

software packages. In the modeling tab, various 3D shapes can be created, and

boolean operations on shapes can be performed in order to build a structure

with the desired shape. The material properties can then be specified or loaded

from an internal database. For the simulations in this thesis, the properties

stored for copper and stainless steel were used for the metamaterial plates and

rectangular waveguide, respectively (see Fig. 2-18).

" Particle Source: CST has several different particle source models, but only the

DC emission model was used. Before the simulation, the user specifies the

beam energy and beam current. There are also the options to specify an

energy and angular spread (not investigated in this thesis). A rise time also

195



must be specified. For all the simulations in this thesis the rise time was 10

ns, except for some simulations presented in the discussion of discrepancy in

Chapter 5 in which a rise time of 250 ns was used. The particle sources must be

specified on the face of a metal surface, so in all of the simulations in this thesis

a small disk was used as the emitter. The radius of the disk could be changed

to change the beam radius. The beam radius was chosen for all simulations

to match the condition for Brillouin flow (see Fig. 2-19).

The beam itself is composed of individual beamlets, and the number of beamlets

is specified by the user. For all of the simulations presented in the thesis 185

beamlets were used. Additional simulations were performed with as many as

3000 beamlets, but this did not affect the simulation results. The time step

and the number of paiticles emitted per unit time, or the total number of

particles in the simulation at any given time, was automatically calculated by

CST for a stable simulation.

" Mesh: CST automatically calculates the mesh points based on a frequency

range of interest which must be specified by the user. The mesh size also

depends on the geometry of the device being simulated. CST's perfect boundary

approximation (PBA) allows complex geometries to be simulated with fewer

mesh points than a traditional PIC simulation with a rectangular grid. The

code also allows the user to specify a minimum axial mesh size (in the

direction of the electron beam) and a minimum mesh cells per wavelength

parameter for increased mesh control.

" Output Ports: For all simulations, two output ports were specified which were

mated to the output waveguide sections of the device (see Fig. 2-18). The

relevant impedance of the port is automatically calculated by CST. The CST

code calculates the power exiting the simulation at the port and this is displayed

during the simulation.

" Monitors: Electric field and particle monitors could be set up to produce a

snapshot of the fields or particles in the simulation at a given time. These did
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not affect the simulation, but were used to provide pictures of these quantities

used in this thesis.

9 Magnetic Field: A uniform axial magnetic field, Bz was used in all simulations.

* Background Material: Vacuum was set as the background material in all simu-

lations.

* Boundaries: E-walls were specified on the two faces perpendicular to the direc-

tion of the electron beam for all simulations. Open boundaries were specified

on the other wall faces.

Table A.1: Simulations presented in Fig. 2-20, pg.
pg. 95

93; Fig. 2-21, pg. 94; Fig. 2-22,

Design MTM1
Length 352 mm
Beam Energy 500 keV
Beam Current 80 A
Beam Radius 1.9 mm
Frequency Range 2.6 to 3.5 GHz
Mesh Points 5.4 Million
minimum mesh axial mesh size 0.15 mm
minimum mesh cells per wavelength 10
Number of Particles 800k
Bz 1500 G
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Table A.2: Simulations presented on pg. 93

Design MTM1
Length 352 mm
Beam Energy 500 keV
Beam Current 80 A
Beam Radius 1.9 mm
Frequency Range 2.6 to 3.5 GHz
Mesh Points 2 Million
minimum mesh axial mesh size 0.6 mm
minimum mesh cells per wavelength 10
Number of Particles 126k
B 1500 G

Table A.3: Simulations presented in Fig. 2-23, pg. 96; Fig. 2-24, pg. 97

Design MTM1
Length 352 mm
Beam Energy 500 keV
Beam Current 80 A
Beam Radius 4.0 mm
Frequency Range 2.6 to 3.5 GHz
Mesh Points 5.4 Million
minimum mesh axial mesh size 0.15 mm
minimum mesh cells per wavelength 10
Number of Particles 800k
Bz 700 G
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Table A.4: Simulations presented in Fig. 2-25, pg. 98

Design MTM1
Length 352 mm
Beam Energy 500 keV
Beam Current 80 A
Beam Radius 8.0 to 1.5 mm

Frequency Range 2.6 to 3.5 GHz

Mesh Points 5.4 Million
minimum mesh axial mesh size 0.15 mm
minimum mesh cells per wavelength 10
Number of Particles 800k
Bz 350 to 1900 G

Table A.5: Simulations presented in Fig. 2-26, pg. 99; Fig. 2-27, pg. 100

Design MTM2
Length 370 mm

Beam Energy 500 keV

Beam Current 80 A
Beam Radius 1.9 mm
Frequency Range 2.0 to 3.5 GHz

Mesh Points 1.6 Million
minimum mesh axial mesh size 1 mm
minimum mesh cells per wavelength 10
Number of Particles 300k
Bz 1500 G
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Table A.6: Simulations presented on pg. 99

Design MTM2
Length 370 mm
Beam Energy 500 keV
Beam Current 80 A
Beam Radius 1.9 mm

Frequency Range 2.0 to 3.5 GHz
Mesh Points 0.8 Million
minimum mesh axial mesh size N/A
minimum mesh cells per wavelength 10
Number of Particles 230k

_B 1500 G

Table A.7: Simulations presented in Fig. 2-28, pg. 101

Design MTM2
Length 370 mm
Beam Energy 500 keV
Beam Current 80 A
Beam Radius 4.0 mm
Frequency Range 2.0 to 3.5 GHz
Mesh Points 1.6 Million
minimum mesh axial mesh size 1 mm
minimum mesh cells per wavelength 10
Number of Particles 300k
B 700 G
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Table A.8: Simulations presented in Fig. 2-28, pg. 101

Design MTM2
Length 370 mm
Beam Energy 500 keV
Beam Current 80 A
Beam Radius 5.6 mm to 1.5 mm
Frequency Range 2.0 to 3.5 GHz
Mesh Points 1.6 Million
minimum mesh axial mesh size 1 mm
minimum mesh cells per wavelength 10
Number of Particles 300k
Bz 500 to 1900 G

Table A.9: Simulations presented in Fig. 2-30, pg. 103

Design MTM3
Length 420 mm
Beam Energy 500 keV
Beam Current 80 A
Beam Radius 1.9 mm
Frequency Range 2.0 to 6 GHz
Mesh Points 5.5 Million
minimum mesh axial mesh size 0.35 mm
minimum mesh cells per wavelength 10
Number of Particles 600k
Bz 1500 G
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Table A.10: Simulations presented in Fig. 2-31, pg. 105

Design MTM3
Length 420 mm
Beam Energy 500 keV
Beam Current 80 A
Beam Radius 4.6 to 1.6 mm
Frequency Range 2.0 to 6 GHz
Mesh Points 5.5 Million
minimum mesh axial mesh size 0.35 mm
minimum mesh cells per wavelength 10
Number of Particles 600k
Bz 600 to 1800 G

Table A.11: Simulations presented in Fig. 2-33, pg. 107

Design Effective Medium
Length 352 mm
Beam Energy 500 keV
Beam Current 80 A
Beam Radius 1.9 mm
Frequency Range 2.0 to 3.5 GHz
Mesh Points 0.5 Million
minimum mesh axial mesh size 0.35 mm
minimum mesh cells per wavelength 10
Number of Particles 160k
Bz 1500 G
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Table A.12: Simulations presented in Fig. 4-25, pg. 169

Design MTM2
Length 370 mm
Beam Energy 489 keV
Beam Current 84 A
Beam Radius 1.7 to 8.0 mm
Frequency Range 2.0 to 3.5 GHz
Mesh Points 1.6 Million
minimum mesh axial mesh size 1 mm
minimum mesh cells per wavelength 10
Number of Particles 300k
B 350 to 1600 G

Table A.13: Simulations presented in Fig. 4-39, pg. 182

Design MTM3
Length 420 mm
Beam Energy 465 keV
Beam Current 78 A
Beam Radius 4.7 to 1.6 mm
Frequency Range 2.0 to 6 GHz
Mesh Points 5.5 Million
minimum mesh axial mesh size 0.35 mm
minimum mesh cells per wavelength 10
Number of Particles 600k
Bz 600 to 1800 G
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