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Experimental Testing of a 3D-Printed Metamaterial Slow Wave 
Structure for High Power Microwave Generation 

by 

Antonio Breno de Alleluia 

B.S., Electrical Engineering, State University of Rio de Janeiro, 2004 

M.S., Electrical and Computer Engineering, University of New Mexico, 2019 

Abstract 

A metamaterial (MTM) high power microwave (HPM) vacuum electron device (VED) was 

developed using 3D printing technology. The specific geometric pattern of the source can 

produce both negative permittivity and permeability to interact with a relativistic electron 

beam. The electron beam is generated using a pulsed electron accelerator with a maximum 

energy of 700 keV and lasting approximately 16 ns. The design of this novel VED consists 

of a circular waveguide loaded with complementary split-ring resonators in a linear 

periodic arrangement in which the relativistic beam travels guided by a magnetic field. The 

electrons interact with the MTM producing electromagnetic radiation, which is radiated to 

free space using a horn antenna. The HPM signal generated is characterized using a 

resistive sensor detector and a waveguide detector connected to a crystal diode.  The 

radiation field distribution was measured using these detectors.  Mode characterization is 

facilitated using an array of neon bulbs, which light up according to the intensity of the 

electric field. As a result, this excitation resembles the field pattern generated by the VED. 

The experimental results are compared with particle-in-cell (PIC) simulations and 

theoretical considerations. 
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1 CHAPTER 1: INTRODUCTION  
 

1.1 Background 
 

During the cold war, two nations were leading the studies of high-power microwaves 

(HPMs) applied to defense systems. The main characters were the United States and the 

former Soviet Union [1]. Most of the applications were counter-electronic against military 

systems. After the end of the Cold War and the collapse of the political socialist regime, it 

brought up transformation in science and technology regarding pulsed power and HPM. 

As a result, an exchange of information between the nations started. Later on, it integrated 

the international scientific community, universities, and research centers around the world. 

The power derby dilemma was a competition for the most powerful microwave generators 

designed between the two nations and was for many decades the main driver for their 

research. This dilemma pushed scientists to the development of new components and 

systems. 

Among the new applications to stand out, interests in non-lethal, space weapons, and 

advanced technology for space travel brought the attention of the international scientific 

community over the years. Particularly noteworthy is the need for de-escalation of force in 

urban conflicts and the deployment of nonlethal weapons. Since most of the international 

conflicts nowadays occur in urban settings, the civilian population became collateral 

damage [2]. Therefore, it is necessary to apply high precision surgical tools capable of 

counteracting hostile forces on the ground with the lowest possibility of casualties. Besides 

that, space propulsion technology demands highly efficient trust systems capable of 

achieving higher speeds. These systems have a direct impact on the launch cost as well as 

the product life cycle. 
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HPM sources are considered microwaves generators of powers greater than 100 MW peak 

power in the frequency range between 0.3 and 300 GHz [3]. The two categories of vacuum 

electron devices (VEDs) are linear structures (O-Type) and cross-field structures (M-

Type). The first consists of devices such as the Backward Wave Oscillator (BWO) and the 

Traveling Wave Tube (TWT). The second consists of cross-field amplifiers and oscillator 

sources such as the TPO (tubes à propagation des ondes) and the magnetron. Pulsed 

electron beam accelerator systems that can generate short pulses in the range of some tens 

of nanoseconds are commonly used to power HPM devices. One of the most common 

sources using relativistic electron beams is the BWO. The BWO is a microwave VED that 

has a periodic rippled-wall waveguide structure through which an electron beam is injected 

axially using a pulsed power driver and an explosive emission cathode. 

A set of electromagnetic coils generates an external magnetic field responsible for focusing 

and guiding the electrons in the slow wave structure (SWS). The beam propagates within 

the structure and is synchronous with an electromagnetic wave whose phase velocity is 

reduced because of the rippled-wall waveguide (hence, SWS). This results in the growth 

of the electromagnetic wave at the expense of the kinetic energy of electrons. Thus, this 

interaction enables electrons to radiate analogous to Cherenkov radiation [4], where they 

propagate at a local velocity greater than the characteristic speed in the medium. The region 

in the SWS where the electron beam reduces its kinetic energy and the electromagnetic 

wave grows is called the interaction region and the manner in which the electron beam 

interacts with the SWS is through the coupling impedance of the structure. The main 

feature for O-type sources, i.e., BWO, in general, is the use of an axial magnetic field and 

a longitudinal electron beam. 
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On the other hand, cross-field or M-Type sources have an electron beam perpendicular to 

the magnetic field. These devices include the magnetron and TPO, which have high 

efficiency for relativistic beam operation in electron accelerators. Research on VEDs of the 

BWO class has demonstrated multi-gigawatt output powers. 

The research goals in this thesis on microwave VEDs are higher output power, efficiency, 

and miniaturization; these fundamentals led to the development and optimization of a new 

kind of HPM source that was produced using additive manufacturing. Additive 

manufacturing technology revolutionized the design and manufacture of VEDs. Initially, 

3D printing technology reduced manufacturing cost and time for producing structures used 

in VEDs. Thereafter, it allowed for the construction of new SWS geometries that would be 

extremely expensive to produce due to their specificity in the traditional machinery 

production process. Additionally, this new industrial manufacturing achievement allows 

researchers in the field of HPM and pulsed electron beams to innovate in the process of 

component miniaturization. One of the greatest challenges is the development of 3D 

printed SWSs fully in metal [5]. Due to the dimensions of the device that was ultimately 

selected, 3D printing in metal was not possible because of the wall thickness. 

A Multidisciplinary University Research Initiative (MURI) program sponsored by the Air 

Force Office of Scientific Research (AFOSR) was awarded to a team led by the University 

of New Mexico (UNM) in 2012.  The team comprised five universities: UNM, 

Massachusetts Institute of Technology (MIT), Louisiana State University (LSU), Ohio 

State University (OSU), and the University of California Irvine (UCI). This program 

focused on studying metamaterials (MTMs) and their use in HPM sources.  The particular 

SWS that is described in this thesis was developed by UNM’s collaborators at UCI. 
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There is not a concise definition about MTMs, although it can be outlined in four principles: 

engineered materials, exotic properties, geometry, and design pattern. Thus, it is an 

engineered material from a design pattern with a specific geometry capable to exhibit 

exotic properties not found in nature. This type of material can be categorized in four 

different classes defined by the permittivity and permeability. Here we consider only 

double negative (DNG) MTMs where both permittivity and permeability are negative. 

The DNG material distinguishes MTMs for electromagnetic applications. This property 

that is “beyond what is in nature” is the horsepower for linear microwave VEDs.  DNG 

materials double the parameter space of seeking novel SWSs and beam-wave interaction 

structures. One of the key results of using DNG materials is to transmit microwave signals 

in waveguides below their cutoff frequency [6]. This reduces the cross-sectional dimension 

of the structures. Making new sources with highly complex geometries produce unique 

electromagnetic properties in the face of the natural characteristics of the material. 

According to recent electromagnetic history, the DNG property was initially proposed by 

Veselago [8] in 1968 using the equations of Maxwell with negative permittivity and 

negative permeability. Given the high degree of theoretical abstraction for electromagnetic 

wave propagation, initially, the relevant applications only occurred decades later. This 

achievement was made possible by the work of Marques [9]  who built small structures 

with subwavelength dimensions in which electromagnetic radiation was able to propagate 

below cutoff in a DNG medium. After this work, other scientists were able to perform 

similar experiments. Noteworthy is Smith, who was responsible for creating the first DNG 

material [10].  However, the applications previously studied had no relation to HPM. That 

was when in 2008 Marques published an article in which he brought the potential use to 
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HPM. His article revolutionized VED technology for particle accelerators. The 

construction of waveguides with split ring resonators (SRRs) generated negative values of 

permittivity and permeability. This characteristic is a result of a signal transmitted inside 

of a below cutoff waveguide. Therefore, this allowed for the reduction of the size of MTM 

microwave sources while increasing the RF signal strength. 

In recent decades there has been considerable growth in the field of research for MTM with 

applications for scaling down the size of VEDs. A significant amount of scientific 

publications nowadays focuses on the research and development of new O-type sources. It 

is because for this type of geometry it is easy to construct 3D axial SRRs structures through 

which the electron beam propagates. Besides, it makes a counterpoint to the azimuthal 

interaction model observed in M-type devices as an interesting HPM source choice driven 

by electron accelerators. 

An important limiting factor to be considered in the research and development of HPM 

sources is the concern of high voltage breakdown in the interaction structure. This 

phenomenon is the result of intense electric fields with high values in the internal regions 

of the SWS. For 3D printed VED devices, the possibility of this effect is extremely 

dangerous as it can destroy the SWS and at the same time reduce its efficiency. Plasma 

diagnostics can be used to observe the explosive electron emission from a graphite cathode. 

Through simulations using the CST particle-in-cell (PIC) code, it is possible to observe 

isolated points in which the intensity of the electric field is very high. 

It is essential in the design of an HPM source to identify the dominant mode of operation. 

This mode describes the distribution and orientation of the fields inside the SWS self-

consistent with the boundary conditions. 
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For MTM structures used in HPM sources, there are three classes of modes: 

TE or H modes without the axial component of the electric field along the propagation axis 

and TM or E Modes without an axial component of the magnetic field along the 

propagation axis. Electric or magnetic hybrid (HE or HM) modes, a configuration in which 

the electromagnetic field has characteristics similar to TE and TM modes, are also possible. 

Throughout this thesis, only the TM mode will be studied to describe the behavior of the 

electromagnetic fields supported by the SWS. 

The purpose of this thesis is to experimentally validate, through a set of hot tests, a 3D 

printed MTM VED [11]. The applied voltage, current, frequency, and total RF power 

parameters at the antenna output and radiation pattern will be compared with simulated 

computational values initially. From the voltage applied by the accelerator, the other 

parameters such as current and power are recorded and continuously monitored. The full 

RF power at the antenna output is obtained using horizontal and vertical scanning in the 

far-field region under an 3D printed arc-shaped structure. The operating frequency is 

recorded using two separate sensors, one S-band waveguide detector and one with a 

resistive element for the same spectrum. The microwave radiation pattern is verified using 

a 3D printed panel of neon discharge bulbs. Through computer simulations, the output 

dominant mode is evaluated and compared with experimental data. An SLR camera records 

time-integrated photographs of the neon discharge bulb array, which are then analyzed to 

determine the dominant model on the antenna output. 

The relevance of this research is to counteract traditional manufacturing processes for 

VEDs with 3D technology and to demonstrate through experimental results their 

significance in the creation of new microwave devices with unique geometry for linear 



7 
 

electron accelerators. The research in HPM sources led by UNM is the result of expertise 

and highly technical skills in design and development of VEDs by researchers and 

professionals. Moreover, UNM is the national center of excellence for Directed Energy 

High Power Microwaves.  

 

1.1.1 Thesis Organization 
 

The organization of the thesis is as follows. Chapter 2 describes the fundamentals of 

microwave radiation and pulsed power applied to electron accelerators. Chapter 3 describes 

the experimental layout of the SWS and presents hot test results as well as integration of 

the MTM SWS with the SINUS-6 electron accelerator. Chapter 4 presents results from the 

PIC code, eigenmode solver, and experimental data. The experimental results include 

voltage and current from the cathode employing explosive emission, frequency, and power 

analysis of the RF signal as well as the radiation pattern evidenced by the neon panel. 

Chapter 5 contains the conclusions and suggestions for future work. 
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2 CHAPTER 2: FUNDAMENTALS 

2.1 Microwave Radiation Pattern  
 

The microwave radiation generation process is the result of the application of a high 

voltage pulse to a cathode and the interaction of the resultant electron beam with the SWS. 

Through the explosive emission model, it is possible to describe with computational 

simulation the generation of a relativistic electron beam and the generation of RF power. 

The definition of radiation pattern in the microwave literature is synthesized by C.A. 

Balanis [12] in Antenna Theory Analysis and Design, 4th Ed. An antenna radiation pattern 

or antenna pattern is defined as a “mathematical function or a graphical representation of 

the radiation properties of the antenna as a function of space coordinates. In most cases, 

the radiation pattern is determined in the far-field region and is represented as a function 

of the directional coordinates. Radiation properties include power flux density, radiation 

intensity, field strength, directivity, phase, or polarization.” 

The radiation pattern of the horn antenna in the UNM experiments [13] is observed using 

a panel of neon bulb arrays in the far-field. The experimental measurement process can be 

described in 2D or 3D graphs for recorded power density for a 120° arc with a 5° angular 

pitch. Data acquisition for a 3D model requires a set of electronic sensors for the vertical 

and horizontal position. In order to simplify the measurement, discrete data from the 

horizontal and vertical scan were collected along an arc at a fixed radial distance from the 

antenna. The electric field strength detected at the receiver is called the field amplitude 

pattern.  The field values are normalized to their maximum value recorded during the sweep 

by the receiver. 
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The electric field distribution contains two parts, the primary and secondary lobes. The 

main lobe contains most of the electric field strength while the secondary lobes are adjacent 

and have low field amplitude. Figure 2.1 illustrates the result of an S-band horn antenna 

simulation for the 3D distribution of electric field strength. 

 

Figure 2.1 3D field pattern simulated using CST. 

The computational results obtained using the CST time domain solver indicates that the 

difference in dBV between the primary and secondary lobe is 12.52 dBV. Importantly, 

secondary lobes should be avoided during antenna design in order not to reduce the density 

of the Poynting vector contained in the main. Besides, the underlying values may contribute 

to the formation of reflections, which can be detected at the receiver, making the signal 

interpretation difficult. The computational results and experiments for an S-band horn 

antenna will be compared in Chapter 3. One of the most critical analysis in antenna studies 

is to determine the electromagnetic fields as a function of current and spatial distribution, 
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respectively. The vector and scalar potential method for homogeneous media are deduced 

from the potential and vector functions described below: 

𝐵𝐵"⃗ = µ𝐻𝐻""⃗ = 𝛻𝛻 × 𝐴𝐴																																																															(2-1) 

𝐸𝐸"⃗ = −𝛻𝛻𝛻𝛻 − 𝑖𝑖𝑖𝑖𝐴𝐴																																																																(2-2) 

 
 

Similarly, 𝐴𝐴, 𝜙𝜙 satisfy the Lorenz gauge: 

 

𝛻𝛻𝛻𝛻 + 𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖 = 0																																																																	(2-3) 

 

Equations 2.1 and 2.2 are solutions of their respective wave (Helmholtz) equations: 

;𝛻𝛻< + 𝑘𝑘"⃗ >𝐴𝐴 = −𝜇𝜇𝐽𝐽																																																																		(2-4) 

 

;𝛻𝛻< + 𝑘𝑘"⃗ >𝜙𝜙"⃗ = −
𝜌⃗𝜌
𝜀𝜀 																																																																		

(2-5) 

 

where k=𝜔𝜔√𝜇𝜇𝜇𝜇. 

In this way, it is possible to write the expressions for the electric and magnetic vector fields 

from the vector potential A of Equation 2.3 

𝐸𝐸"⃗ = −
𝑖𝑖𝑖𝑖
𝑘𝑘< ;𝛻𝛻𝛻𝛻. 𝐴𝐴 + 𝑘𝑘<𝐴𝐴>																																																						(2.6) 

𝐵𝐵"⃗ = µ𝐻𝐻""⃗ = 𝛻𝛻 × 𝐴𝐴																																																																					(2.7) 

 

Solutions to the potential functions for a region of space R3 due to volumetric distributions 

of currents and loads located in a finite region of space are: 

𝜙𝜙(𝑟⃗𝑟) =
1
4𝜋𝜋𝜋𝜋I

𝜌𝜌(𝑟𝑟)𝑒𝑒KLMN𝑑𝑑𝑑𝑑
𝑟𝑟QR

																																																	 (2. 8) 
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𝐴𝐴(𝑟⃗𝑟) =
𝜇𝜇
4𝜋𝜋I

𝐽𝐽(𝑟𝑟)𝑒𝑒KLMN𝑑𝑑𝑑𝑑
𝑟𝑟QR

																																																					 (2. 9) 

 

Once the expression given by Equation 2.9 is known, it is possible to determine the 

electromagnetic fields using Equations 2.6 and 2.7. 

2.2 Far-Field and Near-Field Analysis 
 

The antenna study is analyzed in two distinct regions of interest. The first corresponds to 

the field in the region near the transmitting antenna, also known as the Fresnel region. In 

this condition the observation point satisfies kr << 1, r<<l an induction field exists in which 

the reactive energy is stored in the fields during one part of the cycle and returns to the 

source in the other.   

Another condition is the study of antennas for distant fields, also known as the Fraunhofer 

or far-field region.  In this condition the observation point satisfies kr >> 1 or r>>l. The 

far-field region is usually applied for communications and detection. 

The vector potentials vary with radius and e-ikr/r, so the equations are: 

𝐸𝐸 = 𝑘𝑘<
𝑒𝑒KLMN

𝑟𝑟 {𝜃𝜃W XYZ
𝜇𝜇
𝜀𝜀[𝐹𝐹] + 𝐴𝐴]^ − 𝜙𝜙W XYZ

𝜇𝜇
𝜀𝜀[𝐹𝐹] − 𝐴𝐴]^																						(	2.10) 

𝐻𝐻 = 𝑘𝑘<
𝑒𝑒KLMN

𝑟𝑟 {𝜃𝜃W _𝐹𝐹 + ab
𝜀𝜀
𝜇𝜇c𝐴𝐴]d − 𝜙𝜙W X𝐹𝐹] + YZ

𝜇𝜇
𝜀𝜀[𝐴𝐴`^																							(2.11) 

 

From the practical view of antenna analysis for near- and far-fields, the following equations 

can be used, respectively: 
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				𝑅𝑅1 = 0.62b
𝐷𝐷3

𝜆𝜆 																																																																										(2.12) 

			𝑅𝑅2 =
2𝐷𝐷2

𝜆𝜆 																																																																																					(2.13) 

 

In summary it is possible to say that the analysis of the signal received at the antenna can 

be modeled for three different regions: 

• Reactive near-field region: It is the closest region to the transmitting antenna as 

stated in R1 from Figure 2.2, wherein the field is mostly reactive. 

• Radiating near-field (Fresnel): It is the region between the Fresnel and far-field 

wherein radiation fields are dominant, and the angular electric distribution is 

dependent on distance. 

• Radiating far-field (Fraunhofer): This is the most important region away from the 

antenna. In this case the field distribution is not proportional to distance or angular 

position. In this condition the wave is a spherical TEM wave and can be 

approximated as a plane wave. At this distance the field pattern is established, and 

the reactive components are negligible in the time average Poynting vector. This is 

the region of relevance for power measurements and in communications. 
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Figure 2.2 Field regions of an antenna [11]. 

 

2.2.1 Radian and Solid Angle 
 

Angular measurement is intended to spatially identify the power density (Poynting vector) 

and total radiated power. Thus, the plane angle is the radian unit of measure with the vertex 

at the center of a circle with radius r. Figure 2.3 below illustrates the arc of length r. The 

differential area element dA is given by: 
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𝑑𝑑𝑑𝑑 = 𝑟𝑟<𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠∅	(𝑚𝑚<)																																														(	2.14) 

 

Figure 2.3 Schematic showing the solid angle [11]. 

The unit of measurement for solid angle is a rad with vertex at the center of a sphere of 

radius r which defines on its surface an area equal to r2. The solid angle element of Figure 

2.4 and dΩ in the sphere is given by 

																																					𝑑𝑑𝑑𝑑 =
𝑑𝑑𝑑𝑑
𝑟𝑟< = 𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠∅																																													(2.15) 

 
Figure 2.4 Radian and steradian configuration [11]. 
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2.2.2 E-Field Pattern 
 

The distribution of the electromagnetic field [14] in the far-field region along a specific 

arc, i.e. spherical coordinates in free space, determines the value of the Poynting vector. 

This distribution is of utmost importance in quantifying the power density. Figure 2.5 is a 

result of a CST time-domain solver computer simulation of an S-band horn antenna. 

It is important to highlight that the half-power angle is 33.9º; the main lobe of the antenna 

is within this region. For values greater than this angle the signal strength decreases 

considerably. The scan error is m
n
 as referenced in [12]. 

 

 

 

 

 

 

 

 

 

Figure 2.5 E-Field distribution. 
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2.3 Total Radiated Power 
 

The total radiated power is the result of arc-integrated horizontal and vertical receiver 

scanning of power density at a fixed antenna distance. This value synthesizes the average 

Poynting vector (Watts/m2) and dS = r2sinqdqdf. Thus, the total radiated power is: 

             𝑃𝑃 =∬<Sr>r2sinqdqdf                                                                               (2.16) 

 

The simulated spatial distribution of power density is illustrated in Figure 2.6. The 

experimental results from Chapter 03 will demonstrate a two-dimensional spatial scan. 

 
Figure 2.6 Power flow from the antenna at 2.95 GHz. 

 

2.4 Fundamentals of Pulsed Power 
 

2.4.1 Electron Beam Accelerators 
 

The basic principles for the generation of high-power pulses in the time domain depend on 

the storage capacity of the electric energy and the switching speed for discharge. These 

two pillars of power electronics are the boundary conditions for the driver, allowing the 
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pulsed high voltage power supply to be effectively coupled to the load impedance. Figure 

2.7 is an illustration of the SINUS-6 electron beam accelerator where the green capacitors 

store energy for the Tesla transformer and the yellow for solenoid coils. 

 

Figure 2.7 Solidworks artistic model of the SINUS-6 electron beam accelerator  

 

In addition, the SINUS-6 [15] pulsed electron beam accelerator is featured in HPM 

research. It has the characteristic of long storage time and fast discharge. The timescale for 

pulse generation are: discharge transmission in seconds, milliseconds, microseconds and 

finally nanoseconds. In this way the stored electrical energy is transferred to a step-up Tesla 

transformer with a high coupling coefficient open ferromagnetic core. This circuit topology 

avoids magnetic saturation and enables high efficiency. The basic components of the 
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system are pulsed power supply, Tesla transformer, pulse forming line, and vacuum diode. 

The generation and formation of the electromagnetic pulse can be modeled from three 

initial parameters rise, fall, and flatness time, with the latter being the most important for 

describing the RF signal in the VED. 

The pulsed power driver for the HPM MTM source is divided into four basic parts, as 

shown in Figure 2.8 for the SINUS-6 accelerator. 

  

 

Figure 2.8 Temporal energy compression in the SINUS-6 accelerator. 

 

2.4.2 High Voltage Tesla Transformer and Pulse Forming Line 
 

The Tesla-type transformer [16] combined with the pulse forming line are at the heart of 

the accelerator, and the theoretical and experimental considerations of optimization for the 

magnetic circuit were described by Eltchaninov in the early 1980s. Figure 2.9 illustrates 

the simplified model of the magnetic circuit of the high voltage generator. The coupling 

coefficient k between the primary and secondary coils in the SINUS 6 is nearly 1.0. 
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Figure 2.9 SINUS-6 equivalent circuit. 

 

The magnetic circuit consists of a single turn in the primary and 3500 turns in the 

secondary. An SCR switch discharges the energy stored in capacitors at the primary of the 

transformer. The open-core ferromagnetic material for this transformer allows operation at 

high repetition rate, near 200 Hz, with high reliability without magnetic saturation. Due to 

technical and operational limitations and constraints of the facility, the SINUS-6 only 

operated in single shot mode. 

Initial simulations for the Tesla transformer are illustrated in Figure 2 with the secondary 

indicating an output voltage of approximately 700 kV. The output voltage on the switch is 

important since oscillations in signal amplitude have a direct impact on the RF pulse 

formation from the electron beam/SWS interaction. 
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Figure 2.10 Tesla transformer waveform. 

 

The energy generated by the Tesla transformer charges the pulse forming transmission line. 

This is responsible for the temporal compression of the electromagnetic energy. The 

forming line charging time for SINUS-6 is 60 µS with an impedance of 20 Ω. The low 

impedance of the PFL is connected to a transmission line of  >100 Ω. To drive the diode, 

a small mismatch between PFL and transmission line is adjusted and as a result, there is a 

decrease in efficiency of conversion of the energy. 

2.4.3 Spark Gap Gas Switch 
 

The mechanism of gas breakdown in the spark gap switch follows Townsend’s theory for 

electricity in gases, and Paschen’s law. The SINUS-6 accelerator has a gas self-breaking 

voltage switch filled with nitrogen. Quoting J.C. Martin [17]  “One of the minor irritations 

of my life has been the fact that while approximate calculations of the breakdown volts of 

practical sphere/sphere and cylinder/ cylinder gas give reasonable agreement to 10-20 

percent, when more accurate attempts are made to compare experiment with crude theory, 
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reality seems strangely perverse.”  The brass electrodes have a radius of  4.0.  Figure 2.11 

illustrates the gas gap self-breaking switch filled with nitrogen. 

 

Figure 2.11 Layout of the spark gap gas switch: 1,4 brass electrodes; 2 pin, 5 N2 gas up to 

22 ATM pressure in the switch housing. 

2.4.4 Pulsed Magnet Circuit 
 

The arrangement of 9 coils generates up to 2 Tesla using a pulsed magnetic circuit. It is 

responsible for focusing the electron beam traveling inside the SWS.  The confinement of 

the beam has a strong influence on the coupling impedance and, therefore, RF power output 

from the HPM source. Figure 2.12 illustrates the pulsed magnetic circuit. The 

synchronization of the high voltage Tesla transformer system and the solenoid is 

accomplished by trigger signals in the accelerator control box. 
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Figure 2.13 Pulsed current for the magnet. 

 

 

 

 

 

 

 

 

 

 

Figure 2.12 Schematic of the pulsed magnetic circuit. 
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2.5 Fundamentals of Metamaterials 
 

The first studies on artificial materials, i.e., MTMs, were recorded [18] in the late 19th 

century. Researcher J.C. Bose conducted the microwave experiment with twisted structure 

geometries, as shown in Figure 2.13. 

 

Figure 2.14 Bose’s microwave experiment layout.  

 

Interest in artificially modified materials with applications in electromagnetism has spurred 

researchers from the US and UK defense agencies [19]. From 1999 a multidisciplinary 

research program with American universities was created with Dr. Browning’s initiative 

and on the British side led by Dr. John Pendry’s initiative. 

The definition of MTMs, according to researcher Rodger M. Walser of the University of 

Texas at Austin, is “Macroscopic composites having a man made, three-dimensional, 

periodic cellular architecture designed to produce an optimized combination, not available 

in nature, of two or more responses to specific excitation.”  
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The exotic characteristics of MTMs [20] are not in their physical properties, but in their 

ability to extract, by geometric patterns, the desired effects not observed in nature. Thus, 

MTMs can be classified according to their permittivity and permeability as illustrated in 

Figure 2.15. 

 

Figure 2.15 Classification of materials in terms of permittivity and permeability. 

 

From the classification in Figure 2.15, the DNG property drives the design and research of 

accelerator HPM structures [21]. This feature allows signals to be propagated below the 

cut-off frequency in waveguides, as well as the higher power transmission for the same 

physical dimensions. 
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UCI has developed an MTM SWS based on the degenerate band edge (DBE) effect of 

frozen modes. The SWS consists of 11 pairs of complementary split rings misaligned by a 

45° angle with a radial gap between them of 3.5 mm, and each unit cell is offset 180°. 

Figure 2.16 illustrates the two rings in the SWS for HPM generation. 

 

Figure 2.16 Complementary split ring resonators (CSSRs). 

In this type of structure, the interaction of the electron beam depends on the geometric 

arrangement, as well as the degree of misalignment between the rings. A more detailed 

description of the structure will be given in Chapter 3. 

 

 

 

 

 



26 
 

3 CHAPTER 3: EXPERIMENTAL SETUP 
 

3.1 3D Printed Metamaterial and Electron Beam Accelerator Setup 
 

The MTMSWS was designed by Dr. Filippo Capolino’s team from UCI. Initially, the 

designed MTMSWS did not fit inside of the interaction regime within the solenoid at 

UNM, and a series of interactive steps regarding computer simulations and mechanical 

assembling were performed. The final model optimized consisted of 11 pairs of CSRRs. 

This 3D printed structure fit within a vacuum waveguide. A unit cell comprises two CSRRs 

which are periodically loaded inside of waveguide.  Figures 3.1 and 3.2 show the 

MTMSWS and its placement inside the waveguide. 

 

Figure 3.1 3D printed VED structure. 
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Figure 3.2 3D VED inside of the vacuum waveguide on the SINUS-6 accelerator. 

 

The period of a unit cell is 15 mm. The dimensions are inner diameter 48.3 mm and 400 

mm length.  The MTMSWS is attached to the SINUS-6 pulsed electron beam accelerator. 

The center of the structure is mechanically aligned to the graphite cathode such that the 

relativistic electron beam travels through the structure guided by the pulsed magnetic field 

distribution produced by the solenoid. 

Figure 3.3 shows the mechanical alignment procedure. After completing the assembly, the 

system is closed and fired to crosscheck the mechanical and electrical alignment.  
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Figure 3.3 Mechanical alignment of the MTMSWS. 

 

The result from this procedure is illustrated in Figure 3.3. Good alignment is considered 

within about 90% and the beam should not intercept the inner parts of the structure. This 

was a great concern since the SWS is 3D printed in plastic and coated with copper. It is 

also important to note that misalignment has an influence on the interaction impedance of 

the SWS.  This geometric issue must be minimized to increase the efficiency of the source. 

As the beam travels along the SWS it is slightly modulated. 

A final alignment near 91% was achieved after firing the accelerator. In this case the 

witness plate suggested good alignment. The result through “eyeball” in Figure 3.4 (left 

side) seemed to suggest sufficient alignment.  
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Figure 3.4 Mechanical (left) and electrical beam alignment (right). 

 

Scientists from the Institute of High Current Electronics, Siberian Division of the Russian 

Academy of Sciences, designed and constructed UNM’s SINUS-6 pulsed electron beam 

accelerator for HPM sources with a pulse width of approximately 16 ns.     

3.2 Characterization of Pulsed Power Driver and Magnetic Field    
 

The electron beam accelerator is capable of delivering 700 kV and 6 kA in single shot 

operation as illustrated in Figure 3.5. The primary of the Tesla transformer is charged up 

to 258.4 VDC and discharged in 60 µs. Under this circumstance, the self-breaking gas 

switch plays an important role in discharging the energy stored in the pulse forming line 

(PFL) to the load.  
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Figure 3.5 SINUS 6 pulsed power driver layout [22]. 

              

The switch is made of two brass electrodes capable of maximum pressure of 22 ATM, as 

illustrated in Figure 3.6. The mechanisms for the discharge and the plasma channel 

formation are non-deterministic. The spark gap switch has two electrodes made of brass 

with 4 cm radius and 2 cm distance. It was characterized with a pressure scan to evaluate 

the voltage and current as a function of pressure.  

 

 

Figure 3.6 SINUS 6 spark gap gas switch [22]. 
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A fast oscilloscope measured the values in Figures 3.7 and 3.8 which display a slight 

hysteresis behavior.                          

 

 

Figure 3.7 Voltage as a function of spark gap pressure.                                                                                                                                                                
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+

 
Figure 3.8 Cathode current as a function of spark gap pressure. 

 

A Hall probe characterized the magnetic field along the waveguide for the 9-coil 

configuration as illustrated in Figure 3.9. A critical requirement for the electron beam 

propagation along the SWS is a uniform pulsed magnetic field. Another important 

condition is a sufficient amount of magnetic field lines at both extremes of the solenoid to 

magnetically insulate the vacuum oil interface and guide the electrons toward the beam 

collector. One of the constraints during the optimization of the SWS, the length of HPM 

source, was longer than the waveguide and coil length.  
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Figure 3.9 Pulsed magnetic field measurement. 

3.3 Cold Test Characterization 
 

The test without the electron beam to characterize the MTMSWS is called a cold test. This 

procedure is performed with the device under test (DUT), and a Vector Network Analyzer 

(VNA). A sweep in frequency through the DUT gives the operational frequency and the 

number of resonant frequencies is related to the total amount of unit cells or the periodicity. 

Figure 3.10 and 3.11 illustrates the DUT and excitation probe. 

 

 
 

Figure 3.10 Device under test. 
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Figure 3.11 Excitation probe for the 3D SWS. 

The perturbation technique [23]  can be used to measure the spatial field distribution of 

electrical fields inside of a cavity. Initially this procedure was developed to analyze 

fundamental modes for particle accelerator cavities with Q factor near 4000. Later on, it 

was adapted to SWSs. Since HPM sources have high fields, the power extraction most of 

the time is based on open ended structures such as antennas. The mismatches between the 

parts with lower quality factor produce asymmetrical axial field distribution. This test is 

the first step to characterize and validate the dispersion curve and the design of the VED 

before the hot test. 
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3.4 Frequency Characterization, Power, and Field Mapping 
 

The frequency of the MTMSWS is characterized using an S-band open-ended waveguide 

detector. To detect the output frequency, signal the waveguide sensor is placed in front of 

the horn antenna as illustrated in Figure 3.12.  

 

Figure 3.12 Photograph of the RF detector. 

 

The RF signal is measured using a fast oscilloscope and a Python script computes the fast 

Fourier transform of the incoming electromagnetic wave to give the frequency output. A 

second sensor, a resistive power detector [24], is aligned 90º towards the antenna and 

placed 1.3 meters away in the far-field zone. 

Figure 3.13 illustrates the layout for a horizontal scan. This methodology measures and 

records the Poynting vector along a 3D printed arc. The radiation distribution needs to be 

measured in the far-field to avoid power fluctuations due to the reactive fields.  
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Figure 3.13 RF measurement experimental layout. 

The far-field is the minimum distance regarding the antenna aperture and wavelength to 

measure the field intensity of electromagnetic wave with assurance that you are in the 

region where the time-average Poynting vector is real.  Equation 2.11 approximates this 

distance. In this region the electromagnetic wave can be considered a plane wave whose 

field components are perpendicular and angularly independent from the radial distance. 

The radiation field pattern from a fixed distance recorded the Poynting vector using the 

resistive sensor along an arc of 120º in 5º steps.  Figure 3.14 shows the resistive sensor 

detector with antenna to measure the power density. Five shots were taken at each position, 

and the average of maximum peak-to-peak amplitude for five shots at each position plotted 

peak power versus angular position from the center of the antenna. 

 
 

Figure 3.14 Photograph of the resistive sensor used for field distribution measurements. 
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The electrical field distribution irradiated by a horn antenna is captured using a neon bulb 

array placed in front of the antenna to register the mode pattern. The intensity of the light 

is directly related with output RF power from the antenna. The radiation pattern is the 

geometric distribution of the electric field intensity. This measurement is an accessory 

diagnostic to evaluate the transverse electromagnetic mode irradiated from the antenna, as 

shown in Figure 3.15. 

 
Figure 3.15 Photograph of the neon bulb array for field pattern measurement. 

 

3.5 Optical Diagnostics 

HPM sources are very susceptible to voltage and RF breakdown due to local high intensity 

electrical fields inside MTMSWSs. This phenomenon can cause serious damage to the 3D 

printed VED. The experimental layout is assembled using an SLR camera and mirror to 

investigate the light coming out from the HPM horn antenna as illustrated in Figure 3.16. 

This light coming out from the antenna describes the interaction of the relativistic electron 
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beam propagating within the SWS and dumping in the collector for the beam generated by 

explosive electron emission (EEE) from the cathode. 

Figure 3.16 Optical diagnostics schematic for visible light emission. 

 

The beam collector is part of the 3D printed SWS and its coaxial feed to the HPM horn 

antenna as illustrated by Figure 3.17.  An open shutter exposure for 1.6 seconds and ISO 

3200 will capture the intensity of light in time-integrated measurements.  
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Figure 3.17 HPM antenna output. 
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4 CHAPTER 4: RESULTS 
 

4.1 Fundamentals of Computer Simulations 
 

Before the process of manufacturing the MTMSWS, a series of computer simulations [25] 

regarding cold tests using the eigenmode solver, frequency domain, and PIC simulations 

were performed using CST Particle Studio. The main objective was to evaluate the RF 

characteristics through virtual prototyping according to the boundary conditions for the 

best prototype to be manufactured.  

The computational power allows nowadays the user to simulate the VED as close as is 

possible to “the real world”. This is a breakeven point regarding the production of HPM 

sources. Since the beginning, most of the time researchers in the field used a basic approach 

to design and then manufacture the device. As a result of poor computational power, it was 

common to design and manufacture numerous structures due to uncertainties in 

calculations. Following advances in PIC and electromagnetic simulation tools, this gap 

between experiment and theory became shorter. This led to economy of time, material, and 

production cost. 

An era led by experimentalists came to an end, and virtual prototyping emerged as the tool 

to push researchers to design new HPM structures on the computer. Nevertheless, 

experimentalists are still necessary because experiments validate computer simulations.  
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4.2 Simulation Results 

Computational results from simulations regarding an optimized MTMSWS were 

performed by the UCI and UNM’s Pulsed Power, Beams, and High-Power Microwave 

Laboratory. For both the electromagnetic solvers and PIC simulations the model was fully 

3D. 

The simulation results are classified as cold test and PIC. The first, regards the 

computational of electromagnetic solvers without the relativistic electron beam. The 

second is a combination of the pulsed electron beam generated by EEE from a cold cathode 

which feeds the VED. The purpose of the PIC code simulations is to compute the physical 

behavior of the source self-consistent with the boundary conditions incorporating space 

charge. Due to the cylindrical geometry for the degenerate band edge oscillator (DBEO) 

the transverse magnetic mode is the most suitable configuration to generate the RF. Figure 

4.1 illustrates a unit cell for analysis. 

 

Figure 4.1 A unit cell of the MTM CSSR. 
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Figure 4.2 MTM’s dimensions. 

4.3 Eigenmode Solver 
 

The specific geometry and configuration of the slots of the disks and dual arrangement 

permit a mixing of modes and generation of degeneracy. Figure 4.2 illustrates the 

dispersion curves with the band stop for a single cell. 
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Figure 4.3 Dispersion characteristics for a single cell of the MTMSWS. 

 

The distribution of modes indicates almost a single point of overlap.  As is illustrated in 

Figure 4.3, the minimum stop band between modes 2 and 3 is 11 MHz and the maximum 

is 91 MHz. Considering the theoretical operation frequency of 2.88693 GHz the difference 

at maximum is 3.15% and minimum 0.4%; such values indicate a practical overlap between 

the modes, condition for the phases 120º and 180º. The advantage of forcing the degeneracy 

for this case where the polarization angle of the rings are rotated  45º is to decrease the 

group velocity to practically zero forcing a “frozen mode” [26]. This would benefit the 

exchange of energy between the electron beam and the electromagnetic wave. 
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Figure 4.4 DBEO modes. 

 

From Figures 4.2 and 4.3 it is possible to affirm that the SWS is a high order eigenvalue 

structure. Theorical calculations and simulations indicate that the cutoff frequency for a 

hollow waveguide dimension is 3.6 GHz as is indicated from the dispersion curve in Figure 

4.4. 

 

Figure 4.5-Mode dispersion for hollow waveguide 

 

Table 4.1 presents the cutoff frequencies for TE and TM modes for a hollow waveguide 

with 24 mm radius. 
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Table 4-1 Cutoff frequencies for a hollow waveguide of 24 mm radius. 

 

Mode Frequency (GHz) 

TE11 3.6  

TM01 4.78 

TE21 6.07 

 

 The frequency of operation for this waveguide is below cutoff, as described in the 

paragraphs below. From the eigenmode solver simulation the dominant mode inside of the 

SWS is the TM01 mode.  In addition, the third eigenvalue has the operational frequency of 

oscillation as shown in Figure 4.5. Thus, this is a high order eigenmode structure. 

A single cell simulation in cold test showed two eigenvalues close in frequency to the 

resonant frequency of the unit cell. In both cases the resonance is below the cutoff 

frequency of the waveguide. Thus, this characteristic demonstrates a MTM property for 

the CSRRs. This is one of the advantages for using MTMs to create RF oscillators. 

Moreover, the field distribution inside the unit cell is shown in Figure 4.5. It is interesting 

to note that eigenvalue 2 (left side) has an asymmetry for field distribution and a lower 

cutoff. Nevertheless, the dispersion curves from Figure 4.3 showed a degeneracy at a single 

point of operation. 
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Figure 4.6 Field distribution inside of a unit cell of the MTMSWS [27]. 

 

The transverse magnetic field distribution from Figure 4.5 indicates a TM01-like mode. 

This configuration is interesting because it has a strong Ez component allowing a strong 

interaction between the structure and the electron beam. 

A section view along the x-axis from Figure 4.6 presents the electric field distribution with 

more detail. This was a result of the boundary conditions which created the dominant mode, 

TM01, with a field distribution capable of propagation along the SWS. This mode excited a 

frequency of 3.0 GHz inside the unit cell. 
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Figure 4.7 Mode 3 E field distribution from TM01. 

 

Figure 4.7 illustrates regions with high intensity electric fields. Later, PIC simulations will 

show points along the SWS where very high electrical fields are present. 

 

 

 

 

 

 

 

 

 

Figure 4.8 Mode 3 E Field distribution z-axis for TM01 mode.  
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The unit cell model for the H field describes a radial configuration with high field values 

close to the edge due to high frequencies and lower fields due to lower frequency, as is 

illustrated in Figure 4.8 above. The magnetic field lines from Figure 4.9 describe the TM01 

mode. In addition, the coupling between the ring slots are strongly dependent on the 

intensity of the magnetic field generated inside of the unit cell. 

 

Figure 4.9 Mode 3 magnetic field distribution for the TM01 mode.  

 

 

 

 

 

 

 

 

 

 

Figure 4.10   Unit cell H-field z-direction distribution for the TM01 mode. 
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The fields inside the cavity can be expressed in terms of the tangential component of the 

electric field and the normal component of the magnetic field at the slots which are cut in 

the disks. Because the slot width is much smaller than the wavelength, it can be 

approximated that the electric field lines in the vicinity of the slot are perpendicular to the 

longitudinal dimension of the slot. This led to pure TE or TEM waves propagating from 

the slot. It is not part of this thesis study, but the slot can be modeled as a transmission line 

from its electrical properties. 

The current which flows along the slot is proportional to the normal component of magnetic 

field at the slot. In addition, a longitudinal component of the magnetic field is created 

associated with the normal magnetic field at the slot. As a result, this longitudinal 

component is responsible for a shunt inductance across the slot, shift of the resonant 

frequency of the slot, and changing the coupling factor from one slot to another. 

Another important characteristic for the cold test is the coupling impedance of the structure. 

When the electron beam velocity and electromagnetic wave phase velocity are synchronous 

the Pierce parameter provides insight into the coupling [28].  This value represents the 

capability with which the SWS can harvest energy from the electron beam to generate RF 

power.  In the case of the O-Type device under study the operating frequency in a hot test 

is expected to be near 3.0 GHz and the coupling impedance is 134.48 Ω. This value is close 

to other structures found in the literature [28]. 
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Figure 4.11 Coupling impedance as a function of frequency. 

 

It is important to note that the coupling impedance is basically dependent on the geometry 

of the electron beam and the SWS. In this case, as told in Section 3.1, misalignment 

between them can cause change a serious change in the Pierce parameter. 

The operating mode is verified using the dispersion curves plotted with the beam line in 

Figure 4.11. According to the intersection of the dispersion curve and beam line, the 

operating frequency is expected to be near 3 GHz for the TM01 mode.   
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Figure 4.12 Dispersion curve with the beam line for an electron beam voltage of 400 kV 
[27]. 

When an electron beam is introduced into the VED it is expected that there will be a shift 

in the operating point from the intersection of dispersion curve and beam line. Moreover, 

if the voltage is reduced to 200 kV the effect of degeneracy will improve [27]. 

4.4 Frequency Domain Solver 
 

One of the exotic properties of MTMs applied to waveguides is below cutoff propagation. 

Regarding this issue the left-handed material exhibits negative permittivity and 

permeability, as presented in Chapter 2, Figures 2.14, and in Chapter 4 Figures 4.11 and 

4.12, which illustrated these characteristics. The results from a frequency domain solver 

simulation in Figures 4.12-13 validated the DNG property for the SWS in this thesis. It is 
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important to notice that this feature highlighted with the markers in Figures 4.13 and 4.14 

is appears at a frequency near 3 GHz.  

 

Figure 4.13 Negative permittivity. 

 

Figure 4.14-Negative permeability 

. 

A negative dispersion characteristic from Figure 4.3 at the operating frequency shows TM-

like mode behavior due to the Ez component being stronger than the Hz component. The 

field distribution for this structure was shown in Figure 4.4. 
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The simulation result for a hollow waveguide with 48.3 mm diameter indicates a cutoff 

frequency of 4.78 GHz. The DNG aspect of the waveguide decreased the diameter by 

59.3%. This reduction is evidence that the permittivity and permeability are negative. 

4.4.1 Experimental Results from the Vector Network Analyzer 
 

The characterization of the 3D SWS using a VNA is part of the cold test procedure prior 

to hot test evaluation. Moreover, it was possible to generate several distinct frequencies for 

the 3D SWS due to the probe excitation, as shown in figures 4.14-16. The since the probe 

inside of the DUT was not perfect perpendicular, a non-uniform excitation for TM01 of the 

mode generated frequencies below and above the cutoff.  

 

Figure 4.15 Mode 2 excited with S22 at 2.731 GHz regarding TM01. 
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Figure 4.16 Mode 3 excited with S22 at 3.38 GHz TM01. 
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Figure 4.17 Higher order mode, which needs further investigation. 

 

A higher order mode appears at a frequency of 6.452 GHz.  This will be discussed later in 

the following section for PIC CST-SINUS simulations and in hot test experimental results, 

where a second harmonic close to this value was noticed.  
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4.5 Particle-in-Cell Simulation 

Using a set of PIC codes such as CST, MAGIC, and ICEPIC MTMSWS hot test 

simulations were performed in order to compute the RF output power, voltage, cathode 

current, and frequency and establish a benchmark [29].  

 

Figure 4.18 3D Printed MTMSWS with antenna. 

  

4.5.1 PIC Simulation for 400 kV  
 

The initial parameters for the CST simulations were an applied voltage of 400 kV and a 

magnetic field of 2T according to previous reports from UCI for a risetime of 5 ns. After 

several PIC simulations it was noticed that the applied voltage could be increased regarding 

the new physical dimensions for the ring slots and gaps. Figures 4.18-4.21 describe the 

voltage, current, RF power, and frequency for the UCI structure driven by an annular 

electron beam in CST simulations. 
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Figure 4.19 Cathode voltage. 

 

 

Figure 4.20 Cathode current.  
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Figure 4.21 Output RF power.  

 

 
Figure 4.22 FFT of the output electric field.  

 

The purpose of the PIC code is to simulate as close as possible the physics of the HPM 

source in the real experiment. As noted in the UCI report [11], the RF output pulse in Figure 

4.20 has some reflections due to multiple resonances generated inside of the SWS.  From 

Figure 4.11 the intersection of the beam line with the dispersion curve theoretically 

indicates an operating frequency nearby 3.1 GHz. This is different because when the beam 

travels through the full structure it shifts the operating point that of a unit cell. 
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Further investigations into the electrical field distribution inside of the MTMSWS revealed 

some “hot spots,” regions with very high electric fields. These hot spots were located at 

the inner slots of the CSSR. 

In order to verify CST PIC code simulation results, the HPM source was modeled in 

MAGIC and ICEPIC. A second set of PIC simulations are presented in Figures 4.22-4.24.   

  

Figure 4.23 PIC voltage and current waveforms from ICEPIC (blue line) and MAGIC 
(orange line). 

 

The waveforms for RF output power from Figure 4.23 almost overlap. This demonstrated 
a high degree of convergence for both codes regarding the calculation of power. 
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Figure 4.24 Output RF power comparing ICEPIC (blue line) and MAGIC (orange line). 

 

 

 

 

  
Figure 4.25 FFT of the electric field in ICEPIC (blue line) and MAGIC (orange line). 
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Table 4-2 Comparison between PIC codes. 

PIC 
CODE 

Voltage (kV) Current (kA) Frequency (GHz) RF Power (MW) 

CST 400 2.27 2.84 22 

MAGIC 400 2.60 2.75 20 

ICEPIC 400 3.20 2.67 22 

 

Table 4.2 indicates agreement between the codes regarding frequency and power within 

10% of variation. Considering CST as a reference, the efficiency of the system is 9.51%, 

which is 1.2% higher than the UCI reports. It is also important to note that the second 

harmonic observed is negligible for all cases. The formation of the second harmonic in RF 

FFT will be investigated in the following simulations. The crosscheck of the simulation 

results with different PIC codes validated the CST, since MAGIC and ICEPIC were stable. 

4.5.2 PIC Simulation for 490 kV 
 

Our goal is to optimize the performance of the MTMSWS which in experiment is a 3D 

printed structure. To increase the energy of the particles accelerated it is important to 

consider the effects of space charge. In this condition the space-charge-limited current is 

3.8 kA and the Fedosov current emitted from the cathode is 2.87 kA. 
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Figure 4.26 SINUS voltage waveform in PIC simulations. 

 

Figure 4.27 Cathode current from SINUS in PIC simulations. 
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Figure 4.28 Output RF power. 

 
Figure 4.29  FFT of output electric field. 

 
 

The electric field distribution inside of the CSSR has some high intensity regions. The 

risk of high intensity electric fields in hot tests is electrical breakdown. The specific unit 

cell geometric arrangement and polarization angle create a mixture between modes 2 and 

3. A temporal analysis computes the electrical field distribution for 2-unit cells below in 

Figure 4.29. 
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T=4s 

 

T=7.2s 

 

T=14.4s 

 

T=20s 

 

Figure 4.30 E-field distribution for 490 kV at different times. 

 

Since the geometry of this SWS is unique, there is a lack of description in literature. At the 

same time, it is a great opportunity do consider the space harmonic structure (SHS). The 

electric field distribution suggests 𝜋𝜋-mode-like operation. When the fields in adjacent 

cavities are in phase the net current in the slots is zero and the frequency is equal to the 

resonant frequency for an isolated unit cell. When the fields are antiphase the net current 

in the slots is nonzero. In this case the frequency is below the resonant frequency of the 

slots and they have an inductive reactance to current flow and, as a result, decrease the 

frequency of the mode. 
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A full perspective of the electric field along the SHS is illustrated in Figure 4.30. Due to 

constraints of operation and assembling in the SINUS-6, the number of pairs of CSRRs 

was reduced from 16 to 11. This might be responsible for the loss of four wave degeneracy 

in the DBEO. 

 

Figure 4.31 Electric field distribution along the 11-period MTMSWS. 

 

The beam created by EEE interacts with the rings and slots. Initially the first ring and slot 

slightly affect the electron beam as shown in Figure 4.31. 

 

Figure 4.32 Voltage in the first ring (straight). 
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Figure 4.33 Voltage in the second ring (angle). 

 

The amplitude ratio between the disks in Figures 4.31-4.32 is 0.55, and in Figure 4.33 it is 

possible to note that the perturbation in the beam is getting larger. 

 

Figure 4.34 FFT of the signal from ring 2. 

 

Applying an FFT to the signal from ring 2, it is observed that a large DC component is 

present and the frequency of oscillation is near 6.7 GHz. At the same time the interaction 

of the beam induces a voltage in the slots as illustrated in Figure 4.34.  
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Figure 4.35 Voltage in the slot of ring 2. 

  

Figure 4.36 FFT of ring 2 slot voltage. 

 

It is interesting to note that the frequency of oscillation in the ring 2 slot is offset by 2.4% 

from the PIC code results. This is practically the frequency of operation for the VED. 

For the second unit cell the amplitude ratio for rings 3 and 4 is 56.4% bigger and the 

resonant frequency in Figure 4.37 is almost the same as in Figure 4.35 the offset is less by 

about 1.74% from the PIC code result. Nevertheless, this proximity in frequency also states 

that the cavity is operating in a 𝜋𝜋 mode-like manner. 
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Figure 4.37 Voltage in ring 3 (straight). 

 

 
Figure 4.38 FFT of ring 4 slot voltage (angle). 
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The transverse magnetic mode for the SHS is TM01 as illustrated in Figure 4.33. This is 

expected due to the strong electric field along the z direction. This result matches the 

simulations from the eigensolver and frequency domain. 

 

 
 

Figure 4.39 Transverse magnetic mode. 

 

4.5.3 PIC Simulation with SINUS Voltage Waveform Input File 
 

An input file with the voltage waveform from SINUS with amplitude 490 kV was used in 

CST as an excitation source. The purpose is to add to the PIC model the characteristics of 

the pulse only present in the experiment. The main parameters observed were voltage, 

cathode current, output RF power, and frequency from Figures 4.39-4.42. 

 

Figure 4.40  SINUS voltage waveform in experiment. 
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Figure 4.41 Cathode current in experiment. 

 

Figure 4.42 Output RF power in experiment. 
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Figure 4.43 FFT of the output RF electric field in experiment. 

The fluctuations in output power might be a result of the second harmonic which is stronger 

for the CST-SINUS 6 profile. It is important to note that it might be possible to generate 

more than one frequency in the source, although this will degrade the output RF power. 

Nevertheless, the possibility to excite two tones might offer an opportunity for frequency 

agility of the MTMSWS source. 

The ring slot voltage profile signal is similar to the ideal pulse but second harmonic 

generation in Figures 4.43-46 is more apparent. 

 

Figure 4.44 Voltage in the slot of ring 2. 
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Figure 4.45 FFT of the ring 2 slot voltage (angle). 

 

Figure 4.46 Voltage in the slot of ring 4 (angle). 
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Figure 4.47 FFT of the ring 2 slot voltage (angle). 

 

The simulation results from Figures 4.43-4.46 are in good agreement with the benchmark 

in Table 4.2. Another interesting result is the frequency of oscillation for the slots are close 

to frequency of oscillation between the gaps as shown in Figure 4.47. This might be the 

case when the beam travels through the gap and “lights up” the cavity. Thus, the charged 

particles generate an electric field which induces the magnetic field that in turn creates the 

coupling between rings along the structure. The second harmonic present in the FFT of 

Figure 4.46 might indicate slight mode competition. 
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Figure 4.48  Voltage between gaps 1-4 

 

It is possible to notice three distinct characteristics from Figure 4.43-4.47: an increase in 

voltage, “a match in phase,” and the frequency of oscillation. First, the voltage gradually 

increases as a result of electrons’ acceleration, followed by a match of oscillation starting 

point, and finally the frequency generation. According to points 1 to 8 in Figure 4.47 the 

frequency is about 6.52 GHz and this is twice the oscillation frequency from the slots. This 

coupled cavity configuration is split basically into two functions. One ring with the outer 

slot is responsible for polarization shift, the second ring with the slot close to the beam is 

capable of couple and harvesting energy from the beam. Such a distinct behavior can 

produce a mixing of modes and improves the degeneracy since this unit cell has three 

degrees of freedom. 

A second crosscheck and optimization of the model for PIC code was done changing the 

excitation source from ideal to real Sinus-6 voltage waveform. The results from this update 

are summarized in Table 4.3. 
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Table 4-3 Optimized PIC and benchmark parameters. 

Profile Voltage (kV) Current (kA) Frequency (GHz) Power (MW) 

CST-SINUS 6 489.90 2.89 2.82 15.97 

CST-Ideal Pulse 490.00 2.91 2.86 33.28 

 

The results for the optimized PIC code strongly agreed with the ideal pulse except for the 

power output. Although the power measurement in CST has always been a matter of 

discussion. Nevertheless, the addition of the new excitation source included nonlinear 

behavior in pulse profile. 

The four-wave mix degeneracy in the original UCI design was lost when the structure was 

redesigned to fit within the constraints of the UNM set-up. At the same time, it affected the 

bunching. Another side effect is reducing the overall performance (RF output power) 

because the last ring from the MTMSWS is thicker than originally designed in order to 

support the beam collector.  

The bunching phenomena along the SWS shows two interesting characteristics in Figures 

4.49-4.50. First, due to the reduction in size and number of unit cells with a thicker last 

ring there is a bunch collapse after 220 mm. The bunching ends in the region of the beam 

collector and the mode of operation of the cavity suggests an even number of unit cells.  
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Figure 4.49 Electron bunching inside the SWS at 5.4 ns. 

 

Second is the fact that there are particles traveling back to the cathode with high energy as 

show in Figure 4.49. This phenomenon might be a result of space charge and dimensions 

of the beam collector that favor the possible formation of a virtual cathode. 

 

 
Figure 4.50  Electron bunching inside SWS at 6.5 ns. 
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4.6 Hot Test Experiments: Horizontal Power Scan 
 

A hot test is the actual experiment where the SWS is attached to the accelerator and has 

the electron beam traveling through it guided by a strong magnetic field. The purpose of 

the hot test experiment is to validate the computational PIC results.  Figure 4.51 is a 

summary of the experimental campaign with 40 shots. 

 

Figure 4.51  Experimental hot test results [22]. 
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Data analysis for the pulsed power driver illustrated a constant load impedance. The 

electron beam accelerator is a current source driven by voltage. Thus, great fluctuations in 

the impedance affects SINUS performance. 

A fast oscilloscope measured the signal waveforms for voltage, current frequency, and RF 

power for the MTMSWS as shown in Figure 4.52. 

 

Figure 4.52 Fast signal measurements: CH1-current, CH2-voltage, CH3-RF power, and 
CH4-frequency. 
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This is the first time that a fully 3D printed MTM source for HPM generation [30] was 

evaluated in the nanosecond range. The PIC simulation results agreed with hot test 

experiments. The time frequency analysis from Figure 4.53 shows a broad-spectrum 

component. These harmonics degrade the RF power output and widen the pulse duration.

 

Figure 4.53 Hot test results for the 3D printed MTMSWS. 
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After running the optimized PIC code simulations using CST the efficiency was 6.04% as 

shown in Table 4.4. The operation of the MTMSWS can be evaluated using two different 

metrics, one regarding the efficiency and second the peak RF power [31]. For SINUS-6 the 

operation considered is highest power.  

 

Table 4-4 Output RF power signal from CST using the SINUS voltage waveform. 

Vapplied (kV) Icathode (kA) Peak Power (MW) Efficiency (%) 

510.9 2.85 88.06 6.04 

 

The Poynting vector in the far-field scattering is independent of polarization. This power 

density shown in Figure 4.54 is measured over an arc, as shown in Figure 3.11 in the far-

field zone and is described by the equation 

P(x) = 7544.22 +

⎝

⎛790696.04

Zπ2

v(wKnx.Wy<z.ny ){

⎠

⎞ (1.3< sin(x))																4-1 

Equation 4.1 is a Gaussian approximation for the Poynting vector distribution. According 

to this field scattering it is possible to notice a symmetric distribution. As a result, the 

horizontal and vertical power density scans have the same distribution. The total power 

irradiated measured is 22.06 MW.  The Gaussian distribution in the far field is shown in 

the Figure 4.56. The Poynting vector from the antenna has a half power beam width of 

approximately 35º. 

 

 



81 
 

 

Figure 4.54 Output RF power signal from CST-SINUS-6 driver. 

 

 

Figure 4.55 Poynting vector distribution. 
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Figure 4.56 Horizontal power distribution. 

 

Comparing the CST-SINUS and experimental hot test results the overall agreement is 88%, 

as shown in Figure 4.57. 

 

 

Figure 4.57 Computational versus experimental hot test results. 

92%

95%

94%

72%

Computational Model Agreement

Voltage(KV) Current(kA) Frequency(GHz) Power(MW)
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It is interesting to point out that the experimental value for output RF power is now a world 

record for a 3D printed S-band O-type MTM device since this value is almost 7 times 

greater than a similar structure geometry [32]. 

 

4.7 Visible Radiation Pattern Detection 
 

Basically, two measurements were made, radiation pattern and time-integrated light 

coming out the source were detected using the same diagnostic. The radiation pattern is not 

TM01 as expect from PIC code simulations. As shown in Figure 3.15, part of the beam 

collector is inside of the antenna and this changes the electric field as was also noticed for 

another MTMSWS [33]. As a result, there is mode conversion from TM01 to a “TE12 -like” 

mode due to the coaxial feed. 

 
Figure 4.58 Radiation pattern from the neon bulb array.  
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The idea to capture the emission of light from the source is to evaluate through plasma 

diagnostic aspects of charge particle beam and SWS interaction. Unfortunately, the only 

diagnostic available was an SLR camera. Figure 3.14 describes the layout for the 

experiment. An unexpected result is shown in Figure 4.58 - blue light coming out from the 

HPM source during the experiment when the highest voltage measured was about 563 kV 

and no breakdown was noticed inside the MTMSWS. Cherenkov radiation [34] in nuclear 

reactors is blue light attributed to charged particles (electrons) traveling faster than the 

characteristic speed in the medium (water). However, the light observed here is probably a 

glow following diode impedance collapse at the end of the voltage pulse. 

 

 

  

  

  

Figure 4.59 Visible light detection from the MTMSWS source. 



85 
 

5 CHAPTER 5: CONCLUSION AND FUTURE WORK  
 

Initially the purpose of this thesis was to experimentally verify PIC simulations of the 

DBEO oscillator designed by UCI. However, due to the constraints of the SINUS-6 

electron accelerator a series of optimizations performed by UNM led to a MTMSWS 

capable of fitting inside the accelerator. The new model was extensively tested 

experimentally with more than 100 shots for a vacuum between 7.6E-6 to 1.3 E-5 Torr. 

Figure 5.1 indicates a very little bump, which might be the result of part of the annular 

electron beam emitted from cathode hitting the first ring of the SWS. 

 

 

 

Figure 5.1 3D printed MTMSWS after more than 100 shots. 
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Figure 5.2 3D printed MTMSWS in its waveguide. 

 

The simulation results from the eigenmode solver showed that mode 3 with a cutoff 

frequency of 2.88 GHz and in the TM01 mode were shown. In addition, the coupling 

impedance indicated how well the MTMSWS harvested the energy from the beam with 

value about134.48 Ω as reported in previous UCI reports. Also, this value was later 

validated in cold tests using the VNA. 

According to frequency domain simulation results, a negative permittivity and 

permeability in the passband were computed. This is strong evidence of DNG behavior and 

also permitted operation below the cutoff frequency of the waveguide. 

Simulations using PIC codes agreed regarding the basic parameters to evaluate the source. 

At the same time each code validated the other disregarding their premises in modelling 

the VED. A very good charged particle model requires high computational resources and 

longtime exposure to an experiment to update the parameters and optimize the code. As a 

result, the experimentalist became an essential asset capable to interact with computer code 

and experiment itself. The plot from Figure 4.56 described such interaction and overall the 

agreement is 88% demonstrating that the optimized PIC code model is reliable.   
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The neon bulb array showed a different radiation pattern from the simulations in which a 

null was presented in the middle resembling a TM01 mode. Possible mode conversion 

occurred inside of the horn antenna due to the presence of a coaxial feed (beam collector) 

from the MTMSWS to the output horn antenna. 

Following the PIC simulations experimental hot test were performed and synthetized the 

expectations of how the real prototype would work. In a practical sense small steps between 

mechanical alignment, vacuum, and condition of the pulsed power driver allowed the 

source to work properly. After more than one hundred shots there was no evidence that 

mechanical properties and electromagnetic characteristics were affected. The average 

parameters for the 3D printed MTM are summarized in Table 5.1. 

Table 5-1 Average parameters. 

Vapplied  (kV) Current (kA) Frequency (GHz) Power (MW) 

490 2.71 2.98 22.06 

 

The impedance mismatch for SINUS is nearly 26.4%.  However, the design of the 

MTMSWS made its operation resilient to voltage fluctuations. Nevertheless, a very good 

alignment of 91% guaranteed the safe operation of the 3D printed MTMSWS.  

Future work will include measuring the light emission from breakdown, and a voltage and 

magnetic field scan to identify other possible points of operation as cold test initially 

predicted. Furthermore, a deep investigation into the radiation pattern is important to 

validate the performance of the antenna. There is the possibility that the mode conversion 

due to the coaxial feed reduces the quality factor of the oscillator. 
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Nevertheless, an outstanding result was achieved, a 3D printed MTM S band was capable 

to generate an average power of 22.06 MW. This achievement brought UNM to the top of 

HPM generation from a 3D printed MTMSWS. Because of this, new sources can be 

developed using the additive manufacturing process leading research to a point where its 

limits are the creativity of the scientist. 
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