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ABSTRACT

The Recirculating Planar Crossed-Field Amplifier (RPCFA) is an adaptation of the Recirculating
Planar Magnetron (RPM) that has been the focus of research at the University of Michigan’s Plasma, Pulsed
Power and Microwave Laboratory for nearly a decade. The RPM is a high power microwave (HPM) source
that utilizes an innovative geometry to overcome some of the power generation limitations of existing
magnetrons while maintaining the characteristic high efficiencies of these devices. The large planar cathode
emits higher currents, leading to higher power, than a rod cathode at space charge limited densities due to
its increased emitting surface area. The recirculating interaction space effectively recycles the electron
beam, which preserves the electronic efficiency of the device. The RPCFA utilizes a geometry similar to
the RPM and is likewise expected to hold the same advantages over traditional CFAs that the RPM holds
over traditional magnetrons. Additionally, the planar amplifying structure permits the injection and
extraction ports be placed physically far away from each other. This allows the Brillouin hub to demodulate
over a long distance which minimizes feedback, a primary power limiting mechanism in cylindrical CFAs.

The focus of this thesis is to design and test a prototype RPCFA which demonstrates these features.

The slow wave structure (SWS) is the key component to a magnetron and CFA which is responsible
for promoting the synchronous interaction between the RF wave and the Brillouin hub. The SWS in a CFA
is designed with the following criteria: First, the SWS must act as a transmission line over the band of
frequencies the device is expected to amplify (typically with about 10% bandwidth). The transmission
should minimize radiative and resistive losses and minimize reflection at any point in the RF circuit. Thus,
the SWS should have an inherently low quality factor, Q. Second, the SWS must generate periodic fringing

RF fields in response to an excitation in the amplification band. Finally, the phase velocity of these fringing
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fields must be slowed to the speed of the Brillouin hub, which (in this device) will be 20 — 30% of the speed
of light. Using Ansys HFSS driven modal simulation, a SWS was designed that satisfied the criteria listed.
This SWS was reproduced using the particle-in-cell code, MAGIC, to simulate operation. MAGIC
simulations, with pulsed 330 kV and 540 A, suggested that the device could amplify a 1.3 MW signal at 3
GHz to a steady state output power of 29 MW, a gain of nearly 13.5 dB. MAGIC simulation also predicted
approximately 13% bandwidth, zero-drive stability (meaning output power was linearly dependent on the

presence of an input signal), and nearly linear amplification in the range of testable input powers.

The RPCFA was then prototyped, employing the “lost wax” technique with an additively
manufactured wax casting form to build the intricate SWS, and traditional machining techniques to fabricate
the supporting components. The RPCFA was tested experimentally to test the predictions of MAGIC
simulations. Zero-Drive stability was observed and a minimum amplifiable power was established to be
around 100 W. Moderate power (10’s of kW) input signals showed moderate levels of amplification, 7.87
dB with high levels of variability, c = 2.74 dB. At moderate power, the bandwidth was measured to be
15%, slightly exceeding the bandwidth predicted by simulation. At high-power input drive (150 kW and
above), the RPCFA demonstrated much more consistent amplification and an increased mean gain of 8.71
dB, with 6 =0.63 dB. The RPCFA consistently reached peak output powers around 5 MW before exhibiting
RF breakdown of the RF circuit. This RF breakdown is characterized by the abrupt termination of the
transmitted RF signal. This RF breakdown represents the existing limit for output power from the RPCFA.
Future experiments will make attempts to remove this limitation, redesigning the S-band structure to

accommodate high RF fields or moving to lower frequencies where features will be inherently larger.
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CHAPTER 1

Introduction

High Power Microwaves (HPM) have applications critical to the fields of science, industry and
defense [1 - 4]. Prominent scientific applications include use in particle accelerators and plasma heating
[5]. In industry, HPM are used in medical accelerators and processing of food and other materials. In
national defense, HPM play a crucial role in RADAR and active denial systems [6]. The development of
devices that can improve upon some aspects of HPM generation or amplification, such as peak power,
efficiency, or phase control, is therefore of great interest. The focus of this dissertation is the design,
fabrication, and demonstration of a novel HPM amplifier: The Recirculating Planar Crossed-Field
Amplifier (RPCFA). This device employs a novel geometry to achieve exceptionally high peak powers
while maintaining the efficiency, phase control, and stability that is characteristic of crossed-field amplifiers
(CFAs) [7 — 8]. The prototype tested in this investigation demonstrated high peak output powers, although
efficient operation could not be achieved with the available experimental equipment. The device

demonstrated a limited level of phase stability.

The CFA is an HPM device designed to utilize the crossed-field geometry, originally developed in
magnetrons, to amplify an injected RF signal rather than oscillate [9 — 10]. The development of the
magnetron began in 1910 when German physicist Hans Gerdien of the Siemens corporation invented a
device that featured a rod-shaped cathode surrounded by a cylindrical anode with an axially oriented
magnetic field throughout the A-K gap [13]. A similar device which featured a cylindrical anode with a
single split was investigated by Albert Hull of the General Electric Co. in the United States [11]. Hull’s

device was designed to operate as a magnetic switch, insulating above a threshold magnetic field, called
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the “Hull cutoff field,” and conducting below that threshold. The first dedicated magnetron oscillator was
introduced by Erich Habban which featured a cylindrical anode split into 2 separate components [12]. In
the 1930’s, interest arose in shorter wavelengths (1 — 0.1 m) for application in wireless telephone links and

radar [13].

From 1938 to 1940, in the United Kingdom, there was a push to improve the angular resolution of
existing airborne and surface radar systems using a device capable of generating at least 1 kW at a frequency
of approximately 3 GHz [14]. At Birmingham University, J. Randall and H. Boot introduced a cavity
magnetron that generated 400 W of RF power at a wavelength of 9.8 cm (3.06 GHz) which was quickly
improved up to 1 MW over the next year. On August 9, 1940, Winston Churchill approved the “Tizard
mission” [15 - 16] which brought the cavity magnetron to the United States for mass production and
implementation into radar systems. These powerful and compact magnetron-based radar systems were a
significant advantage for the Allies, as compared to the German klystron powered systems [17]. Following
WWII, and up until the early 1950’s, there was interest in extending the magnetron’s crossed-field
interaction to an amplifier. Early devices were similar to travelling wave tubes and featured an electron
emitter, separate from the cathode, called a sole. In 1953, William Brown introduced the modern CFA to
enhance the capabilities of radar systems [18]. The Platinotron is synonymous with the CFA. When used
to amplify high peak or average power levels, it can be referred to as an Amplitron; when used as an
oscillator in conjunction with a stabilizing high-quality factor (high-Q) cavity, the assembly is referred to

as a Stabilotron [19].
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Figure 1.1: Fundamental schematic diagram of a distributed emission CFA.[20,4]

A diagram of the distributed emission CFA is shown in Figure 1.1. The cathode, anode, and
magnetic field form a magnetically insulated diode. CFAs typically employ thermionic cathodes, so the
cathode is usually heated and sufficient voltage is supplied to emit electrons via thermionic emission. These
emitted electrons form a Brillouin hub [21 - 23] due to the E X B drift which orbits the cathode. The anode
or RF circuit is typically low Q so electronic noise that is generated on the anode in response to the Brillouin
hub propagates out of the interaction space through either the RF input or output port. This is in contrast to
the magnetron, where electronic noise drives the oscillation of the high-Q anode. Thus, a CFA without RF

drive is a magnetically insulated diode [24] that does not draw current and generates no RF power.

For RF excitation, an external RF electric field is applied with a component perpendicular to both
the DC electric field and the magnetic field and parallel to the direction of travel of the Brillouin hub. This
component of the RF field permits an Egp X B drift that either pulls electrons toward the anode or returns
them to the cathode depending on the phase. When the phase velocity of the RF excitation matches the

speed of the Brillouin hub, this interaction becomes resonant, allowing energy to transfer from the potential
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of the electron to the RF wave. This synchronism condition is known as the Buneman-Hartree condition

[25 — 27]. Further explanation of this process is given in the following chapter.

Compared to other vacuum tube amplifiers, such as the klystron, the travelling wave tube (TWT),
and their fast-wave counterparts including gyrotron travelling wave amplifiers, the CFA finds application
for its combination of high power at modest voltage, high efficiency, moderate bandwidth (5 — 15%), and
compact frame. Gain in CFAs is typically modest (5 — 20 dB) compared to linear beam tubes like helix
TWTs, which may exceed 40 dB [28 —29]. Helix TWTs also possess the highest bandwidth of any vacuum
tube, often significantly beyond an octave, though they are typically limited by their low peak output power.
Efficiencies in excess of 60% have been demonstrated on helix TWTs, though typical values are low (20%).
Klystrons have demonstrated higher powers than are obtainable with either helix TWTs or CFAs [30], with
efficiencies and bandwidths lower than CFAs. These linear beam devices tend to be large and heavy in
comparison to CFAs [31], making CFAs more appropriate in mobile and airborne applications. Fast-wave,
gyro-devices, such as the gyro-TWT and the gyro-klystron, dominate the market at high frequencies, where
100s of kW of peak power can be generated at frequencies up to 100s of GHz [32]; typically, these require

superconducting magnets.

The design of the RPCFA is based on by the Recirculating Planar Magnetron (RPM) [33 - 35],
which has been patented and is a focus of research at the University of Michigan. The RPM employs a
recirculating planar geometry that provides a number of advantages. The planar cathode has an extended
emitting surface area, allowing for significantly increased current at space-charge limited current densities.
This increased current permits an increase in the RF power generating capabilities of the device. The
increased surface area of both electrodes also helps dissipate heat generated in high power and potentially
high duty cycle devices. The recirculating cylindrical bends recycle the electron beam, maintaining higher
efficiency than devices that feature beam dumps or collectors. The planar geometry also admits favorable
scaling of the magnetic field volume. For a number of cavities (N), which is proportional to the total output

power of the device, the magnetic field volume required to insulate the diode scales linearly, whereas it



scales with N? in a cylindrical device. Reducing the magnetic field volume decreases both the weight and

energy consumption of the system.

The RPCFA is expected to maintain the same advantages over traditional cylindrical CFAs that the
RPM held over cylindrical magnetrons. Additionally, the amplifying circuit of the RPCFA can be easily
made longer or shorter depending on the application, with the same favorable scaling of the magnetic field
volume. Furthermore, the input and output ports of the RPCFA are placed far apart, limiting feedback.
Feedback is a gain-limiting phenomenon in amplifiers, where the output signal, contained within the
modulation of the Brillouin hub in the case of CFAs, couples to the input, and the RF drive signal becomes
insufficiently powerful to lock the CFA in the amplifying mode. In this case the device becomes oscillatory.
Existing devices, such as the Dematron [36], have used collectors and RF attenuators to eliminate feedback
at the expense of efficiency. By providing two recirculating bends and an upper drift space region for
effective demodulation of the Brillouin hub, the RPCFA is less prone to feedback; and it may be driven to
higher output powers and gain without losing efficiency. A comparison of cylindrical versus recirculating

planar geometry for magnetrons and CFAs is given in Figure 1.2.
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Figure 1.2: Comparison of cylindrical and recirculating planar geometries for magnetrons and CFAs.

The identification of amplified output power is a nuanced topic which requires detailed observation
of the device in order to differentiate it from primed oscillators [37]. The criteria that must be satisfied for
an amplifier is compared in Table 1.1, with related forms of RF signal generation from primed oscillators
which may be confused with amplification: soft excitation, and hard excitation. In the absence on an injected
RF signal (Pi» = 0), both the amplifier and a device operating in the hard excitation regime generate no
output signal, while a device undergoing soft excitation oscillates at its free running frequency. If the power
of an injected RF signal is reduced to zero (Pi, is reduced to 0) after initially driving the device, the amplifier
ceases to produce an output signal whereas the hard excitation will continue to oscillate. The amplifier is
the only device compared here for which the output power is a function of the power of the injected signal
(Pout = Pou(Pin)), although it may not necessarily be a linear correlation. All three devices can display
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frequency locking, where the output frequency is locked to the drive frequency (fq = fo), and phase locking,
where the phase of the device measured at a given location is locked to a known phase shift of the input
signal (dout = Pou(din)). For an amplifier this is always the case. However, with sufficient injected drive
power and frequency near enough to the free-running frequency of the excited oscillator, both hard and soft
excitation can display these phenomena. The requirements for power and frequency are given by Adler’s
condition [38]:

Pin _ 2 [(Fa—fo) 2
Pout Q [ fo ’ (1.1

where Pj, is the injected power, Poy is the power of the primed oscillator, Q is the quality factor of the

primed oscillator, fy is the free running frequency of the primed oscillator, and fy is the drive frequency.

Soft Excitation Amplification

xcitation
Free Oscillation x P,,:=0 \/ P,,:=0 \/
YL ESNN Free Oscillation Pout # 0 X Pu=0 /
ISPy = PoelPin)? VB No X Yes V4
fy=1y? Yes, for sufficiently high P;,  Yes, for sufficiently high  Yes \/
and fy near f; P;,and f4 near f,

IR ISR (O A Yes, for sufficiently high P, Yes, for sufficiently high  Yes v
and fy near f; P;,and f  near f,

XX

Table 1.1: Comparison of amplification with primed oscillators of both soft and hard excitation. Green
check marks indicate a feature confirmed on the RPCFA. Red x-marks indicate a feature not observed.

This dissertation will detail the development of the RPCFA. Chapter 2 will present the theoretical
principles behind the design of the slow wave structure and surrounding components. Cold-tube and hot-
tube simulations will be used to predict the performance of the device. Chapter 3 will discuss the fabrication
of the prototype and the hardware used for experimentation. Chapter 4 will present the results of those
experiments and discuss the implications of these results including their agreement or disagreement with
simulated results. Chapter 5 will summarize the progress of this investigation and highlight key results.

Recommendation for future study will also be provided.



CHAPTER 2

Theory and Simulation

This chapter provides the theoretical framework regarding the operation of the RPCFA as well as
its design. Cold tube dispersion characteristics are predicted and verified in simulation. Cold tube
simulations, involving calculation of scattering parameters and RF electric fields, are used to optimize the
slow wave structure (SWS). The results of cold tube simulation, performed in Ansys HFSS, are verified
using a particle-in-cell (PIC) code which is also employed to perform hot tube simulations. The results of

these simulations are tested experimentally in chapter 4.

2.1 Single Particle Motion

The operation of the Crossed-Field Amplifier (CFA) is very similar to its close relative, the
magnetron. For both devices, an insulating magnetic field is applied perpendicular to the DC electric field.
Electrons emitted from the cathode are governed by the Lorentz force and deflected by this magnetic field.
They undergo cycloidal motion, propagating in the direction perpendicular to both the electric and magnetic
field, according to the E X B drift [39]. For simplicity, we consider a nonrelativistic, planar, crossed-field

diode, and ignore the self-fields of the electrons. The Lorentz force equation,

-

mZ- = e(E + 7 x B), 2.1

subject to the external DC electric and magnetic fields, E =%E o and B = 2B, may be written in component

form,



m=2 = e(v,Bo) 2.2)

avy
md—”t = —e(Ey + v, By) (2.3)

For cases involving anode-cathode gap voltages exceeding 1 kV, it may be assumed that electrons
are emitted from the cathode with zero initial velocity. An electron emitted from the cathode at time t = 0

at position (x,y) = (0,0) follows these orbital equations:

y(®) = g (sin(2et) — ct) 24)
x(t) = Qig—z(cos(nct) ~-1) (2.5)

where (2. = |eB|/m is the electron cyclotron frequency. Averaging these equations over the period of one
cyclotron period, T = 2 /2, and dividing by the period gives the average drift velocity, ((vx), (vy)) =
(0,Ey/Bgy), which is the E X B drift. This electron, which is at a distance D from the cathode, will not reach
the anode if D > 2E,/Q.B, according to Eq. (2.5). This is the condition for “magnetic insulation”, By >

By, where By is the Hull cutoff magnetic field,

ZmVO
eD?

BH=

(2.6)

Most crossed-field devices operate with an external magnetic field between 1.5 to 3 times the Hull cutoff

value [40].

In the absence of other fields, this magnetically insulated diode generates no RF power. However,
once an RF signal is present, either self-excited in an oscillator or externally provided in an amplifier,
electron current can be drawn across this magnetically insulated gap. The electric potential energy gained

from the electron motion then leads to growth of this RF signal. This is illustrated in Figure 2.1.
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Figure 2.1: Example of anode circuit and cathode. The circuit mode illustrated is the “pi-mode”, where
there is a phase shift of © between adjacent anode cavities. The dash lines show the RF electric fields
which are assumed to co-move to the right at the E' X B drift velocity, so that this circuit mode may
synchronously interact with the electrons. The magnetic field, B, points out of plane of the paper.

Consider now the action of the RF electric field on an electron positioned at point A in Figure 2.1.
The E,; X B drift brings electron A toward the anode without much change of its kinetic energy. By energy
conservation, electron A instead yields its potential energy to the RF electric field. Conversely, an electron
at point B experiences an E,; X B drift that accelerates it towards the cathode, and in so doing, electron B
absorbs energy from the RF electric field. Thus, the A-electrons lead to wave energy gain while the B-
electrons lead to wave energy loss. However, examining the E,¢ X B drift on the vertical lines midway
between A and B, one readily sees that the B-electrons tend to drift towards the A-electrons. That is, the B-
electrons are depleted and they are turned into the A-electrons. This is why electron current spokes are
generated from the A-electrons and there are very few B-electrons in between. This is also the reason why
crossed-field devices are very efficient, because virtually all of the potential energy carried by the A-
electrons is converted to RF energy, with few B-electrons left behind. This explains why formation of

electron spokes is so important for the functioning of RF crossed-field devices [27].
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2.2 Brillouin Flow

While imagining the motion of a single particle is useful in understanding the fundamental
operation of crossed-field devices, an alternate description is the Brillouin flow model [22 — 27]. The
Brillouin flow is a laminar flow extending from the cathode to a specific distance into the A-K gap called
the “hub height”, and it has been shown to be the dominant flow pattern in crossed-field devices. Electrons

in this “Brillouin hub” travel parallel to the surface of the cathode in the direction of E X B drift.

We again assume a nonrelativistic treatment of the Brillouin flow. Electrons are assumed to be
emitted from the cathode with zero energy and the electric field at the surface of the cathode is taken to be
zero due to the space charge of the Brillouin hub. Thus, the self electric field is important while the self
magnetic field is not. For the equilibrium steady state flow, we set the net force on a particle to zero,

equation 2.3 gives

vy (x) = —Eo(x)/Bo. (2.7)
Conservation of energy gives

Smv = e (x), (2.8)

where ¢(x) is the electric potential. Gauss’s law relates the electric field to the charge density in this 1D

diode,

9Ey(x)

ar eny/&p. 2.9

Equations 2.7, 2.8, and 2.9 may easily be shown to admit solutions that are linear in x for E, and vy, and a

constant for the density ny. The electron density of the hub satisfies

wh = 02 (2.10)
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2
where w,, = /% is the electron plasma frequency. The velocity of particles in the Brillouin hub is given
]
by

v, (x) = {).x, (2.11)

and the hub height, x;, is given by

xp = D(1 = 1= 2V/2:B,D?) = D (1 - 1i- (2—1:)2) , 2.12)

where D is the A-K gap spacing and By is the Hull cutoff magnetic field given in equation 2.6. Thus, given

a DC potential, V,, a magnetic field, By > By, and an A-K gap spacing, D, the properties of the Brillouin

hub are completely described by Egs. (2.10), (2.11), and (2.12).

2.3 Amplification in CFAs

The nature of amplification in crossed-field amplifiers can be qualitatively understood by applying

Maxwell’s equations to a resonant structure as shown in Figure 2.1 and assuming solutions of the form

X, t)= Xo+ X lei“’t_"%"Z where the subscript 0 (1) denotes the DC (perturbation) quantity. The Maxwell
equations govern the perturbation (or RF) quantities:

—

— 0H . —
VX E =—u 6_151 = —iuowH;. (2.13)
VX H, =J; + igowE;. (2.14)

Taking the curl of equation 2.14 and applying Gauss’s law, V - H=o, yields

2 —_— -
‘:—2H1+VZH1 =-VUxJ. (2.15)
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From equation 2.15 may be solved for the cold tube dispersion relation, w = w.(k), by setting]_{ = (0, and

by solving the eigenvalue equation,

wE (k)
c2

Hyy + V?Hyy = 0. (2.16)

The approximation is then made that the introduction of current does not substantially alter E) from the

cold tube solution, that is, Fl) = H_w) Combining this approximation with equations 2.15 and 2.16 gives

c2

2 gk —_— —
(% -2 Hy ~ -V x ;. 2.17)

Multiplying equation 2.17 with ﬁfv and integrating over the volume of the A-K gap, gives

(% - 4299) [ oy P @2 = [ - x T Haa®V.  @19)

c? c?

Performing an integration by parts on the RHS, applying the Maxwell equation (2.14) in the absence of

current, and rearranging gives:

w?  wi(k) _ [Jf JiiwceoEryd3V
c? ¢z T [l |Hwl? a3V

(2.19)

Equation 2.19 gives insight into the nature of gain in all amplifiers, including the crossed-field amplifiers.
It says that there could be change in the real part of the frequency (detune) and in the imaginary part of the
frequency (gain) by the action of the AC current on the cold-tube circuit mode, through the product]_l) . E{‘V
that appears in the RHS of Eq. (2.19). While the DC fields are necessary for current emission and
synchronism between the electron flow and the circuit wave, amplification is due to the RF current and the
RF field. We shall now use Eq. (2.19) to illustrate qualitatively why a linear tube such as TWT has a higher

gain than a crossed-field tube such as a CFA.

In a TWT, a strong magnetic field is applied in the direction of the beam motion which constrains

the motion of particles along the magnetic field. The orbit of an electron is defined by, X(t) = vt +

13



%, (t), with X; = $y;, where v, is the DC beam velocity, and the electron’s perturbation displacement, due

to an AC electric field along the beam, E;,,, is governed by,

Y1 = eEyy/m. (2.20)

o

0x . .
L, for a traveling wave solution, may then be
at

The AC current density on the beam of the TWT, E =eny,

computed,

- .. e’n, Eiy
= YyViw u——
J1=Y m (w_kyv())z

(TWT) 2.21)

For a CFA, the perturbed motion is due to the E X B drift, whose perturbation displacement becomes

—_— 1 —E E x
7 = (o yn) = —— (22, 5x), (2.22)

i(w=kyvo) \ By ' By

So the AC current density in a CFA may be approximately written as

7T weng —E1y @
h= (w—kyvo)( B, ’ BO)- (CFA) (2.23)

In the present linear theory, the AC current is assumed to only slightly perturb the vacuum mode, w =

w¢(k), thus we may approximate the LHS of Eq. (2.19) as
w? — w?k) = (v — w.(k)2w). (2.24)

Applying this approximation to equation 2.19 and the derived current densities for the TWT and CFA in

equations 2.21 and 2.23 respectively gives

I

(TWT) (2.25)

I

w — w:(k) « o)

(CFA) (2.26)

where / is the DC current, which is directly proportional to the DC electron density, ng, that appears in both

Egs. (2.21) and (2.23). Next, for both TWT and CFA, we require operation close to the synchronism
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condition, which can be defined as, w.(k) = kyVppase = kyVp. In terms of the dimensionless gain

parameter, C, that was introduced by Pierce, where C3 « I, Eq. (2.25) then yields the following growth rate

for a linear tube,

wi/w xC. (TWT) (2.26)
Likewise, for the CFA, Eq. (2.26) gives,

w;/w < C3/2.  (CFA) (2.27)

Note that the exponentiation rate in a CFA is less than the exponentiation rate for a TWT by a factor of
C'/2, by comparing Eq. (2.26) and (2.27). Since the typical values for C range between 0.01 and 0.1, the
exponentiation rate in a CFA is only about 1/10 to 1/3 of a TWT for similar frequency, beam voltage, and
beam current. This qualitatively explains why CFA is a lower gain device (typically 13 dB), but operates
at a higher power and efficiency because virtually all of the potential energy in the DC state may be utilized

for RF generation or amplification.

2.4 Dispersion in the RPCFA

The vacuum mode solution is governed by equation 2.16, and this cold-tube mode is critical to the
operation of the amplifier. The cold tube dispersion relation can be derived approximately using the same
lumped circuit element analysis used to model magnetrons. The electrical functions in a CFA SWS are very
different from magnetrons as they serve nearly opposite purposes, the magnetron is composed of high
quality factor resonators while the CFA is essentially a low quality factor transmission line; however, the
topology of the circuit is nearly identical. A section of a cylindrical magnetron can be modelled as the

circuit shown in Figure 2.2.
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Figure 2.2: Lumped circuit element model for a section of a magnetron. Y, is the admittance of cavity Q

[41].

The cylindrical geometry is irrelevant as the circuit topology remains the same for a planar
magnetron or planar CFA. In order for resonance to occur, the admittance looking out from the cavity must
be equal to the admittance looking into the interaction space [41]. The admittance of cavity Q is simply

given by

Yo =-i(wC-=). (2.30)

where C and L are the capacitances and inductances of cavity Q respectively. To obtain the admittance

looking into the interaction space we can analyze the circuit around the cavity as shown in Figure 2.3.

ot la o Va o <
I'a-1 J J_Cl |'Q+1J J— Cc1

1 1

Figure 2.3: Circuit diagram for a magnetron around cavity Q.
From the diagram it is apparent that
I’Q—l = IQ _IQ_1 (2313)
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I'gp1 = lg41 — Ig. (2.31b)
The voltage across the capacitors, in general, is given by

V=1/iwCl. (2.32)
Vj is the difference between the voltages across the two capacitors and is thus given by

Vo = (1/iwCD)[I'g—y — I'g41]- (2.33)
Applying equations 2.31a and 2.31b yields

Vo = (1/iwC1)[215 — Ig—1 — Ig41]. (2.34)
It is assumed that between adjacent resonators, the voltage and current vary only a constant phase factor,
v. Thus, Vq can be written entirely in terms of Iq, as

Vo = Up/iwC)[2 — e — e*¥] = (2, /iwC1)[1 — cos(y)] (2.35)

Taking the definition of admittance Y = I/V gives the admittance looking into the interaction space

around cavity Q

iwC1
Yo = 2(1-cos(y))’ (2.36)
Combining equations 2.36 and 2.30 gives
wC1
wL wC = 2(1—cos(y)) (2.37)

Letting wg = 1/VLC and P = C1/C and rearranging, taking only the positive value for the frequency
gives the expected dispersion relation

_r
2(1-cos(y))’

2 =1/ |1+

o = (2.38)

For magnetrons, the resonators form a complete loop, creating the condition that the total phase shift around
all the resonators is an integer multiple of 2z. It follows that Ny = 2zn where N is the total number of
resonators and n is an integer. Applying this to equation 2.38 gives the dispersion relation, as the guided

wavenumber is directly proportional to y and the physical dimensions of the slow wave structure. Writing

equation 9 in terms of n gives
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[ P
a)_o - 1/\/1 + 2(1-cos(2mn/N)) (2.39)
Equation 10 is plotted for P =1 and N = 12 in Figure 2.4.
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Figure 2.4: Expected dispersion relation for a magnetron with N = 12 cavities. The n = 6 mode is the -
mode.

A common operating mode, known as the t-mode, occurs when the AC voltage across each cavity
is exactly 180 degrees out of phase with adjacent cavities. In this case n = N/2 = 6 and the argument in the
cosine in equation 2.39 is . At this mode the group velocity, Aw/An, is equal to zero indicating RF power
is held stationary of the SWS. While the beam and the phase velocity of the circuit wave move forward,
there is no energy propagation of the wave. This is opposite the desired behavior for the operating mode
for a CFA.

For a CFA, the circuit can be modeled as a series of identical “cells” with some general impedance,
Z4, arranged in series and connected to a grounded substrate through another impedance, Za. This is
depicted in Figure 2.5. The circuit is distinct from the magnetron circuit as the CFA SWS does not strongly
capacitively couple to the cathode. While the magnetron identified resonances by matching admittances
into the cavity with those into the interaction space, the CFA SWS is a transmission line where the signal

carrying electrode couples both inductively and capacitively primarily to the grounded substrate, though
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the cathode may contribute to the total capacitance within Za. In the transmission line model of Figure 2.5,

Zq represents the unit cell impedance, and Z represents the parasitic impedance.

Figure 2.5: Circuit model for general CFA SWS.

It is apparent from Figure 2.13 that:
Vy=—14Z, (2.40a) Vg =152,
Iy =1,—1Iy (2.40¢) Igpr =1Iq — I
Defining the voltage across cell q, V;, = [,Z, gives,

Ve =V —Va= s+ 1p)Zs
Combining equations 2.40c and 2.40d gives

IA + IB = ZICI - ICI+1 - Iq_1

(2.40b)

(2.40d)

(2.41)

(2.42)

As in the analysis for the magnetron, it is assumed the quantities, f; and /, vary only by a phase shift, g

such that X, 41 = quiiﬂ . Equation 2.42 can then be rewritten

Iy + 1Ig = 215(1 — cos(B))
Substituting this into equation 2.41 gives

IqZq = 214Z4(1 — cos(p))

19
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Assuming the impedance is purely reactive, and defining Z; = iwL — i(1/wC), and Z, = iwl, —

i(1/wCy), equation 2.44 becomes
wL ——= = (2 — 2 cos(B)) (wL - (2.45)
wC A wea ’

Defining wy = 1/VLC, L' = L/Ly, and C' = C/Cy, then multiplying equation 2.45 by wC, gives

w w? 1

(—)2 ~1=(2-2cos() (%5 -C). (2.46)

Wy w3l

Solving for w/wy,

w _[ 1+(2 cos(B)-2)C’ ]1/2
)

we  l1+(2cos(B)-2)(1/L’ (247)

wWo

gives the cold tube dispersion relation for the CFA. The quantities C”and L’ are properties of the SWS cell.
C’ is taken to be small (~ 0.1) so that ® remains real and lossless. L’ is assumed large for the same reason
though this could be inferred as the long circuitous current path of a SWS is likely a higher inductance than
the stubs which connect it to the substrate. Equation 2.47 is plotted in Figure 2.6 for various values of C’
and L’. The forward wave and backward wave dispersion relations can both be recovered by selecting the
appropriate values of C”and L’. As could be inferred from Figure 2.6, for the fundamental mode, B/x <1,

the forward wave occurs when C’ * L' < 1, the and the backward wave occurs when C' = L' > 1.
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Figure 2.6: Dispersion relation for various values of C’ and L’. The forward wave solution is in blue and
the backward wave solution is in red, both for the fundamental mode, B/m < 1. A zero group velocity
mode is shown in yellow.

This method can be applied to the RPCFA SWS if the unit cell impedance, Z,, and parasitic
impedance, Za, are calculated. The inductances can be evaluated by generating a unit cell in ANSYS
MAXWELL [42] and applying a current source at one terminal and moving the sink to the other terminals.
The inductances can be evaluated from the magnetic fields generated by each conduction path. A unit cell,

to be used in the RPCFA, with current paths for Lq and La is shown in Figure 2.7a. Figure C.1a details the

dimensions of the RPCFA unit cell.
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Figure 2.7a (left): Unit cell with the current paths for measuring Lq and La. The lower boundary is a
grounded conducting plane.
Figure 2.7b (right): Magnetic field generated by current flowing on the L4 path.

The current source is placed at the left end of the cell as shown in Figure 2.7a, and the sink is moved
to the ends of the current paths as drawn. The current generates a magnetic field, from which the inductance
is calculated. The magnetic field generated from current flowing across the structure is shown in Figure
2.7b. The inductance for this path is Ly = 21.65 nH. For the shorter of the two paths to the ground plane the
inductance is 3.64 nH and the longer is 15.89 nH. This gives an equivalent inductance Lo=2.96 nH.

Capacitances are measured in a similar manner. In ANSYS HFSS [43], a 3 GHz excitation is
launched from the input side of a unit cell. To measure the parasitic capacitance, Ca, the output side of the

cell is modelled as a perfectly matched load and half of the lower boundary is assigned to be a second

waveport, the other half is the conducting ground plane as shown in Figure 2.8. To calculate the cell
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capacitance Cg, the lower boundary is entirely set to a conducting ground plane and the output side of the
cell is the second waveport. The capacitances are calculated from the formula C = (—1/2nf) *

(1/im{Z,1}). HESS gives these values Cq = 15.3 pF and Ca = 129.4 pF. With these parameters calculated,

equation 2.47 can be applied to get the RPCFA dispersion relation, plotted in Figure 2.9.
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Incident Wave

Figure 2.8: Electric fields generated from a 3 GHz excitation from the waveport at the left side of the cell
to the highlighted waveport at the lower boundary.
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Figure 2.9: Dispersion relation from equation 2.47 with lumped circuit element values calculated from
ANSYS HFSS and MAXWELL.
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Figure 2.10: MAGIC dispersion relation. Discrete mode numbers are given due to discrete spatial
sampling. A mode number of 3 corresponds to a /2 phase shift per cell on this 12 cell RPCFA.

This dispersion relation can be compared with the same quantity generated in MAGIC [44]. To
generate the MAGIC dispersion relation the full RPCFA was modeled and excited using a loop antenna

placed on the surface of the cathode, across the A-K gap from the center of the SWS. The RF electric field
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was recorded over time for 24 locations (2 per cell) position along the center of the A-K gap in a line parallel
to the direction of RF propagation. A 2-D FFT can be applied to this matrix of electric field over time and
position, E(x,1), to get the dispersion relation £ (w, ). This dispersion relation is plotted in Figure 2.10.
The MAGIC dispersion relation shows operation at higher frequencies with greater variation due
to phase shift compared to the theoretical prediction. This can be attributed to the approximations made
regarding the boundary conditions in the ANSYS simulations. The position of conducting boundaries adds
an additional parasitic capacitance that is unaccounted for in the above analysis. Regardless, the analytic

theory correctly predicts the forward wave interaction and gets within 10% of the design frequency.

2.5 Designing the Slow Wave Structure

The slow wave structure is responsible for ensuring the correct interaction between the electron
beam and the RF excitation [45]. In general, the SWS for an amplifier should behave as a transmission line
when the device is off, allowing an injected RF wave to pass from the input to the output port without
attenuation or distortion [18]. In terms of scattering parameters, this means high Si» and low Si1, over the
range of frequencies the device will amplify. The SWS was designed using ANSYS Electronic Desktop,
HFSS driven model solutions. A coaxial transmission line connected to the first cell forms the input
waveport and an identical transmission line connected to the eighth and final cell forms the output waveport.
The scattering parameters listed above are measured as the dimensions of the cell is varied to find the
optimal geometry. The shape of the cell draws inspiration from the planar cavity arrays used on magnetrons
in previous experiments [34, 46] and the meander-line circuits of existing CFAs. A planar structure array
ensures the transverse RF fringing fields needed for drawing current. The vanes are carved out and
connected by straps to form the transmission line which carries RF current from the input to output port.

The cell array developed in HFSS is shown in Figures 2.11a and b.
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Figure 2.11a (top): Isometric view of an 8-cell SWS with coaxial input and output ports generated in
HFSS.
Figure 2.11b (bottom): Top view of same SWS with the meander-line highlighted.
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Figure 2.12a (top): Si1 for the RPCFA SWS around the 3.0 GHz design frequency. The trace is identical
Eigslﬁe 2.12b (bottom): S»; for the RPCFA SWS. The trace is identical to Si».

The S-parameters for the SWS are shown in Figure 2.12a and b. At the design frequency (3 GHz),
the value of Sy is -40 dB, indicating that the slow wave structure will reflect 0.01% of the injected power
back to the source. This level is low enough to ensure the source is protected from reflected power. At the
same frequency, the value of Sy, is approximately -0.6 dB indicating approximately 98.6% of RF power

will be transmitted. This is an excellent transmission rate, though it is unlikely that this quality of

transmission will be reproduced in a prototype due to manufacturing imperfections.
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The quality factor, or Q, of the SWS can be calculated from the measurement of S»; using the

formula [47]

_ Jo
Q= f2-h (2.48)

where fj is the central transmitting frequency, f; is the greatest frequency less than f, where S,; <-3 dB and
/> is the lowest frequency greater than fy where Sy < -3 dB, after subtracting transmission losses at the
central frequency. Equation 2.48 is an accurate approximation for devices with bandwidths of one octave
or less. Though not shown on Figure 2.12b, f; occurs at 2.4 GHz and f> occurs at 3.2 GHz giving a Q of
approximately 3.7. This low Q is expected for a device that is designed to passively transmit power in a
cold tube. For reference, a magnetron typically has Q in the 100’s [48] and the MG5223F magnetron used
to drive some of the RPCFA experiments had a Q measured at 308. In the case of the magnetron, the Q was
measured by how rapidly power (P) was dissipated from the structure when the driver was turned off
according to the formula

P(t) = Pyexp(—tw/2Q). (2.49)
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Figure 2.13: Electric field when the structure is excited by a 3 GHz RF signal. Lighter colors indicate a
more intense field. Generated in HFSS.
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This structure’s response to a 3 GHz excitation can be viewed in Figure 2.13. From Figure 2.13 it
is apparent that the phase shift of the electric field over a single cell is approximately w/2. This, combined
with a SWS cell length of 7.5 mm gives a phase velocity of 0.3¢ which is slow enough to interact with the
electrons in the Brillouin hub. When animated, it can be seen that this excitation moves smoothly from
input to output, with minimal modulation, indicating this SWS is operating via a forward wave interaction.
The boundaries around the simulation space shown in Figure 2.13 are a mix of conducting and radiative
boundaries, though neither has a significant effect on the transmission of RF power across the SWS as the

majority of the electric field power is carried close to the SWS.
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2.6 Particle-in-Cell Simulations

To verify the results of the HFSS simulation, a 12-cell SWS was modeled using the electromagnetic
particle in cell code, MAGIC. For this simulation, the interaction space is fully recirculating to efficiently
recycle the beam as it would in experiment. The cathode is connected axially to a large waveport from
which the pulsed excitation can be initiated to generate the DC electric field. The fields generated by the
injection of 3 GHz RF into the RPCFA modelled in MAGIC are shown in Figure 2.14. The field pattern in
Figure 2.14 also shows an approximately 7/2 phase shift per cell, agreeing with the HFSS simulation, and
verifying both simulations. In addition, minimal losses in RF power are measured across the length of the

12-cell SWS.

Figure 2.14: RF fields when the RPCFA is injected with a 3 GHz signal in MAGIC simulation. Blue
indicates the field points toward the right and red indicates the field points toward the left. Brighter colors
indicate a stronger field. The snap shot is taken along the centerline of the SWS, which is the x-axis in
Figure 2.11b, so the coaxial ports are not seen.

A pulsed voltage of =330 kV and RF power of 1.3 MW were supplied to the RPCFA in MAGIC
simulation with a 0.23-T magnetic field. These parameters are nominal values obtainable in the laboratory.
Steady-state amplification of the injected signal was achieved on the order of 10 ns following the application

of pulsed power. Spoke formation, indicating the transfer of power from the Brillouin hub electrons to the

wave [49], can be seen in Figure 2.15.
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Figure 2.15: MAGIC simulation showing spoke formation as the injected signal and particles move from
the input (left) to the output (right). The color scale is consistent with Figure 2.14.

A net current of 540 A was emitted from the cathode of which 160 A was collected on the SWS.
Axial losses were small, generally less than 10 A, with most of the remaining current being collected in the
recirculating bends or in the planar drift space opposite the SWS. A mean peak microwave power of 29
MW was measured at the output coaxial port of the RPCFA giving a gain of approximately 13.5 dB. The
total efficiency is thus 15.5% and the electronic efficiency, which considers only the current drawn to the
SWS, is 52%. Though greater efficiencies have been achieved [50] this is acceptable for high-power
crossed-field devices.

From this simulation, the level of demodulation due to the recirculating planar geometry can be
estimated by measuring the hub current, current travelling perpendicular to the DC electric field due to the
E X B drift. By evaluating the AC component of the hub current as it exits the amplification region and
comparing it to the hub current passing the center of the planar drift region, it is observed that the AC
modulation is reduced by approximately 15 dB. The full drift region demodulates the signal further though
it is significantly below the amplification level at this point and thus oscillation is eliminated. This suggests
that the recirculating planar geometry is indeed an effective means of increasing demodulation and

minimizing feedback. This measurement of hub current also showed evidence of significant harmonic
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content in the Brillouin hub at frequencies of one and two octaves above the RF drive frequency. These
frequencies are beyond the bandwidth of the waveports and are thus not extracted from the RPCFA. Details
on this subject can be found in Appendix D.

Zero-drive stability was investigated to confirm the RPCFA indeed amplified the injected signal
rather than oscillated at a primed frequency [51]. The RF signal was injected into the RPCFA model and
allowed to reach steady state propagating along the SWS. Pulsed DC was then applied to initiate
amplification which too was then allowed to reach a steady state. After steady amplification was achieved,

the RF injected power was smoothly turned off. This simulation is summarized in Figure 2.16.
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Figure 2.16: Injected power, output power, and diode voltage for the RPCFA zero-drive MAGIC
simulation.
When RF power is turned off, the output power follows, suggesting the device is indeed amplifying.
However, non-drive frequency signals may exist in the RPCFA that are not extracted from the coaxial ports
due to their limited bandwidth. In order to confirm the presence of these signals, or lack thereof, the voltage

across a cell of the RPCFA was measured and an FFT was taken to observe the frequency content. The
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FFTs were taken when RF injection was present and amplification was in steady state, as well as after it

was turned off. The FFTs are plotted in Figure 2.17.
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Figure 2.17: FFT traces for the simulated voltage across a single cell of the RPCFA during steady
amplification (blue) and after RF injection had been terminated (red).

The spectra presented in Figure 2.17 confirm zero drive stability. No frequency is amplified other
than the 3 GHz drive signal. Once the injected signal is terminated, the spectrum shows no other frequency
component persisting significantly above the noise floor. With zero-drive stability and the amplifying
nature of the output power confirmed, various parameters of RPCFA operation were varied to determine
its characteristics.

The bandwidth of the RPCFA was estimated in MAGIC simulation by varying the injected

frequency and measuring the output power. These data are presented in Figure 2.18.
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Figure 2.18: Simulated RPCFA gain versus injected RF frequency.

Peak gain occurs at the design frequency of 3.0 GHz. This gain decreases rapidly as the frequency
increases and more slowly as frequency decreases. A continuous band from approximately 2.7 to 3.0 GHz
shows gain greater than the peak gain minus 3 dB which is taken to be the bandwidth. This gives a
bandwidth of 10.5% which is comparable to commercial CFAs [52]. It is observed that significantly
powerful non-drive frequency oscillations arise when the RPCFA is driven at frequencies lower than the
design at 2.7 GHz.

The power of the inject RF signal was varied to determine the relationship between RF drive and
gain, as shown in Figure 2.19. Nearly 45 MW of RF power was extracted at the highest drive power
simulated in MAGIC, at the cost of gain and efficiency. This compression curve shows diminishing gain at
increased input RF drive powers, typical for CFAs. Insight into the cause of this diminishing gain is

provided in Appendix D.
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Figure 2.19: Simulated gain and output power as a function of the injected 3.0 GHz RF power.
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Figure 2.20: Simulated gain versus the applied axial magnetic field and the pulsed DC voltage. For
variations in the magnetic field, the voltage was held constant at 330 K'V. For variations in the voltage,
the magnetic field was held constant at 0.23 T.

The RPCFA’s response to a suboptimal DC electric, and axial magnetic field was also simulated.

The data of gain versus magnetic field and DC voltage are shown in Figure 2.20. The simulated magnetic

field magnitude for previous simulations, 0.23T, was determined from the Buneman-Hartree condition, a
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pulsed DC voltage of 330 KV (determined by experimental constraints), and a planar A-K gap spacing of
1.5 cm. The optimal magnetic field strength is indeed the value predicted by Buneman-Hartree. The
RPCFA was able to accommodate increased electric fields, at the cost of efficiency. Lower voltages showed
uniformly inferior performance. Gain in excess of 10 dB was observed for voltages ranging from 285 to

400 kV.
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CHAPTER 3

Experimental Configuration

This chapter discusses the configuration of equipment used in RPCFA experiments for this
dissertation. An overview of the microwave circuitry is provided, detailing methods of data acquisition.
The fabrication and assembly of the RPCFA prototype is discussed (and detailed drawings for the device
are available in Appendix C). The pulsed driver and RF sources used for testing the RPCFA are detailed in

this section and additional information regarding RF source drivers can be found in Appendix B.

3.1 Microwave Circuit Overview

The general configuration for all experiments conducted using the RPCFA is outlined in Figure
3.1. WR-284 waveguide is used to transport microwaves between components of the experiment.
Microwave power is generated by a source, discussed in Section 3.4 and usually a magnetron, which is
powered by a pulsed driver, discussed in Section 3.5. The RF signal is first passed through a variable
attenuator to vary the power injected into the RPCFA. This injected power is then measured by a directional
coupler which samples the forward and reverse powers at -40 and -35 dB, respectively, and sends the signal
to the screen room. In the screen room (not pictured) the signal is split, with one half power sent to a HP
8472B Low Barrier Schottky Diode to make calibrated power measurements with 0.3 dB precision. The
other half-power is sent to a 20 GS/s Agilent 54855A oscilloscope, capable of resolving frequencies up to

6 GHz, for extracting time-resolved frequency information. Calibration of all RF components, such as the
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directional couplers, attenuators and type-N cables, was performed using a Hewlett-Packard 8772D

network analyzer.

To MELBA

RPCFA Cathode
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Figure 3.1: Experimental block diagram generalized for moderate power RPCFA experiments. The
positions of the circulator and directional coupler were reversed for high power ( >150 kW) experiments.

After passing through the directional coupler, the RF signal is passed through an isolator (for input
powers less than 100 kW) or a high-power circulator (for input powers in excess of 100 kW). These
components protect the source from backward power generated in the RPCFA. For high power
amplification experiments, the order of the directional coupler and the circulator were reversed to measure
reflected power, and because the single-pulsed microwave source was thought to not be in danger of single-
pulse reflected power. The RF signal is then passed through a vacuum window into the RPCFA. The
RPCFA pulsed power is provided to the amplifier by the Michigan Electron Long Beam Accelerator with
Ceramic stack, MELBA-C, discussed in section 3.3. An axial magnetic field is provided by a pair of pulsed
Helmholtz coils. The amplified microwave power is extracted from the RPCFA back through the vacuum

window and passed through a second directional coupler which samples the amplified output RF power in
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the same manner that input RF power is measured at the first directional coupler. The output power is
absorbed by a solid-state resistive load calibrated to absorb at least 99% of the RF power in the frequencies
of interest. Since the RF sources are low average power, solid-state absorbers can be used in both the load

and the variable attenuator. A photograph of the fully assembled microwave circuit is shown in Figure 3.2.
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Figure 3.2: Photograph of the fully assembled microwave circuit with the MG5223F magnetron as the RF
source. The pulsed power driver for this magnetron is not pictured.

The lower left of Figure 3.2 shows the Pearson coil [53] which measures the current flowing into
the Helmholtz coils [54]. Prior to running the experiment, the current through the coils is correlated to the
magnetic field in the A-K gap measured by a Lakeshore 475 gaussmeter with HMNA-1908-VR probe. The
gaussmeter is able to resolve the temporal evolution of the magnetic field at various positions in the A-K
gap. Due to the relatively long time during which the magnetic field diffuses into the RPCFA it is important
to calculate an appropriate delay between the firing of the Helmholtz coils and the firing of the RF source
and MELBA. The magnetic field was measured at 8 locations around the RPCFA as shown in Figure 3.3.

For each of these positions the magnetic field was measured over time at 5 different charge voltages of the
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capacitor bank which drives the Helmholtz coils. The magnetic field at each of these locations is plotted in

Figures 3.4a and 3.4b.

| 24 cm |

Figure 3.3: Map of positions in the RPCFA at which magnetic field was measured for calibration.
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Figure 3.4a (top): Magnetic field for the 9 marked locations over time with a 5 kV charge on the capacitor
bank that drives the Helmholtz coils.

Figure 3.4b (bottom): Zoomed in plot near peak of magnetic fields showing differences in the traces.
Locations in the bends (4 and 8) are distinguished from locations in the gap.

The locations in the bends show higher peak field than those in the planar regions. This is due to
their location further from the center of the experiment and thus closer to the coils. The optimal field delay
was 10.9 ms, chosen by taking the time at which the variance between the fields in the planar region was
minimized. The average field in the planar region at this time was then correlated to a current measured by

the Pearson coil, and a charge on the capacitor bank. As no experiment significantly modifies hardware
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located further from the center of the coils than the interaction space, this timing and correlation were

assumed valid for all RPCFA experiments.

3.2 The RPCFA Anode

The RPCFA is a diode with a cathode connected to the negatively charged MELBA-C and an anode
connected to ground. This anode is composed of the slow-wave structure (SWS), the inner housing which
secures the SWS, the vacuum chamber and the RF circuit system responsible for injecting and extracting
RF power. The SWS was fabricated using the manufacturing technique known as the “lost wax” method
[55]. A ceramic negative is additively manufactured, then liquid copper is introduced. Removing the
negative leaves behind a solid copper SWS. Semi-pure (99.9%), and non-oxygen free high thermal
conductivity copper was chosen for the SWS due to the ease (and low expense) at which this method is
performed for copper structures. Since the SWS is relatively easily produced and receives significant
damage during operation, multiple SWS were produced and utilized over the course of the RPCFA

experiments. A photograph of an unused SWS is shown in Figure 3.5.
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Figure 3.5: Additively manufactured copper SWS.

Two types of SWS were fabricated. The original is shown in Figure 3.5, as well as a structure with
rounded corners to minimize field enhancement with the intention of increasing the RF breakdown
threshold. A comparison of the two structures is presented in Figure 3.6. The structures show essentially

identical operation characteristics within the margin of variation for individual structures.
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Figure 3.6: Original SWS designed in HFSS on the left compared to the rounded structure designed to
reduce field enhancement. The copper surface on the left shows the effects of operation in the RPCFA.
The rounded structure is unused at the time the picture is taken.

The SWS is mounted into the inner housing. This inner housing defines the interaction space around
the cathode and features 3 components in addition to the SWS. The substrate holds the SWS in place and
provides the outer conductor for the RPCFA’s coaxial ports; the inner conductor is the long cylinder
protruding from the base of the SWS. The coaxial ports are detailed in Figure 3.7. The recirculating bends
recycle the beam around the cathode and demodulate the Brillouin hub. The bends feature spherical voids
which form the corners of the inner housing, pictured in Figure 3.8. In HFSS simulation, these voids
appeared to reduce the propensity for oscillation within the inner housing, eliminating the need for mode
attenuators/severs. The SWS, substrate and recirculating bends are pictured in Figure 3.8. For clarity, the
upper wall is not shown, which connects the recirculating bends and is located opposite the SWS. It is a

smooth-bore planar section which serves to close the inner housing around the cathode.
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Figure 3.7: Coaxial wave ports for injecting and extracting power from the RPCFA. Copper mesh is
fastened to the inner coaxial conductor to improve electrical/RF contact with the puck couplers.
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Figure 3.8: RPCFA SWS and inner housing with the upper backwall excluded for clarity.

To connect the RPCFA to the rest of the RF circuit, a pair of “puck” couplers were designed. The
puck couplers are mounted into WR-284 waveguide and attach to the inner conductor of the RPCFA coaxial
wave ports as shown in Figure 3.9. These puck couplers are designed to provide broadband transmission
with minimal loss. The simulated S,; for an individual puck coupler is given in Figure 3.10. An HFSS

simulation of the fields generated at 3 GHz is shown in Figure 3.11.
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Figure 3.9: RPCFA inner housing with puck couplers attached, mounted inside WR-284 waveguide. The
inner conductors which extend into the puck couplers are wrapped in copper mesh to improve
electrical/RF contact with the pucks.
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Figure 3.10: Sy, for a single puck coupler calculated in HFSS simulation.
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Figure 3.11: HFSS simulation and electric field magnitude overlay of a puck coupler at 3 GHz.

The puck couplers are a point of significant transmission loss in the RPCFA, presumably due to
the poor quality of electrical contact [56 - 58], the primary difference between the HFSS model and the
prototype. The loss in the two puck couplers was measured by connecting the two coaxial ends together
with a short copper rod serving as the inner conductor. The network analyzer was connected to the
waveguide ends. The measured S»; for transmission across the two couplers, after subtracting other sources
of loss in the system, is given in Figure 3.12. Transmission losses in the waveguide and vacuum windows

were small compared to the puck couplers and SWS.
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Figure 3.12: Experimentally measured S,; through two puck couplers connected by a short inner conductor.

The inner housing is held in place in the cylindrical vacuum chamber by means of an adjustable
inner wheel. This inner wheel allows for slight manipulation of the RPCFA in the chamber in the directions
perpendicular to the axis of the cylindrical chamber, to offset any sag or deflection of the cathode stalk,
ensuring the cathode is properly centered relative to the anode. Once placed, the inner wheel expands to

lock the anode in position. The inner housing mounted to the inner wheel is shown in Figure 3.13.
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Figure 3.13: Inner housing mounted to the inner wheel. The steel braid fastened to the wheel ensures good
electrical contact with the vacuum chamber.

WR-284 waveguide is used to connect the fastened puck couplers to the vacuum window located
at the front of the vacuum chamber. The vacuum windows are 2-mm thick Lexan, which is thin enough to
not interact with the RF signals and thick enough to withstand the force of the pressure differential between
the vacuum chamber and the lab atmosphere. An iris is cut into the vacuum plate to maximize transmission
through the Lexan window. The vacuum plate is connected to the endplate, which closes the vacuum
chamber. The endplate also features an access panel to view the experiment in place and assist with the
assembly and disassembly. The endplate mounted on the chamber with the vacuum window attached is
shown in Figure 3.14. The vacuum window connects to the non-vacuum rated waveguide and the rest of

the RF circuit.
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Figure 3.14: Endplate, magnetic field coils, and vacuum window. The access panel is open during assembly.
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3.3 The RPCFA Cathode

Four different cathodes were used over the course of the RPCFA experiments. The four cathodes
are shown in Figures 3.15a through 3.15d. The first was the Glyptal cathode. This cathode was a rounded
block made from aluminum and coated in an emission-limiting enamel called Glyptal. A patch,
approximately the area of the top surface of the SWS, was left bare to create an electron emission site. The
emission site faced the SWS during operation. A new layer of Glyptal was applied between every shot
series (typically ~70 shots) to maintain the integrity of the emission blocking layer. The Glyptal cathode

was employed for 8 shot series, a total of 562 shots, numbered 15236-15598 and 15682-15880.

The Air Force Research Laboratory provided 2 cathodes, denoted Cathode A and Cathode B. Both
cathodes were built to the same physical dimensions as the Glyptal cathode. The bodies of these cathodes
were made of stainless steel and featured carbon fiber emitters brazed onto a patch of similar dimensions
to the emission region on the Glyptal cathode [77]. The emitter was placed over the SWS during operation.
Cathode A featured a coarser carbon fiber emitter than Cathode B. Cathode A was employed for 3 shot
series, a total of 131 shots. Between series, the cathode was refurbished by lightly sanding out imperfections
and material deposited on the cathode, taking care not to perturb the emitter. Cathode B was employed for
a single shot series, 40 shots due to its dramatically inferior performance (see chapter 4, section 6) compared

to cathode A.

The final cathode tested was Cathode A, modified to include a single endhat on its downstream end
[59 - 61]. MAGIC simulation predicted a significant reduction in endloss current with the inclusion of even
a modest endhat. While a significant reduction in mean current draw was not observed, Cathode A with
endhat showed the lowest variation in gain at moderate input power drive. For this reason, Cathode A-with-

endhat was used for the final 194 shots, including all shots driven with high microwave power ( >100 kW).
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Figure 3.15a (top, left): Glyptal Cathode: Bare aluminum emitter with Glyptal to inhibit emission at other
locations.

Figure 3.15b (top, right): Cathode A: Steel cathode brazed to coarse carbon fiber emitter. Photo taken of
new cathode, still in plastic bag.

Figure 3.15c (bottom, left): Cathode B: Steel cathode brazed to fine carbon fiber emitter. Photo taken after
40 shots.

Figure 3.15d (bottom, right): Cathode A with Endhat: AFRL cathode A modified to include aluminum
endhat.
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3.4 MELBA

The Michigan Electron Long Beam Accelerator with Ceramic Insulator (MELBA-C) is an
Abramyan Marx [62 — 64] bank consisting of 16 capacitors, each rated for 100 kV with a capacitance of 1
pF. Fourteen of these capacitors comprise the main Marx circuit while the remaining 2 form the Abramyan
circuit. At full charge, MELBA is capable of delivering -1 MV, 10 kA pulses of up to 1 ps in length. The
rise time for these pulses is typically around 100 to 200 ns, depending on the load. For these RPCFA
experiments, MELBA is charged to -30 kV, thus delivering pulses of -300 kV. The measured current is
load dependent but typically reaches 6 kA before the pulse is crowbarred. To protect both MELBA and the
load from excessive currents in the event of diode closure and impedance collapse, a crowbar switch is
triggered to shunt power to ground through a ~3Q set of large series resistors. The crowbar is typically

triggered around 500 ns after the main Marx is fired.

With ceramic stack and the vacuum system present, the MELBA vacuum chamber is able to achieve
pressures on the order of 1 ptorr. A scroll pump is used to reach pressures in the range of 50 mTorr. Once
this pressure is reached the chamber is crossed over to a cryopump which brings the pressure down to
micro-Torr range. To bring the chamber back up to atmospheric pressures, both pumps are gated off and
the chamber is backfilled with dry nitrogen. This dry nitrogen prevents water from adsorbing on the interior
of the chamber and ceramic insulator, reducing the effects of oxidation and allowing for faster pump down

for subsequent experiments.

Operation of a Marx bank requires charging a capacitor bank in parallel at some moderate voltage.
Once the capacitors are charged, the power supply disconnects and the circuit topology is quickly switched
to discharge the capacitors in series, adding their voltages. In order to trigger MELBA, a delay generator
sends a +5 V pulse to a trigger amplifier that amplifies it to +300 V. This pulse is sent to trigger a PT-55
pulse generator that generates a +40 kV pulse which in turn breaks down a PT-70 pulse generator. The PT-

70 generates a -85 kV pulse that directly breaks down two of MELBA’s spark gap switches, including the
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switch located in the Abramyan circuit. The resulting voltage swings breakdown the remaining switches in
the main circuit, firing MELBA. The -85 kV charge on the PT-70 is near the breakdown threshold for its

insulator and coaxial capacitor, so caution must be exercised not to exceed this charge value.

MELBA requires approximately 60s to charge, which limits the rate at which shots can be fired.
Thus, no repetitively pulsed experiments can be run using MELBA as the source of pulsed power. MELBA
uses seven spark gap switches to erect the Marx. This erection time is generally on the order of 400 ns and
must be accounted for when devising a triggering scheme. The timing jitter on these switches can be
significant as well. The precise firing time of each of switch is recorded by pointing a fiber-optic cable at
the switch and connecting it to a photo-multiplier tube. In extreme cases, switches may fire 100s of ns late.

This can have a significant impact on the timing and shape of the MELBA voltage pulse.

MELBA is charged and triggered through a series of resistors made using copper sulfate solution.
Failure of these resistors can introduce contaminants that can dissolve into the insulating oil, reducing its
electrical hold off. The resistance and physical dimensions of the resistors can be manipulated by altering
the concentration of the copper sulfate solution. Exchanging the copper electrodes of these resistors with
stainless steel electrodes appears to improve the longevity of the resistor. A photograph of MELBA’s
capacitors, switches, charging and triggering resistors is shown in Figure 3.16. The ceramic insulating stack

is shown in Figure 3.17.

The MELBA voltage is measured by a large CuSOs resistive voltage divider [65]. The voltage
divider is embedded directly into MELBA’s high voltage cathode plate under oil. The divider was calibrated
using a Northstar high voltage probe and a pair of Febetron modules. The Febetron modules delivered 30-
80 kV to the un-shorted high voltage cathode plate. A linear calibration was determined over the voltages
tested and extrapolated to MELBA voltages. The MELBA current is measured by a Rogowski coil
embedded in the large flange of the MELBA oil tank. This Rogowski coil was made from a 259 cm RG-58

coaxial cable with the outer conducting braid removed and replaced with a 1 turn-per-inch helix of 20 AWG
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stranded wire, soldered to the end of the inner conductor. The assembly is held together using heat-shrink

wrap. The Rogowski coil was calibrated using a Pearson coil and a pulser.

Figure 3.16a (top): MELBA spark gap switch and resistors prior to rebuild. Oil can be seen to have
permeated the resistors, and the switch body has become opaque from interaction with SFs breakdown
products. Deposition of electrode material can also be seen inside the switch.

Figure 3.16b (bottom): MELBA suspended over the oil tank after a completed rebuild.
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Figure 3.17: MELBA Ceramic insulator. Scale measures from the leftmost surface of the cathode endplate
to where the insulator intersects with the oil tank.
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3.5 Microwave Sources

A summary of the microwave sources used to generate input power in all RPCFA experiments is

presented in Table 3.1. This section gives additional details regarding these sources.

Source __ Specifications | Purpose ____ Driver ___

MG5223F 3.05 GHz, 40kwW Baseline performance Stanford
Magnetron
& Modulator
(40 kV, 30 A)
4)32 2.84 GHz, 30 kW ~150 MHz off design Stanford
Magnetron frequency, still within
& quency, st wiEnt Modulator
expected amplification
range (40 kV, 30 A)
EPSCO PG5KB  2.4-2.7 GHz Small signal response Internal
signal source  continuously to frequencies outside (5 kV)

adjustable, ~1KW of the expected
amplification range

MG5193 3.00 GHz, 1 MW  Amplification of high XLB PFN
Magnetron power drive (40 RY, 100/—\)

Table 3.1: Summary of microwave input power sources used in this dissertation.

3.5.1 MG5223F Magnetron

The MG5223F magnetron, shown in Figure 3.18, was the first RF source used to drive the RPCFA.
The MG5223F is a 3.05 £ 0.05 GHz magnetron rated for 30 kW peak output power and 16 W mean output
power. Based on these parameters, this RF source was used to obtain the baseline performance for the
RPCFA, at the design frequency and moderate input power levels. The cathode requires 6.3 V, 1.25 A for
heating. High voltage pulses of 8.5 kV and peak currents of 12 A were used to operate the magnetron. The
maximum recommended pulse length is 1.2 ps and the duty cycle is 0.001. The magnetic field for the
MG5223F is provided by a built-in permanent magnet and the magnetron outputs power directly into WR-

284 waveguide. No cooling beyond natural air convection was required. The Stanford Modulator (see
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Appendix B) is an ideal driver for this magnetron. A typical microwave pulse from the MG5223F is shown

in Figure 3.19. The magnetron was repetitively pulsed at 182 Hz and synchronized with the MELBA pulse.

- i,
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Figure 3.18: MG5223F magnetron. The green lead connects to the filament heater and the yellow lead
(marked “K”) connects to the high voltage output of the driver.
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Figure 3.19: Unattenuated output microwave pulse for the MG5223F magnetron.

3.5.2 4J32 Magnetron

The second microwave source used in the RPCFA experiments was the Raytheon 4J32 magnetron
shown in Figure 3.20. This RF source was used to test the performance of the RPCFA at frequencies off
the design frequency but still within the expected amplification band and delivered at moderate power. The
4J32 is a 2.82 to 2.86 GHz magnetron with a listed peak output of 1 MW and mean output of 500 W. Like
the MG5223F, this RF source was driven by the Stanford Modulator. The cathode is heated with 16 V and
3 A. High voltage pulses of up to 30 kV and 70 A are recommended for ideal operation. The Stanford
Modulator is incapable of providing these parameters so this magnetron was run at considerably lower
power, the peak power obtainable from this magnetron was around 20 kW. The maximum recommended
pulse length is 2.5 us and the duty cycle is 0.001. The magnetic field of 2150 Gauss was provided by an
external permanent magnet. The 4J32 magnetron does not require cooling beyond natural air convection.
The magnetron features a coaxial output which was adapted to WR-284 using a puck coupler similar to
those used in the RPCFA. A typical output pulse for the 4J32 magnetron is shown in Figure 3.21. Again,
this magnetron was repetitively pulsed at 182 Hz and synchronized with the MELBA pulse.
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Figure 3.20: Raytheon 4J32 magnetron. The coaxial RF output is adapted to WR-284 waveguide using a
scaled puck coupler shown here.
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Figure 3.21: Unattenuated output microwave pulse from the 4J32 magnetron driven by the Stanford
Modulator.
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3.5.3 EPSCO PGSKB Signal Source

The third microwave source used to drive the RPCFA experiments was the EPSCO PG5KB Signal
Source, pictured in Figure 3.22. The EPSCO Source is rated for 5 kW output power at frequencies ranging
continuously from 2.4 to 2.7 GHz. It was determined experimentally that only around 1 kW could be
generated over the listed frequency range. This RF source was used to observe the performance of the
RPCFA when driven at frequencies beyond its expected amplification band. The EPSCO Source generates
microwave pulses ranging from 0.3 to 50 ps in length at a continuously-variable repetition frequency up to
25 kHz and a maximum duty cycle of 0.003. The EPSCO Source requires only 120 V AC wall power and
no external driver. It has a synch-out port which is used to synchronize with other components of the

experiment.
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Figure 3.22: EPSCO model PG5KB pulse signal source. For scale, the source is fits into standard 19-inch
rack mount.
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The pulse-waiting method is used to permit the comparatively slow diffusion of the magnetic field
from the Helmholtz coils, while minimizing the effect of jitter from the RF source driver, delay generator,
and MELBA triggering. In this method, the RF source driver (the Stanford Modulator or EPSCO Source)
is set to fire repetitively at a repetition rate of 182 Hz, or one shot every 5.5 ms. After charging MELBA,
the run-stop button of the BNC delay generator is pressed. The delay generator then waits for a synch-out
pulse from the RF source driver. Once this pulse is received, the delay generator triggers the Helmholtz
coil. The delay generator then waits for two subsequent synch-out pulses, firing MELBA and triggering the
oscilloscopes for data collection on the third, giving the magnetic field 11 ms to diffuse into the experiment
and synchronizing faster components onto a single trigger. A triggering sequence diagram for this pulse-

waiting method is presented in Figure 3.23.

MELBA Erection Time
Channel A Delay Channel C Delay MELBA On
Magnetic Diffusion Time RF Source Start Time RF On
t<-11ms t=-5.5ms t=1.9us t=2.47 us
t=-11ms | t=0 t=1.7 us | t=1.97 us t=2.37us | t=2.9us
RF pulse C_rowbar Crowbar fires,
begins triggered MELBA pulse
. Channel C terminated
First synclll out Third trigger
pulse received by synch out
delay generator, received
magnet capacitor Scope data MELBA
bank is fired collection firing
Channel B begins MELBA and
trigger oscilloscopes
a Second triggered
synch out Channel A
recieved trigger

MELBA reaches
full charge, run-
stop pressed on
delay generator

Figure 3.23: Pulse-wait triggering scheme used for experiments driven by the EPSCO Source or magnetrons
driven by the Stanford Modulator (MG5223F and 4J32). Programmed channel delay may vary slightly due
to the RF source or to investigate the RPCFA’s response to variation in timings. Figure is not to scale.
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3.5.4 MG5193 Magnetron

The fourth microwave source used to drive RPCFA experiments was the E2V MG5193 magnetron,
pictured in Figure 3.24. This magnetron is rated for up to 2.5 MW of peak RF power at frequencies ranging
from 2.993 to 3.002 GHz. The performance of the RPCFA at high power RF drive was investigated using
this magnetron. The cathode is heated with 8.5 V, 9 A which was provided by the Stanford Modulator. The
45 kV, 100 A pulses required to operate this magnetron were not obtainable using the Stanford modulator
so the XLB PFN (see appendix B) was designed and used to drive the MG5193. The MG5193 is capable
of pulse lengths up to 5.0 us and a maximum duty cycle of 0.001. The magnetic field for the magnetron is
provided by an electromagnet, also shown in Figure 3.24. The magnetron and electromagnet are both cooled
by flowing water. Power is output into cylindrical waveguide and the converted to WR-284 waveguide
through an adapter built by E2V. A typical microwave pulse from the MG5193 magnetron is shown in

Figure 3.25.
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Figure 3.24: MG5193 magnetron with L-3 solenoid. Approximately 18 A were transmitted to this 1-Q
solenoid during operation. Water lines connect the magnetron and the solenoid. An E2V adaptor on the left
converts the output of the magnetron from cylindrical to WR-284 waveguide.
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Figure 3.25: Unattenuated output microwave pulse from the MG5193 magnetron driven by the XLB PFN.

Low power is generated early in the pulse (600 to 1000 ns), though still at the pi-mode frequency, prior to
high power output.

65



A Pearson coil (0.1 V/A) was used to measure the current entering the magnetron. The anode
current, voltage, and microwave power are plotted in Figure 3.26. The high voltage and currents seen early
in the pulse are due to signals from the PT-55. The RF power begins late in the pulse and is only at high
power for a relatively short time, despite the current and voltage remaining at apparently sufficient levels
after the RF pulse ends. This may be due to the temperature of the cathode. While the current supplied by
the Stanford Modulator’s filament heater is sufficient for maintaining the stand-by temperature of the
cathode, the MG5193 is typically operated with significantly higher repetition rates and duty cycles where
the back bombardment of electrons heats the cathode far beyond the stand-by temperature. In this single
shot mode, the cathode may be too cold for the magnetron to start up quickly and produce stable RF pulses.
Since the XLB PFN is single-shot which can be triggered externally, the pulse-waiting method is not

required. The triggering scheme diagram is presented in Figure 3.27.
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Figure 3.26: Voltage, current and RF power output from the MG5193 magnetron driven by the XLB PFN
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MELBA Erection Time

Channel A Delay Ch. C Delay MELBA On
Magnetic Diffusion Time RF Source Start Time RF On
t=214ps t=249 ps
t=-11ms t=0 t=1.74 us | t=224ps| t=2.67 us

=TT

Magnet PE‘I is
Capacitor triggered
bank is fired Channel D
Channel B trigger
trigger

MELBA and Crowbar RF Off Crowbar fires,
oscilloscopes triggered MELBA pulse
triggered Channel C terminated
Channel A trigger
trigger

MELBA on,

RF on

Figure 3.27: Triggering scheme for experiments that utilized the single shot XLB PFN and the MG5193

magnetron. Figure not to scale.
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CHAPTER 4

Experimental Results

This chapter presents and discusses the results of experiments performed using the RPCFA
prototype. In the first section, amplification of moderate-power RF input drive is demonstrated at
frequencies within the simulated amplification band. Zero-drive stability is demonstrated as is verification
of simulated cold tube scattering parameters. The relative phase of the output signal is analyzed in the
second section. In section 3, the RPCFA response to variation in the magnitude of the input microwave
drive power, frequency, and applied magnetic field is presented. Section 4 discusses the sources of variation
in the observed amplification. The different cathodes used in the RPCFA experiments and their effects are
presented in section 5. Amplification of high power (100’s of kW) input microwave drive and an analysis

of the relative phase is presented in the sections 6 and 7 respectively.

4.1 RPCFA Fundamental Operation and Moderate Power Amplification

The first aspect of the RPCFA to be tested experimentally was proper transmission over the range
of frequencies predicted in simulation. The RPCFA was installed into the MELBA vacuum chamber and
the WR-284 wave ports were connected to a Hewlett-Packard 8772D network analyzer as shown in

Figure 4.1. The measured S;; is plotted over the S,; simulated in HFSS in Figure 4.2.
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Figure 4.2: Measured and simulated S»; for the RPCFA.
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Qualitatively, the traces show acceptable agreement, displaying a broad passband from
approximately 2.6 to 3.1 GHz. Within this passband, no high Q resonances are observed. The S»; values at
the design frequency are -0.6 dB in simulation and -1.9 dB experimentally. The measured S, features a
sharp drop in transmission at 2.45 GHz as well as generally worse transmission for much of the band. This
is likely due to two factors; In simulation all conducting elements are perfect conductors and connections
between components have zero contact resistance. The prototype RPCFA is composed of several
components bolted (not brazed) together. These interfaces, especially near the waveguide to coaxial
adaptors introduce RF contact resistances, that reduce the rate of power transmission [79]. The number of
components and joints in the experimental measurement is also greater than in simulation. In simulation,
the measurement ports are located directly on the ends of the coaxial input and output lines. Components
were optimized in simulation individually to reduce the run time of simulations. The standardized ports of
the network analyzer required the experimental measurements be taken outside of the vacuum chamber.
Thus, the simulated S, measures the transmission across the SWS, whereas the experimental S»; measures
transmission across the SWS and two passes through the vacuum window, the coaxial-to-waveguide
adaptors, and the WR-284 waveguide inside and outside the vacuum chamber. Each of these locations
represent a potential loss in transmission. The most significant losses in transmission occur at the puck
couplers, (see Figure 3.12), across the SWS, and at the points of contact between these, and other

components where RF contact resistance is significant.

Tuning stubs were included in the RF circuit in an attempt to mitigate any impedance mismatches
that may have been a source of transmission loss. The measured S,; with tuning stubs was lower for all
frequencies of interest and all configurations of the stubs. This indicates that the nature of transmission loss
is not reflective, due to an impedance mismatch, and confirms that the losses are resistive or radiative. In
either of these scenarios, no significant backward wave is present, meaning the phase velocity of RF is
unperturbed. The consequence of these losses should reduce the gain of the RPCFA but not alter the

propagation of the RF excitation nor its interaction with the Brillouin hub.
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Zero-drive stability was confirmed by firing MELBA into the RPFCA without microwave
injection. The zero-drive pulsed current, voltage and measured RF power were recorded and plotted in

Figure 4.3.
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Figure 4.3: Zero RF drive, MELBA voltage and current profile with the output RF power measurement

overlaid.

Multiple shots were taken, each displaying consistent behavior. Inline attenuation was removed
until RF power was measurable and within the calibrated range on the diode. From nearly 770 MW of peak
pulsed power, a peak output power of less than 15 W was measured. Furthermore, this peak occurs long
after the MELBA voltage pulse is crowbarred. This experiment suggests zero-drive stability is achieved at
operating conditions. It is possible however, that oscillatory modes may exist inside the RPCFA at
frequencies that cannot be extracted through the coaxial waveports. No such oscillations were observed in

simulation.

The spectrum of this extracted microwave power can be compared with the same result obtained

from MAGIC simulation. These spectra are plotted in Figures 4.4a and 4.4b.
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Figure 4.4a (top): MAGIC simulated spectrum of zero-drive output signal.

Figure 4.4b (bottom): Measured output spectrum from zero-drive experiment. The range of calibrated
frequencies is marked by the red lines. Both spectra are on linear scales.
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Both spectra show broadband radiation from approximately 2 to 3 GHz. Neither are indicative of a
well-defined oscillating mode. At frequencies greater than 3.95 GHz, WR-284 waveguide becomes
overmoded and the diodes used to measure RF power are uncalibrated. It is expected that the power at the
high frequencies suggested by Figure 4.4b are not representative of the frequency content of the output
spectrum. Regardless, an oscillatory mode would be expected to have a narrower peak and normalized
amplitude orders of magnitude greater than the surrounding broadband noise. The observed spectrum

suggests zero-drive stability in the RPCFA as predicted by MAGIC simulation.
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Figure 4.5: Shot 15316. MELBA current and voltage overlaid with the injected 8 kW at 3.05 GHz and
117 kW amplified power.

Both pulsed DC and microwave power were applied to the RPCFA and amplification was observed.
The current and voltage traces, as well as the injected 8 kW and amplified RF power, are presented in Figure
4.5. RF power was initiated 400ns prior to the onset of the MELBA pulse. The output power before the
application of pulsed power matches the transmission (and loss) predicted by the experimental cold test.

Amplification begins during the rise of the MELBA pulse and peaks before the voltage reaches the targeted
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flat-top value of -300 kV. Peak microwave amplification lasts for approximately 20 ns FWHM and reaches
117 kW, a peak gain of 11.4 dB. This amplification drops to much more modest values after the peak,

though gain remains in the 5 — 6 dB range for the length of the MELBA pulse, approximately 260 ns.

The output microwave power spectrum was measured for amplifying shots. Spectra of a shot driven
at 3.05 GHz is shown in Figure 4.6a and a shot driven at 2.84 GHz is shown in 4.6b. Both spectra show the
dominance of the drive frequency and the absence of any other significant frequencies. These spectra are
integrated over the length of the observation, 4000 ns, much longer than both the RF drive and the MELBA
pulse. This confirms that even for suboptimal and transient conditions, such as during the rise and fall of
the pulsed voltage, the RPCFA is not prone to oscillation for the majority (> 90%) of moderate input drive

power shots.
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Figure 4.6a (top): Output microwave power spectrum for shot 15316 driven at 3.05 GHz.

Figure 4.6b (bottom): Output microwave power spectrum for shot 15534 driven at 2.84 GHz. Both
spectra show small peaks at exact multiples of 1/8 GHz. These peaks are exactly 1 frequency bin wide
and presumed to be artifacts of sampling and not representative of the frequency content of the measured
signals.
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4.2 Phase Analysis

A feature of amplifiers in general is the preservation of phase information. The phase of the output
signal must be a predictable function of the input signal. This is a major distinction between a primed
oscillator and an amplifier [37]. It is possible to show the RPCFA retains phase information in MAGIC
simulation by measuring the voltage over time at a given point in the input coaxial line and another point

in the output coaxial line. The phase difference between the two signals is given in Figure 4.7
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Figure 4.7: Phase shift between the input and output signal measured in MAGIC simulation. The erratic
phase difference early in time is due to the RF signal not yet reaching the output coaxial line.

MAGIC simulation shows excellent phase stability in the RPCFA. At steady-state and even during
the rise of the DC voltage, the phase difference between the input and output signal is essentially constant.
This process can be repeated for the RPCFA experimentally by measuring the phase shift between the
forward input and forward output power from the directional couplers. An example plot of phase shift over

time is given in Figure 4.8a and 4.8b.
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Figure 4.8a (top): MELBA current and voltage with RF output power during the time phase difference
measurements are calculated (shot #15570).

Figure 4.8b (bottom): Phase difference over time with moving average overlaid.

The measured phase difference drifts at a roughly constant rate in the early stages of the MELBA
pulse. The source of this drift is likely due to the changing pulsed current and the expansion of the Brillouin
hub and the creation of a conducting plasma layer that expands from the cathode into the interaction space
[66 - 69], which alters the electrical characteristics of unit cells in the SWS (see section 2.5). A change in
the phase shift per cell is magnified by a factor of 12 due to the length of the 12-cell SWS. As greater
currents are present later in the pulse, the phase shift drifts further and becomes more erratic. Precise phase

difference measurements are not repeatable in experiments at moderate (< 150 kW) input RF power due to
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the inconsistencies discussed in section 4.4. At these moderate RF drive levels, the RF signals may
additionally be altered by electrical noise generated in the experiment. This noise can significantly impact
the sensitive phase measurements shown in Figure 4.8b leading to the high variation in phase shift observed
at a given instant. This electrical noise should not have a significant impact of the measurement of RF
power as the Low Barrier Schottky Diode’s response is relatively slow. Continuity of the phase difference
over time is observed, indicating the information is preserved. Therefore, the phase shift is not random,

giving evidence that the RPCFA is amplifying microwave power.

The measurement of phase over time can also be used to identify shots which generate non-
amplifying RF power. A small fraction (< 10%) of shots display significant levels of non-amplifying power,

an example of which is presented in Figure 4.9a and 4.9b.
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Figure 4.9a (top): MELBA current and voltage with RF output power for a shot that displays both

amplifying and oscillatory behavior (shot #15567). Input microwave power is constant at around 15 kW
over the plotted time scale.

Figure 4.9b (bottom): Phase difference over time showing a trend similar to Figure 4.8b until around 1100
ns, when transmission terminates.

A peak microwave power of 796 kW is measured from an input drive of 14.9 kW, an apparent gain
of 17.3 dB. It is seen from Figure 4.9b that the phase difference over time drifts continuously until
approximately 1120 ns. At this point the phase difference becomes randomized and the output power drops
to levels significantly below transmission. This demonstrates that the impact of plasma in the interaction
space has affected the SWS so greatly that it is no longer transmitting the input signal. This non-transmitting
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SWS no longer carries information about the phase of the input signal and can support oscillatory modes.
The peak power for the shot occurs during this time when the output signal does not contain phase
information from the input and is in fact oscillating at a frequency different from the injected RF. This is

verified by a time-frequency analysis (TFA) shown in Figure 4.10.
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Figure 4.10: Time frequency analysis of the output signal for shot #15567, which displays amplification
followed by oscillation.

The analysis of phase difference over time verifies the RPCFA generally operates as an amplifier though
under certain conditions, oscillation can occur. Oscillating power such as the peak power in shot 15567 is

removed from data sets where quantities such as mean gain and output power are analyzed.

80



4.3 Parametric Characterization of the RPCFA

The RPCFA’s response to variation in input drive power was measured by varying the attenuation
on a WR-284 variable attenuator. Two sources, the 2.84 GHz magnetron and the 3.05 GHz magnetron,
were used to investigate the amplifier’s performance to amplify frequencies well within the expected
amplification band. The plot of output power versus moderate input power is displayed in Figure 4.11. The
magnetic field used when driving at 2.84 GHz was 2.26 kG and the magnetic field when driving at 3.05

GHz was 2.03 kG. These fields were chosen as they minimized variation in output power.
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Figure 4.11: Measured RPCFA output power versus the input power supplied by the two magnetrons
tested. Lines are drawn showing gain values of 3, 10, 13, and 16 dB for reference. Power measurements
have an uncertainty of 0.3 dB.

While the data show a large amount of variation and inconsistency, the highest output powers are

generated from high input powers. This is evidence that at these modest input drive levels, the RPCFA is
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unsaturated. The mean amplification over all shots in Figure 4.11 is 7.2 dB. The amplifier operates similarly

at moderate input powers, for the two frequencies tested within the expected amplification band.

The strength of the axial magnetic field was varied to determine the RPCFA’s response. The plot
of gain versus magnetic field, for the same 2.84 and 3.05 GHz input drive sources, is given in Figure 4.12.
Variation in gain is again a major issue in this dataset. For this reason, the magnetic fields chosen for future
experiments are based primarily on minimizing the variation in gain at a given field. The highest gain, 19.6
dB corresponding to 1.5 MW of peak output power, is achieved at the highest field. However, the greatest

variation in output power also occurs at this setting.

20 .

' .
+ 3.05GHz 2.26 kG .
4 284 GHz
15 ) -
_ 203kc|  _|° .
@ : .
N’ & *
C 10| . . . = . i
‘® P ‘
N .
O . A A, : f . 4 4
»
Sr ., S A A . . :
» i A
» : 4
* A A »
0 | »

1.5 2 2.5 3
Magnetic Field (kG)

Figure 4.12: Measured RPCFA gain versus the applied axial magnetic field. The vertical lines indicate the
values selected for the input power sweep: 2.03 kG for 2.84 GHz drive, and 2.26 kG for 3.05 GHz drive.
An uncertainty of 0.3 dB is present.

Figure 4.12 indicates that the RPCFA is much less sensitive to the magnetic field strength in
experiment than simulation would indicate. Again, the cause of this is likely the expansion of the cathode
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plasma. As the effective cathode expands, the electric field in the interaction space increases and the
velocity of particles increases proportionally according to the E X B drift. Since slow electrons are always
present near the surface of the cathode, and electrons significantly faster than the initial E X B drift are
present late in time, at some point during the shot there are electrons present which interact resonantly with
the RF wave, allowing a peak output microwave power to occur at some point during the pulse. This
contrasts with MAGIC simulation where plasma is not generated, steady state operation is achieved, and
electrons not synchronized with the RF signal can not interact to produce amplification, making the

simulated RPCFA more sensitive to changes in the magnetic field.

The small-signal bandwidth of the RPCFA was measured using a low power (~1 kW) RF source
with a continuously variable frequency in the range of 2.4 to 2.7 GHz. The amplifier is assumed to operate
over the range of frequencies between 2.7 and 3.05 GHz as predicted from simulation and cold test, though

a source was not available to verify this. Gain as a function of frequency is plotted in Figure 4.13.
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Figure 4.13: Measured RPCFA gain versus frequency with moving averages and local standard deviation
overlaid.
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Mean gain decreases as frequency decreases below 2.7 GHz, as expected. Non-drive frequency
oscillations are not observed for these frequencies as they are in MAGIC simulation, though this is likely
because they do not couple out of the RPCFA through the coaxial adaptors. The 11 dB maximum mean
gain observed in this experiment is at 2.7 GHz and a drop of 3 dB below peak gain occurs around 2.63
GHz. This permits an estimate of the bandwidth of approximately 15%, slightly higher than the 10.5%

predicted by MAGIC.

It was also observed that no amplified power was generated when the RPCFA was driven at 2.45
GHz. The output power spectrum for shots fired at this frequency appears similar to the spectrum generated
at zero-drive. From Figure 4.2 it is apparent that 2.45 GHz corresponds to a sharp drop in the transmitted
signal. With only 1 kW of input drive at this frequency and a transmission loss of greater than 10 dB, the
transmitted power at this frequency would be under 100 W. This gives the lower bound for the injected

power the RPCFA is capable of amplifying.

After 564 shots had been fired into the RPCFA, the degradation of the SWS was analyzed.
Significant erosion of the vane tips was observed on the side facing the incoming beam, as expected. The
thickness of the vane tips was initially 2.0 mm. At the most damaged locations, this was reduced to 1.3 mm.
A photograph of the SWS after 564 shots is shown in Figure 4.14. The impact of this degradation is
illustrated by a plot of the transmission as a function of frequency. Figure 4.15 shows S»; for the new SWS
taken before any shots had been fired, compared to the final set of shots over a year later for this particular
SWS, using an RF source with a continuously variable frequency. Figure 4.15 shows the sweep of S»; has

undergone minor distortion and has decreased across the band by approximately 2 dB.
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Figure 4.14: Photograph of the SWS after 564 shots. Figure 3.5 shows the same structure before any shots
had been taken. The copper has been lightly sanded to remove some of the aluminum deposition. The effect
of the beam impacting the SWS is most significant at the vane tips.
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Figure 4.15: Transmission rates for a new SWS versus the same SWS after 564 shots taken during the
final shot series using the EPSCO generator.
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4.4 Consistency Analysis

Variation in performance at moderate input power levels (10°s of kW) is a significant issue on the
RPCFA and is readily apparent in Figures 4.11, 4.12, and 4.13. The underlying causes for this variation are
investigated in this section. All RF sources used to drive the RPCFA were extremely consistent, leaving the
source of variation to either the pulsed power drive or the RPCFA itself. The first source of variability to
be analyzed is the MELBA pulsed current and voltage. To correlate gain with the instantaneous current and
voltage, the peak gain is plotted in Figure 4.16 against the MELBA voltage and current at the time peak
gain is achieved. For this dataset, 58 shots were taken at 3.05 GHz input drive and all quantities, such as
input power (30 kW) and magnetic field, held constant. Mean gain over the full shot series is 6.21 + 2.6 dB
(mean + 1 standard deviation). In general, high instantaneous current corresponds to higher peak gain,
although high peak power was still observed at lower currents (~ 4 kA). A plot illustrating this is given in
Figure 4.17. Instantaneous voltage shows a much weaker trend but neither quantity shows an especially

strong correlation.
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Figure 4.16: Peak gain for shots 15682 — 15761 plotted against the voltage and current when peak gain is
achieved. Instances of shots with a failed crowbar and shots that display oscillation are omitted. Input
microwave power is 30 kW.
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Figure 4.17: Peak output power for shots 15682 — 15761 plotted against current at the time of peak power.
A linear (constant efficiency) trendline with R* = 0.246 indicates the weak correlation. Input microwave
power is 30 kW.
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Jitter in the switches which erect the MELBA Marx bank is significant and occasionally
comparable to rise-time of a given shot. This leads to a significant variation in the shape of the current and
voltage pulse. To eliminate this variation, the data can be filtered. For the shot series 15682 — 15761, optimal
pulses were selected according to their current and voltage profile. Of these 58 (non-oscillating, successful
crowbar) shots, only 9 were considered optimal (type 1, as explained further in section 4.6), having 200+
ns flat top voltages and drawing current in excess of 6 kA at the time of crowbar. The current and voltage
up to the time of crowbar and synchronized according to start time for all 9 of these shots is overlaid in

Figure 4.18. Pulse start time is determined by the onset of current.
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Figure 4.18: Overlaid current and voltage for the 9 optimal MELBA pulses. All show excellent
consistency in voltage and acceptable consistency in current.

By reducing the dataset to only ideal MELBA pulses and then truncating each of these pulses
according to the length of the shortest pulse, the remaining variation in RPCFA performance can be
attributed to the RPCFA itself. The shortest of these pulses shown in Figure 4.18 is 376 ns, so for each
pulse, the peak gain is only measured over the first 376 ns of the pulse. For the 9 optimal, truncated pulses,
the mean gain is 6.63 = 1.57 dB. This is an increase in the mean by 0.42 dB and a decrease in the standard

deviation by 1.03 dB.

The relative timing of the pulsed power compared to the onset of RF was varied to investigate
whether an optimal timing could be found to reduce variation in gain. A plot of this relative time difference
(At) against gain is given in Figure 4.19. For other experiments, the RF was injected around 350 ns prior
(At=+350 in Figure 4.19) to the MELBA pulse as shown in Figure 4.5. According to Figure 4.19, optimal

results occur around At = 400 regarding both mean peak power and reproducibility, though the latter
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quantity may simply be a result of the limited dataset. Regardless, analysis of the RPCFA response to

variations in the relative timings of the RF and pulsed power yields insight on the dynamic behavior of the

device.
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Figure 4.19: Output power as a function of the time difference between the beginning of the MELBA
pulse and the onset of RF. Negative values indicate the MELBA pulse begins prior to the RF injection.

Peak output power tends to decrease as At becomes more negative. This is expected as the amplifier
cannot operate without both RF and pulsed electron beam power present. For increasingly negative At, this
implies the RPCFA has less time to achieve high gain as MELBA pulses are much shorter than the RF
pulses. This is illustrated in Figure 4.20, MELBA fires before the RF begins (At = -177 ns) and no output
power is detected until the input RF begins. Output power precisely tracks input power as it rises, then

decays as the pulsed voltage and current terminate, the expected behavior for an amplifier.
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Figure 4.20: Shot 16237. MELBA current and voltage overlaid with RF traces. MELBA is fired and
reaches near full voltage before the RF begins.

The dynamic behavior of the RPCFA can be illustrated in detail by examining Figure 4.21, a shot
in which MELBA and the RF are initiated nearly simultaneously (At = +47 ns) such that the rise of the RF
coincides with the rise of the voltage. As in Figure 4.20, the output RF power follows the input closely
early in time. The delay between the two signals (~10 ns) corresponds to the time required for the RF to
travel across the RPCFA. The output power does not exceed the input until late in the rise of the voltage
pulse when the electric field is of sufficient strength to promote synchronism between the hub and the RF
wave. Peak gain of 4.9 dB is achieved near peak current and the output decays as the pulsed power turns

off, as in Figure 4.20.
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Figure 4.21: Shot 16242. MELBA current and voltage overlaid with RF traces. The rise of the RF and
MELBA voltage occur concurrently.

4.5 Cathode Optimization

The effect of the cathode materials and geometry were investigated in order to improve gain and
consistency. For all RPCFA shots numbered lower than 15881 (15236 — 15880) the Glyptal cathode was
employed. Two additional cathodes, Cathode A and Cathode B (see chapter 3 section 3), were acquired
from the Air Force Research Laboratory after the shot series ending in 15881. For each cathode a shot series
was run with identical settings (input power, frequency, magnetic field) to isolate the effect of the cathode.
Since the cathode serves primarily to interface the pulsed power from MELBA with the RPCFA and has
minimal effect on the performance of the SWS, the determination of the optimal cathode is the cathode that

yields the longest voltage pulses with high current and gain consistency to the RPCFA.
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Pulse quality was determined subjectively from examination of only the voltage and current trace.
Pulses were categorized into 4 classes: Type 1 shots: optimal pulses, with extended (200+ ns) flat-top
voltages and peak current near 6 kA or greater. Type 2 shots: sub-optimal pulses, with usually shorter flat-
top voltages and peak currents less than 6 kA. Type 3 shots: short pulses, generally the result of a premature
crowbar, these shots usually reach peak voltage but do not maintain a flat-top for long and peak currents
generally do not reach 4 kA. Type 4 shots: arcs, the result of a failed crowbar, display extremely high
currents (often 20+ kA) and voltage which decays slowly due to the lack of crowbar. An example of each
of these types of shots, taken from the shot series 15682 — 15761, performed using the glyptal cathode, is

shown in Figures 4.22a through 4.22d.

The source of variation in each of these shots is the crowbar timing. While the crowbar command
delay is set manually, the actual time of firing is variable due to jitter as well as spontaneous breakdown.
The likelihood of spontaneous crowbar can be reduced by increasing the pressure of the crowbar switch.
Increasing both the switch pressure and the crowbar fire command delay serve to increase the length of the
pulse, which in general corresponds to higher current and gain, at the risk of producing an arc. The ideal
crowbar delay and switch pressure, and thus average pulse quality, is strongly influenced by the cathode’s

emission properties and propensity to arc.
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Figure 4.22a (top left): Shot #15704. Ideal, high current, type 1 pulse.
Figure 4.22b (top right): Shot #15738. Low current, type 2 pulse.
Figure 4.22c¢ (bottom left): Shot #15722. Short, low current, type 3 pulse.

Figure 4.22d (bottom right): Shot #15734. Failed crowbar, arc, type 4 pulse. The current in these pulses
typically reaches 30 kA.

Sorting the shot series 15682 — 15761 according to shot type gives insight on the effect of pulse
quality on RPCFA performance with the Glyptal cathode. A histogram showing the peak gain with standard
deviation for each shot type is shown in Figure 4.23. Type 1, 2 and arcs show above average peak gain with

only type 3 below. Arcs are undesirable due to the damage they are capable of causing the experiment.
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Type 2 shows comparable mean peak gain to type 1 at the cost of higher variation, though the difference is

negligible considering the error bars. The higher variation is likely due to the limited size of the dataset.
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Figure 4.23: Peak gain and standard deviation compared for different shot types using the Glyptal cathode
and other experimental parameters held constant.

A consistency analysis dataset was taken for each of the 3 other cathodes. For each of these,
approximately 40 shots were taken at a constant magnetic field and input RF frequency and power, as was
done for the Glyptal cathode. The fraction of the dataset that produced a given shot type for each cathode
is given in Figure 4.24. The overall mean peak gain and instantaneous current at that peak gain for each of

the different cathodes are shown in Figure 4.25.
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Figure 4.25: Peak gain and instantaneous current at the time of peak gain for each of the four cathodes.

Cathode A without the endhat showed the highest percentage of type 1 and type 2 shots. It also
matched cathode B for the lowest rate of arcs among the 4 cathodes, and the Glyptal cathode for the highest

mean peak gain of the four. It does, however, also possess the greatest variation in gain. The endhat reduces
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this variation but at the cost of mean gain and current. With the endhat, cathode A shows an average
decrease in shot quality and potentially a slightly increased risk of arc (2/36 versus 1/40 without the endhat).
The Glyptal cathode shows a significantly increased arc rate (~18%) over the steel cathodes. A possible
explanation is that the Glyptal coating generates a plasma which expands around the cathode and rapidly
shorts the diode before the crowbar can terminate the pulse. Cathode B showed generally worse
performance than the other cathodes, with the highest rate of type 3 shots leading to significantly reduced
mean peak gain and very high variation in gain. The brazed carbon fiber emitter which differentiates it from
cathode A is likely less effective as an emitter for this application. Cathode A with endhat was utilized for

the following high-power amplification shots due to its lower variability.

4.6 High Power Amplification

The final experiment conducted using the RPCFA is the amplification of high power (100°s of kW)
input signals. The XLB PFN (see section 3.5) was used to drive an MG5193 magnetron and generate input
signals in excess of 800 kW. For this experiment, 91 shots were taken at varying input powers. Of these,
the PFN fired coincidently with MELBA 73 times. For these 73 shots, the input power ranged from 32.2 to
739 kW with peak amplified powers between 0.129 and 5.86 MW. Optimal performance was observed to
occur when the input RF power and MELBA voltage rise occurred simultaneously or as near as possible
considering the jitter in the devices. In the example shot (#16817) shown in Figure 4.26, the input
microwave power of 630 kW is amplified to nearly 6 MW (9.2 dB) before abruptly cutting off, presumably
due to RF breakdown of the SWS, terminating transmission of the input microwave signal as well. The
introduction of RF breakdown sends a reflected amplified signal backwards toward the microwave source.
This amplified signal is sufficiently powerful that it could induce RF breakdown in the circulator,
terminating the input microwave pulse. The circulator is rated for only 25 kW of peak RF power. RF

breakdown in the RPCFA provides a high-power limit for this prototype RPCFA. A lower power shot
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shown in Figure 4.27 does not display this termination of the input signal though amplification is still
terminated by RF breakdown. In this case, the reflected signal is not sufficiently powerful to induce
breakdown of the circulator, so the injected microwave power persists (see Appendix F). For reference, the
MELBA pulse in Figure 4.26 would be classified as type 3, while the MELBA pulse in Figure 4.27 would

be classified type 2. However, the distinction appears irrelevant at these higher input microwave powers.
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Figure 4.26: Shot 16817. MELBA current and voltage overlaid with the injected 633 kW at 3.0 GHz and
5.86 MW amplified power. Input power cuts off after amplified output breaks down the RPCFA and
powerful reflected pulse induces RF breakdown in the circulator.
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Figure 4.27: Shot 16829. MELBA current and voltage overlaid with the injected 340 kW at 3.0 GHz and
3.06 MW amplified power. Input power continues through the end of amplification despite RF
breakdown at the SWS.

An additional RF output pulse shortening effect is also present due to the desynchronization of the
Brillouin hub and the propagating wave at microwave power levels insufficient to induce RF breakdown at
high microwave power drive. This effect is apparently related to the RF fields and can be demonstrated by
a shot that reached a peak power greater than shot 15316 (Figure 4.5) but less than 16829 (Figure 4.27).
Shot 16834 is an example of this, reaching just under 2 MW of peak output as shown in Figure 4.28. Peak
power is reached early in the shot, consistent with both moderate and high-power operation. Like shot
15316, after peak power is reached, output power drops dramatically to a state of decreased amplification.
While the reduced output power of shot 15316 remains nearly constant for the remainder of the MELBA
pulse, shot 16834 decays further near transmission level microwave power, but more slowly as the weaker
RF fields do not promote desynchronization as rapidly as they did at peak power. This suggests the RF
fields play a significant role in promoting cathode plasma expansion and diode closure. Previous
experiments using high power RPM oscillators which generated powers in excess of 5 MW on MELBA
have demonstrated this behavior [43, 68]. In these RPM oscillator experiments, RF oscillation initiated at
electrical fields lower than expected, and terminated prior to the reaching full voltage.
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Figure 4.28: Shot 16834. Peak output power is reached during the rise of the MELBA pulse then decays
rapidly. Slow, constantly decreasing gain is observed for much of the pulse. Reflected power never
reaches significant levels in the absence of RF breakdown.

At these increased input drive levels (100s of kW), the RPCFA shows significantly increased mean
gain and reduced variability. A plot of microwave output power versus input power for all shots near the
design frequency where input power was varied, including those taken using the 40 kW MGS5223F
magnetron, illustrates this in Figure 4.29. Microwave output power versus input power still shows a positive
correlation in the breakdown regime since the listed input power is the injected power at the moment of
peak output. Breakdown occurs during the rise of the RF pulse, before peak input power is reached. Thus,
while the peak output powers of these shots are determined by, and carry the variance of, the breakdown
process, the gain is still in line with values measured at lower power. The mean gain for all 134 shots plotted
in Figure 4.29 is 7.87 dB with a standard deviation of 2.74 dB. When the scope of the measurement is
reduced to only the 50 shots with greater than 150 kW of input power, the mean gain is 8.71 dB with a
standard deviation of 0.63 dB. This appears to represent a threshold above which the amplifier operates in

a more consistent and effective manner.

99



7 T T T T P
e
* 3.00 GHz, RF breakdown pd
6 | © 3.00 GHz, No RF breakdown pd + 1
© 3.05 GHz 10dB.—~ %
g5 e P
= 13 dB - ﬁ % 8
C4r /{// { ﬁ % 8 dB ]
2 - { }
o] - i -
% 3r ///// E ! i ]
= R 6 dB
] A
o2r //? - B
g ////£/§% 7_7__7_7__,_,_———*—"'_7_7__7_7_{_7__7
1 B & /6//6 % $ o _7_,__,_———*"__7_7__7_ - 3 1
o R —
0 g | | ! | ! !
0 100 200 300 400 500 600 700 800

Input Power (kW)
Figure 4.29: Peak output microwave power versus the simultaneous input power over the range of powers
tested on the RPCFA.
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Figure 4.30: Peak output microwave power versus simultaneous input power plotted on a log scale. The
transition to consistent amplification as the input power is increased to around 150 kW is apparent.
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The impact of these high-power RF breakdown events is a concern for the durability of the design.
Breakdown between vane tips leads to a decrease in the smoothness of the surface, which in turn increases
the propensity for breakdown to occur. By this reasoning, the maximum output power achievable on the
RPCFA should decline as the number of RF breakdown incidents increases. Plotting the peak power for
shots that experienced RF breakdown versus the number of times RF breakdown was induced is presented

in Figure 4.31 where this weak but predictable trend is apparent.
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Figure 4.31: Peak microwave output power versus cumulative the number of times RF breakdown was
induced for the 32 shots in which this occurred.

The improvement of both the mean gain and reproducibility can be attributed to the increased
strength of the fringing RF fields in the SWS which consistently draw particles from the beam into a
synchronous interaction. This result is not surprising and adds to the viability of the RPCFA as an HPM
amplifier. A design with more consideration for reducing the strength of the fields to prevent breakdown,
or improving the quality of the vacuum, are both means to extend lifetime as well as the maximum output

power obtainable by this device. Reducing transmission loss with more precise construction and better
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electrical connections, to reduce RF contact resistance, would likely increase gain without altering the

operational characteristics established in these experiments.

4.7: Phase Analysis at High Power RF Drive

The increased consistency in RPCFA performance at high power permits a more detailed
investigation into the phase shift between the injected and amplified RF signals. In section 4.2, analysis of
the phase shift between the input and amplified signals was used to verify the amplifying nature of the
output power as well as identify oscillatory operation in a minority of shots. The employment of CFAs in
phased arrays necessitates precise control of the phase of the output signal. Compared to the magnitude of
S»1, the phase shift is an extremely sensitive parameter and varies greatly in response to changes in drive
frequency and RF circuit parameters, which in turn are sensitive to conditions in the experiment. The most
consistent and reproducible environment for measuring the phase shift is transmission at constant
frequency. Figure 4.32 plots the phase shift over time of the transmission of 30 kW of RF at 3.05 GHz from

the MG5223F magnetron with no MELBA beam.
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Figure 4.32: Phase shift over the transmission of 30 kW of RF input at 3.05 GHz with no MELBA beam.
The microwave pulse begins around 200 ns.
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It was shown in Figure 4.9b that the presence of hub currents or cathode/anode plasmas generated
during RPCFA operation near the SWS can lead to a drift in the phase shift. In the absence of these currents,
as seen in Figure 4.32, the phase shift is nearly as stable as predicted in MAGIC simulation, shown in Figure
4.7. Uncertainty in the phase shift measurement is due primarily to the fact that the signals measured are a
significant fraction of the Nyquist frequency of the oscilloscope (6 GHz). This stability cannot be
reproduced at high power due to the short duration and instability of XLB PFN pulses. The PFN did not
produce the true voltage/current flat-top the MG5193 magnetron needed to produce a stable frequency and,
consequently, a constant phase shift. The phase shift over a transmission of approximately 700 kW with no

MELBA beam is shown in Figure 4.33 for comparison.
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Figure 4.33: Phase shift over the transmission of approximately 700 kW of RF input at 3.0 GHz with no
MELBA beam.

For both commercial off the shelf (COTS) magnetrons, the most rapid changes in phase shift occur
near the ends of the pulse as the magnetron is entering and exiting stable operation in response to the driver
pulse, undergoing slight shifts in frequency. Between the ends, the phase shift of the transmission of the
high-power signal shows significantly greater variation over a much shorter length of time. This can be
attributed to variation in the drive frequencies of the two magnetrons, shown in Figures 4.34a and 4.34b.
Small variation in the drive frequencies are magnified over the length of the SWS and lead to relatively

large variation in total phase shifts.
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Figure 4.34a (top): Log plot of the integrated spectrum for the MG5223F magnetron driven by the
Stanford Modulator.

Figure 4.34b (bottom): Log plot of the integrated spectrum for the MG5193 magnetron driven by the
XLB PFN.

Recognizing this instability of the phase shift at high power drive, it is still possible to make a
determination of the phase shift over the course of a shot series. Shots 16840-16893 were the final shot
series at high power and showed the most consistent gain and output power. The mean phase shift was
measured from a local average of phase shift data points (¢ ~ 0.4 rad) 30ns after initial gain was recorded.

This point generally corresponded to near peak power, early in the shot before the varying strength of the
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RF fields and varying MELBA pulse currents obscured the phase measurement. A histogram showing the

mean phase shift at this time for all 54 shots with the centroid identified is given in Figure 4.35.
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Figure 4.35: Histogram comparing the phase shift for 54 shots. The centroid is given by the red line,
calculated by identifying phase shift values of zero with phase shift values of © to obtain a continuous
distribution.

Figure 4.35 shows there exists clear anisotropy in the measurement of phase when the variables
that may obscure this measurement are accounted for. This anisotropy suggests phase stability exists to
some degree in the RPCFA. Extending this to phase measurements averaged over the length of the pulse,
as well as decreasing the width of the distribution of phase measurements will require much greater
consistency in both the RF and pulsed power sources. Greater control over the output phase will be required

for application of the RPCFA in phased arrays.
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CHAPTER 5

Summary and Conclusion

This chapter summarizes the significant computational and experimental results of the
Recirculating Planar Crossed-Field Amplifier studies. The results are compared to commercially available

devices, and suggestions for future work are provided.

5.1 Summary of Results

This dissertation catalogues the development of a novel high-power microwave amplifier, the
RPCFA, from its fundamental design, to simulation, and finally to the fabrication and test of a prototype.

This section will briefly summarize the key results detailed in previous chapters.

A transmission line circuit model was used to analyze potential circuit parameters for the RPCFA
SWS. It was found that by varying 4 distinct parameters, a low loss SWS could be designed in either forward
or backward wave configuration. A forward wave design was developed in Ansys HFSS, which showed
circuit parameters in reasonable agreement with the model. The HFSS design also slowed the phase velocity
of an injected 3 GHz RF signal to 0.3c, a speed which could be synchronized to a Brillouin hub generated
in an experiment. At the design frequency (3 GHz), the scattering parameter that defines transmission across
the SWS, S;, was calculated in HFSS simulation found to be -0.6 dB. Acceptable transmission was

observed over the range of frequencies 2.8 to 3.1 GHz with no high-Q oscillatory modes detected.

Using MAGIC PIC simulation, the SWS was embedded into a recirculating planar housing with a
cathode and RF waveports for injecting and extracting RF power. The expected experimental parameters
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were applied to this hot tube simulation: a voltage of 330 kV DC, a magnetic field of 0.23 T, and an input
microwave drive power of 1.3 MW at 3 GHz. The result of this simulation predicted 29 MW of RF power
extracted, a gain of 13.5 dB, and a total current draw of 540 A, giving an efficiency of 15.5%. This
simulation, however, did not include the factors which limit the output of the device in experiment,
primarily plasma diode closure and RF breakdown of the SWS. MAGIC simulation predicted the RPCFA

to be stable under zero RF drive and possess a bandwidth slightly greater than 10%.

A prototype RPCFA was constructed. The intricate SWS was fabricated using the “lost wax”
additive manufacturing technique. Additional components were fabricated using traditional machining
techniques to secure the structure and facilitate microwave power flow into and out of the device. Pulsed
power was provided to the RPCFA by MELBA, and RF drive was delivered by four different sources. A
hard tube modulator was used to drive moderate power magnetrons, and a 2.8 MW pulse forming network
was constructed to drive the high power, MG5193 magnetron. Various cathodes were used over the course

of these RPCFA experiments, with limited improvements in performance.

With the prototype RPCFA, the results of simulation could be tested experimentally. Cold tests
showed the device qualitatively reproduced transmission over the same range of frequencies, though with
additional losses. Zero-drive stability was demonstrated experimentally, and amplification over a
bandwidth of approximately 15% was observed. A wide range of RF input power was injected into the
RPCFA with typical gains of 8.71 + 0.63 dB for input powers greater than 150 kW. The results are
summarized in Table 5.1. The maximum peak output power obtainable on this experiment (5 - 6 MW) was
limited due to RF breakdown in the SWS. This limit tended to decrease as the number of RF breakdown
incidents accumulated. Finally, the phase stability of the RPCFA was analyzed at input powers of > 150
kW. The device showed evidence of phase stability early in the shot, though this was lost as the pulse

continued and the MELBA current increased.
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Table 5.1: Summary of RPCFA response to various levels of injected RF power.

5.2 Comparison to existing CFAs

The ultimate goal of this investigation was to demonstrate that the innovative geometry of the
RPCFA could possibly produce a higher power than is obtainable in currently available CFAs. When
compared to commercial S-band CFAs, as shown in Figure 5.1, the RPCFA shows increased peak power
capabilities (see Appendix I for further details) [52]. However, experimental S-band CFAs have reached

peak powers exceeding 30 MW at gains of nearly 8 dB [70].
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Figure 5.1: Comparison of the RPCFA, operated safely below RF breakdown (shot 16834) and at mean RF
breakdown levels, with existing commercial CFAs.

This increased peak power comes at the expense of efficiency. The S-band CFAs listed in Figure
5.1 are typically greater than 50% efficient. Operating the RPCFA at -300 kV and 4 kA with 4 MW of
output power, typical parameters for the high-power shot series, gives a peak total efficiency of 0.33%.
Electron end loss current is likely a major contributor to this low efficiency (see appendix G). This may be
mitigated by the addition of non-emitting endhats to the cathode [61]. An aluminum endhat was added to
Cathode A in order to create a component of the pulsed electric field that would contain electrons within
the interaction region. This did not significantly decrease the current drawn nor increase the gain of the
RPCFA, suggesting the aluminum endhat is ineffective at preventing end loss. MAGIC simulations
suggested that the addition of an endhat that is not permitted to emit would decrease the current drawn by
approximately a factor of 6. In MAGIC simulations where end loss is not significant, the efficiency is as
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high as 15.5%. This efficiency is still significantly lower than values expected from commercial CFAs
(~50%). Investigation into an RPCFA that can operate at reduced operating voltages and currents with

overall peak powers on the order of the expected amplified output may show improved efficiency.

Another issue that existing CFAs address that the RPCFA did not test is heat management. At a
nominal duty cycle of 0.001, and a 15.5% interaction efficiency determining the total power dissipated into
the interaction space, the RPCFA would need to exchange 29 kW of heat with flowing water to operate at
4.5 MW peak output. This is not an unreasonable value as the L4719 CFA operating at 2.2 MW peak output
and 1.25% duty cycle, and assuming 50% efficiency, must exchange 55 kW with its cooling system. Some
20 kW/cm? of heat dissipation has been demonstrated in CFAs [71]. Flowing water lines would have to be

cut through the meander line of the SWS, which is not a trivial addition to the fabrication process.

Phase coherency and control are another defining feature of CFAs. The RPCFA in its current
experimental configuration demonstrated a limited ability to accomplish this. Managing plasma formation
in the device, and maintaining stable pulsed currents may assist in resolving this. A modulator/high-power
driver with improved regulation that can reduce the spread of injected frequencies into the RPCFA would

be expected to improve phase control.

5.3 Recommendations for Future Work

While the RPCFA has a number of shortcomings compared to existing devices listed in the previous
section, the primary purpose of this device is the demonstration of amplification of high-power microwaves.
Reducing the transmission loss of the RPCFA is an obvious method for improving the overall gain of the
device. Transmission losses are assumed to be resistive in nature, reducing the RF power flow in the circuit,
though not introducing a reflected wave or dispersive effects. Because of this, eliminating these losses may
directly increase the gain by the same amount. It is not unreasonable to suggest that the 8.8 dB amplification

of the RPCFA with 3 dB of transmission loss can be improved to an 11 dB amplifier with much of those
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losses removed. An improved coupling at the puck couplers is the most immediate upgrade, though higher
precision additive manufacturing of the SWS should also be explored. RF contact resistance is believed to
represent a large loss. If these modifications can be made, and assuming RF breakdown is not a concern at
L-band, 11 dB amplification of a 5 MW L-band input drive would yield 63 MW of peak output RF power.
This would be approximately 5.3% efficient with MELBA’s present operating parameters, but would

represent a much higher peak power than existing CFAs.

Exceeding the limit imposed by RF breakdown can be approached in a number of ways. Attempting
to significantly improve the vacuum of the experiment may prove difficult with its current arrangement.
Commercial high-power vacuum tubes typically operate on the scale of 10 to 10~ Torr. The SWS may be
modified to admit greater spacing between cells, reducing the strength of RF fields. This may also require
the average phase shift per cell to be reduced, as maintaining the n/2 phase shift per cell with larger cells
would increase the phase velocity beyond 0.3c. At increased beam speeds, it becomes difficult to
synchronize the electron beam while maintaining magnetic insulation. Increased beam speeds also reduce

the efficiency, though that is less of a concern on this experiment.

Rescaling the device to lower frequency, such as L-band, would easily admit a decrease in the RF
field strength, which would increase the RF breakdown limit substantially (potentially by a factor of 4). A
commercial L-band CFA is plotted in Figure 5.1 for reference. An L-band CFA would also require a high-

power L-band source and potentially another driver, which are commercially available.

Utilization of the harmonic content available in the Brillouin hub (see appendix D) is also a means
of extracting additional power from the device. There has been interest in generating harmonic frequencies
in crossed-field and linear beam amplifying devices [46,72 - 76]. A CFA that extracted significant RF power

at harmonic frequencies would represent a novel development.
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Finally, the author is not aware of any analytic theory of crossed-field amplifiers whose realistic
equilibrium state is the Brillouin flow. For example, even the gain parameter called “C” in Pierce classical

theory of TWT, has not been calculated. The dispersion relation for a realistic CFA does not exist.
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Appendix A

Estimating the Performance of the RPCFA

The theoretical framework established in chapter 2 is sufficient for making a computational
prediction of the performance of the RPCFA. This calculation, developed by the author, is accomplished
by mapping the particles in the Brillouin hub through their trajectory from interactions with the electric and
magnetic fields. A number of approximations will be made for this calculation, many of which were also
made in the derivations in previous sections. An unperturbed Brillouin hub as specified in section 2.2 is the
initial condition from which particles are created. Particle dynamics are evaluated relativistically though
the self-magnetic field is ignored, as in section 2.3. The precise geometry of RPCFA slow wave structure
is unnecessary for the calculation though the guided wavelength of the RF excitation and the phase velocity
of such an excitation is required for an accurate assessment of the device. For reference, the RPCFA is
designed to operate at 300 kV DC bias, a magnetic field of 0.2267 T and an RF drive of 1.3 MW at 3.0
GHz. The justification for these operating points will be discussed in chapter 3. In addition, the AK gap
width is 15 mm, the Brillouin hub width is 2.4 mm, and the period of the slow wave structure is 7.5 mm, as

shown in Figure A.1.
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Figure A.1: Geometry over two SWS periods used in this estimation of RPCFA performance.

For this investigation, the SWS is now oriented such that the direction of propagation is along +X,
the DC electric field points along +¥, requiring the magnetic field to be directed along +Z. (This is not the
same convention in Fig. 2.1) The problem is assumed to be constant in z for simplicity, though this
assumption is easily contested as the axial dimensions of the SWS are not large compared to the length of
cells nor the A-K gap. Applying this geometry gives the equations for the components of particles

= ..
momentum, P, and position, X.

dP, av dx

vl qa—ﬂch (Al.1a) e 2 /my (Al1.1b)
dP. av d
d—ty=q5+ﬂch (Al.1c) d—f:Py/my (Al.1d)

Here, 2, = gB/my and y is the Lorentz factor.

Using equations Al.la through Al.1d and the model for evaluating the electrical potential at a
given point in space and time, the trajectory of a particle can be evaluated over time through standard finite

differencing methods. The first time step is evaluated using a forward differencing scheme, f,.1 = f,, +
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At dfn

- and subsequent time steps are evaluated using the leap-frog method, f,, 11 = f—1 + 2At %. This

leap frog method was chosen for its stability in approximating oscillating systems. Equations A1.1a through
A1l.1d can be verified using a simple example. Setting the potential in the system zero and giving some

initial velocity recovers the expected cyclotron orbits shown in Figure A1.2.
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Figure A.2: Cyclotron orbit. Particle position in (x,y) space is traced over time for the case with no
electric potential.
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Figure A.3a (left): Cycloidal path traced by a particle in a static electric and magnetic field. In this figure,
the cathode surface is located at y = 0.0125 m and the top of the single particle cycloidal orbit is at y =
0.008 m.

Figure A.3b (right): Normalized momentum trace for the same particle.
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A dc electric field can be applied and the expected cycloidal orbits can be demonstrated. The momentum
and position traces are shown in Figures A1.3a and A1.3b. The SWS of the RPCFA is designed such that
the input signal propagates at a constant phase velocity without modulation. In the lab frame, the potential

shown in Figure 2.4b propagates along the SWS at a constant phase velocity. Taking the transform:
x' =X — Uppgset, (A1.2)

where vy 18 the phase velocity of this wave, the field appears static. In this Lagrangian frame, a particle
initiated at the surface of the hub has zero initial velocity. Particles between the surface of the cathode and

the surface of the hub are initiated at varying negative initial velocities depending on their position.

By imagining a 2-cell resonator of the SWS, shown in Figure A1.4a, the shape of the RF field can
be approximated by artificial charges imposed at the vane tips. The interaction space bounded by the anode
and cathode in J, (the cathode is located at y = 15 mm, the anode tip is located at y = 0 mm) and the width
of a cell in %, is divided into a 16x16 grid. The cathode is taken to be a perfect conducting boundary
condition. The pi-mode geometry suggests that 4 artificial charges of equal magnitude arranged in
quadrupole configuration with two charges positioned at the anode vane tips gives a good approximation
of the RF potential in the interaction space. The magnitude of the charges is a function of the input drive
and the specific geometry of the SWS is determined from MAGIC simulation. The total RF potential in the
interaction space is composed of repeated, alternating potentials generated from this quadrupole
arrangement an example of which is shown in Figure A1.3b. If the trajectory of the particle takes it out of
the frame shown in Figure A1.4b, the result is that the particle is transferred to the opposite side and the

sign of the potential is reversed, indicating the particle has moved into the adjacent frame.
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Figure A.4a: A section of an arbitrary SWS with the RF field drawn. For the 180° phase shift in RF field
as shown this represents 2 cells of the RPCFA SWS. In this figure, the cathode is located at y = 15 mm
and the anode vane tip is located at y = 0 mm. The x-coordinate at the middle of the cavity is x = 7.5 mm.
Figure A.4b: The RF potential in the interaction space in V for a 1.3 MW RF excitation. The x, y
coordinates of this figure illustrate the numerical grid. Each cell represents a square in physical space with
a side length of 15/16 mm.

The Brillouin hub is divided into 10 layers starting from the cathode surface to the edge of the hub,
and 32 columns spanning the length of a full wavelength. A two cell wide focusing frame, as shown in
Figure A1.4b, and a two cell wide defocusing frame, which features potentials opposite those shown in
Figure A1l.4b, defines each unique starting point for a particle in the hub. This divides the Brillouin hub
into 320 unique components. Each component’s position and momentum are tracked for a length of time
up to 3 RF cycles, the time required for the wave travelling at vy,p 45, to traverse the SWS, or until it is
collected by either electrode. The trace of a particle initiated at the edge of the hub, and drawn to the anode,
is shown in Figure A1.5. The conditions for Figures A1.5 through A1.8 are near the expected experimental
values, 300 kV DC bias, a magnetic field of 0.2267 T and an RF drive of 1.3 MW at 3.0 GHz, in which

case the x-component of the RF electric field at the top of the Brillouin hub is 29.4 kV/m.
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Figure A.5: Sample trajectory of a particle (in the Lagrangian frame) initiated at the center of the focusing
field frame and the edge of the Brillouin hub. This particle’s trajectory ends at the anode. In this figure,
the initial y-coordinate (tip of Brillouin hub) is 12 mm from the anode.

The RF gain due to this particle is calculated by integrating v - E—rf) along the particles trajectory
and scaling according to the Brillouin hub density as instructed by equation 2.9 to get the H . E—rf) source
which is responsible for amplification as dictated by equation 2.18. The total gain is found by summing the
integrated ]T : E_Tf) for all particles in 1 full wavelength of the hub. The individual contribution to the RF
gain for each component of the Brillouin hub is shown in Figure A1.6. The individual contributions are
additionally weighted by the rate at which they cross the A-K gap, and summed to give the total RF gain.
This makes the assumption that the cathode is capable of quickly repopulating the Brillouin hub for particles
that cross the diode. The total efficiency can be evaluated by the ratio of the total increase in power of the
RF divided by the total power available due to particles crossing the A-K gap. A map of the end condition

of components of the hub is shown in Figure A1.7.
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Figure A.6: Each of 320 components individual contribution to RF gain in units of 10 kW.
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Figure A.7: Map of the end conditions for components of the Brillouin hub. Blue indicates the particle is
drawn to the anode; green indicates it remains in the interaction space after a time of 3 RF periods.
Yellow indicates the particle is returned to the cathode and does not contribute to the overall current draw.
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Figure A.8: Output Power and gain from the RPCFA for various levels of input drive.

For reference, the algorithm presented here predicts that for 1.3 MW of RF drive, the RPCFA
should draw 780 A and generate 19.5 MW of RF power, giving a gain of 11.8 dB, at an efficiency of
7.8%. The input power can be varied to predict the response of the RPCFA. 11.8 dB is only slightly less
than the 13.5 dB predicted by MAGIC simulation. The low efficiency is cause for concern especially
since a characteristic feature of cross-field devices is their high efficiencies. This is due to the level of RF
drive compared to the total power dissipated in the diode, Prytq; = ItotaiVpc. Operating at higher RF
drive can increase the efficiency to a limited extent. Greater RF drive leads to high powers generated, but
also to much higher currents drawn, decreasing the efficiency. Additionally, the model developed in this
investigation breaks down at higher current. At high current, the presence of space charge in the diode
become significant, a factor which is completely ignored in the model as each component of the hub is
treated individually. Lowering the DC voltage may provide higher efficiencies, though this parameter is

fixed experimentally.
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Appendix B

A Description of Devices used to Drive RF sources

The Stanford Modulator Model No. 344M, is a conventional hard-tube pulse modulator. The
machine features two outputs, one for AC filament heating and the other for pulsed high-voltage. The high-
voltage output must be connected to a high impedance (~2000 Q) external path to ground for safe operation.
This path must also be capable of dissipating the mean power output of the modulator, copper sulfate
resistors were used in this experiment. The Stanford Modulator is rated for peak outputs of 40 kV and 30
A, a peak output power of 1.2 MW. The filament heater provides up to 25 V, 3 A at 60 Hz AC, suitable for
all three magnetrons used in this investigation. Pulse lengths can be continuously varied from 0.1 to 5.0 s,

the repetition rate variable from 10 to 2000 Hz and a maximum duty cycle of 0.002.

When driving loads with impedances similar to the magnetrons used in this experiment (~ 450 Q)
the modulator was unable to maintain high voltage, reaching only 12.5 kV and delivering around 350 kW
(28 A) peak power. Thus, this modulator was unable to drive the higher power magnetrons used in this
investigation. Additionally, the external trigger of the modulator did not appear to not be functional. The
sync-out monitor worked properly so the pulse waiting triggering method pictured in Figure 3.23 was used

to synchronize the experiment to the modulator. The Stanford Modulator is pictured in Figure B.1.
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Figure B.1: Stanford Modulator Model No. 344M.

A driver capable of reaching higher peak voltages and currents than the Stanford Modulator was
required to drive the MG5193. For this purpose, the Extra Large Brass pulse forming network (XLB PFN)
was designed, shown in Figure B.2. The PFN is type E network with 5 capacitor stages of 1 nF each. These
capacitor stages are connected to a single long 480 pH air core inductor at points along the length of the
inductor chosen to optimize the flatness of output pulses. An L-3 model 40264 spark gap switch connects
the PFN to the load. The switches, capacitors and inductor are stored inside a large, brass (plated) SFs filled

chamber held near 1 atm. The interior circuity can be seen in Figure B.3.
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Figure B.2: XLB PFN with XLBox trigger amplifier and Pulspak 10A trigger generator.
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Figure B.3: XLB PFN with interior circuitry extracted. 2 additional capacitor stages are mounted below the
breadboard and are not visible.

The XLLB PFN is charged using a Glassman High Voltage DC power supply through a 1 Megaohm
charging resistor. The PFN is fired from same the delay generator as MELBA. The delay generator sends
a low voltage trigger to the Pulspak 10A, which then sends a 10 kV trigger to the XLBox trigger amplifier.
The XLBox contains a PT-55 trigger generator which must be charged to +7 kV prior to firing. This PT-55
sends a capacitively coupled 40 kV pulse to breakdown the spark gap switch in the PFN. In addition to the
magnetron, the output of the PFN is connected to a 1 kQ parallel resistance, to protect the experiment from
rapid impedance swings, and a 2 nF capacitor for filtering high frequency noise. A circuit diagram for the

system is shown in Figure B.4.
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Figure B.4: Circuit diagram generated in LT SPICE for the XLB PFN with charging, triggering, and load
architecture included.
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An example pulse at 70 kV charge into a 400 Q resistive load is shown in Figure B.5. Voltage is
measured with a Northstar high-voltage probe. The peak voltage of -35 kV corresponds to approximately
88 A. Nearly 2 us of useable flat-top voltage is available for running the MG5193 magnetron. The 400 Q

resistive load was replaced by the MG5193 magnetron to generate HPM.

Time (microseconds)

Figure B.5: Voltage trace of the XLLB PFN at 70 kV charge firing into a resistive 400 Q load.
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Appendix C

Detail Drawings

This section presents detail drawings for fabricating the components used in the preceding RPCFA

experiments in the following order:

1. RPCFA SWS

2. SWS Substrate

3. Cylindrical Ends

4. Smooth Bore Planar Section
5. Locking Back Wheel

6. Input/Output Waveguides
7. RPCFA Puck Couplers

8. Cathode Components

9. End Plate

10. Vacuum Interface

11. 4J32 Puck Coupler

O-ring grooves were designed in accordance with the Parker O-ring Handbook section 4.3 and design chart
4-3 [78]. The full SWS assembly was additively manufactured as a single piece. All other components were

machined from 6061 Aluminum.
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Figure C.2a: The RPCFA slow wave structure substrate, page 1.
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Figure C.3a: Cylindrical side pieces of the RPCFA inner housing, page 1.
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Figure C.3c: Cylindrical side pieces of the RPCFA inner housing, page 3.
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Figure C.3d: Cylindrical side pieces of the RPCFA inner housing, page 4.
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Figure C.4a: Smooth bore planar section of RPCFA inner housing, page 1.
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Figure C.4b: Smooth bore planar section of RPCFA inner housing, page 2.
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Figure C.5a: Center piece of the back wheel that locks the inner housing into position, page 1.
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Figure C.6: Outer piece of the back wheel. Four of these surround the center piece on threaded '4” rods lock the RPCFA into position
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Figure C.7a: Input side waveguide to RPCFA adaptor. A puck coupler is bolted through the small hole in the bottom, page 1.
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Figure C.7b: Input side waveguide to RPCFA adaptor. A puck coupler is bolted through the small hole in the bottom, page 2.
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Figure C.8a: Output side waveguide to RPCFA adaptor. A puck coupler is bolted through the small hole in the bottom, page 1.
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Figure C.8b: Input side waveguide to RPCFA adaptor. A puck coupler is bolted through the small hole in the bottom, page 2.
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Figure C.9a: Input side waveguide (WR-284) with customized compact flange, page 1.
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Figure C.9b: Input side waveguide (WR-284) with customized compact flange, page 2.
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Figure C.10a: Output side waveguide (WR-284) with customized compact flange, page 1.

150



Front
1.1
—— |-*3.5
O O O
o 26
o -
R2
e <
15
7 Q e S} '73.5
A ol 7 10X @ 3 J }
— 17.6
45.6

SOLIDWORKS Educational Product. For Instructional Use Only

2

UNLESS OTHERWISE SPECIFIED:

DIMENSIONS ARE IN MILLIMETERS
TOLERANCES: WITHIN 0.1 mm

MATERIAL: 6061 Aluminum
FINISH: 1.6 micrometers

COMMENTS:

Back flange is identical to the front with the
exception of the cut on the lower right side

Back
O @] ]
@] O
(6] O
O @] @]

HAWE | DAF Plasma, Pulsed Power, and
CHECKED Microwave Laboratory
ENG APPR.
MFG APPR. DRAWN BY: LAST MODIFIED:
QA STEVEN EXELBY 9/26/16
SIZE | TITLE; REV
DESCRIPTION:
A Output Long Wr
SCALE: 111 WEIGHT: SHEET 2 OF 2

]

Figure C.10b: Output side waveguide (WR-284) with customized compact flange, page 2.
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Figure C.13: Planar cathode. Fundamental shape used for all experiments.
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Figure C.14: Cathode endhat, mounted to front of planar cathode.
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Figure C.15a: Endplate. Connects the interior vacuum waveguide to the exterior RF circuitry, page 1.
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Figure C.15b: Endplate. Connects the interior vacuum waveguide to the exterior RF circuitry, page 2.
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Figure C.15c: Endplate. Connects the interior vacuum waveguide to the exterior RF circuitry, page 3.
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Figure C.16a: Vacuum interface, a 2mm thick lexan window is mounted between this piece and the endplate to make the vacuum window. Page 1
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Figure C.16b: Vacuum interface, a 2mm thick lexan window is mounted between this piece and the endplate to make the vacuum window. Page 2.
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Figure C.16¢c: Vacuum interface, a 2mm thick lexan window is mounted between this piece and the endplate to make the vacuum window. Page 3.
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Figure C.16d: Vacuum interface, a 2mm thick lexan window is mounted between this piece and the endplate to make the vacuum window. Page 4.
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Figure C.16e: Vacuum interface, a 2mm thick lexan window is mounted between this piece and the endplate to make the vacuum window. Page 5.
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Figure C.17: Coupler puck used to extract power from the Raytheon 4J32 magnetron.
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Appendix D

Analysis of Demodulation and Harmonic Beam Content

A measurement of the current passing perpendicular to the DC electric field was made in 3 points
around the interaction space to observe the RF content of Brillouin hub and the effectiveness of the device
in demodulating it. Rectangular loops were drawn normal to the x-direction in Figure D.1. These loops are
the height of the A-K gap (in y) and the depth of the cathode (in z), thus collecting all particles travelling
in the x-direction at the marked locations in the interaction space. By measuring the current over time
through these loops, the claim that the recirculating bends effectively demodulate the hub can be verified.
The currents measured through loops 1, 2, and 3 are given in Figures D.2a, D.2b, and D.2c¢ respectively.
Fourier transforms of these current traces are presented in Figures D.3a, D.3b, and D.3c¢ respectively.

Figures D.2a through D.2c give further insight into the operation of the RPCFA. The current
entering the amplification region at location 1 is, on average, higher than the current exiting the
amplification region. This suggests the SWS is pulling current from the Brillouin hub faster than the cathode
can repopulate it, a mechanism leading the device to saturation, explaining why decreased gain is observed
at increased input drive. The average current at location 2, is significantly lower than either location 1 or 3.
The increased current at the locations near the SWS can be attributted to the effect of the RF electric fields
drawing current from the Brillouin hub into the interaction space. Additional current is emitted to repopulate
the hub. For an unperturbed Brillouin hub with the voltage and magnetic fields applied in this simulation,
the expected hub current can be calculated using equations 2.10, 2.11, and 2.12. This method predicts an
average current of 150 A, approximately three times the average current measured at location 2 and well

below the average currents measured at locations 1 and 3. The cause of this discrepancy is likely the endhats
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on the cathode which are permitted to absorb particles and force a zero electric field condition at their

surface.

¥ (mm)

100 -80 -60 40 20 0 20 40 60 80 100
X (mm)
Figure D.1: Current measuring loops with surfaces perpendicular to x, the direction of E,; X B drift.

Electrons recirculate counter-clockwise in this figure. Location 1 measures the current flowing into the

SWS, location 2 measures the current leaving the SWS, and location 2 measures current in the center of the
planar drift region.
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Figure D.2a (top): Current passing through loop 1, approaching the SWS.

Figure D.2b (middle): Current passing through loop 2, in the planar drift region. Unlike the other two
locations, current is positive as electrons are travelling in the -x direction at this point.
Figure D.2¢ (bottom): Current passing through loop 3, leaving the SWS.
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Figure D.3a (top): Frequency spectrum of the current passing through the loop at location 1. Peaks at the
RF drive frequency and first harmonic can be observed.

Figure D.3b (middle): Frequency spectrum of current passing through the loop at location 2. Small peaks
at the RF drive frequency and first harmonic can be observed.

Figure D.3c (bottom): Frequency spectrum of the current passing through the loop at location 3. The peaks
at the fundamental RF frequency as well as the first and second harmonic are observed.
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Figures D.2a and D.2b show significant noise but minimal modulation, but plotting the FFT on a
log scale, as in Figures D.3a and D.3b, reveals that RF components exits to limited degree in the current
trace. Figure D.2¢c shows the expected modulation at the drive frequency. The current is periodic however
the result of the focusing RF fields is to arrange the Brillouin hub into a shape that is not sinusoidal. This
deviation from a sinusoidal current trace gives rise to the harmonic content at octaves above the drive
frequency. These can be observed when measuring the hub current but is not present in the output power
spectrum as the RPCFA is not designed to extract at the harmonic frequency.

The magnitude of these components of the hub current can be evaluated by integrating the (linear)
FFT around the peaks at a given frequency. Doing so at 4 frequencies: DC, the fundamental 3 GHz, the
first harmonic 6 GHz, and the second harmonic 9 GHz, for the currents at the 3 locations gives insight into
the capacity for demodulation of the RPCFA and the evolution of harmonic frequencies. The data is shown
in Table D.1. As expected, the greatest RF currents are present at location 3, with nearly none present at
location 2. At 1.3 MW input drive, the 278 A of 3 GHz current at location 3 is reduced to 8 A at location 2,
a reduction of 15 dB. The maximum gain achievable before feedback overcomes the input drive is likely
significantly higher than 16 dB as a full recirculating bend and half of the planar drift region exists between
location 2 and location 1. The RF content content present at location 1 is due to its proximity to the RF
fields at the input, affecting the trajectory of particles before they enter the amplifying section of the
interaction space. This is verified by reducing the strength of the input power, which indeed reduces the
relative modulation at location 1. The relative RF and higher order harmonic content is significantly lower
than at location 3 as expected. Additionally, it can be seen from Table D.1 that increaseing the RF input
drive decreases the average hub current passing through location 3 while also increasing the relative fraction
of'the AC current. This is further evidence that saturation is respondsible for the reduced gain at these input

drive levels.
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) L O N
394 209 50 11

I G O O
Location 1
m 342 278 115 57

Table D.1: Frequency content of the Brillouin hub at three marked locations for two different magnitudes
of input RF drive power.
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Appendix E

Matlab Post-Processing Software

A flowchart describing the data analysis software written to process data acquired in RPCFA
experiments. Is presented in Figure E.1. The primary scripts that perform these operations is provided in

the following section.
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Enter shot numbers and file

address

Enter RF source information

FI_Shot_Plotter

Saves plots of

MELBA

voltage/current

File Index.m

Calls functions to analyze data
Writes data to excel

FI Phase Analysis

Performs phase
analysis algorithm

FI Plot Raw Trace

Plots fast scope
data and saves long
fast scope vectors
as MATLAB data
Performs FFT

smooth_vector

FI Vector Trim

Integrate_ Current

PA_Fourier_Transform

PA_Moving_Centroid

FI Fourier Transform

Figure E.1: Data processing software flowchart

File Index.m

%$Enters folders and extracts data
%stores experiment configuration

start = 10003;
file end = 10003;
address =

Q

'Y:\RPCFA\MG5193 test shot';

°

Cl inline = 22;

C2 _inline = 27;

C3_inline = 34;

C4 inline = 32.5;

magnetron number 3;

$1 MG5223F. 3.05 GHz, around 40 kW
%2 4J32. 2.84 GHz, also around 40 kW
%$3 = MG5193.

3.0 GHz run with short pulse
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spreadsheet

FI Plot Power

Calculates RF power

entering crystal diodes

from scope traces

FI_Gain

FI_total attenuation

Calculates the total
attenuation on the RF
signal based on the
frequency of the source

Determines the
mean input power,
RF and pulsed
power start and
end times

smooth_vector

FI_Vector_Trim

offset_correction

Power_Calculation

Get_Index

PEN

$first shot number with given attenuations
%last shot number with given attenuations
%address of parent folder




%4 = EPSCO generator tunable up to 2.7 GHz and ~1kW

%aggregate stats
vec peak gain = [];
vec peak output = [
vec_mean input = [];
vec_peak width = []
vec amp time = [];
vec mean reverse = [
vec peak reverse = |
vec peak reentrant =
vec FIPA = [];
vec_transmission = [];

%

%% shot analysis
for shot num = start:file end

str = int2str (shot num);
folder = strcat (address, '\',str, '\traces\"');

input pwr = strcat(folder,str,' 002 001 Powerl.txt');
output pwr = strcat (folder,str,' 002 002 Power2.txt');
rev_in = strcat(folder,str,' 002 003 Power3.txt');
rev_out = strcat(folder,str,' 002 004 Powerd.txt');

FI Shot Plotter (shot num, address);
freq = FI_Phase Analysis(magnetron number, shot num,address);
[cl TA, c2 TA, c3_TA, c4 TA] =
FI total attenuation(magnetron number,Cl inline,C2 inline,C3 inline,C4 inline
,freq);
[PP, time ,smooth input, smooth output, rev in, rev out] =
FI_Plot Power (shot num,address,cl TA,c2 TA,c3 TA,c4 TA);
[mean input, peak output, peak time, peak width, amp time, mean rev,
peak rev, peak reentrant, transmission] =
FI Gain(magnetron number, time, smooth input, smooth output,rev _in,rev out);

FI Plot Raw Trace(shot num,address);

peak gain = peak output/mean input;
FIPA = FI Phase Analysis(magnetron number,shot num,address);

%% aggregate stats

shot list = start:shot num;

vec peak gain = [vec peak gain peak gain];

vec peak output = [vec peak output peak output];
vec_mean input = [vec mean_ input mean input];
vec_peak width = [vec peak width peak width];
vec amp time = [vec amp time amp time];

vec mean reverse = [vec mean reverse mean rev];

vec peak reverse = [vec peak reverse peak rev];

vec _peak reentrant [vec peak reentrant peak reentrant];
vec FIPA = [vec FIPA FIPA];

vec transmission = [vec transmission transmission];

= =l
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en

o° Q.

o\

$write to excel spreadsheet

header mat = {'Shot number', 'Mean Input', 'Peak Output', 'Peak Gain',
'Peak Width', 'Amplification Time', 'Mean reverse', 'Peak Reverse', 'Peak
Reentrant', 'oscillation parameter', 'transmission'};

summary mat = [shot list', vec mean input', vec peak output',
vec_peak gain', vec peak width', vec amp time', vec mean reverse',
vec_peak reverse',vec peak reentrant',vec FIPA',vec transmission'];

x1lsaddress = strcat(address,'\','Shot_summaryB.xls');

xlswrite (xlsaddress,header mat,1, 'C3")

xlswrite (xlsaddress, summary mat,1,'C4")

FI_Shot Analysis(start,file end,address);

FI_Shot_Plotter.m

function SP = Shot Plotter (shot num,address)
%$saves a figure of the MELBA voltage and current

%address = 'Y:\RPCFA\15281-15413'; %set within File index.m
str = int2str (shot num);
folder = strcat (address, '\',str, '"\traces\"');

volm = strcat(folder,str,' 001 002 VOLN.txt'");

entc = strcat(folder,str,' 001 003 MECZ2.txt');
o = load(volm);
time = le9*o(:,1);

Voltage = o(:,2);

o = load(entc);

raw_signal = o(:,2);

smooth signal = smooth vector(raw signal,100);

smooth current = le-3*Integrate Current(o(:,1),smooth signal);
Current = smooth current;

plot(o(:,1),smooth signal)

%

plot (time, -Voltage, time, smooth current, 'LineWidth', 2)
set (gca, 'FontSize', 16)%sets fontsize for everything
ylabel ('Voltage (100 kV) Current (kA)','FontSize', 20)
legend ('Voltage', 'Current')

xlabel ('Time (ns)','FontSize',20)

title(str)

5}

plot name = strcat(folder,str,' MELBA Current and Voltage');
savefig(plot name) ;

sclose;

workspace = strcat (folder,str,' MELBA IV');

save (workspace, 'Voltage', 'Current') ;

5}

174



FI_Plot Raw_Trace.m

function RT = FI Plot Raw Trace (shot num,address)
%$saves a figure of all raw traces from fast scopes and saves them as a .mat
sfile

%address = 'Y:\RPCFA\15414-15458'; %set within File index.m
str = int2str(shot num);
folder = strcat (address, '\',str, '\traces\"');

for in = strcat(folder,str,' GPIB06 001 Signall.txt');
for out = strcat(folder,str,' GPIB06 002 SignalZ.txt')
$rev_in = strcat (folder,str,' GPIBO6 003 Signal3.txt')
$rev_out = strcat(folder,str,' GPIB06 004 Signal4.txt'

I

);

n = load(for in);

time = 1e9%*n(:,1);

forward input signal = n(:,2);

[£f,FT] = FI Fourier Transform(time,forward input signal);

plot (£, FT);

axis ([0 6 0 17);

fwd in plot name = strcat(folder,str,' for in FFT.fig');
savefig(fwd in plot name);

close;

n = load(for out);

forward output signal = n(:,2);

[£f,FT] = FI_Fourier Transform(time, forward output signal);

plot (£, FT);

axis ([0 6 0 11):

fwd out plot name = strcat(folder,str,' for out FFT.fig');
savefig (fwd out plot name);

close;

% {

n = load(rev_in);

reverse input signal = n(:,2);

[£f,FT] = FI Fourier Transform(time,reverse input signal);

plot (£,FT);
axis ([0 6 0 11);

rev_in plot name = strcat (folder,str,' rev in FFT.fig');
savefig(rev_in plot name);

close;

n = load(rev_out);

reverse output signal = n(:,2);

[£,FT] = FI _Fourier Transform(time,reverse output signal);

plot (£, FT);
axis ([0 6 0 17);

rev_out plot name = strcat(folder,str,' rev out FFT.fig');
savefig(rev_out plot name) ;
close;

%)
plot (time, forward input signal, time, forward output signal);
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fwd pwr plot name = strcat(folder,str,' forward signals.fig');
savefig (fwd pwr plot name);

close;

workspace = strcat (folder,str,' workspace');

save (workspace, 'time', 'forward input signal', 'forward output signal');%, 'reve
rse_input signal', 'reverse output signal');

FI_Phase_Analysis.m

function [FIPA] = FI Phase Analysis (magnetron number, shot num,address)

o

performs an analysis of the relative phase shifts of 2 signals of the
same length. frequencies should be close and the forward input signal is
taken to be the baseline

ecommended start times:

or 4332 (magnetron code 2): start = 500, end = 1100

or MG5223F (magnetron code 1): start = 250, end = 1000

or epsco generator (magnetron code 4)

or mg5193 with short pulse pfn 700 to 1100 (magnetron code 3)

o o° o° oP° o°

o

r
£
£
f
f

o

%% initial conditions for shot analysis

gshot num = 15442;

%address = 'Y:\RPCFA\15414-15458'; %set within File index.m
str = int2str (shot num);
folder = strcat (address, '\',str, '"\traces\"');

for in = strcat(folder,str,' GPIB06 001 Signall.txt');
for out = strcat(folder,str,' GPIB06 002 Signal2.txt');

n = load(for in);
timel long = n(:,1);
forward input signal long = n(:,2);

m = load(for out);
time2 long = m(:,1);
forward output signal long = m(:,2);

if (magnetron number == 2)
start time = 500*1e-9;
end time = 1500*1e-9;

elseif (magnetron number == 1)
start time = 300*le-9;
end time = 1700*1le-9;

else
start time = 500*1le-9;
end time = 1000*1le-9;

end

[timel, forward output signal, forward input signal] =

FI vector trim(timel long,start time,end time, forward input signal long,
forward output signal long);

time2=timel;
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o

%

k = length(timel);

format long

[£f,FT] = PA Fourier Transform(timel, forward input signal,1,6);
FIPA = cumtrapz(f);
logic = (FT == max (FT));

if (sum(logic) ~= 1)
warning ('multiple dominant frequencies found!'");

end

dominant f = logic*f;

FIPA = dominant f*le-9;

zerolistl = []; %list of times at which the signal value is zero

for 1 = 1:k-1
if (forward input signal (i) *forward input signal (i+1) <= 0)
zerolistl = [zerolistl
get zero(timel (i), forward input signal (i), timel (i+1l), forward input signal (i+l

)) 17

elseif (forward input signal (i) ==0)
zerolistl = [zerolistl timel (i) ];
end
end
zerolist2 = []; %list of times at which the signal value is zero
for 1 = 1:k-1
cross = forward output signal (i) *forward output signal (i+1);
if (cross < 0 )
zerolist?2 = [zerolist2

get zero(time2 (i), forward output signal (i), time2 (i+1l), forward output signal (i
+1))1;
elseif (forward output signal (i) ==0)
zerolist2 = [zerolist2 time2 (i) ];
end
end

t = length(zerolist2);

phase shift = zeros(l,t);
for k = 1:t
s = min(abs(zerolistl - zerolist2(k))):;

for j = l:length(zerolistl)
33 = zerolistl (j)-zerolist2(k);

if (abs(3jj) == s)
sign = jj/s;
end
end
phase shift (k) = sign*s*2*pi*dominant f;

end

oe
oe

oe

sets the window for possible values. if turned off, range is -pi/2 to
pi/2

o\
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$reccommended on for the MG5223F and off for the 4J32

for i = l:length(phase shift)
if (phase shift(i)> 0)
phase shift (i) = phase shift (i)-pi;
end
end

%avg = movmean (phase shift,0.02*length (phase shift));
avg = PA moving centroid(phase shift,0.02*length (phase shift));

%% reduces the number of points plotted by a given ratio
plot ratio = 0.25; %Smust be (0,1]
rand vec = rand([1l, length(phase shift)]);

select = rand vec < plot ratio;

reduced phase shift = zeros(l,sum(select));
reduced time = zeros(l,sum(select));

j=1;

for i = l:length(phase shift)
if (select(i)== 1)
reduced phase shift (j)=phase shift(i);

reduced time(j) = zerolist2(i);
o= 3+
end
end
figure
scatter (reduced time*le+9, reduced phase shift, '.')
hold on

plot (zerolist2*le+9, avg)

title (shot num);

xlabel ('Time (ns)');

ylabel ('Phase Shift (rad)');
axis([le9*start time le9*end time -pi 0])

filename = strcat (folder, 'PhaseAnalysis.fig');
savefig (filename)
close;

FI_Plot Power.m

function [PP, time, input power, output power, rev_in, rev_out] =

FI Plot Power (shot num,address,cl TA,c2 TA,c3 TA,c4 TA)

$function [PP, time, input power, output power] =

FI_Plot Power (shot num,address,cl TA,c2 TA,c3 TA,c4 TA)

%takes the shot number as an int and the the shot series folder address as
%a string and saves plots of the output and input power. for mean input and
%peak output analysis use FI Gain.m

%1

Cl inline = 3;

C2 inline = 12;

c3 inline
C4 inline = 3;

5}

Il
o))
~
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%address = 'Y:\RPCFA\15281-15413'; %set within File Index.m
str = int2str (shot num);

folder = strcat (address, '\',str, '\traces\"');

input pwr = strcat(folder,str,' 002 001 Powerl.txt');
output pwr = strcat(folder,str,' 002 002 Power2.txt');

in rev = strcat(folder,str,' 002 003 Power3.txt');

out _rev = strcat(folder,str,' 002 004 Powerd.txt');

m = load(input pwr);

time = 1E9*m(:,1); %time in nanoseconds

volts out = 1E3*m(:,2);%volts in mV

smoothing step = floor (length(time)/1000);

smooth input = smooth vector(volts out,smoothing step);

smooth input = offset correction(smooth input,0);
rectified input voltage = abs(smooth input);

input power = Power Calculation(rectified input voltage,2,cl TA);
PP = plot(time, input power);

hold on

m = load(output pwr);

time = 1E9*m(:,1); %$time in nanoseconds

volts out = 1E3*m(:,2);%volts in mV

smoothing step = floor (length(time)/1000);

smooth output = smooth vector(volts out,smoothing step);

smooth output = offset correction(smooth output,0);
rectified input voltage = abs(smooth output);

output power = Power Calculation(rectified input voltage,4,c2 TA);

PP = plot(time,output power) ;

m = load(in_ rev);

time = 1E9*m(:,1); %time in nanoseconds

volts out = 1E3*m(:,2);%volts in mV

smoothing step = floor (length(time)/1000);

rev_in raw = smooth vector(volts out,smoothing step);

rev_in raw = offset correction(rev_in raw,0);
rectified input voltage = abs(rev _in raw);

rev_in = Power Calculation(rectified input voltage,1l,c3 TA);

m = load(out rev);

time = 1E9*m(:,1); %time in nanoseconds
volts out = 1E3*m(:,2);%volts in mV

smoothing step = floor (length(time)/1000);
rev_out raw = smooth vector(volts out,smoothing step);

rev_out raw = offset correction(rev_out raw,0);
rectified input voltage = abs(rev_out raw);

rev_out = Power Calculation(rectified input voltage,4,cd4 TA);
output pwr plot name = strcat(folder,str, 'output power.png');
output pwr fig name = strcat (folder,str, 'output power.fig');

print (output pwr plot name, '-dpng', '-r600");
savefig (output pwr fig name);
close;
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FI_total attenuation.m

function [cl TA, c2 TA, c3 TA, c4 TA] =

FI _total attenuation(magnetron number,Cl inline,C2 inline,C3 inline,C4 inline
, frequency)

$returns the total attenuation into each channel
cable A 3ghz = 9.75;

cable B 3ghz = 10.25;

cable C 3ghz = 9.55;

cable D 3ghz = 12.75;

cable E 3ghz = 14.25;

cable A 2 85ghz = 9.35;

cable B 2 85ghz = 9.45;

cable C 2 85ghz = 9.15;

cable D 2 85ghz 12.65;

cable E 2 85ghz = 13.35;

if (magnetron number == | | magnetron number == 3)
cl TA = 39+cable A 3ghz+3.1+Cl inline;
c2 TA = 39.6+cable B 3ghz+3.1+4C2 inline;
c3 TA = 33.2+cable E 3ghz+3.1+4C3 inline;
c4 TA 33.6+cable C 3ghz+3.1+C4 inline;
elseif (magnetron number == 2)
cl TA = 39+cable A 2 85ghz+3.1+Cl inline;
c2 TA = 39.6+cable B 2 85ghz+3.1+C2 inline;
c3 TA 33.2+cable E 2 85ghz+3.1+C3 inline;
c4d TA = 33.6+cable C 2 85ghz+3.1+C4 inline;
elseif (magnetron number==4)
cableA = (0.7/0.45) *frequency+4.92;

cableB = 2*frequency+3.75;

cableC = (0.7/0.45)*frequency+4.72;
cableD = (2.1/0.45)*frequency-0.65;
cableE = (3/0.45) *frequency-5.65;
cl TA = 39+cableA+3.1+Cl inline;

c2 TA = 39.6+cableB+3.1+C2 inline;
c3 TA 33.2+cableD+3.1+C3 inline;
c4 TA 33.6+cableC+3.1+C4 inline;

else
warning ('magnetron number not found!"')
end

FI_Gain.m

function [mean input peak output peak time peak width amp time, mean rev,
peak rev, peak reentrant,transmission] =

FI Gain(magnetron number, time, smooth input,smooth output, rev_in, rev_out)
function [mean input peak output peak time peak width amp time] =

FI Gain(magnetron number, time, smooth input, smooth output)

%give the magnetron number and the vectors for the input and output powers.
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%$the magnetron number determines the time (in
%power
%peak width is the FWHM of the peak gain
%Samp width is the length of time in which the
%$input power
if magnetron number == 1

start time = 500;

end time = 1000;

T window start = 0;

T window end = T window_start + 250; 3%may
elseif magnetron number ==

start time = 500;

end time = 1250;

T window start = 0;

T window end = T window_start + 250; 3%may
elseif magnetron number ==

ns) to average the mean input

output power exceeds the

need to update if used

need to update if used

j=1
i=0;
while 1 == 0
T window start = time(Jj);
if smooth input(j) < max(smooth input) /10
J o= 3+L;
else
i = 1i+1;

end
end
T window end = T window start+200;
start time = 500;
end time = 1250;

else

start time = 500;

end time = 1000;

T window start = 0;

T window end = T window_start + 250;
end

for i = 1l:length(time)
if time (i)<T_window_end
T end index = 1i;
end
end
for i = linspace(length(time),1,length(time))
if time(i)> T window start
T start index = 1i;
end
end

mean input = 0;
mean _rev = 0;
j = 0;
for i = l:length(time)
if (time (i) > start time && time (i) <
o= 3+

end_time)

mean_ input = mean input + smooth input (i);
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mean _rev = mean rev + rev_in(i);
end
end
mean input = mean input/j; %~~~
mean output = mean (smooth output (T start index:T end index));
transmission = mean output/mean input;

mean rev = mean rev/j; %S~~~
peak output = max(smooth output);%~~~

peak index = Get Index(smooth output,peak output);
if magnetron number ==

mean input = smooth input (peak index);
end
peak time = time (peak index);%~~~
peak rev = max(rev_in);s~~~
peak reentrant = max(rev_out);%~~~
[cut _time cut output cut input] = FI vector trim(time, start time,

end time, smooth input, smooth output);

if sum(cut output > cut input)>=1 %$if there is gain

max_ time = Get Index(smooth output,peak output):;
peak start = max time;

peak end = max_ time;

lim = 0;

while (smooth output (peak start)> peak output/2 && lim ==0)
peak start = peak start - 1;
if (peak start ==0)
lim = 1;
end
end
while (smooth output (peak end)> peak output/2)
peak end = peak end + 1;

if (peak end == length(smooth output))
lim = 1;
end
end
peak width = time (peak end)-time (peak start);%~~~
amp_time = 0;

for i = 2:1length(time)
if (smooth output (i)>smooth input (i) && time(i)>500 && time(i)<1250)
amp _time = amp time + time(i)-time (i-1);
end
end
else %1if there is no gain
peak width = 0;
amp_ time = 0;
end
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Appendix F

Determination of RF Breakdown

The determination of RF breakdown can be made by observing the magnitude of reflected RF
power. RF breakdown leads to a short circuit of the slow wave structure causing the amplified wave to be
reflected. This reflected signal is attenuated as it travels backwards across the SWS. If the reflected signal
is of sufficient magnitude, as shown in Figure F.1, it can induce RF breakdown in the circulator, leading to
a termination of the input microwave signal. At slightly lower magnitudes of input microwave power, RF
breakdown can be induced where a reflected wave does not lead to a breakdown in the circulator, as shown
in Figure F.2. In either case, RF breakdown causes a rapid termination of the amplified output, not seen in

Figure F.3 where RF breakdown does not occur.

6000 . . : :
—Input Forward

— — Amplified Output

E 4000 r Input Reverse |-

:

O 2000 | 1

o
o 1t—" ! &.'—"\h SS—
700 800 900 1000 1100 1200

Time (ns)

Figure F.1: Shot #16868, showing high power amplification sufficient to cause both RF breakdown in the
SWS, and again when the reflected amplified signal reaches the circulator, terminating the input pulse.
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Figure F.2: Shot #16819, showing high power amplification sufficient to cause RF breakdown in the
SWS, but insufficient to induce breakdown when the reflected amplified signal reaches the circulator, not
terminating the input pulse.
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Figure F.3: Shot #16834, showing high power amplification insufficient to cause RF breakdown in the
SWS. Amplified output power decays gradually as the wave desynchronizes from the beam.
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Appendix G

A Discussion of Endloss and Electronic Efficiency

A measurement of endloss current in the RPCFA is necessary in order to accurately evaluate the
efficiency of the device. Endloss current is current emitted from the cathode that does not cross the
magnetically insulated A-K gap but instead flows parallel to the magnetic field lines and is ejected out the
ends of the device. This current is measured entering the RPCFA though it does not contribute to the
crossed-field interaction that generates microwave gain. Thus, this endloss leads to a potentially significant
discrepancy between the total efficiency, the ratio of microwave power generated to the total electronic
power consumed, and the electronic efficiency, the ratio of the microwave power generated to the electronic
power required to perform the crossed-field interaction described in chapter 2. In experiment, endloss is
especially difficult to evaluate on the RPCFA due to the logistical limitations of placing a current collecting
plate inside the vacuum chamber in a way that does not perturb the experiment. For this reason, MAGIC

simulation is used to estimate the electronic efficiency of the RPCFA.

The simulations presented in chapter 2 represent an idealized version of the RPCFA. Large endhats
and a reduced A-K gap contain the emitted particles in the interaction space, as seen in Figure G.1. This
leads to both reduced total current draw and essentially no endloss. In experiment, it was found that both
these features were arc hazards and the A-K gap was increased from 1.5 cm to 2.0 cm and the front endhat
was reduced to the modest size shown in figure 3.15d, with the rear endhat being removed altogether. A
simulation was run with these modifications included, additionally, the inner housing was placed in a large
chamber to simulate the MELBA vacuum chamber. As shown in figure G.2, endloss has increased

substantially with much of the endloss being lost to the rear of the chamber where no endhat is present.
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Figure G.1: Cross section of MAGIC simulation showing cathode with large endhats and a reduced A-K
gap spacing that effectively inhibits endloss current.
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Figure G.2: Realistic simulation of RPCFA in MELBA chamber with modest endhats and increased A-K
gap spacing. Significant endloss is apparent.
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The currents measured from the realistic MAGIC simulation are summarized in Figure G.3.
Approximately 840 A of total current are drawn at steady state with around 375 A of that current being
endloss (360 A to the back of the chamber toward -z and the remaining 15 A to the front) and 325 A are
collected at the SWS. The remaining 140 A is collected elsewhere in the simulation, such as at the inner
housing or on the cathode stalk. This simulation calculated the amplification of a 0.95 MW input microwave
signal to around 12 MW of output power, thus around 11 MW of RF was generated by the RPCFA. From
the 330 kV gap voltage and the total current draw this gives a total efficiency of 4%. Using the current

collected by the SWS this gives an electronic efficiency of 10%.
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Figure G.3: Collected currents from a realistic simulation of the RPCFA.

The total current emitted in this simulation is still significantly lower than the currents measured in
experiment. The discrepancy is likely due to the idealized emission model used in this simulation. Here
emission is only permitted from the emitter located on the body of the cathode. In reality, all conducting

surfaces pulsed to high voltage, including the endhat, are potential sources of electron emission, which is
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likely extremely significant as the emitting region of the cathode constitutes only a small fraction of the
potential emitting surface area. Emission from regions other than the cathode body was omitted from
simulation as the introduction of such a large non-conformally shaped emitting region would substantially
increase the runtime of the simulation, without introducing physics that significantly affect the RPCFA. It
is the author’s opinion that the 10% electronic efficiency is an accurate figure as MAGIC is a well-tested
PIC code that can be expected to faithfully predict the interaction of electrons and electromagnetic fields in
the RPCFA. Applying this to nominal metrics obtained experimentally: 5 MW output power generated at
300 kV, gives an estimated 170 A collected by the SWS. This 170 A is a small fraction of the typical 3 kA
drawn during amplification of high power microwave signals, but likely representative of the fraction of

the current emitted at the designated emitter of the cathode compared to the total potential emitting surface.
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Appendix H

X-ray Photoelectron Spectroscopy

X-ray photoelectron spectroscopy (XPS) is a technique used for measuring the elemental
composition of the surface of a material. XPS is capable of measuring the types of bond an element is
making at the surface of a material and can therefore be used to evaluate the chemical state of the material
being analyzed. This technique was applied to the slow wave structure of the RPCFA to determine the
surface chemistry that occurs during shots. A small (0.5cm x 0.5 cm) patch of the SWS was removed from
the front vane tip, facing the incoming electron beam, and a similarly sized patch was removed from the
surface that is bolted to the substrate, representing an unperturbed surface. The SWS had been subjected to
~120 shots, fired using the Cathode A with endhat at moderate microwave power input drive. The XPS
spectrum for the unperturbed patch is shown in figure H.1 and the patch taken from the exposed vane tip is

shown in figure H.2
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Figure H.1: XPS spectrum from the unperturbed patch of the SWS. Copper is the dominant element, as expected, but oxygen and carbon can be seen
in small amounts.
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Figure H.2: XPS spectrum from the exposed section of the SWS vane tip. Additional elements not seen in the unperturbed spectrum include sodium,
calcium, and silicon.
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The differences in these spectra give insight into the surface chemistry occurring in the RPCFA.
The most significant difference is the increase in the size of the carbon peak. This is most likely due to two
factors. The structure may have been inadvertently contacted during assembly or between shot series during
cleaning. The structure was rinsed using methanol prior to installation to remove biological deposits though
this may have been an incomplete removal (explaining the sodium and calcium presence) and may have
additionally led to the deposition of more carbon and oxygen. Hydrogen (and helium) are not detected due
to a physical limitation of the XPS process. The other significant source of carbon is the carbon emitter of
Cathode A. Material ablated in the emission process or due to back bombardment of the electrons may have
easily liberated carbon and deposited it on the SWS. The presence of silicon is likely due to the light sanding

(using SiC sandpaper) applied to the SWS to remove excessive deposition between shot series.

It should be noted that iron is not present on the spectrum indicating material from the body of
Cathode A is not ablated in the process. The presence of aluminum is ambiguous as the spectral lines are
very close to the Cu 3s and 3p lines. This is surprising as the majority of the material surrounding the SWS
is aluminum. Stronger peaks at these locations would be confirm the presence of significant quantities of

aluminum.
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Appendix I
Table of Commercially Available Crossed-Field Amplifiers

Tube Type Frequency Min. Peak Duty Cycle Nominal Gain  Pulse Raytheon
Range (GHz) Power (MW) (%) (dB) Width () Equivalent

L4806 12510 1.35 01 32 135 40 QKS-1319
L4939/4940 1.25101.35 0.55 1.24 NYA 3 QK-529/QK-630
L4953 1.28101.35 5.3 0.1 1.2 2 QK633
L4153 12810135 20 0.03 10 2 MYA
L4253 1.525101.625 17.5 0.03 10 2 NYA
L4717 291031 .06 2.8 16 35 QKS-1629
L4719 291031 0.525/2.2 25125 10/7 28 QKS-2071
L4756 3.09 10 3.51 1.2 25 10 110 QKS-2064
L4822 541059 0.630/1.25 1.0/0.56 10.2/7.0 37735 QKS-1343
L4764 95t0 100 0.5 0.11 12 2 QKS-1721

Table I.1: List of commercially available crossed-field amplifiers at the time of publication [52].
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