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Abstract

This thesis reports on the theory, design, and experimental investigation of a gy-
rotron travelling-wave-tube (TWT) amplifier at 140 GHz. The gyro-TWT uses the
H Eys mode of a confocal geometry as its operating mode. The linear and nonlinear
theory of the confocal waveguide is presented, along with a quasi-optical approach
for describing the modes of a confocal waveguide. Both the equations of motion and
the mode excitation equation are derived in detail. A beamlet code is introduced as
a tool for calculating the linear and nonlinear gain of the azimuthally asymmetric
confocal modes that interact with the electron beam with an annular distribution
of electron guiding centers. This code has been successfully benchmarked against
the code MAGY for azimuthally symmetric cases, and extends the capabilities of
nonlinear gyroamplifier theory to configurations that lack azimuthal symmetry. The
gyro-TWT experimental setup is presented in detail. Quasi-optical mode converters
were designed, fabricated, and tested, ultimately achieving a coupling of -3 dB into
the H Eps mode. The source of competing, parasitic oscillations was identified and
addressed by the addition of dielectric loading attached to the side of the open geom-
etry of the confocal waveguide. The improvements to the gyro-TWT system allowed
for zero-drive stable operation at currents up to 3 A. The design frequency of 140.0
GHz was successfully amplified with 35 dB circuit gain and a -3 dB bandwidth of
1.2 GHz from a 48 kV, 3 A electron beam with a beam pitch factor of 0.64 and a
perpendicular velocity spread of 6%. The gyro-TWT produced 550 W at 140.0 GHz
under the same operating conditions. During experimental testing, the pulse length
used was 2 microseconds. The performance of the confocal gyro-TWT suggests that it
may be a candidate for application to Dynamic Nuclear Polarization (DNP) Nuclear
Magnetic Resonance (NMR) experiments.
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Chapter 1

Introduction

Gyrotrons as a class of vacuum electron device have had a rich history in published
literature. Cornerstone books include the published works of Nusinovich [1], Kar-
tikeyan et al. [2], Gilmour [3], Tsimring [4], and Edgecombe [5]. This thesis describes
experimental and theoretical research on a gyrotron travelling wave tube amplifier
operating at 140 GHz. The major themes of this document will be: the theory of
gyrotrons, challenges encountered when operating at high frequency microwaves and

the design of this experiment, and the results of experimental study.

1.1 Motivation

The advent of radio was a transformative invention in not only cultural and political
history but also in the history of engineering. The ability to communicate over vast
distances essentially instantaneously was only the gateway into a scientific revolution
that now encompasses such wide-ranging fields as fundamental chemistry to astron-
omy. Acquiring mastery over the electromagnetic spectrum has been a scientific and
engineering challenge. To date, humans can control and use frequencies that vary
from AM radio (1 MHz) to X-rays (order of petahertz). Despite this extent of fre-
quencies, one specific band has until recently lacked a practical source. Known as
the “Terahertz Gap”, the spectrum in the range of 0.1 to 1 THz has historically been

without high-power sources. Gyrotrons are one class of devices that is capable of

23



producing high power in this frequency regime.

This thesis will focus on a pulsed amplifier that operates at 140 GHz, well into
what is known as the “millimeter wave” regime (MMW). The MMW band occupies
frequencies between about 30 GHz to 300 GHz, and is named thusly because the
wavelengths at these frequencies are on the order of a millimeter. As a subset of the
“Terahertz Gap”, the MMW band is important for numerous applications that span
several important sectors. Communication and defense are two such sectors that
benefit directly from high-power sources in the MMW band. The frequency band
and available high-power sources are both features that have applications in these
sectors. In particular, wideband, high-power MMW systems are used for satellite
communication |6, 7|. Another space-related role taken on by MMW sources is at the

MIT Lincoln Labs Haystack radar in the form of an upgrade to a 94 GHz system |[8§].

MMW sources have found important roles in the security and defense sectors. The
ability to scan for contraband (such as weapons) rapidly is a much-needed innovative
technology. Several examples, such as the now-common body scanners at airports,
have been designed [9, 10]. MMW sources have even been applied for detecting
chemical and biological elements [11|. High-power MMW sources have also found
applications in industrial processes [12|. Another sector that benefits directly from
MMW systems is the field of fundamental chemistry research, and this field is the ideal
end-user for the 140 GHz gyro-amplifier experiment. Interestingly, MMW sources are

a crucial technology in advancing nuclear magnetic spectroscopy (NMR) systems.

1.2 MMW Sources for use with Dynamic Nuclear
Polarization NMR

NMR has been a standard tool in chemistry research and has been known as a phys-
ical process for decades [13, 14]. NMR’s spectroscopic approach allows for detailed
analysis in a diverse array of chemistry research, but is limited by its reliance on the

small magnetic moments of nuclear spins. It has been known since 1953 [15] that
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instead of using the spin polarization of nuclei that the NMR technique could be ex-
panded to utilize the greater polarization difference in the electron spins. Known as
dynamic nuclear polarization (DNP), this quantum mechanical process transfers the
electron spin polarization onto the nuclear spin polarization [16], thus enhancing the
sensitivity of traditional NMR techniques. In theory, DNP is capable of achieving an
enhancement factor equal to the ratio of the paramagnetic resonances of an electron
and proton, 7./, ~ 660 (for example for the case of a hydrogen atom). Experimen-
tally, an enhancement of ~ 100 was first demonstrated by Carver and Slichter [17].
Contemporary DNP NMR experiments have achieved similar enhancement values, as
seen in Fig. 1-1, albeit at very different operating parameters. The immediate benefit
of such an enhancement is the reduction of data acquisition time, one of the principle
downsides to traditional NMR. Such an enhancement leads to a significant reduction

in the time and cost of operating NMR instruments.

Glucose

£[~120210 ' ,M
|

\JML,/ J\wen

RTx5 uW off

1 1 L 1 L 1 1 1

100 80 60 40
13C Chemical Shift [ppm]

Figure 1-1: An example of a DNP-enhanced NMR signal, showing an enhancement
of about 120 with MMW power applied to the glucose sample. Figure adapted from
[18].

Because the paramagnetic ratio is 660, this shows that the frequency of radiation
needed to excite electrons for a DNP NMR experiment is 660 times greater than

the corresponding proton frequency (in a given magnetic field). For example, in the
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original experiment performed by Carver and Slichter [17], they used a 30.3 gauss
static magnetic field, which gave a proton paramagnetic resonance of 50-kc/sec and
an electron paramagnetic resonance of 84 Mc/sec. In 1953, a variety of microwave
sources could fulfill the role of providing the radiation needed to excite electrons at
the necessary frequencies given the state of magnet technology. However, there is
a distinct advantage at operating NMR analysis at high magnetic fields, where the
spectral resolution is correspondingly better [19]. As stronger and stronger magnetic
fields are used, the electron paramagnetic frequency is likewise scaled to higher values
(the frequency scales linearly with the static magnetic field, By). Consequently, much
of DNP NMR was originally limited by the availability of sources as the required
frequency entered the THz regime. Commercially-available technology began to hit
an upper frequency limit when a 3.4 T magnet was used in a DNP NMR experiment,
which required 94 GHz radiation to excite the electron population [20]. In addition to
achieving the correct frequency, it is desirable to produce high power, as experimental
factors affect how efficiently the electron population is polarized. DNP NMR as a

field needed a class of device capable of high power output in the THz regime.

Just as magnet technology unlocked NMR at high magnetic fields, gyrotrons as a
vacuum electron device class allowed DNP to continue to be applied to these high-field
NMR experiments. The Francis Bitter Magnet Laboratory at MIT pioneered the use
of gyrotrons for DNP NMR in 1993 [21]. The advent of MMW sources has opened
the technique of DNP for application to modern NMR. DNP is used to enhance the
sensitivity of NMR spectra by a factor in the range of 100, and since 1993 several new
DNP NMR experiments have been conducted. At MIT alone, gyrotrons have been
used for DNP NMR experiments at 250 GHz [22], 330 GHz [23], and 460 GHz [24, 25].
A design for a 527 GHz gyrotron has been completed at MIT [26]. Other gyrotron-
based DNP instrumentation and experiments are being conducted internationally at
various frequencies, such as 198 GHz [27], 263 GHz [28], and 395 GHz [29]. These
listed experiments are based on gyrotron oscillators with a continuous wave (CW)
output. There is an interest in developing gyro-amplifiers for pulsed-DNP NMR
experiments [30, 31, 32, 33, 34, 35|.
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Pulsed DNP NMR is different from CW DNP NMR. CW DNP experiments,
as mentioned, have been widely successful. There is, however, a limitation on the
polarization enhancement, €, in which € ~ 1/f, where f is the Larmor frequency
and is linear with the magnetic field [36, 37]. This means that as NMR reaches
for higher magnetic fields, the enhancement is adversely affected. The search for
an alternative to CW DNP was actually performed early in the history of DNP. In
1958, Bloembergen and Sorokin demonstrated a pulsed DNP NMR experiment [38|.
Recent developments have evolved the pulsed DNP technique to include solid samples
(as opposed to only liquid samples) [33]. A key advancement in using pulsed DNP
is the realization that the inverse scaling with the magnetic field can be avoided if
the problem is transformed into the nuclear rotating frame [39]. In order to exploit
this fact, a certain pulse train of microwave power is needed [40]. In order to form
a specific pulse train, a phase-controlled source at the proper frequency is required.
Gyrotron amplifiers fit this role when used in conjunction with a solid state driver,

where you can manipulate the phase as necessary.

1.3 The State of MMW Sources

As discussed, gyrotrons are desirable for application to DNP NMR research. They
are, however, not the only MMW source available. Microwave sources can be gener-
ally classed as either being a solid state device or a vacuum electronic device. The
technology of each branch differs widely from the other’s, and consequently the ap-
plications are also diverse. In general, vacuum electronic devices are based on the
interaction of an electron beam with an operating RF mode of a waveguide, whereas
solid state devices are based on transistor technology. Owing to the requirements to
accelerate and confine an electron beam, a typical vacuum electronic device is much
larger than any solid state source; however, the benefits of higher power are much
more readily attainable with this class of devices. This fact can be seen in Fig. 1-2,
which shows how various available MMW sources perform in terms of power versus

frequency [41].
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Figure 1-2: The frontiers of power versus frequency for both solid state and vacuum
electronic devices. Gyrotrons show promise for direct application to DNP.

As shown in the plotted power versus frequency, all devices suffer in performance
as the “Terahertz Gap" is pushed; however, gyrotrons remain as one of the promising

sources even as frequencies are extended towards 1 THz.

1.4 Gyrotrons as Oscillators and Amplifiers

Gyrotrons as a class of vacuum electronic devices have been known since the 1950s.
The fundamental theory that describes the gyrotron interaction, namely the electron
cyclotron resonance instability, was proposed by several researchers - R. Twiss [42],
J. Schneider [43], and A. Gaponov [44]. Essentially, a gyrotron device relies on the
interaction between a slightly relativistic beam and an eigenmode of a waveguide
cavity. The electrons, which are gyrating in a confining magnetic field, lose some
of their perpendicular velocity in transferring energy to the eigenmode of the cavity.
This is the origin of the prefix “gyro" in the term gyrotrons. It is important to note
that the cyclotron instability relies on the electron beam being relativistic, although
the actual Lorentz factor v may still be close to 1.

In the most basic configuration, a gyrotron device consists of an electron gun, a

(superconducting) magnet, and an interaction cavity. Due to the fact that the energy
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extracted from the beam is only from its perpendicular velocity, it is desirable to
have a source of electrons with a high perpendicular velocity component. A mag-
netron injection gun (MIG) is capable of producing such an electron beam [45]. A
MIG style electron gun has a cylindrically-symmetric, sloped emitting surface, which
injects an annular electron beam with a velocity vector that has both axial, v,, and
perpendicular, v, , components. The ratio of perpendicular to axial velocity com-
ponents is typically referred to as the pitch factor, « = v, /v,. The guiding center
radius, R,, which is the radius of the annular electron beam, is significantly larger
than the Larmor radius, r.. This annular beam is launched towards the center of
a strong magnet, whose field is chosen such that the cyclotron resonance frequency
for the electrons is close to that of the desired microwave frequency. Because the
electron beam is entering into a region of increasing magnetic field (at the magnet’s
center), the beam itself undergoes adiabatic compression. Thus, the perpendicular
energy of the electrons increases as the orbital momentum increases. Once in the flat
top of the magnetic field the beam interacts with the eigenmode of the microwave
waveguide, transferring some of its perpendicular energy to the electromagnetic field
through stimulated emission provided that the frequency of the microwaves is close
to a harmonic of the frequency of the electron gyration. The beam then continues
through the magnetic field and is deposited on an anode, known as a collector. The
microwaves, in turn, are coupled out of the system. This can be achieved through
various techniques, but one common and desirable approach is to convert the mi-
crowave mode into a Gaussian mode. A Gaussian mode can be easily coupled out
of any system with a transmission line. A simplified, cartoon view of a gyrotron is

presented in Fig. 1-3.

Gyrotrons are fast wave devices, called so because the phase velocity of the mi-
crowave within the waveguide is faster than the speed of light. This is in contrast
to slow wave devices, which rely on the design of the waveguide to keep the phase
velocity of the wave below that of the speed of light. It has been recognized for some
time that slow wave devices can be used to generate microwave radiation [46]. When

the phase velocity is below that of light, it is possible for a waveguide mode to interact
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Figure 1-3: A cartoon schematic of the fundamental gyrotron device. The guiding
radius of the electrons, shown here as R,, highlights that the beam produced by a
MIG gun is annular in structure.

with an electron beam via its parallel velocity component. Although highly successful
as MMW sources, the slow wave designs inherently rely on mechanical dimensions
that are typically less than the wavelength of interest. Consequently, as the frequency
of MMW sources is pushed higher into the THz regime, both the manufacturing tol-
erances of these wavelength-scale mechanical features as well as concerns about heat
dissipation become important. The mechanical scaling for fast wave devices follows
the same inverse relationship with frequency as for slow wave devices; however, in
the case of fast wave devices, operation in higher order modes is readily possible.
This allows the mechanical dimension of fast wave devices to remain on the order
of several wavelengths, which at near-THz frequencies helps with mechanical toler-
ances and manufacturing. The ability to operate in a higher order mode is one of the

cornerstones behind the confocal waveguide that will be discussed in this thesis.

Gyrotrons can be harnessed to operate in two ways: as an oscillator and as an
amplifier. In both cases, the overall setup for a gyro-device is the same. Both require a
confining magnetic field (often supported by a superconducting magnet), an electron
gun, and a system for supporting and transporting microwaves. Schematically, a
cartoon view of a gyrotron oscillator and amplifier is shown in Fig. 1.4.

A gyrotron oscillator, Fig. 1.4a, is typically based around a short cavity with a res-
onant mode that supports the desired microwave frequency. A method of extracting
the RF power is included, which often consists of a mode converter. Similar to the os-

cillator is the gyrotron amplifier, Fig. 1.4b, and is also known as a gyro-travelling wave
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Figure 1-4: Depiction of a gyrotron oscillator (a) and amplifier (b). Both systems
use the CRM instability, and are capable of theoretically high power and gain per-
formance, making them desirable for a number of applications.

tube (gyro-TWT). Gyro-TWTs are fast-wave devices that, like oscillators, rely on the
cyclotron resonance maser instability and thus are capable of high gain performance.
As previously mentioned, in the MMW regime, both oscillators and gyro-TWTs fea-
ture an overmoded waveguide design. This is due to the fact that at the millimeter
scale (140 GHz ~ 2 mm wavelength), fundamental waveguide is necessarily on the
order of a millimeter. Because of restrictions on electron guns and the danger of beam
interception and ohmic heating on waveguide walls, it is infeasible to design gyrotrons
to operate with fundamental waveguide when MMWs are desired. To overcome this
restriction, the approach taken in this experiment is that of choosing a specific geom-
etry for operation as an overmoded waveguide. This geometry, known as a confocal
configuration, has the important benefit of mode selectivity, and will be discussed in

a further section.

1.5 Gyrotron Oscillators

Gyrotron oscillators are an excellent source of high-power MMW radiation [47]. As

seen in Fig. 1.4a, the heart of the gyrotron oscillator is a cavity that features a
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downtaper at the gun-end (to protect from backward waves) and an uptaper at the
output end (to direct the MMW power). These cavities are overmoded by design.
The overmoded cavity allows gyrotron oscillators to operate in a higher-order mode,
which frees the mechanical dimensions and tolerances to be multiple wavelengths in
scale. This has a couple of key advantages, namely that the large physical dimensions
help with reducing ohmic loss and allow the use of a higher-current, larger diameter
electron beam [48]. The total beam current in a gyrotron oscillator can be significant,
and this fact lends itself to making the gyrotron oscillator a source of high output
power [49]. The fact that gyrotron oscillators operate in a highly overmoded cavity
means that, for efficient transmission outside of the vacuum tube, the gyrotron oscil-
lator design typically features an internal mode converter. These mode converters are
often quasi-optical and designed to convert the high-order T'E,,,, operating mode into
a Gaussian beam [50, 51]. A typical gyrotron oscillator device schematic is shown in
Fig. 1.5, and features the principle components of a gyrotron oscillator. These com-
ponents are the MIG electron gun, the main (often superconducting) magnet, the
operating cavity where the MMW are generated, the quasi-optical mode converter,
and the collector. All of these components are housed within a vacuum tube.

In tracing the history of gyrotron oscillator development, we see an initial drive to
produce high-power, CW sources [52]. Pulsed operation of gyrotrons was investigated
as well, and over the decades this technology has advanced considerably [53, 54, 55,
56]. Because of their reliability and high output power, gyrotron oscillators found
a natural application to plasma heating [57]. The frequency stability of gyrotron
oscillators actually poses as one of their principle limitations - gyrotron oscillators are
not readily frequency-tunable. This limitation has been addressed by step-tunable
schemes [58| as well as utilizing gyrotron cavities that are capable of operation at
more than one frequency (at different operating points) [59, 60|. The development of
high-power gyrotrons will continue for many different applications. Perhaps one day

gyrotrons will be an integral part of a successful fusion experiment [61].
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1.6 Gyrotron Amplifiers

The cyclotron maser instability may also be utilized in an amplifying capacity. Gy-
rotron amplifiers, also known as gyrotron travelling wave tubes (gyro-TWTs) are the
second application of the gyrotron interaction. The gyro-TWT setup was first demon-
strated decades ago [62, 63, 64]. In principle, gyro-TWTs are capable of high gain
over a broad bandwidth [65]. Indeed, a gyro-TWT operating at 35 GHz demonstrated
a performance of 70 dB of gain during an experiment conducted at the National Ts-
ing Hua University in the Republic of China [66]. The frequency of 35 GHz allowed
this experiment to be designed for the fundamental mode T E; of a waveguide. This
fact becomes important when higher frequencies are considered, because in order to
maintain the use of a fundamental mode, the corresponding waveguide dimension
needs to be reduced. Using a fundamental mode is preferred, as it eliminates the
possibility of mode competition. Unfortunately, its use is not feasible at 140 GHz,
so an alternative approach is taken. The alternative approach in question is the use
of an overmoded interaction structure. In this scheme, the frequency of operation is
confined by a higher-order mode of a waveguide, which allows the waveguide dimen-
sion to remain relatively large. The choice of waveguide mode is one of the crucial
design elements, and the quasi-optical confocal waveguide will be the subject of this
thesis, but many choices exist. These include helically corrugated waveguide [67] and

a photonic bandgap waveguide [30, 68].

Regardless of interaction waveguide choice, the fact that the waveguide is over-
moded means that mode competition has been introduced to the gyro-TWT system.
Research that looked at ways to circumvent mode competition discovered that adding
lossy material helps mitigate this problem [69, 70, 71, 72, 73|. Another possibility for
mode suppression is the addition of a sheath helix [74]. The method of mode sup-
pression chosen for experiment described in this thesis is to use a diffractive loss from
a quasi-optical, open waveguide geometry, known as a confocal geometry. Designed
to be quasi-optical and overmoded, the confocal geometry has been demonstrated

successfully in a gyrotron oscillator [75]. The properties of the confocal waveguide
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will be discussed in detail in a subsequent chapter.

As amplifiers, gyro-TWTs require MMW sources. The source used in this experi-
ment is a solid state driver, capable of phase controlled pulses. Power is transmitted
through a corrugated waveguide into the vacuum tube, where it is focused into the
operating mode of the confocal waveguide. As such, the overall alignment and de-
sign of this gyro-TW'T experiment is crucial to the system’s success as an amplifier.
A detailed discussion of the gyro-TWT setup will be described in a future chapter.
Figure 1.6 shows a cutaway schematic of the gyro-TWT system as used for the exper-
iments described in this thesis. The principle components, which are ubiquitous for
gyro-TWT setups, are labelled. It is seen that gyro-TWTs are complex assemblies,
each individual component having to work in concert in order to achieve successful
and high gain. One of the main aims of this thesis is to motivate this point and
showcase some of the design strategies that can be taken in order to navigate all of

the parameters necessary when engineering a gyro-TW'T' system.

1.7 Thesis Outline

This thesis is a compendium of work that relates to the development of a gyro-TWT
using a confocal waveguide as an interaction circuit. In the following chapters I will
discuss the theoretical framework for the gyro-TWT (including a presentation of the
gyrotron equations and the quasi-optical confocal waveguide), numerical simulations
developed for the confocal gyro-TWT, and the experimental setup and results from
this investigation. This is organized into the following chapters. In chapters 2, 3,
and 4, I discuss the confocal waveguide, derive the gyro-equations that govern the
gyro-TWT interaction, and explore a new numerical tool that can be used to simulate
the gyro-TW'T interaction for a confocal waveguide mode. In chapter 5, I present the
experimental setup of the confocal gyro-TWT experiment and discuss the principle
components in detail. The experimental results are shown and discussed. The thesis

concludes with chapter 6.
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Figure 1-5: The design schematic of a typical gyrotron oscillator is shown. The
principle components are the electron gun, main magnet, cavity within the vacuum
tube, the quasi-optical mode converter, and the grounding collector for the electron
beam.
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waveguide, e) output waveguide, f) the output window, g) the ion pump, and h) the
location of the input window (axis normal to the page). The tube is housed inside of
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Chapter 2

Confocal Waveguide

In this chapter we explore the confocal geometry as a choice for the interaction waveg-
uide. As has been previously discussed, the gyro-TWT works by transferring energy
from the perpendicular velocity component of a travelling electron beam to RF fields
of a millimeter wave mode of a waveguide. The electron beam is confined by a mag-
netic field, typically from a superconducting magnet, which also sets the cyclotron

frequency.

The annular electron beam propagates collinearly with the electromagnetic mode
of the interaction waveguide, during which time the energy is transferred between the
beam and the millimeter wave. The guiding center radius of the electron beam is
augmented by the magnetic field strength. In typical operation, the local magnetic
field at the emission surface at the cathode is less than the main flat top magnetic
field at the interaction region (within the waveguide). Adiabatic compression of the

electron beam follows the general behavior that

ByR?, = B(z)Ry(2)? (2.1)

where By, Ry, are the magnetic field and guiding center at the cathode and B(z),
R,(z) are the magnetic field and guiding center as a function of axial position z. This
compression ratio, that is the ratio of By/B(z), is used to form a final guiding center

radius within the waveguide that allows the annular beam to overlap with peaks in
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the electric field of the operating spatial mode.

Essentially, the choice of what spatial mode to use to support the millimeter wave
power is not very restrictive - provided that the spatial mode has peaks where the
electron beam overlaps is a sufficient constraint. One common waveguide that sup-
ports the operating mode is a simple cylindrical pipe. To avoid the possibility of
competition from unwanted frequencies in unwanted modes, it is desirable to operate
at the lowest-order mode of a waveguide. This option adds a mechanical constraint
that the waveguide dimension is on the order of the RF wavelength. As the gyrotron
frequency increases, the corresponding wavelength inversely decreases. In order to
maintain the lowest-order mode as the operating mode, the waveguide dimensions
must also scale toward decreasing sizes. Likewise, the guiding center radius of the
annular beam is decreased. Eventually, this trend towards smaller physical dimen-
sions will lead to space charge effects in the electron beam and ohmic losses on the
waveguide itself. Therefore, it is advantageous for the gyrotron amplifier to operate

in a higher order mode of the interaction circuit in order to minimize these effects.

Operation in a higher order mode allows us to lift the constraint of reduced me-
chanical dimensions. Although helpful for reducing space charge effects and ohmic
losses, functioning as an overmoded waveguide introduces the possibility of parasitic
competition from unwanted modes. Avoiding parasitic oscillations is an important
design consideration when engineering overmoded interaction circuits. Contemporary
gyro-amplifiers take advantage of a variety of design approaches to address the issue
of mode competition. Lossy-wall gyro-amplifiers have been designed and operated
at 35 GHz |76, 77| and at 95 GHz [65]. An alternative design feature is a helically-
corrugated interaction circuit [67, 78]. We present a confocal interaction circuit as
an alternative to lossy-wall designs. Gyrotrons with confocal circuits continue to
be studied intensively [79, 80, 81, 82, 75|. In this chapter the confocal waveguide
is introduced as an overmoded geometry that can support 140 GHz radiation. A
quasi-optical approximation of its field properties is derived and the loss rate per unit

length of confocal rails is found.

38



2.1 Quasi-optical approximation of a confocal waveg-

uide

2.1.1 Membrane function

We begin with a description of the confocal geometry. As seen in Fig. 2-1, the
confocal geometry consists of two rails positioned such that their radius of curvature
R., is equal to that of their separation distance, L, (R. = L ). The aperture, or total
width of each mirror, is 2a. As this geometry is not closed, the width is adjusted in
order to either increase or decrease the diffractive loss of the supported H E,,,, modes.
These supported spatial modes have m variations along Z and n variations along 7,
and are uniform in 2. Fig. 2-1 shows the H Ej¢ mode, in which there are six variations

along the gy direction.

Figure 2-1: The confocal geometry including the field distribution of the H Eyg mode,
shown on a linear scale. The guiding centers of the electron beam are on the dashed
annulus. Each electron has a gyroradius of v, /w..

The H Eys mode is a good choice for an operating mode at 140 GHz because at
this frequency, a mirror separation distance of 6.83 mm provides a cutoff of 137.2
GHz in this mode. The dispersion relation for the H Eys mode is plotted along with
the relations for the H F15 and H Ey; modes in Fig. 2-2. A more detailed discussion
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of the electron gun will be presented in a subsequent chapter, but it is important to
note that at the operating magnetic field the electron beam’s guiding center radius is
about 1.8 mm. At a rail spacing of 6.83 mm, this guiding center radius would overlap

well with the second and fifth peaks of the H Eys mode, as shown in Fig. 2-1.
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Figure 2-2: The H Eyg operating mode’s dispersion relation is plotted for a rail spacing
of 6.83 mm. The two nearest lower order modes of HFE 5 and H Ey; are plotted as

well. A cutoff of 137.2 GHz for the H Ey¢ mode indicates that this is an appropriate
choice for an operating mode to support 140 GHz RF power.

For a closed waveguide, supported modes are described by the membrane function

W, which obeys the wave equation:

VAU + k10 =0 (2.2)

in which the transverse wavenumber k is real (k; = k,,). In consideration of the
fact that the confocal waveguide is not a closed geometry, we introduce a quasi-optical
approach to finding an approximate membrane function [83, 84]. The formulation for
a closed geometry [1] relies on the exact solution to the wave equation in Eq. 2.2.

Translational symmetry in the Z component reduces the problem to two dimensions.
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Additionally, we assume a solution that is based on a modified plane wave in the gy

direction:

Uz,y) = Bz, y)e ™ (2.3)

As indicated in Eq. 2.3, we assume a wave propagating in the ¢ direction. Vari-

ation in z is absorbed into the function B(z,y), an appropriate step if assuming the

paraxial approximation of k, = \/k?

2.2 becomes

. Now, the wave equation Eq.

0*’B  0°B aB

Since the field distribution is a modified plane wave propagating in the g direction,
we can neglect 2 as small compared to the term 2ik L . With this simplification,

Eq. 2.4 becomes

——2@]@_ 0

B = 2.
5z~ 2ik1 5] Blr.y) =0 (25)

Using the form of Eq. 2.3 for U, we provide a general solution to the membrane

function ¥ as two counter-propagating waves:

U = —iU —iU* (2.6)

The confocal geometry, when examined with a quasi-optical approximation, lends

itself readily to a Gaussian beam solution for B(z,y). Thus, U may be expressed as

= (el )
/ﬁrﬂﬂ { y)

(2.7)

+ — arctan —

eXp( ihiry = “2R(y) " 2 by

where b, = kw3 /2, following the derivations in [83]. Furthermore, w and R are
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w?(y) = wp [1 + ( 2y 2)1 (2.8)

(2.9)

The perpendicular wavevector component, k.., may be found by considering the
boundary conditions of Eq. 2.7 under the confocal geometry. In particular, at a
coordinate (z,y) = (0, L, /2) we know that the phase front curvature R(y) needs to

match the confocal mirror radius, R.. Consequently, k&, is found to be

2 1 L
ki, = LLL <n - m;_ arcsin 2§C> (2.10)
Since L = R, for the confocal geometry,
ki, = — ( + 24 1) (2.11)
r=—I\n+—=+- :
L 2 "4

These results are in agreement with those derived by Nakahara [85|, following
Goubau [86]. In this section we have derived the quasi-optical approximation of
the membrane function that describes the field distribution of a confocal resonator.
Because the confocal geometry is open, RF power may leak out of the sides of the
waveguide. Thus, a mode H F,,,, will, whilst propagating axially, lose power through
transverse diffraction. This leads to a loss per distance that is useful for suppressing
undesired (lower-order) modes that do not support the microwave field intended for

amplification.

2.1.2 Diffractive losses in a confocal resonator

We follow the derivation in [84, 87| in our discussion of losses incurred by waveguide
modes HFE,,, in the confocal geometry. The wave vector k, is decomposed into both
a real and an imaginary component, k,, + ¢k ;. Eq. 2.11 is the real component; a

more general expression is needed:
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/l@:1<n+m+l+%)—z‘L (2.12)

In Eq. 2.12 we have introduced a small phase shift 6 as well as an imaginary
component for ¢k, ;. A is directly related to the diffraction losses. As discussed
in Section 2.1.1, the quasi-optical solution to the modes in a confocal geometry is
found by superimposing propagating Gaussian waves to form a standing wave between
the curved mirrors. Diffraction occurs because the transverse width of the confocal
mirrors is insufficient to capture the transverse extent of the waveguide modes H E,,,,.
With each subsequent reflection, the Gaussian wave loses a fraction of its power.
Schematically, modes with m > 0 have a broader transverse “footprint”, so more

readily diffract for a given confocal aperture width. This effect is shown in Fig. 2-3.

[mm]
a)

Figure 2-3: Contours of the horizontal component of the electric field distribution for
the H Fos mode at 140 GHz (a) and H Fj5 mode at 126 GHz (b) are plotted. This
field distribution is found for an aperture of 2a = 4 [mm]| and R. = 6.83 [mm|. These
plots are on a linear scale with yellow showing the highest field values.

A is written in terms of the Fresnel diffraction parameter Cr and the radial

spheroidal wavefunction expressed in prolate spheroidal coordinates [84, 88] R((f,ll(fl, &):

T 1
A=2In [, 5 e 1)} (2.13)

The Fresnel diffraction parameter is defined as Cp = k,,a*/L,, where a is half
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the width of the confocal mirrors. In Eq. 2.13, Ré?n(C’F, 1) is a function of Cr as well
as m, which specifies the transverse mode content of the HFE,,, waveguide modes.
For the first three values of m (0, 1, 2) the values of R(()},,)ﬂ(C’F, 1) are shown in Fig.

2-4 and log(A) are shown in Fig 2-5, both as a function of CF.
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Figure 2-4: The exact values of R(()%,)TL(CF, 1) plotted against Cr for various values of
m; the lines connect calculated points.

In the wave vector component k., losses incurred are due to the imaginary com-
ponent, k,;. If we consider a loss rate in terms of decades per axial distance, then the
loss rate is expressed as

20

L = ———Fk, 2.14
oss Rate I (10) ki (2.14)

in which

2 .
”) _ g = Far X ki (2.15)

kzi = Im (—

where k.. = 4/ ‘;’—22 — kir is assumed to be not close to 0 (i.e. the mode is not
close to cutoff; k.. > k,;). We calculate the attenuation in decades per unit length

as a function of Cp (or aperture a). Figure 2-6 shows a comparison between the
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Figure 2-5: The exact values of log(A) plotted against C for various values of m;
the lines connect calculated points.

theoretical loss rate and numerical simulation results from the commercial numerical
software program CST Microwave Studio. For the theoretical loss rate, Eq. 2.14
was used. These results are for a frequency of 140 GHz in a confocal geometry with

R, = 6.83 mm.

2.1.3 Field equations and RF Lorentz force

Our quasi-optical approach to deriving the membrane function ¥ allows us to find
the electromagnetic vector fields. This is necessary in order to determine the elec-
tromagnetic interaction between the gyrating electrons of the electron beam and the
RF power of the microwaves. With the general solution of Eq. 2.6, we may write the

vector fields of E and H as
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Figure 2-6: Comparison of loss rate due to diffraction using Eq. 2.14 and numerical
simulation software CST for an H Eys mode. Here, R. = 6.83 mm and the frequency
is 140 GHz.
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along with the general solution that H, = U + U* and, because of the transverse

electric nature of this waveguide mode, E, = 0, with £ = w/c.

Equations 2.16-2.19 describe the transverse components under the quasi-optical
approximation. Using these components, the RF Lorentz (C_j) force may be found.
The components of this force are necessary in order to analyze the interaction in this
waveguide mode. A thin, annular electron beam of radius R, (the “guiding center”)
is injected into the confocal cavity, as seen in Fig. 2-7. At each position around

the guiding center exist populations of electrons with gyroradius r.. The coordinate
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transform between the guiding center (X,Y’) and the beam center (z,y) is given by

r=X+r.cosf (2.20)

y=Y +r.sinf (2.21)

It is particularly useful to find the radial and azimuthal components of the Lorentz

force (G, & Gy) at every guiding center due to the azimuthally-symmetrical electron

beam [1].
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Figure 2-7: An exploded view of the geometry at every guiding center. (X,Y) are
the coordinates of the location of the guiding center.

We start with the radial component of the RF Lorentz force.

G, =(E, — p.Hy)cos0+ (E, + (.H,)sinf + 5, H, (2.22)

where 3, and [, are the axial and perpendicular electron velocities, v, and v,
normalized to the speed of light ¢, respectfully. We expand Eq. 2.22 in azimuthal

harmonics:
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G, = Gy exp(—ilf) (2.23)
!

As we are concerned with the fundamental harmonic, the first coefficient of the
expansion (I = 1) should be found. With a coordinate transformation to the guiding
center (X,Y), we may use Eqgs. 2.16-2.19, 2.22 to express G, in terms of the function
U.

_lk - ﬁzkzr

o 1k =Bk, (O°U
Cr=—5%, W-U~3 2%3 (axf
U 1k — Buk., (OU  OU
_ Lk = Beker (OU 2.24
x7) 3 =B (5% + ax) (2:24)

1
+ 6LkLrTc§(U — U*>

In the limit of k,r. — 0, and using Eqgs. 2.6 and 2.19 we can further reduce Eq.

2.24 with reference to U as

bt

R 2.2
G1 1 2]{33_7, ( 5)

Equation 2.25 relates the fundamental harmonic’s radial RF Lorentz force to the
membrane function, ¥, the latter of which we have found via the quasi-optical approx-
imation of the confocal field distribution. An analogous calculation may be computed
for the azimuthal component of the Lorentz force, GGy, which relates to the Cartesian

field components as

Gy = (E, + p.H,) cos — (E, — B,H,)sinf (2.26)

Using a similar expansion Gy = ), Gipe=™ and restricting ourselves to the fun-

damental harmonic (I = 1), a similar treatment leads to an expression for Gy in
terms of W:

Gip = —

oDk (0¥ 00 (2.27)

oz \ax oy
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Equations 2.25 and 2.27 comprise force terms that will be used in deriving the

self-consistent set of gyro-TW'T equations.

2.2 Discussion

We have introduced the concept of a confocal geometry and shown how a quasi-optical
approach may be used to determine both the loss rate per unit length and the vector
fields of its eigenmodes. The open geometry of the overmoded confocal waveguide
supports 140 GHz whilst simultaneously is intended to suppress lower-order modes
from competing due to the diffractive losses inherent in its design. In the following
chapter, we will derive the equations that govern the interaction of the electron beam

with the RF power.
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Chapter 3
Gyro-Amplifier Equations

In this chapter, we discuss the physical method behind the transfer of energy from
the perpendicular velocity component of the gyrating electrons to the RF field ampli-
tude. First, we begin with a qualitative explanation of the mechanism for this energy
transfer. We continue by using the equations in Section 2.1.3 to derive the govern-
ing equations of the electron beam-RF power interaction. A discussion of linear and
nonlinear gain concludes this chapter.

Essentially, the mechanism that drives the energy transfer from the electron beam
to the RF field is known as bunching. Electrons that are nominally equally distributed
in phase about each Larmor radius in Fig. 2-7 are gradually brought together into
a distinct bunch. Once formed, a charged bunch of electrons will interact with the
RF fields to exchange energy, driving the amplification process. The initial seed RF
power in the waveguide is what begins this bunching process. The derivation of the
equations behind this mechanism are discussed in Section 3.0.1. A more qualitative
explanation is given here now and relies on the dispersion relations for both the

waveguide modes and the electron beam.

The waveguide mode dispersion relation is given by the usual formulation:

W — k2 — kit =0 (3.1)
where k, and k, are the components of the wavevector, w is the angular frequency,
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and c is the speed of light. The wavevector components are set by the geometry of the
waveguide, and in the case of a confocal geometry we have derived the components

in Chapter 2. For the electron beam, the dispersion relation assumes the form of

w—Q, — kv, ~0 (3.2)

where Q. = eB,/m.7 is the cyclotron frequency. In )., e is the electron charge, B,
is the magnetic field, m. is the electron mass, and ~ is the relativistic Lorentz factor
v =1/ \/Tz/c2 It is interesting to note that the mechanics behind bunching
rely on the inclusion of the Lorentz factor v; without it, bunching would not happen.
Although typical electron gun voltages are in the tens of kV, well below the relativistic
regime, the Lorentz factor still needs to be included in numerical code in order for
bunching to take place. When Eqgs. 3.1, 3.2 are plotted together, we see that it is
possible for the linear electron dispersion line to be tangential to the waveguide mode.

This is shown in Fig. 5-19.

Waveguide Mode

Electron
Dispersion

Velocity of Light Line

k,

Figure 3-1: The electron beam dispersion line plotted with the waveguide mode. It
is possible for the electron beam line to be tangential to the waveguide mode at a
certain frequency.

Under this tangential condition, RF power at the corresponding frequencies in
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the waveguide mode can interact with the gyrating electron beam. Important design
points to note in Eq. 3.2 is that several electromagnetic parameters appear via the
terms 2 and v,. These include the magnetic field, B, the applied beam voltage
(via the Lorentz term =), and the pitch factor « = v, /v,. Experimentally, these
parameters are tunable to a certain extent, and must be considered when designing
a gyro-amplifier system.

In the subsequent sections, we formally derive the electrodynamic motion equa-
tions as well as the field growth equations that underpin the gyro-amplifier physics.
A discussion of both linear (small signal) gain and nonlinear (saturated) gain follows

in Chapter 4.

3.0.1 Motion equations

The motion equations that govern the dynamics of an electron in a waveguide field

begin with the fundamentals [1]:

dpl _ € t(wt—kzrz)
dl/) o € i(wt—kzr2)
y2n dz = UZRe<CGre ) (34)

where C' is the waveguide mode amplitude, p, is the perpendicular electron mo-
mentum, Gy and G, are the RF Lorentz force components, and 1 is the electron
phase in its gyro-orbit. In order to keep track of the phase advance due to electrons
gyrating in the magnetic field, using the longitudinal momentum p, we introduce the
variable hy = eB,/cp, (which conveniently allows us to write the Larmor radius as
r. = 72=) and B, is the magnetic field. The longitudinal momentum is p, = ymcp..

thz

Then, the gyrophase can be defined as

Equation 3.5 is useful to quantify the phase of the waveguide mode with respect
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to the gyrophase:

wt — kypz — 0 = —0 (3.6)

Furthermore, as follows from Eqs. 2.25, 2.27

dpJ_ € k — ﬁzkzr —19
e S —Li(X,Y)e™" .
dz UZRe(C’ 2k, 1(X;Y)e > (3.7)
where the coupling factor L, is
1 /0¥ OV
L1<X, Y) = klr (6_X + la—Y) (38)

We can then take the differential Egs. 3.5 and 3.6 and find that

dﬁ_@ Q4+ kv, —w

- 3.9
dz dz + B.c (3:9)
where Q = eB,/ymc is the cyclotron frequency. Now, we rewrite Eq. 3.4 as
dd w—k,v,—
P + . k=

€ N ﬁzkzr —id (310)

—Re(C’(—z)—Ll(X, Ye )

Uy kJ_r

For 7o, 5.0, 810, and g defined at the beginning of the interaction (z = 0), we use

normalized electron energy, w, and the parameter b:

1 - kfﬁzo Yo — 7
ﬁio Yo

1
2
& 26.0(1 — k== B,)

w=2 (3.11)

_ b
ok

(3.12)

(It can be seen that the product bw = ¥z 177 The components of momentum
k 2B:0 70

may be rewritten to incorporate normalized electron energy as follows:
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P, = pao(1l — bw) (3.13)
pL=piovVl—w (3.14)

We introduce the parameter p,

sz_o (1 - 2§2r>
2(1— 580

The term “”%T%’Q in Eq. 3.9 may be expressed with b and p as

(3.15)

w—kyv,—Q w )(w—kzrvzo—Qo —Mw> (3.16)

B.c ~ cBao(l — bw w

Therefore, Eq. 3.9 is conveniently expressed as

dz _cﬁzo(l — bw
emy 1

peo(l —bw) prov1—w

1 - ﬁzokar

Re( 05 kL (X, Y)e‘“9>

dv w ) (oJ — kZT:;ZO - Q B ,uw>+

X (3.17)

For further convenience, we may define the detuning parameter A:

W — kzrvzo - Q0

A= (3.18)

w

and normalize length as 2/ = kz. Then, the relative gyrophase 1, in normalized

coordinates z’, varies as

(3.19)

1 _ kfzr . )
k gl Im[ ¢ Lle_wD
YoBrovVl—w  L2me*ky,
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To find the differential of the normalized electron energy, w, we may take the

derivative of Eq. 3.14:

d emm

el Vi—w) = — 1

dz' (P10 w) Poo(1 — bw)

1 — Bk .
ALY S
B 1 d_w B 1 e (1 3 &)
W1 —wd?  mycBiocBaoll — bw) Ok
—i

X Re(C’zklrLle )

From Eq. 3.21 we find that

dw 2M(1_5ZO%) 1

@ N 1—bw
eC —iv
X Re(lee )

We denote additional normalized variables with a prime:

0 = K

BzO

A
A =

520

C k 1

O = %~ 1 — B0—

mc2yoB:0810 ( B0 k > ki

Y08:0810

(3.20)

(3.21)

(3.22)

(3.23)
(3.24)

(3.25)

The above simplifications allow us to summarize the variation of both the rel-

ative gyrophase, 9, and normalized electron energy, w, with respect to normalized

coordinates z':
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v 1 1 1 ‘

@ w— A Im|C'=Le™™ 2
dz' 1—bw('uw +\/1—wm[02 1€ D (3.26)
dw  V1—-w A

= Re<c SLae ) (3.27)

Equations 3.26 and 3.27 fully characterize the dynamical properties of an electron

beam interacting with a waveguide mode at any guiding center (X,Y).

3.0.2 Mode excitation equations

Just as an electron is affected by the presence of a waveguide mode’s EM field, the
waveguide mode itself is also changed by the electron beam. Following the derivation
in [1], the mode amplitude Cy (of the s-th mode of the waveguide) interacts with
the electron beam via the mode’s electric field as integrated over the waveguide cross
section S :

acs, 1

=—— [ 4. E*d 3.28
dZ Ns SLJ s oL ( )

in which j: is the current density component at the angular frequency w. The

normalization factor Ny of the s-th mode is

o
C 4r

N, / (B, x H*+ B x H,)7ds, =
S

. (3.29)
—Re/ (Es x H¥)zyds, = 4P
2T S

In Eq. 3.29, P; is the Poynting vector. The normalization factor N; is explicitly
calculated in Section 3.1 for the case of a confocal waveguide. Since the electric field
is purely transverse, the integrand in Eq. 3.28 is 7j,, - EE‘ = Jul - Ej Additionally, we
know that by charge conservation in the electron beam, at any cross sectional slice

the charge entering and exiting is conserved: j.dt = j,odty. So, in considering the

transverse current, we can relate it to the axial component by jid(wt) = jjzo d(wtp).

57



Transforming to frequency space [1]:

—

. 1 /% . o
i B=o / 7l Eremtd(uwt) (3.30)
0

Using the formulation to relate d(wt) to d(wty), Eq. 3.30 may be rewritten as

1 27 —"j 0 ) . 1 27 p_j_ . )
_/ jJ_.ie_ZWtE;kd(wto) = —jzo/ —E:G_Zwtd(u}t()) (331)
T Jo z m 0o Pz

Using the relations for momentum in Eqgs. 3.13 and 3.14 as well as recognizing
that the area integral in Eq. 3.28 reduces to (j,05. ), the differential equation for the
growth of the amplitude C' (dropping the mode number s) becomes

Ery(x, y)e™ dd, (3.32)

e _ 11, ¢ )/Q”pmﬂ—w

Nr pao(l — bw)
in which Ejy is the azimuthal component of the electric field (which interacts with

the gyrating current component). The interaction is at the fundamental harmonic,

so in the usual expansion Fy = ) Epe " we are interested in [ = 1.

Using the field Egs. 2.16 and 2.17 and the fact that Fy = E, cos — E,sin 6, the

fundamental harmonic F1g is

(3.33)

By k <8\If ,8\IJ>: k

oz \ox T'av) T T,

This is a result that follows the derivation for Gy, in Eq. 2.22. Thus, the amplitude

differential dC/dz is rewritten as

dc 111/2”pm/1—w k
0

Bz NI e —bw) 2k, 1 (3:34)

where [, is the beam current. It is convenient to rewrite Eq. 3.34 in normalized

form:
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ac’ e ( k.o /320> 1dC

dz mCZ’YOBLO/BzokLr k dZ
11 e k.o
__ 11 (1—— Z)x 3.35
N7 bmc2705mﬁzoklr g P (3:35)

B1o "V1—wlLj

—1 “9d19
Bzolﬁ_r 0 1—bw 2

We make one final simplification and introduce the normalized current, Iy, defined

as
ely\ 1— l%oﬁzo o
10:2( 3> NI (3.36)
mc 70630( k ) w
where
el __h(4) (3.37)

med  17000(A)

In Eq. 3.37 the fraction m€c3 reduces to 17000 amps in SI units. Finally, the

differential of the normalized amplitude C’ in normalized units 2’ is expressed as

dc’ ™ T —wl*
= —Jy— “Led9, 3.38
dz' 27T 0o 1—0bw 2 ( )

Equations 3.26, 3.27, and 3.38 comprise the (normalized) self-consistent set of
equations that describe gyro-TWT operation. In Eq. 3.38, a loss term may be intro-
duced in the system if we consider an imaginary component to the axial wavevector,
k. 97~ —K.,C" where

K, = k.

In the absence of loss, it is convenient to derive an energy conservation relation.
Since energy is transferred between the electrons and the field (power ~ |C|?), we

may use Eq. 3.38 to find that

d d ! 1% 1 27rd
Slop=cn dC, ' CZ = I d—:fd .
T Jo (3.39)
' | 0|2—10—/ wdd
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The form of Eq. 3.39 is an expression of the conservation of energy in the system

and relates the change of microwave energy to that of the electrons.

3.1 Normalization factor

The normalization factor first introduced in Eq. 3.29 has an analytical expression
dependent on the field distribution of the operating mode. In our case, the quasi-
optical approximation of the confocal waveguide mode is used to find an analytical
solution for the normalization factor. To begin, we may relate the normalization
factor Ny to the field distribution U by taking the explicit cross product in Eq. 3.29.

Expanding the cross product, we find that

E,x H: - % = E,H; — E,H: (3.40)

Referring to Eqgs. 2.16 - 2.19, Eq. 3.40 is equivalently

E H:~E,H; =

Kk <aU 8U*>2 (3.41)

U_U*Q i
( o x tax

Equation 3.41 is a general result; we may consider the quasi-optical approximation
of the field distribution in a confocal waveguide mode by using the expression for U

given in Eq. 2.7 and write the integral in Eq. 3.29:
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¢ fhey 120 e (= 22)
N T om k2. Tw P w?

ki, 1
sin? (kiﬂy + ;};E —3 arctan b%> +

1 2 /2x 2 ki ,x?
kTLrll <w2 V w P ( w2> o8 (k“y N 2R (342)
1 ki,x | 2
-3 arctan b%) + }x % exp ( — %) sin (/fﬂy

ki,.x* 1 Y\ 2
+ 5R —§arctanb—o>) ]dxdy

Equation 3.42 is an exact solution; we may take two approximations that will result
in an analytical expression for the integrals. First, the argument of the trigonomet-

ric functions, &k ,y + k“x

— = arctan , describes a phase front. Under a paraxial
approximation, the large term k& ,y dommates, and therefore the argument of the
trigonometric functions reduces to that single term. Second, we notice that in Eq.
3.42 the first term comes from the cross product component E,H; whereas the re-
maining two are from E, H. As has been seen in the field distribution of the confocal
waveguide modes, the transverse term £, > [I,. It follows that the first term of Eq.

3.42 dominates, and we may drop the remaining two. With these approximations,

the normalization reduces to

~ c kk,, // \/E Wy
N or e, W
222 )
X exp ( - wQ(w) sm2(kﬂy)} dzdy

(3.43)

The limits of integration are —oo < z < oo and —L, /2 < y < L, /2. We find

that the normalization may be approximated as
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(3.44)

c Ark? Tk —
= — r = — r k’ r
w2N, w2ckk,, L | wy k3k.. L, /L, +

in which the final step is found from evaluating the radius R(y = %) =L, in

Eq. 2.9 and therefore

L,
kJ_r

Wy =

(3.45)

3.2 Discussion

In this chapter, we have discussed the underlying physics behind the gyro-amplifier
operation. We have additionally derived the governing equations within the frame-
work of a confocal waveguide. Next, we will examine the resulting equations with

numerical simulations and introduce the concept of beamlets as a numerical tool.
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Chapter 4

Beamlets

In Chapter 3 we derived the fundamental equations for the gyro-amplifier interaction.
As part of the derivation, we applied the quasi-optical approximation of the confocal
waveguide modes to the normalization factor in Section 3.1. As has been noted, the
confocal modes are inherently azimuthally asymmetric. In this chapter, we examine
the effect of this azimuthal asymmetry on the predicted gain by using a numerical tool
called beamlets. Linear and nonlinear gains are discussed and numerical simulation
examples shown. The effect of velocity spread, an important metric in quantifying

the quality of the electron beam, is also discussed.

4.0.1 Beamlets and Coupling Factor

The spatial geometry of the interaction between the electron beam and the electro-
magnetic wave is embodied by the form factor, L, (for the fundamental harmonic,
s = 1), of the waveguide mode, which was given in Eq. 3.8. In the case of the confocal
cavity, the form factor takes on different values at different guiding centers because
the confocal modes (operating mode of H Eyg) is azimuthally asymmetric. The lack
of azimuthal symmetry means that different locations around the annular electron
beam will experience locally different electromagnetic field strengths. This is seen in
Fig. 4-1, which schematically features the annular electron beam discretized, overlaid

on to the H Eys spatial mode of the confocal waveguide.
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Figure 4-1: Schematic of a H FEys mode supported by a confocal geometry. The
annular electron beam is shown as a dashed circle, and is discretized into distinct
beamlets, shown as red dots. The coupling factor at different beamlets depends on
the (asymmetric) field distribution of the H Eys mode.

The field pattern is clearly different at individual points around the guiding center
radius of the electron beam, and this must be taken into account for the simulation of
the gain from this interaction. In fact, the local coupling factor L, can be significantly
different at various locations about the annular electron beam’s interaction with the
confocal mode. Using the results of the quasi-optical approximation in Section 2.1.1,
we can numerically find this variation in L;, shown in Fig. 4-2.

The dependence of L; on the location (angle) around the annular electron beam
indicates that the local coupling is highly asymmetric with respect to the azimuthal
coordinate. We can study how this fact may affect the calculated gain in both the

linear and nonlinear regimes.

4.1 Linear Gain

Linear gain is derived by expanding Eqs. 3.26, 3.27, and 3.38 to first order. This

linearization is appropriate for estimating the gain in the circuit when seeded by a
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Figure 4-2: Coupling factor L; around an electron beam interacting with the H Ey4
mode of a confocal geometry with mirror radius R. = 6.83 mm and beam radius

R, = 1.6 mm. Numerically, the coupling factor varies significantly with guiding
center location.

small signal. In this section we expand the full gyro-amplifier equations and show that
the asymmetry of a mode and electron beam is in fact irrelevant in the computation
of linear gain. It suffices to simply take the average of the form factor, (|L{|?) in the
computation of linear gain.

We begin with the differential equations describing the evolution of electron phase,
electron energy, and field amplitude, denoted respectively by [1] as 0, w, and C.
The equations are derived in Section 3.0.2. For N guiding centers, these differential

equations become

do,, 1
U T 1w, m A

1
21 — w,
dw,, V1 —w,

Im[CLy,e "]} (4.1)

_ L. e %n 4.2
dz 1—bw, RelCLine ™| (42)
ac 1 L1 [ vV1i—w ,
A § — N e 4.
dz N °&ir /0 T, L ¢ o (4.3)

where the subscript n denotes the nth guiding center of an annular electron beam.

65



Effectively, the net field amplitude is the sum of contributions of electrons at all
guiding centers, which in a numerical code will be discretized. The parameters b, u,
and A are related to the initial conditions of the electron beam-RF interaction at
the beginning of the circuit (z = 0) and are defined in Section 3.0.1. Additionally,
the values of 0,,, w,, and C at z = 0 are, respectfully, a uniform distribution of
the electrons over the entire Larmor radius in phase (0 to 27), wy,|,—o = 0, and
C(z = 0) numerically determined by the power in the waveguide mode. Furthermore,
the integral in Eq. 4.3 is taken over the initial phase 6y, at z = 0. In general, the

terms Lq, are different for different guiding centers. Using the substitution

C = Ce 'A% (4.4)

as well as a first order expansion

we can rewrite Eqs. 4.1-4.3 in the following form:

aotV 1 )
o= (1 — Ab)wV + §Im[CL1ne*1 on] (4.7)
dw'V _ ,
chljz = —Re[CLlne’wO"] (4.8)
e, _ (R B 1
o aNm s ~ 1,0
A DRI (CHIE
1 .
i@f})} 5 Line ™ o (4.9)

The superscript (1) denotes the first-order terms for w, and 6,. To handle the

integral over 6, in Eq. 4.9, we introduce a change of variables:
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1 2

wn@):—% 0 wDLE e dh,, (4.10)

7 (1) 1 o (1) i0)
0, =— 0\ Ly e dby, 4.11
o 0 n 1n€ 0 ( )

With this change of variables, Eqs. 4.7-4.9 become

7 (1) - 2m
do 71 _
"= (u— Ab)w, M — —— C Ly, L, dbo, 4.12
dwn(” 1 -
= —§CL1nL’{n (4.13)
= N
d _ 11 1 _
d—f —iAC = =< hos Y [(b - 5)@51) + i&n(l)] (4.14)
n=1

As a final step, we note that we can sum over the N guiding centers index, n, by

taking the express average over the guiding centers:

5 1 o7 )
o =—%"4g," (4.15)
N n=1
1 N
oM = ~ > w, W (4.16)
n=1

g™ I
= (= Ab)oY — —C—=" " |Ly,|? 4.17
i CRECLAES 5 DN (417
do® 11 &
=—-C=) |Li| 4.18
dz 2 N n:1| inl (4.18)
dC - 1 1\ - i =
— —iANC = —ZIy(b—= )Y — =1,0Y 4.19
d 2 0( 2) TN (4.19)
In considering linear gain, we assume that diz = ¢I". This comes from an ex-
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ponential field growth of exp(—il'z). Consequently, Eqs. 4.17-4.19 can be reduced

to

(u— Ab)YGY —0aM — i<|L1|2>C“ =0 (4.20)
- 1 -
T 4 §<|L1]2)C =0 (4.21)
1 1\ _ = _
1o (b — 5) oM + %100(1) + (i —iA)C =0 (4.22)
in which (|L1[?) = + oM |L1,|? is the averaged form factor over the guiding

centers. We note that Eqs. 4.20-4.22 show that the reduced first-order expansion
of considering multiple beamlets has simplified to the standard expression for linear
growth as derived in [89], provided that the form factor in question is computed from
an average of all guiding radii. Indeed, with the variable I} = $1o(|L;|?), we can find

that the polynomial dictating the gain term I is

2T —A)+T0— 1)+ (u—Ab) ;=0 (4.23)

Thus, the linear gain when considering form factors that depend on the guiding
center is identical to that of an approach that averages over all of the guiding centers.
This fact reflects the superposition principle in the linear regime. This is useful com-
putationally, because it shows that if the form factor L; is calculated from \/m ,
the resulting value can be used in Eq. 4.23 to compute the linear gain directly, but
not the nonlinear gain.

Equation 4.23 is a third-order polynomial that can be numerically solved for a
calculation of linear gain versus frequency. An example linear gain bandwidth is
shown in Fig. 4-3. The confocal rail distance is 6.83 mm, the beam voltage is 35
kV, the beam current is 3 A, the pitch factor « is 1.5, the guiding center radius is
1.8 mm (chosen to interact with the peak field values of the H Eys mode), and the
magnetic field is 5.12 T. This example gain bandwidth demonstrates that it is possible

to achieve an appreciable gain per unit length over a broad bandwidth using the H Eg
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mode of the confocal waveguide.

6 138 140 142 144 146
(GHz]

Figure 4-3: An example calculated gain bandwidth that demonstrates a linear gain
per unit length of about 4 dB/cm at 140 GHz. A wide bandwidth is also seen.

4.2 Nonlinear Code Results

The nonlinear beamlet code was developed for application to interaction circuits which
lack azimuthal symmetry (e.g. a confocal waveguide operating in the H Fyg mode).
For the beamlet method, the annular beam is divided into discrete beamlets, each
with a coupling factor L, calculated according to their relative location in the field
distribution (c.f. Fig. 4-1 and 4-2). A second method using a single beamlet and
beam averaged coupling coefficient (L;) is presented for comparison. For the beamlet
method in all instances, 100 total beamlets are utilized, which well-discretizes the
spatial variance of the fields. As a means of verifying the beamlet code, the gain for a
circular waveguide operating in the azimuthally symmetric T'Fy3 mode was calculated

and compared with the predictions of MAGY [90]. Figure 4-4 shows that the gain
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predicted by MAGY and the beamlet code are almost identical.

50

w =
o (=]

Circuit Gain [dB]
]
=]

—MAGY
— Beamlet code

0 5 10 15 20
Dist. [cm]
Figure 4-4: The gain for a T'Ey3 mode as predicted by the beamlet and MAGY codes.

The operating condition simulated is for a 141 GHz signal at 5.085 T, 37 kV, a pitch
factor of 0.9, 3 A beam current, input power 50 mW, and a pipe radius of 3.54 mm.

The gain of a confocal waveguide operating in the H Fyg mode is shown in Fig. 4-5
for both the beamlet method and the beam averaged coupling coefficient approach.
These simulations were performed for 140 GHz with 50 mW input power, 5.085 T, 37
kV, 3 A beam current, confocal rail spacing R, = 6.83 mm, a pitch factor a of 0.9,
and a loss per unit length of 3 dB/cm, which represent typical operating values.

A difference of ~ 1.7 dB in peak gain is computed between the code using an
averaged L, and that of the beamlet simulation as seen in Fig. 4-5. This 1.7 dB
difference in peak gain is observed to be invariable over a range of input power, as
seen in Fig. 4-6 for the same operating conditions. Although the saturated gain
difference of 1.7 dB appears small, it is important when considering power. For the
case shown in Fig. 4-5, the estimated saturated output power is 500 W for the
averaged case, but is only 360 W when accurately calculated by the beamlet theory.

Electron beam velocity spread is an important factor that can impact the predicted
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Figure 4-5: Confocal circuit gain versus interaction distance calculated using a single
beam averaged coupling factor (L;), and 100 beamlets.

gain of a gyrotron amplifier and has been studied analytically as well as numerically
[91, 92|. We take the approach used in [92] to model the effect of a non-cold electron

beam (a distribution of electron velocities is introduced).

The developed code was used to study the effect of velocity spread on the saturated
gain in the confocal mode. The calculated gain in Fig. 4-7 is shown for an operating
point of 5.085 T, 37 kV, 3 A beam current, a pitch factor of 0.8, confocal radius 6.83
mm, 3 dB/cm waveguide loss, and 1 W input power at 140 GHz.

The difference between saturated gain as calculated with an averaged coupling

factor and the beamlet approach is shown in Fig. 4-7.

The results in Fig. 4-7 emphasize the importance of properly accounting for the
effect of velocity spread on circuit gain. Again, as in Fig. 4-7, the use of a beam

averaged coupling coefficient is found to overpredict the saturated circuit gain.
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Figure 4-6: The peak confocal circuit gain versus input power as calculated using the
beam averaged coupling factor method and the beamlet method.

4.3 Discussion

In this chapter, we have examined the governing gyro-amplifier equations with an
intention of developing a practical application of them. Namely, we have linearized
the full gyro-amplifier equations and have shown that the azimuthal asymmetry of
the H Eys mode is irrelevant in this linearized regime. Subsequently, we introduced
the concept of beamlets as a numerical tool to account for the mode’s asymmetry
when calculating the gain in the nonlinear regime. Both the linear and nonlinear
regimes are important for developing an engineered gyro-amplifier system.

In regard to the asymmetry of the H Eys mode, due to nulls in its spatial distri-
bution portions of the annular electron beam are not interacting strongly with the
mode. Consequently, electrons at these guiding centers may not fully bunch, and
the energy that they carry will remain in the transverse velocity component. In the
case of the confocal waveguide modes, it is seen that the interaction between elec-
trons in a given guiding center with the spatial mode depends on the location of

the guiding center relative to the confocal geometry. Therefore, calculating an aver-
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Figure 4-7: Confocal circuit gain versus interaction distance for various specified RMS

velocity spread values. Solid curves are calculated using a beam averaged coupling
factor (L;) and dashed curves are calculated using the beamlet method.

aged interaction value may over-sample the net coupling between the electron beam
and the waveguide mode. This will result not only in a higher predicted gain but
also in a diminished effect from increased waveguide loss, as sections of the electron
beam that in reality are not interacting with the waveguide mode are included via
the averaging calculation. In the beamlet case, which accurately accounts for the
asymmetry of the waveguide mode, certain regions of the electron beam do not factor
prominently into the gyrotron interaction. Consequently, those beamlets that are
interacting with a strong field region amount to the entirety of the gyrotron inter-
action. Increased waveguide loss lowers the field strength, which adversely affects
the bunching mechanism, leading to a greater difference in the predicted gain when
comparing the averaged coupling against the beamlet code. Finally, the inclusion of
velocity spread was demonstrated. At moderate velocity spread values, the difference
in calculated gain has only a minor dependence on the absolute velocity distribution.

This is consistent with the argument that it is the spatial distribution of asymmetric
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modes, and the poor coupling between beam and mode at certain spatial locations,
that contributes to a difference in calculated saturated gain.

Using the numerical tools developed in this chapter, an operating condition can be
determined and the design of a hot test confocal waveguide gyro-amplifier engineered.
In the following chapter, we discuss the considerations and approach to constructing

a functioning hot test of a confocal gyro-amplifier.
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Chapter 5

Experiment and Results of the

Confocal Gyro-TWT

In this chapter we discuss the experimental setup and results of the confocal gyro-
TWT study. We have previously seen how the confocal geometry can be used as
an interaction waveguide, and how the radiative loss mechanism introduces mode
selectivity to the system. Now, we take a look at the important components of the
entire gyro-TW'T experiment. These individual systems, such as the magnet, electron
gun, mode converters, etc., need to be integrated in order for the gyro-TWT to be

successful. We begin this chapter with an overview of these components.

5.1 Experimental Setup of the Confocal Gyro-TWT

A photograph of the laboratory setup as used during the confocal gyro-TW'T exper-
iment is shown in Fig. 5-1.

As can be seen in Fig. 5-1, the laboratory setup and gyro-TW'T are macroscopic -
the dimensions involved are on the order of centimeters to meters. This is contrasted
with the millimeter-scale of the confocal waveguide and mode converters, where me-
chanical tolerances need to be within tens of microns. The heart of the gyro-TWT
is the vacuum tube and internal components, which include the confocal waveguide.

This tube is inside the bore of the superconducting magnet, spaced such that the
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Figure 5-1: The laboratory as setup for the confocal gyro-TW'T experiment.

confocal circuit is at the center of the magnetic field. A cross sectional diagram of
the vacuum tube is shown in Fig. 5-2. The main elements of the internal components
are labelled.

As part of the setup to transport microwave power to the circuit, individual sec-
tions of 20 cm corrugated waveguide were manufactured. The 12.7 mm internal
diameter waveguides are corrugated with a depth and pitch optimized for 140 GHz
microwaves. This was achieved with a trapezoidal tap, the critical dimensions of
which are shown in Fig. 5-3.

These waveguide sections were clamped together to create a length of corrugated
waveguide over 2.5 m in length. Microwaves are introduced into the vacuum chamber
through a 3.28 mm Corning 7940 fused quartz window. This extensive input trans-
mission line setup introduces a loss to the transported microwave power, which in the

frequency range of interest (137 to 143 GHz) is about 6 dB in total.
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Figure 5-2: A cross section schematic of the confocal system setup is shown, in which
a) location of electron gun, b) the gun coil magnet, ¢) confocal circuit, d) input
waveguide, e) output waveguide, f) the output window, g) the ion pump, and h) the

location of the input window (axis normal to the page). The tube is housed inside of
the 6.2 T superconducting magnet.

It is important that the mechanical and magnetic field axes are aligned because
a misalignment would result in the electron beam missing the interaction with the
confocal mode. The meter-long system that supports the confocal circuit as well as the
input and output corrugated waveguide is inserted horizontally into the vacuum tube
and is secured by a taper and clamp arrangement. External alignment is performed
by adjusting two 2D stages: one at the gun-end and one at the output-end. This
allows for the stainless steel tube to be moved in space, but cannot influence any
internal misalignment between the beam tunnel and circuit setups. Therefore, it is
important to maintain a parallel setup internal to the vacuum pipe, which is provided
by the bracing arms. In order to maintain a straight alignment to the vacuum tube
mechanical axis internally, this meter-long system is supported by these stainless
steel bracers that are compressed with a spring washer when the tube is assembled.
Stainless steel bracer arms are bolted laterally to the confocal circuit and extend to
the output conflat flange. The approach of applying a compression force via deforming
wing washers (upon closure of the conflat flange) ensures that the tapered alignment

nose is fitted securely to its mating collar. A photo showing the stainless steel bracing

7



Trapezoidal (Acme) Screw Threads

Internal Thread

\‘__S_OD__‘I
R
N /
Z R1~-,
1 y 1L AN \ 0.5 inch
o 74 A, intrnal
43 J// I of VRN i diameter
}— v ) \ [ Ry
bl / ¢
d
2| d, D, D, D,
p
d;
‘*{DH External Thread

Thread Axis

Critical dimensions in inches

D4 =0.500"

D1 =0.544"

P =0.03125" (32 threads per inch)

Figure 5-3: The trapezoidal tap dimensions used for fabricating corrugated waveguide
sections.

arms, as well as the corrugated waveguide sections, is seen in Fig. 5-4.

The small signal gain of the gyro-amplifier is studied by using a solid state RF
driver as an input source to the system. This Virginia Diodes amplifier multiplier
chain (AMC) has an output power of about 50 mW over a bandwidth of 138 to
144 GHz. The AMC is able to function as either a continuous wave or as a pulsed
source. Saturated gain behavior is studied by using an extended interaction oscillator
manufactured by CPI. This source is operated in a pulsed capacity with a pulse width
of 2 microseconds over a tunable band of 139.5 to 142 GHz. The output power into

the transmission line is about 50 W at its peak and may be varied with an attenuator.

Below, we discuss the corrugated waveguide, superconducting magnet, and the
electron gun, as these are external pieces of equipment for the overall experimental
setup. We will then proceed to discuss the details of the confocal interaction circuit

itself.
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Figure 5-4: The stainless steel bracer arms support the confocal circuit. The copper,
corrugated waveguide sections are seen above and below the circuit.

5.1.1 Superconducting Magnet

The superconducting magnet used in this experiment was manufactured by Magnex
Scientific, LLC. It has the advantage of having a large bore of 12.7 cm in diameter,
which is helpful for installing and aligning the vacuum tube. Additionally, the magnet
features a flat top that is 20 cm, to a field variation of +0.5%. Two 2D translation
stages are mounted on the ends of the superconducting magnet liquid helium jacket,
and provide mechanical alignment for the vacuum tube. A separate, pancake style
coil assembly is used to provide a local magnetic field near the electron gun’s cathode.
This gun coil is water cooled and is capable of 0.11 T at a maximum applied current of
100 A. The current leads are reversible, so the applied magnetic field can be additive
or subtractive near the cathode. A detailed description of the magnetic field as well

as the results of a direct measurement are discussed in the Appendix A.
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5.1.2 Electron Gun and Pulse Forming Network

The gyro-TWT experiment used a CPI triode configuration, non-laminar VUW-8140
MIG gun, with nominal operating parameters of 65 kV and 5.0 A of beam current.
These conditions were designed to operate at 5.6 T to produce a pitch factor a of 1.5
and a perpendicular velocity spread of 2.7%. For use as a gyro-amplifier at 140 GHz,
the gun was ultimately run at a different operating point of 5.087 T, 48 kV beam
voltage, 34 kV mod-anode voltage, a pitch factor of 0.64, and beam current up to 3
A. This operating condition will be described in a future section. The fact that the
MIG gun is a triode configuration allows us to tune the pitch factor o by changing
the mod-anode ratio. This mod-anode ratio controls the final mod-anode voltage via
a resistor bridge. In practice, the resistor bridge comprises twenty separate taps. The

mod-anode voltage, Va4, is thus related to the cathode voltage, Vi, as

VVLKA = —0.00496 Ny 4 0.790 (5.1)

where Nr is the tap number on the resistor bridge. By a combination of tuning
both the gun coil current and the mod-anode tap, different values of o and final beam
radius R, can be explored.

The cathode emitter surface is R, = 9.12 mm. Using the adiabatic relationship
given by Eq. 2.1, it is possible to trace the beam radius as a function of axial
coordinate z due to the fact that the magnetic field is itself changing, B(z). An
example of how R,(z) behaves is shown in Fig. 5-5.

The beam radius is most affected by the axial position of the emitter as well as
the gun coil current. Hence, for where beam radius is concerned, the ability to tune
these two parameters is essential in the laboratory setup.

One significant beam parameter that can affect the final gain (and output power)
of both gyro-TWTs and gyrotron oscillators is the velocity spread of the electrons
[93, 94, 95, 96]. A spread in perpendicular velocities results in some electrons having
either too little or too great of a perpendicular velocity component to be bunched

successfully for the given RF frequency. Consequently, the net gain suffers. Sources
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Figure 5-5: The beam radius R,(z) as a function of axial coordinate z, traced from
the cathode position (with R, = 9.12 mm) to the magnet center. The cathode emitter
is located about 57 cm from the magnetic field center. At the emitter, the field is
0.19 T and the main flat top field is 5.09 T, giving a compression ratio of about 5 for
the beam radii.

of velocity spread include optical (electromagnetic focusing) and material effects.
Generally speaking, material effects can be related to surface roughness of the emitter
source and thermal variations due to unequal heating of the cathode. Optical effects
are due to the chosen electromagnetic operating parameters (cathode voltage, mod-
anode voltage, magnetic field, and beam current). The optical effects can be modelled
by a particle-tracking code, such as MICHELLE [97]. In fact, the design of MIG guns
used for gyrotrons is a critical step in the development of a successful gyrotron.
The optical effects are of principle concern in the engineering of these MIG guns
[98]. Whereas the optical effects on velocity spread can be minimized by careful gun
design, the material effects (due to surface chemistry and gradual aging with usage)
are difficult to minimize. A detailed study following the approach taken in [99] was
performed on the VUWS8140 electron gun. The results are presented in Appendix B.
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The electron gun is powered by a pulsed high voltage modulator. This modulator
is capable of supplying a flat high voltage pulse to the electron gun up to 65 kV.
The modulator itself (as a 6:1 step-up transformer) is driven by a pulse forming
network, charged by a Spellman power supply and discharged by a thyratron. The
temporal width of the flat top is about 4 microseconds, although the amplification
experiments use the central 2 microseconds. Over this 2 microsecond region, the
modulator supplies a steady voltage, which is necessary for stable amplification to take
place. During experimental operation, both the high voltage and the tube collector
current are read simultaneously. Figure. 5-6 shows an example of the data collection

scheme when a WRS8 diode is used to detect a 140 GHz signal.
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Figure 5-6: Data traces showing voltage, collector current, and diode response. The
diode response is seen to correspond at the flat top of the high voltage pulse.

5.2 Mode Converters

The gyro-amplifier experiment features a 12.7 mm diameter corrugated waveguide for
transmitting RF power into the vacuum tube. It is necessary to couple power from the

H FEy; mode of the corrugated waveguide into the H Fyg mode of the confocal circuit.
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This is accomplished by using a quasi-optical mode converter with a Vlasov-style
design [100]. In total, two separate mode converter designs were ultimately tested.
The original hot test of the confocal gyro-TWT lacked any such mode converters.
Instead, input power was sent through a fundamental waveguide WRS8 directly into
the center of confocal rails. The output was collected by a circular uptaper. The
circular uptaper ultimately was attached to the collector, which doubled as the output
waveguide. This system is shown in Fig. 5-7. Although functional, neither the input

nor the output is designed to interact with the H Eyg mode of the confocal waveguide.
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Figure 5-7: A cross sectional view of the input/output setup for the gyro-TWT
experiment that features a WRS8 bend and a circular uptaper as the input and output
schemes, respectively.

This power coupling scheme was the first iteration hot tested during the gyro-
TWT study. Although the system performed, there were inherent issues that could be
problematic for application to DNP/NMR experiments. Namely, the input downtaper
from circular waveguide to fundamental WR8 may cause reflections on the input
transmission line. Second, the forceful coupling from H Fyg to a circular uptaper
does not create an ideal output transmission line mode. Moving to a power coupling
scheme that uses the aforementioned quasi-optical mode converters was a necessary
step in the further enhancement of the gyro-TW'T system.

In order to address the power coupling issue, a first generation quasi-optical mode
converter was designed and cold tested. This mode converter, as an initial test of
the quasi-optical system, was intended to only replace the output circular uptaper,
and featured a toroidal focusing mirror as well as an angled steering mirror. The
steering mirror redirected output power into an output waveguide, which was now

offset from the electron beam trajectory (thus allowing the collector to no longer also
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act as an output waveguide). The initial design of the quasi-optical mode converter
was oversized, which precluded its adaption as a symmetric input mode converter;
therefore, the WRS input scheme remained. A diagram of how the hot test design

fitted to the original confocal circuit is shown in Fig. 5-8.
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Figure 5-8: A cross sectional view of the hot test design for adapting the first quasi-
optical mode converter for use with the existing confocal gyro-TW'T system. The
output of the confocal waveguide is redirected off-axis from the electron beam trajec-
tory.

The quasi-optical mode converter was cold tested by using a 2D scan in order to
probe the output field pattern. For application to DNP/NMR, it is advantageous to
work with corrugated waveguide. A gaussian beam couples well to the transmission
line mode of a corrugated waveguide, and thus the quasi-optical mode converter is
designed to produce an output field pattern that is gaussian. The result of the cold
test is shown in Fig. 5-9 along with a numerical prediction from the simulation code
HF'SS.

The output radiation pattern of the first generation mode converter was seen to
match with that of the numerical prediction, although the desired gaussian beam
was not measured. Despite this, the agreement between the cold test and simulation
held promise for refining the design steps taken during the engineering of the mode
converter.

Following the results of the first generation mode converter, it was decided to
design new mode converters for both the input and the output of the confocal circuit.

This led to the final gyro-TW'T system as seen in Fig. 5-2. Importantly, the mode
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Figure 5-9: A vector network analyzer scan of the output radiation pattern, shown
on the right, is compared with the numerical prediction from HFSS, shown on the
left. The scale is logarithmic. The experimental result is seen to match reasonably
with the numerical prediction.

converter design needed to be more compact in order to allow identical setups to
be machined onto a new generation of confocal waveguide. This reciprocal system,
with mirrors machined from the same piece of copper as would form the confocal
rails, would be integrated into the final confocal circuit. Machining from the same
piece of copper as that which forms the rails helps to ensure mechanical alignment
of the mode converter to the confocal rails. A scale model of this Vlasov-style mode
converter, shown as a cutaway CAD figure in Fig. 5-10, was fabricated and cold
tested using a vector network analyzer (VNA). The scale model is identical to the
complete structure except that the length of the confocal rails is 3 cm versus 20 cm

in the full structure.

The scale cold test model mode converter was fully simulated with the commercial
software CST Microwave Studio. A comparison of both the measured (VNA) and
simulated (CST) Sy; parameters is shown in Fig. 5-11. The Sy; parameter shown is for
the entire scale model, calibrated at the waveguide input to the quasi-optical launcher,
and therefore includes the losses from both sets of launchers. Good agreement between
simulation and measurement indicates a successful fabrication of a quasi-optical mode

converter for the confocal H Eys mode.

The quasi-optical design furthermore reduces backward reflections in the corru-
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Figure 5-10: A CAD rendering of the cold test mode converter. This model includes
integrated parabolic mirrors that were machined as part of the short confocal rail
section.

gated transmission line as it avoids the downtaper that a fundamental waveguide
WRS input section would require. This final design was manufactured in a hot test

form with the new confocal circuit.

5.3 Suppression of Vacuum Pipe Modes

Throughout the course of this project, it was consistently observed that there ex-
ist parasitic oscillations that compete with the operating frequency of ~ 140 GHz.
These oscillation frequencies were measured to be around 126.5 GHz, and had a typ-
ical starting current of above 1 A at nominal operating voltages. The existence of
these parasitic oscillations went against the understanding that the open geometry
of the confocal waveguide would suppress competing modes, such as the H E;5 mode.

Additionally, the fact these parasitic oscillations competed directly with the operat-
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Figure 5-11: The Sy; parameter shown for both the measured (VNA) and simulated
(CST) results. Good agreement is seen between measurement and numerical simula-
tion.

ing frequency meant that experimental studies of gain were limited in beam current.
Because the small signal gain is proportional to 1(}/3) achieving high gain even at
optimal operating parameters was restricted due to the fact that the beam current
was necessarily small. Figure. 5-12 shows the characteristic 7(/3) behavior of the
small signal gain measured using the second generation confocal circuit at an oper-
ating condition of 5.085 T, 44 kV, and 140 GHz, as a function of beam current. A
functional fit to the gain versus beam current behavior indicates that if the current
were able to be higher that the gain would reach at least 30 dB. A new understanding
needed to be discovered that would enable a design change to the gyro-TW'T system
in order to eliminate the competing parasitic oscillations.

Numerical studies performed in CST Microwave Studio showed that the interior
wall of the vacuum chamber that houses the confocal circuit supported vacuum pipe
modes that coupled back into the interaction region of the confocal geometry at
frequencies measured during the hot test. In order to suppress these vacuum pipe

modes, the dielectric ceramic Macor was added into the vacuum tube on the flanks
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Figure 5-12: The small signal gain versus beam current. The gain versus current is
fit to an 11/3) dependence, and when extrapolated to 3 A the gain reaches 30 dB.
The operating point is 5.085 T, 44 kV, « of 0.63, and 140 GHz. This indicates that
it is advantageous to use higher beam current.

of the confocal structure. Fig. 5-13 shows the computed spatial mode pattern for a
126.5 GHz eigenmode of the entire cross section of the vacuum tube, including the
vacuum tube inner walls and the confocal structure, with and without the inclusion

of the Macor dielectric.

The addition of Macor bars creates an absorptive loss, which supplements the
diffractive loss mechanism of the confocal geometry. A Q factor was computed by
CST Microwave Studio for the vacuum pipe modes with and without the Macor
bars. As shown in Table I, the Macor bars significantly dampen the quality factor of
the vacuum pipe modes and help to prevent these parasitic oscillations at unwanted

frequencies.

The inclusion of these Macor bars led to zero-drive stable operation at beam
currents above 2 A and operating voltages above 30 kV. This is a requirement for

successful amplifier operation at 140 GHz and for application to DNP/NMR systems.
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Figure 5-13: a) 126.5 GHz mode of the entire volume of the vacuum pipe without
Macor bars. The vacuum pipe wall supports a mode that has strong fields at the
confocal interaction region (located at the center of the simulation and as indicated
by the arrows). b) The 126.5 GHz mode is seen to be suppressed by the addition of
Macor bars (shown in red). These plots are on a linear scale with red showing the
location of the highest E field values.

Frequency | Q no Macor | Q with Macor
126.1 GHz 2.9e4 450
126.2 GHz 4e4 480
126.5 GHz 3eb 170

Table 5.1: Quality factors computed for several spatial modes of the vacuum pipe.

5.4 Design Goals

In this section, we begin the discussion of the second generation of the confocal in-
teraction circuit, and how it applies to the amplification of pulsed millimeter waves
for use with pulsed DNP/NMR. Previously mentioned work has demonstrated the
suitability of gyro-devices as a power source for high-field DNP spectroscopy experi-
ments. As we know, fixed-frequency, continuous-wave gyrotron oscillators have been
in service at the Francis Bitter Magnet Lab (FBML) at 140, 250, and 460 GHz. It is
desired to develop a pulsed, phase-controlled amplifier centered at these frequencies
for use in pulse DNP/NMR experiments. The application to DNP/NMR sets the

experimental design goals, listed in Table 5.2.
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Output Power | > 500 W
Bandwidth > 1 GHz
Center Frequency | 140 GHz

Table 5.2: The design goals of the 140 GHz gyro-TW'T experiment.

5.5 Experimental results of first generation confocal
circuit with severs

The confocal gyro-TW'T underwent hot testing on the original system setup, which is
shown in 5-7. This generation of confocal circuit, shown schematically in Fig. 5-14,
is 21 c¢m in length (three sections of 5 cm confocal rails). The width of these rails,
also known as the aperture (2a), is 5 mm. It features two severs of length 3 cm with

a minimum aperture of 0.74 mm, cut directly into the confocal rails.

Confocal amplifier sectiOW

—

Severs (3 cm)

WR 8 input coupler
Circuit length 21 cm

Figure 5-14: The first generation confocal circuit.

During the hot test of this initial setup, a large parameter space was explored.
Ultimately, the gyro-TWT was found to have a peak output power at a magnetic
field value of 5.182 T. At this field value, using a combination of the EIO and the
VDI solid state source, the gain saturation was studied. Figure 5-15 shows the gain
saturation behavior at 5.182 T, 40 kV, « of 0.54, and a beam current of 2.4 A, with
a peak output power of 875 W, which corresponds to a device gain of about 12.5 dB.
The high power point was measured at 139.7 GHz.
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Figure 5-15: The gain saturation behavior for the first generation confocal circuit, as
measured at 5.182 T, 40 kV, 2.4 A of beam current, and an operating frequency of
139.7 GHz. The peak output power of 875 W corresponds to a device gain of about
12.5 dB.

Of interest to DNP/NMR is the small signal gain, which would be used to amplify
a pulse train from a solid state source. Therefore, the parameter space was scanned
to optimize for the peak small signal gain. Figure 5-16 shows the gain bandwidth at
a magnetic field of 5.05 T and 27 kV. The beam current was limited to 1.3 A in order

to prevent oscillations.

The magnetic field was also taken to a higher field value. At 5.17 T, 40 kV, and
a beam current of 1.5 A, the circuit gain was recorded near 30 dB. This is shown in
Fig. 5-17.

The first generation confocal circuit demonstrated a peak output power of 875 W
at 139.7 GHz. This achievement was the highest recorded output power measured
during experimentation with the confocal gyro-TWT, and is a promising step towards
high-power amplification. Circuit gain at about 30 dB near 139.4 GHz was observed.
In conjunction with the hot test of the first generation confocal gyro-TWT, several

improvements were underway. These included the installation of the aforementioned
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Figure 5-16: The small signal circuit gain for the first generation confocal circuit at
an operating point of 5.05 T, 27 kV, a of 0.45, and a beam current of 1.3 A. The 3
dB bandwidth at this operating point is about 400 MHz.

corrugated waveguide, the design of quasi-optical mode converters, and the redesign

of the confocal circuit itself. A discussion of the new confocal redesign follows.

5.6 Severless confocal circuit design

Work performed during the initial hot test of the gyro-TW'T revealed that some
improvements were possible. The quasi-optical mode converters, previously discussed,
comprised such an improvement. It was desired to revisit the design of the confocal
circuit itself. Key design decisions when constructing a confocal interaction circuit
are the rail spacing, length of circuit, and rail width (the rail curvature is set by the
condition that the radius equals the spacing). The interaction circuit is a 20 cm set of
copper rails arranged with the confocal geometry described, the length chosen to be
within the flat top extent of the superconducting magnet’s field. The design elements
that were changed are the radius of curvature of the confocal rails and their width.

For the second generation circuit, the radius of curvature, equal to their separation,
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Figure 5-17: The small signal circuit gain for the first generation confocal circuit at
an operating point of 5.17 T, 40 kV, a of 0.54, and a beam current of 1.5 A. The
bandwidth is about 600 MHz, with a peak of 30 dB around 139.4 GHz.

is 6.83 mm. The loss per distance for each confocal mode depends on the width of
the rails. The aperture of these rails is 4.3 mm, which at 140 GHz provides about
4 dB/cm of attenuation due to diffractive losses. A cutaway schematic showing the
detailed arrangement of the confocal rails along with the reciprocal input/output

mode converters is shown in Fig. 5-18.

The rail spacing determines the cutoff frequency for each mode. The cutoff fre-
quency is a design variable that is used in conjunction with the electron gun operating
parameters in order to give a good tangential grazing condition on the dispersion di-
agram. At a rail spacing of 6.83 mm, this cutoff is 137.3 GHz for the H Eys mode.
As previously mentioned, the dispersion relations for the waveguide mode and the

electron beam may be written as follows:
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RF input

Input/Output Mode Converters

Figure 5-18: The confocal circuit was fabricated with integral input/output mode
converters. The launchers were machined from the same bar of copper that was used
to cut the confocal rails, a design feature that improves mechanical alignment.

W — k2 — ki =0 (5.2)

w—Q/y =k, >0 (5.3)

where k, and k, are the components of the wavevector, w is the angular frequency,
Q = eB,/m, is the cyclotron frequency, and + is the relativistic factor. In Q, e is
the electron charge, B, is the magnetic field, m,. is the electron mass. We note
that the dispersion relations experimentally depend on the magnetic field, the beam
voltage, and the pitch factor & = v, /v,. Gain occurs when the dispersion curves
described by Eqs. 5.2 and 5.3 are near intersection. The ability to experimentally
tune laboratory parameters such as beam voltage and magnetic field, as well as the
choice of a waveguide cutoff by mechanical design, allow the possibility to engineer
an interaction circuit to amplify at a desired frequency range. With a cutoff of 137.3
GHz, we can achieve a tangential grazing condition with a set of operating parameters

obtainable in the laboratory. This can be shown visually in Fig. 5-19.

The principle mechanical design parameters of the severless confocal circuit are

summarized in Table 5.3.
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Figure 5-19: The dispersion curves, given by Eq. 5.2, are plotted for three modes
(HEos, HE15, HEps) of a confocal waveguide. Also plotted is the electron beam line
given by Eq. 5.3. The parameters of the plot are typical for the present experiments
with By = 5.087 T, beam voltage of 48 kV, pitch factor a = 0.64, and confocal rail
spacing of 6.83 mm. The electron dispersion line is tangential to the waveguide mode
curve around 140 GHz. The intersection of the electron beam line with the backward
wave curves of the HFE\ 5 and H Ey; modes indicates a potential source of parasitic
oscillations that needs to be suppressed.

5.7 Experimental Results of Severless Confocal Cir-
cuit without Dielectric Loading

Losses in the gyro-amplifier system mean that the actual confocal circuit interaction
needs to produce a high gain in order to achieve a high power for small signal amplifi-
cation. The main sources of loss are the transmission waveguide and window setup as
well as the reciprocal input/output quasi-optical mode converters. At 140 GHz, the
total loss due to the sum of input and output coupling is about 12 dB, which is the
offset when comparing device and circuit gain, the latter of which may be predicted
using numerical simulations.

The numerical code MAGY was used to simulate gain in the confocal circuit [90].
At 5.08 T, 46 kV, 3 A of beam current and a pitch factor o of 0.8, a circuit gain of

about 50 dB is predicted, provided that perpendicular velocity spread is low at 3%.
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Length 20 cm
Rail width | 4.3 mm
Rail spacing | 6.83 mm

Table 5.3: Design parameters for the severless confocal circuit.
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Figure 5-20: Simulated gain bandwidth results from the numerical code MAGY for
the case of two different velocity spreads. A drop in simulated peak circuit gain due
to a slight increase in velocity spread demonstrates the importance of good electron
beam quality. These simulation results are for an operating point of 5.08 T, 46 kV, 3
A and a = 0.8.

Figure 5-20 shows the effect of an increase in perpendicular velocity spread from 3 to
5%. A drop in the simulated peak circuit gain from 50 to 40 dB due to an increase in

the velocity spread illustrates the sensitivity of amplifiers to electron beam quality.

As previously mentioned, during initial hot tests of the gyro-amplifier, parasitic
oscillations in the range of 126.5 GHz were observed at operating voltages around
45 kV and beam current of 1 A. In order to achieve high gain, operation around
this voltage and a higher current of 3 A are desirable. Prior to the installation of
Macor bars, the gyro-TW'T was hot tested to find regions of high gain performance.
Experimentally, there are several parameters that may be adjusted. These are the

magnetic field, the cathode voltage, the mod-anode voltage, the gun coil current, axial
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tube alignment (as offset from the magnet’s center), and beam current. Ultimately,
the beam current was increased to 3 A; however, during the initial hot tests, the beam
current was kept lower, near 1 - 1.5 A, in order to avoid parasitic oscillations. The

values explored are listed in Table. 5.4.

’ Parameter \ Range ‘
Magnetic Field | 4.95-5.12 T
Cathode voltage | 25-50 kV

Mod-anode radio | 0.69-0.78
Gun coil current | 0- 100 A

Axial position +1.5e¢m
Beam current 1-3A

Table 5.4: Range of explored operating parameters.

The extensive search throughout this large operating space was optimized to find
the peak output power of the system at 140.0 GHz using the EIO as an input, with
a fixed beam current of about 1.3 A. By adjusting the experimental parameters,
the space of possible operating conditions was reduced. This is shown as a plot of
output power versus magnetic field in Fig. 5-21, where for each magnetic field value
the remaining experimental parameters (beam voltage, mod-anode ratio, gun coil
current, and axial tube position) were explored.

Experimentally, adjusting the magnetic field is the most difficult laboratory pro-
cedure, due to the design of the superconducting magnet. The fine adjusting of all
experimental parameters (including the magnetic field) is best performed when a rea-
sonable magnetic field range is acquired. It is seen that the gyro-TW'T performs
the best near 5.08 T. Varying the operating parameters at 5.085 T produced gain
bandwidths both close to cutoff as well as near the design frequency of 140.0 GHz,
as seen in Fig. 5-22. For operating voltages of 37 kV and 45 kV, the beam current
was necessarily low at about 1.2 A in order to avoid parasitic oscillations. Although
the frequency band of interest could be accessed, namely around 140 GHz, the low
current prevented access to higher small signal gain. Similarly, the higher gain seen

at 37 kV is due to the fact that the bandwidth is closer to cutoff. This behavior was
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Figure 5-21: The output power from the gyro-TW'T at a fixed beam current shown
versus optimized experimental parameters at different magnetic fields.

reproduced after the discovery of vacuum pipe modes and the installation of Macor

bars to suppress them.

Studies were also performed at magnetic fields not close to 5.08 T, in order to
observe the effect on the gain bandwidth. In particular, Fig. 5-23 shows the gain
bandwidth at an operating condition of 5.11 T, 47 kV, and a beam current of 1.7 A.

Likewise, at a lower magnetic field the gain bandwidth was seen to perform not
as well. At a magnetic field value of 5.05 T, with 44 kV and 1.7 A of beam current,

the circuit gain was not optimal, as seen in Fig. 5-24.

5.8 Results of Severless Circuit with Dielectric Load-
ing
Although it was possible to operate the gyro-TWT at lower magnetic field values,

the optimum magnetic field was experimentally found to be close to 5.085 T. Un-

fortunately, using a higher beam current was restricted by oscillations. Clearly, it

98



3

L=
-

4

A 3T kV|
———45kV|

=" -
(=2} =]
T T
|

—
s
|

Circuit gain [dB]
> N

(=2}
T
1

6 - IIII I'. 4

137.5 138 1385 139 139.5 140 1405 141 1415
Frequency [GHz]

Figure 5-22: Gain bandwidths at the optimum magnetic field of 5.085 T. Changing
the operating voltage shifts the bandwidth curve. The beam current in both cases
was set at 1.2 A. At 37 kV, a is 0.55 and at 44 kV, « is 0.65.

was necessary to be able to increase the beam current while maintaining a zero-drive
stable condition. As has been seen, the addition of Macor bars allowed for zero-drive
stable operation at the target voltage and beam current, in which the parasitic oscil-
lations were suppressed by the mechanism described in Section 5.3. This allowed for
the beam current to be increased to 3 A. Using the original magnetic field choice of
5.08 T, the hot test of the gyro-TWT after the installation of Macor bars was designed
to optimize for gain performance at 140.0 GHz. The electron gun code MICHELLE
calculates a pitch factor o of 0.60 at the design operating point at 5.08 T. The experi-
mental data and numerical calculation are shown in Fig. 5-25 for the operating point
of 5.08 T, 46 kV, 3 A, and « of 0.60. The peak gain is measured at 139.4 GHz and is
about 35 dB of circuit gain or 23 dB device gain. Agreement between experiment and

numerical simulation using MAGY is achieved when perpendicular velocity spread is

at 6%.
The results in Fig. 5-25 were optimized for 139.4 GHz. For optimization at 140.0
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Figure 5-23: The gain bandwidth at 5.11 T, 47 kV, « of 0.67, with a beam current of
1.7 A. The gain peaks at about 138.7 GHz and 25 dB of circuit gain. The bandwidth
itself is limited at close to 400 MHz.

GHz, the operating point was adjusted slightly to 5.087 T, 48 kV, and 3A of beam
current. At this operating point, a peak circuit gain of about 35 dB (or 23 dB device
gain) was measured at 140 GHz with a 3 dB bandwidth of 1.2 GHz. This measured
gain bandwidth is shown in Fig. 5-26. At this operating point, the numerical electron
gun code MICHELLE predicts a pitch factor a of 0.64. Given a perpendicular velocity
spread of 6%, MAGY predicts a good agreement with the measured gain.

It is noted that the value of « is relatively low. Altering the operating point to
explore a slightly lower magnetic field produced a gain bandwidth shown in Fig. 5-27.
Although the circuit gain is 34 dB, « has a lower value at 0.57 and the velocity spread
is still at 6%.

The saturated gain characteristics of this high gain operating point at 5.087 T were
also explored. Figure 5-28 shows a comparison of measured to simulated saturated
gain behavior. At the high gain operating point the output saturated power reaches

about 550 W at 140.0 GHz with an input power of about 2 W and a circuit gain of
about 24 dB.
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Figure 5-24: The gain bandwidth at 5.05 T, 44 kV, « of 0.64, with a beam current
of 1.7 A. The gain peaks at about 139.4 GHz and about 18 dB of circuit gain. The
bandwidth at this operating point is about 800 MHz.

As noted previously, it is possible for the gain to be higher near the waveguide’s
cutoff. With a higher beam current of 3 A, and an operating voltage of 38 kV, a
gain bandwidth near the cutoff frequency was measured and is shown in Fig. 5-
29. A simulation comparison with MAGY is shown to come closer to agreement at
frequencies higher away from cutoff. It is not known why the program MAGY differs
from the experimental results near cutoff.

Although this peak gain is about 40 dB at 137.9 GHz, this is not near the design
frequency of 140.0 GHz. Nevertheless, it is a good demonstration of higher circuit

gain near a waveguide’s cutoff.

5.9 Conclusions on Experimental Setup and Results

We have reviewed the major components of the gyro-TWT, such as the supercon-
ducting magnet, the electron gun, and transmission line setup. Subsequently, we

discussed the designs of the confocal interaction circuits that were tested during this
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Figure 5-25: Zero-drive stable gain bandwidth is shown as the blue line with a peak
of about 35 dB at 139.4 GHz. Good agreement is seen with a MAGY simulation at
a velocity spread of 6%. These are the experimental results for the operating point
at 5.08 T, 46 kV, 3 A, and a = 0.60.

project. Based on the conclusions from the initial hot test of the first generation
confocal circuit, it was decided to implement several improvements to the gyro-TWT
system. The improvements reviewed in this chapter were the corrugated waveguide,
the quasi-optical mode converters, and a redesign of the confocal circuit. Ultimately,
a comprehensive study of the second generation confocal gyro-TWT was performed.
This confocal circuit, with its attached quasi-optical mode converters, was successfully

hot tested.

Using a newly designed set of reciprocal input/output quasi-optical mode con-
verters, the confocal gyro-amplifier has demonstrated a peak circuit gain of 35 dB at
140 GHz with a bandwidth of 1.2 GHz. At this same operating point, the saturated
output power at 140 GHz was measured at about 550 W. The measurements were per-
formed under zero-drive stable conditions, necessary for application to DNP/NMR.
Vacuum pipe modes were identified and simulated successfully using CST Microwave
Studio. The inclusion of dielectric Macor bars in the vacuum tube reduced parasitic

oscillations, which enabled this zero-drive stability. The discovery of the vacuum pipe
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Figure 5-26: Zero-drive stable gain bandwidth is shown as the blue line with a peak of
35 dB at 140.0 GHz. Good agreement is seen with a MAGY simulation at a velocity

spread of 6%. These are the experimental results for the operating point at 5.087 T,
48 kV, 3 A, and a = 0.64.

modes is an important result of these experiments. Despite the fact that the vacuum
tube itself is large compared to the operating wavelength, spatial modes supported
by the inner walls of the vacuum tube may exist that interact with the electron beam.
The potential for such an interaction to occur is in principle possible for any systems

that rely on an open geometry as the choice for a circuit waveguide.
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Figure 5-27: Zero-drive stable gain bandwidth is shown as the blue line with a peak
of 34 dB at about 139.4 GHz. Good agreement is seen with a MAGY simulation at

a velocity spread of 6%. These are the experimental results for the operating point
at 5.075 T, 45.5 kV, 3 A, and a = 0.57.
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Figure 5-28: The measured saturated gain at 140.0 GHz is shown compared to nu-

merical simulation using MAGY. These are the saturation results for the operating
point at 5.087 T, 48 kV, 3 A, and a = 0.64.
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Figure 5-29: Gain bandwidth for an operating condition of 5.085 T, 38 kV, and beam
current of 3 A. The gain bandwidth is narrow, but high as it is close to the cutoff
frequency.
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Chapter 6

Conclusion

In this thesis, I have presented the theory and experimental results of a confocal
gyro-TWT operating at 140.0 GHz for use with pulsed DNP/NMR. As intended for
operation with pulsed DNP/NMR, this gyro-TWT has demonstrated the highest zero-
drive stable gain for a confocal circuit at 35 dB of circuit gain with a bandwidth of 1.2
GHz, centered around the design frequency of 140.0 GHz. The gyro-TW'T achieved
550 W of output power, also at a zero-drive stable condition. This achievement opens
the possibility of operating pulsed DNP/NMR at higher magnetic field values. It
should be noted that the gyro-TWT achieved a small signal circuit gain of about 39
dB at 137.9 GHz; however this bandwidth was limited and centered near cutoff, not
within the desired operating frequency of 140.0 GHz. The zero-drive stable operation
was possible because it was discovered that the inner walls of the vacuum tube itself
can support modes that are well-confined within the central portion of the system,
exactly where the electron beam is travelling. A reasonable assumption had been that
the cross section of the vacuum tube, which is hundreds of wavelengths (at 140 GHz)
in diameter, could be reasonably treated as being an infinite distance away, and thus
radiation leaked from the confocal rails would be lost to the system. The inclusion of
Macor into the vacuum tube led to zero-drive stable operation. The realization that
a system with dimensions that are large compared to the operating wavelength may
pose difficulties for open geometries such as the confocal waveguide is an advancement

that may be applied in future open geometry waveguides, and is a contribution to
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the general field of gyro-TWT research.

More particularly, Chapters 2, 3, and 4 of this thesis discussed the theory and
numerical studies associated with a confocal gyro-TW'T. Specifically, Chapter 2 fo-
cused on the quasi-optical analysis of the confocal waveguide modes. In Chapter
3, we reviewed the gyro-equations that govern the gyro-TWT interaction. Chapter
4 presented the concept of beamlets as a numerical tool for analyzing the interac-
tion between an electron beam with an annular arrangement of guiding centers when
overlapping with an asymmetric waveguide mode. Several numerical examples were
shown that may be of use in future designs for waveguides that support asymmetric
modes.

In Chapter 5, a comprehensive discussion of the gyro-TW'T experimental setup
was presented. The macroscopic components of the experiment, namely the magnet,
electron gun and high voltage modulator, and transmission line system were included.
A detailed discussion of the design of the confocal waveguide, including the quasi-
optical mode converters, followed. The design goals, operation of the experiment, and
results concluded this chapter.

The Appendices show the results of an analysis performed both on the super-
conducting magnet as well as the VUW-8140 MIT electron gun, which are both
important components of the gyro-TW'T experiment. The measurements detailed in
the Appendices provide important information about the performance of the magnet

and electron gun, and how their performance may affect the final amplification result.

6.1 Recommendations for Future Work

6.1.1 Electron gun design

The results presented in this thesis, whilst promising, have a good chance to be im-
proved upon. Most notably, it is desirable to reduce the velocity spread of the electron
beam. As seen in Section B.1.1, the VUWS8140 was originally designed to operate

under a different set of conditions than those that are necessary for amplification at
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140 GHz. The nominal velocity spread due to optical effects was predicted to be
under 3%. If this figure could be reduced further, by using contemporary particle
codes and fabrication techniques, in a design of a new MIG electron gun specific for

140 GHz amplification, then the gain may be increased.

6.1.2 Structural setup of gyro-TWT components

The fact that the magnet features a horizontal bore is an additional consideration
that may be taken into account in future efforts. Maintaining a straight, horizontal,
mechanical alignment with heavy components over a meter is a structural challenge.
Furthermore, ensuring that the beam tunnel and confocal rail axes are collinear is im-
portant for guaranteeing that the electron beam maintains a consistent overlap with
the confocal waveguide modes over the length of the interaction. In essence, the struc-
tural engineering of the internal components (confocal waveguide, mode converters,
and corrugated waveguide) should be of principle importance. Additionally, main-
taining a parallel set of confocal rails over a length of 20 cm can be addressed with
a different fabrication technique. It may be possible to wire EDM a set of confocal

rails from one block of copper, for example.

109



Appendices

110



Appendix A

Magnetic Field Measurements

A.1 The Superconducting Magnet

The superconducting magnet used in the 140 GHz gyroamplifier experiment was
manufactured by Magnex Scientific, LLC. The magnet is capable of a maximum field
strength of 6.2 T, although for normal operation at 140 GHz the field is approximately
5 T. The bore of the magnet is 12.7 cm (5 inches) and is kept at room temperature.
To maintain the temperature necessary for superconductivity, the main field coils
are immersed in a bath of liquid helium. An outer layer of liquid nitrogen helps to
insulate the liquid helium, and a vacuum jacket provides additional thermal isolation
from the laboratory temperature.

Several practical factors need to be considered during the design of an ampli-
fication circuit that relate directly to the superconducting magnet. An important
parameter is the flat top length of the field, which determines the maximum length
a circuit can be designed for. This magnet features an axial flatness of +0.5% over a
length of 20 cm, so the electron bunching that takes place at the operating field can
only occur over the length of the flat top. Once electrons are no longer in the flat top,
their dispersion line changes and they effectively fall out of tune with the microwaves.
A second parameter of concern is the ratio of the transverse to axial fields. This ratio
is a measure of the uniformity of the entire field throughout the bore, and is specified

to be B;/B, < 0.15%. A large transverse field would be detrimental to the electron
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beam quality, which in turn would reduce the amplification. Finally, a measurement
of the tilt and offset between the bore’s mechanical axis and the axis of the magnetic
field is an important check. Although the gyrotron tube is supported on both ends by
2D translation stages, a gross tilt is cause for concern because it could be indicative
of a shift in the coil windings of the magnet itself. Likewise, the 2D translation stages

cannot correct for any bowing in the magnetic field.

The electron gun itself is located in the bore of an independent gun coil assembly.
This assembly is bolted to the face of the Magnex Scientific superconducting magnet.
The same concerns as one would have about the superconducting magnet exist for
the gun coil. The gun coil acts to trim the field at the cathode, so its uniformity and

parallelism should be checked.

A.2 Measurement of the Field

A.2.1 Measurement technique

In order to check the compliance of the magnet’s specifications, a 3D Hall probe
(Lakeshore model 460 3-channel gaussmeter) was used. The measurements performed
follow the magnet test procedure outlined in the Acceptance Test Procedure per-
formed by Cyromagnetics on the 9.6 Tesla Recondensing Gyrotron Superconducting
Magnet System. No documentation pertaining to the specific procedure related to
the 6.2 T magnet by Magnex Scientific could be found; however, the measurement

procedure carried out calculates the relevant parameters.

In order to measure the ratio of transverse to axial field (B;/B.), the 3D Hall
probe is directly offset from the mechanical axis by a radius Rpione, @ schematic of
which is shown in Fig. A-1.

The probe is rotated cylindrically about the center of the circle prescribed by
Rprobe and magnetic field values on the transverse Hall probes are recorded at set

angles. The net transverse field B, is found by the following calculations:
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Figure A-1: Schematic of 3D Hall probe. The arrows denote the components of the
magnetic field as measured on the sides of the Hall probe.

Bm = (Bg() — B270)/2 (Al)
B, = (By — Bisg)/2 (A.2)
B? = B? + B? (A.3)

Likewise, using the same data we can extract the offset between the bore’s me-

chanical axis and that of the magnetic field’s. This is computed as:

Offset, = [(Bgo — Ba79)/(Bgo + 3270)} * Rpyrobe (A4)
Offsety = |:(B() — Blg())/(B() + BlSO)} * Rprobe (A5)

Eqgns. A.1- A.5 can be used to determine if there is a gross misalignment between
the bore and the magnetic field axis. Additionally, it can help to establish if a linear
offset (no bowing of the magnetic field) can be corrected for with the mechanical 2D

translation stages that hold the gyrotron tube.
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Finally, a direct measurement of the axial field will verify the axial uniformity to

be +0.5% over the flat top of 20 cm.

A.2.2 Setup of Measurement Experiment

The measurement used the Lakeshore 460 3-channel gaussmeter probe, which had
to be held off-axis from the center of a guiding support. It was necessary to design
a support structure for the probe as well as a guiding carriageway in order for the
probe to be moved axially and rotationally. Two values of Rpohe Were used, 0.35 and
0.2 inches. This is shown in Fig. A-2. The two offsets can be used independently to
verify that the measurement results are not about a choice of a specific Rpohe. The

assembled probe support system is shown in Fig. A-3.

Figure A-2: Inventor CAD drawing Figure A-3: Photograph of the assem-
of the main probe support, showing bled probe support system.

the two Rpobe Offsets of 0.35 and 0.2

inches.

A.2.3 Measured results

The axial magnetic field was measured in order to check the specified +0.5% flatness
over the 20 cm of interaction length. This measured value is shown in Fig. A-4, in

which the nominal peak magnetic field was set at 1 T.
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Figure A-4: The axial value of the magnetic field (nominal peak of 1 T) is within the
+0.5% specified flatness over the 20 cm of interaction length.

These values were recorded over the 20 cm flat top of the main field within the
magnet’s bore and compared to the measured Bz. A plot of the ratio against position
relative to the magnet’s center is shown in Fig. A-5. The offset is about 0.3% on
average, which is twice the specified 0.15%.

The relative ratio of the transverse to the axial field is a result of a mechanical
misalignment between the vacuum pipe and the magnetic axis. This is calculated and
shown in Fig. A-6. The offset is relatively uniform over the magnetic field’s flattop,
and can therefore be corrected by an adjustment of the 2D stages. In practice, the
2D stages that shift the vacuum pipe are tuned according to the maximum output
power at a given operating point. This corresponds to the best alignment between

the vacuum pipe’s mechanical axis and that of the magnetic field’s axis.

A.3 Conclusions on Magnetic Field

The 6.2 T Magnex Scientific superconducting magnet’s magnetic field was measured

and analyzed. The flat top was verified over the 20 cm of interaction length where the
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Figure A-5: Ratio of transverse to axial fields in the magnet bore. Positive displace-
ment is toward the gun. The average Bt/Bz ~ 0.3% is about twice the specified
0.15%.

confocal circuit is located. Although there is a small mechanical offset between the
mechanical and magnetic axes, this can be corrected for by repositioning the entire
tube via the 2D translation stages. It is common practice, in fact, that after the
vacuum tube is open to atmosphere and resealed that the tube is checked for align-
ment. This comprehensive magnetic field study confirmed that the Magnex Scientific

magnet is in good operation and suitable for use on the gyro-TWT experiment.
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Figure A-6: Relative offset of the magnetic fields due to mechanical misalignment.

This can be corrected by adjusting the 2D translation stages that are attached to the
magnet body.
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Appendix B

VUW-8140 electron gun

B.1 VUW-8140 non-laminar gun

The VUW-8140 MIT electron gun is one of the cornerstones of the gyro-TWT. As
discussed, the electron beam quality and parameters are crucial for a successful op-
eration of the gyrotron amplifier. A comprehensive study of the electron gun was
performed in order to gain insight into its performance. Two separate tests were
conducted: a beam interception test (witness plate measurement) and an emission

versus voltage study.

B.1.1 Setup of the VUW-8140

An effort was made to characterize the VUW-8140 MIG electron gun that is in use on
the 140 GHz gyroamplifier experiment. The VUW-8140 (CPI designation K-8140) is
a non-laminar gun designed in a triode configuration for use in pulsed operation. Its
15 degree cathode angle results in non-laminar electron beam behavior. The original
operating parameters are listed in Table B.1, along with computed beam performance.

A measurement was made of the voltage and current drawn by the cathode heater.
This was compared to original CPI values, and is shown in Fig. B-1.

The computed resistance of the heater element is seen to have changed over the

lifetime of the VUW-8140 by a factor of nearly two. This may indicate that the heater
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Beam Voltage 65 kV
Beam Current 50 A
Maximum Beam Current 7.5 A
Mod-Anode Ratio 0.7
Heater Voltage 12.2 VAC
Heater Current 3.5 AC
Magnetic Field 5.64 T
Pitch Factor («) 1.49
Perpendicular Velocity Spread (dvy) | 2.68%

Table B.1: VUW-8140 design parameters.

element has a varying ohmic resistance that is non-uniform around the cathode, which
could result in non-uniform emission. Although the filament resistance has changed
over the lifetime of the VUW-8140’s use, the power drawn by the heater is known.
A calibration for cathode temperature was computed based on original factory data
that relates heater power to cathode temperature, and is shown in Fig. B-2.

In addition to the heater resistance, a test was performed to verify that the max-
imum output current at 65 kV reaches and surpasses the original 5.0 A design. A
measurement, of the absolute current emitted as a function of calculated cathode
temperature is shown in Fig. B-3, and confirms that the VUW-8140 is capable of
high-current emission.

While the VUW-8140 cathode was shown to have retained its high-current emis-
sion property, a further characterization was necessary to better understand the beam
quality. The beam quality, both its uniformity and estimated spread in electron ve-

locities, is an important factor in achieving high gain.

B.1.2 Beam interception test

The inherent asymmetry of the confocal waveguide’s modes (H Ey,,) requires that the
electron beam be uniform in order to guarantee an interaction with the operating
mode. If the gun is emitting non-uniformly, the possibility for a disproportionately
large fraction of the total current to be localized at a minimum in the H Fyg distribu-

tion exists. In this situation, a weak coupling between the electron beam and H Eg
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Figure B-1: Current drawn by the resistive heater element in the VUW-8140. Values
compared to CPI data.

mode will result in low gain. A beam interception test can detect non-uniform emis-
sion. This test consists of placing a copper witness plate in the path of the electron
beam. Damage incurred on the copper’s surface when the beam is intercepted will
show the relative distribution of current; a damage profile that is a uniform ring is the
ideal result and indicates uniform emission. A copper plate was machined to attach
to the end of the confocal circuit, which in turn is aligned to the mechanical axis of
the confocal circuit. This configuration would provide the opportunity to detect if
the mechanical and magnetic axes are collinear, an important criterion for optimizing
the gain. The relative position of the witness plate to the magnetic center and the
gun cathode is shown in Fig. B-4.

The electron gun was pulsed at 45kV, 5T, and 1.5 A peak current for over 2k shots.
Operating under these conditions, with a repetition rate of 0.3 Hz, maintained a low
pressure in the vacuum chamber (1077 torr). Several individual shots were conducted
at a peak current of 2 A, which resulted in a large pressure rise and subsequent
interlock control that turned off the high voltage modulator. The damage profile

from this test is shown in Fig. B-5.
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Figure B-2: Predicted cathode temperature as a function of power drawn by the heater
filament. This predicted temperature is the result ofa fit to the original factory data,
which is presented as a comparison.

Upon extraction of the copper witness plate, it was noted that the plate was
offset from the mechanical axis by 0.9mm in the vertical direction. This is shown
in Fig. B-5. Thus, the net offset of the electron beam from the confocal circuit’s
axis is Ar ~ Imm. This can be accounted for by a tilt at the tapered clamp and
nose connection of Af ~ 0.25 deg. The mechanical alignment internal to the vacuum
chamber is important, and the witness measurement suggests that the mechanical

design can be improved to insure alignment.

The ring of damage furthermore suggests that the current emission of the VUW-
8140 may not be uniform. The increased damage along one arc of the ring indicates
a hot spot in the cathode surface’s emission. For a qualitative comparison, a witness

plate measurement from 2001 is shown in Fig. B-6.

The qualitative comparison of the two witness plate measurements motivated a
second beam interception test to be conducted on the present-day VUW-8140. A
redesign of the copper plate’s internal support simplified the mechanical structure

and includes an axial compression force to insure that the tapered clamp and nose
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Figure B-3: Total current emission as a function of increasing cathode temperature.

assembly is reliably aligned. This new design for the second witness plate measure-
ment is shown in Fig. B-7. The result of the second beam test is shown in Fig.
B-8. Whilst the witness plate measurements are useful tests, the damage inflicted on
the copper may be nonlinear with current. Thus, although these measurements do
reveal asymmetry, the absolute extent of the current distribution may be difficult to

determine.

B.2 Emission versus applied voltage

Studies of emitted current versus an applied voltage are useful for quantifying the
material properties of the emitter surface. The surface work function of the emitter
should be peaked about a known value, ¢,. Any spread in the work function about ¢,
will mean that electrons born on the surface experience locally-different potentials.
The consequence is that there is a temperature to the electron beam - a velocity spread
will exist. Qualitatively, a larger spread in the work function will result in a larger
velocity spread. Current versus voltage was measured for several heater settings using

the VUW-8140 electron gun. The following is a discussion of both emission theory
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Figure B-4: Schematic showing the location of the witness plate. The plate is 72cm
from the cathode and 16cm from the magnetic center.
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Figure B-5: Damage profile on copper witness plate. Asymmetric damage is seen, as
well as an offset from the mechanical axis.

and a presentation of the I-V data from the emission study on the VUW-8140.

B.2.1 Emission theory

Cathode emission as a function of applied voltage (I-V curves) may be used to extract
characteristic parameters that describe the emitter material. Information about the
emitter material is contained in the shape of the I-V curve. At lower voltages, emission

from the cathode is dominated by space-charge effects, and has the functional form

Joe = VG (B.1)

where « is the perveance and V' is the applied voltage. The perveance, with units
of [amps/ecm?volts®/?)], relates the current to voltage for the space charge effect. At

higher voltages, emission becomes dominated by temperature limiting behavior:

Ty = A,T? exp [— %((ﬁo - ,/;EE )]. (B.2)

In Eq. B.2, A, is a constant that relates current to temperature with units of

A/|em?]/[deg?],p, is the work function of the emitter material, and E is the local

electric field. In the case of an emitter material with a work function of a single
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Figure B-6: Damage profile of a beam interception test from 2001. The radius of the
ring is 2mm.

value, the emission behavior of the cathode would be entirely dominated by Eq. B.1
until some transitional voltage V7, at which point the emission is governed by Eq. B.2.
A real material actually has some nominal spread in the work function, . Assuming

a Gaussian distribution in work function,

D(¢) = \/;é exp [_«%ﬁ] (B.3)

will introduce a voltage range in which the emission is a mixture of both space-
charge and temperature limiting behaviors. The result of assuming a Gaussian dis-

tribution is an emission theory modelled as

(3/2)
5, ="V [1 T (

dv — P
; =)
Aof 1—af (W‘j—of;%)] (B.4)

_ 2
<o [ (00— y 5, 577)]

_|_

Here, ¢y is a transitional work function, which is dependent on the voltage, tem-

perature, and other physical constants:
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Figure B-7: The second witness plate test is supported by a simplified structure.
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Figure B-8: Damage profile as seen on the second copper witness plate following
the beam interception test. The same asymmetric damage is seen as in the first
measurement.

el kT (RV(3/2))

o n W . (85)

Pv =

4me,

Eq. B.4 can be used to fit to emission versus voltage data. The nominal fitting
parameters become ¢, and o, both of which describe the physical properties of the
emitter material. Comparing the fitted value of the work function to the known value
can provide some insight into the quality of the emitter material itself; a large devi-
ation from the chemistry literature value may indicate a degradation of the surface
material. Additionally, a large spread in the work function, o, would further indicate
that the cathode emitter has degraded over its lifetime. A large spread in the work
function implies that electrons leaving the surface have a broader spread in temper-
ature; thus, a large o is a strong indication that velocity spread in the beam may be
greater than the value determined purely from the optical model used by numerical
codes. A theoretical I-V curve is shown in Fig. B-9. Here, the work function is fixed
at ¢, = 1.90 eV and the temperature at 965 C. This example shows that with a larger
work function spread the rollover to temperature limited behavior takes place over a

wider range of voltages. Likewise, the knee in the emission profile is not as sharp as
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it is for lower values of work function spread.

Emission at different work function spreads
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Figure B-9: Theoretical emission for various values of work function spread . The
shape of the rollover in the current versus voltage data determines the numerical value
of ¢ in a fit.

An important consideration is the constant A,, which relates the emission to
temperature of the material. Although theoretically computed to be A, = 120
[amps/cm? /deg?|, in general A, is variable and material-dependent. Consequently,
A, is relegated to be a fitting parameter in Eq. B.4. During a numerical analysis
using Eq. B.4, it was found that there is a degeneracy in the fitting parameter pair
of ¢, and A,. For a given I-V dataset, an infinite number of specific (¢,, A,) pairs
generated the same emission curve. This would be the case if the argument of the
error functions in Eq. B.4 were numerically independent of (¢,, 4,). A second criteria
is that the numerical value of A, exp ( — %) remained independent of the (¢,, 4,)

choice. Mathematically, these two criteria can be expressed as

Pvi— o1 = dva — P2 (B.6)
and
Alexp(— %) = Agexp(— %)



for two pairs (¢, A1) and (¢, As). Provided that the functional forms in Eq. B.6
that relate ¢, to A, are identical between the two criteria, then there is a degeneracy

in solutions for (¢,, A,). Referring to Eq. B.5, we rearrange to find the dependence
of ¢y on A,:

ov =" (a,) (B.7)

Using this relationship and applying it to the criteria in Eq. B.6, we find that

Pv1 — Q1 = Pya — P2 = k?T In(A4;) —¢1 = k?T In (Az) — 2 (B.8)
and
Alexp(—%) :Agexp(— %)

It is seen that, when taking the natural log of the second expression, we return
the functional form of the former. Thus, the numerical values of ¢, and A, in a fit
of I-V data to Eq. B.4 are not unique for a given dataset; a change in the value
of ¢, is numerically compensated by a change in the value of A, by an analytical
expression. The value of the theoretical emission is unchanged. Additionally, the
value of the spread o is determined independently of the degenerate (¢,, A,) pairs,
and thus a unique value is found for a given dataset. Using emission data taken with
the 110 GHz experiment’s SpectraMat osmium-coated cathode, the solved numerical
and analytical relationship between ¢, and A, is seen in Fig. B-10. For each dataset
(specified by temperature), any pair of ¢, and A, obeying the analytical curves is a

valid numerical solution.

Although the degeneracy in (¢,, A,) pairs exists, it is still possible to perform a
numerical fit to emission data. It is clear that although infinite (¢,, A,) pairs exist for
an emission data set, in reality a small range of (¢,, A,) values are representative of
the physical system. In order to obtain a (¢,, A,) pair that is physically-reasonable,
Eq. B.2 is fit to the high voltage emission data. In this high voltage limit, the local
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Figure B-10: Numerical fits (dots) and analytical relationship (lines) show that ¢,
and A, pairs are a degenerate solution to the emission theory.

electric field, F, is well-approximated by F ~ V/d, where d is the anode-cathode gap.
For the VUW-8140, d = 8.2mm. This term causes a slight slope in the high voltage
emission behavior and is known as the Schottky effect. Rewriting Eq. B.2 in the limit

V =0,

e
Ju = A,T? - =22). B.9
tl €Xp ( T ) ( )
Taking the natural logarithm of Eq. B.9,
Jtl 6¢o
1 =——. B.10
") =T (B.10)

Assuming that A, is a constant with varying temperatures, the slope of In (Jy;/T)
versus —e/kT is the work function (in the temperature limit model). This extrap-
olates the work function value ¢,, which in turn can be used in Eq. B.2 to fit the
high voltage data with A, as the fitting parameter. This technique provides an initial
value for a (¢,, A,) pair that can be used in fitting the emission model Eq. B.4 for

the full emission data set.
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B.2.2 VUW-8140 emission versus voltage study

A study of cathode emission versus voltage was performed on the VUW-8140 at
voltages up to >30 kV. Using the calibration data for cathode temperature versus
power, emission was studied over a range of ~ 880 — 950 degrees centigrade, the
higher temperature being the upper limit during typical operation. At each cathode
temperature setting, the emission was allowed to stabilize between high voltage pulses
before the voltage and current traces were saved. By comparing values of voltage and
current during the voltage pulse rise, emission data is collected at every temperature

value. The data sets are shown in Fig. B-11.

I\ data for various temperatures
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Figure B-11: The cathode emission of the VUW-8140 electron gun as a function of
applied voltage. The anode-cathode gap is 8.2 mm and the emitter surface area is
2.5 cm?.

The perveance is fit for the linear behavior at low voltages. The perveance-area
constant, K = k x area, was found to be K = 2.7 x 1075 [A/V3/?] with good
agreement across the temperatures studied. The fitted values for perveance K, as
well as the linear slope with the relation I = K'V?3/2, are shown in Figs. B-12 and

B-13.
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It is seen that with a perveance K = 2.7 x 1075 [A/V?3/?] that the space charge

behavior in the low-voltage regime, Eq. B.1, models the emission well. In order to fit

for work function and work function spread, the degeneracy of (¢,, A,) pairs needs to

be addressed as described at the end of Section B.2.1. The Schottky effect is extrap-

olated to zero voltage. Using the slope of In (Jy;/T) versus —e/kT, an approximate

work function may be found. This calculation is shown in Fig. B-14. An illustration

of extrapolating the Schottky effect to zero voltage is shown in Fig. B-15.
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Figure B-14: The slope of In (Jy;/T) versus —e/kT, showing a good agreement with

a fit of ¢, ~ 1.6 eV.
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Figure B-15: Schottky effect extrapolated to 0 V.

The work function was found to be ¢, ~ 1.6 eV, a value lower than a typical
physical material of a BaO-doped cathode. Using 1.6 eV as a nominal work function
value, the high voltage data was fit to Eq. B.2, the temperature limited behavior,
in order to extract values for A,. As may be physically expected, the value of A,
does not vary significantly as a function of temperature, as shown in Fig. B-16,
and it’s nominal mean of 3.7 [amps/cm?/deg?] may be used to fit the full emission
theory. Although the theoretical value of A, is approximately 120 [amps/cm?/deg?|,
in practice the values for this constant are typically lower. Additionally, the non-
uniformity seen in the witness plate beam interception test may introduce errors to
this method of calculating A,, since this process assumes a uniform beam. Local
values for all three parameters - A,, ¢,, and ¢ - may vary around the emitter surface.

Eq. B.4 is used to fit the full cathode emission data. The results of the numerical
fit with parameters for the work function, ¢,, and the spread in the work function,
o, is given in Table B.2. The numerical fit is plotted for various temperatures in Fig.
B-17.

Two observations may be mentioned regarding the complete fit to the full emission

theory. First, using Eq. B.4 in conjunction to the complete data set does not signifi-
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Figure B-16: The value of A, extracted when fitting high voltage data with an as-
sumed work function of 1.6 eV. The value of A, varies little with temperature.

cantly alter the values for A, and ¢,. It was demonstrated mathematically that there
is a degeneracy in the pair of these parameters. Consequently, the value for the work
function as determined by the Richardson plot approach is not necessarily expected
to change significantly once the full emission theory and data set are used. Second, it
is important to note that the value for the spread in the work function, o, is fit inde-
pendently of both A, and ¢,; thus, its numerical value is determined uniquely by the
full data set. Values of ~ 0.07 €V are larger than desired, qualitatively; however, this
experimental and numerical approach assumed uniform emission. As discussed, the
non-uniformity seen in the electron beam interception test motivates the possibility
that o varies greatly around the emission surface, a measurement not determined by

this method.
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| Temperature [C] | ¢, [eV] | o [eV] |

884 1.66 | 0.072
893 1.67 | 0.072
902 1.67 | 0.072
911 1.67 | 0.073
921 1.67 | 0.078
931 1.68 | 0.077
942 1.67 | 0.076
952 1.67 | 0.074

Table B.2: ¢, and o values for various temperature data sets.

B.3 VUW-8140 conclusion

Because electron beam quality is an important factor in a successful amplifier experi-
ment, the studies performed on the VUW-8140 provide information to be considered
in a future gyro-amplifier design. Namely, the azimuthal symmetry of the electron
beam needs to be accounted for, and this may be approached by selecting an interac-
tion cavity that supports azimuthally-symmetric modes. Such a selection will insure
that electron beam and microwave mode overlap regardless of any beam asymmetry.
The second conclusion reached by analyzing emission data is that the emitter material
quality itself needs to be understood. Whether the emitter surface is qualitatively
good only on certain sections or whether the aggregate itself is of reliable quality may

affect the electron beam directly.
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Figure B-17: A fit to the full data set using the complete emission theory of Eq. B.4
shows good agreement.
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