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Abstract

This thesis reports the design and experimental demonstration of frequency-tunable
submillimeter-wave gyrotrons operating in continuous wave (CW) at the second har-
monic of the electron cyclotron frequency. An unprecedented continuous frequency
tuning range of more than 1 GHz has been achieved in both a 330- and a 460-GHz
gyrotron via magnetic field tuning or voltage tuning.

The 330-GHz gyrotron has generated 19 W of power in a cylindrical TE_4 3 , mode
from a 13-kV 190-mA electron beam. The minimum start current was measured to be
21 mA, where good agreement was verified between the measured start current values
and the calculation from linear theory for the first six axial modes, ¢ = 1 through
6. A continuous tuning range of 1.2 GHz with a minimum output power of 1 W
has been achieved experimentally via magnetic or beam voltage tuning. The output
stability of the gyrotron running under a computerized control system was assessed
to be £0.4% in power and #3 ppm in frequency during a 110-hour uninterrupted CW
test. Evaluation of the gyrotron microwave output beam using a pyroelectric camera
indicated a Gaussian-like mode content of 91%. Measurements were also carried
out in microsecond pulse operation at a higher beam current (610 mA), yielding a
minimum output power of 20 W over a tuning range of 1.2 GHz obtained by means
of cyclotron frequency tuning and thermal tuning. The 330-GHz gyrotron will be
used as a source for 500 MHz nuclear magnetic resonance (NMR) experiments with
sensitivity enhanced by dynamic nuclear polarization (DNP).

In addition to the 330-GHz gyrotron, the design and CW operation of a tunable
second-harmonic 460-GHz gyrotron are described. The 460-GHz gyrotron operates
in the whispering gallery mode TE; 2 and has generated 16 W of output power with
a 13-kV 100-mA electron beam. The start oscillation current measured over a range
of magnetic field values is in good agreement with theoretical start currents obtained
from linear theory for successive high order axial modes TE;; 2 ,. The minimum start
current is 27 mA. Power and frequency tuning measurements as a function of the
electron cyclotron frequency have also been carried out. A smooth frequency tuning
range of 1 GHz with a minimum output power of 2 W has been obtained for the



operating second-harmonic mode either by magnetic field tuning or beam voltage
tuning. Long-term CW operation was evaluated during an uninterrupted period of
48 hours, where the gyrotron output power and frequency were kept stable to within
+0.7% and £6 ppm, respectively, by a computerized control system. Proper operation
of an internal quasi-optical mode converter implemented to transform the operating
whispering gallery mode to a Gaussian-like beam was also verified. Based on images
of the gyrotron output beam taken with a pyroelectric camera, the Gaussian-like
mode content of the output beam was computed to be 92% with an ellipticity of 12%.
The 460-GHz gyrotron is intended to be used as a submillimeter-wave source in a
700-MHz DNP/NMR spectrometer.

Thesis Supervisor: Richard J. Temkin
Title: Senior Research Scientist, Department of Physics
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mode-converted TE; o output beam at the window plane at 460 GHz.
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5-7

5-8

5-10

5-11

Measured start oscillation current (solid line) of the operating mode
TE12 as a function of magnetic field for beam voltage V, = 12.8 kV
and a gun coil field By,,, = =75 mT. Theoretical start currents based on
linear theory for the first four axial modes TE; 24, where ¢ = 1,2, 3, 4,
are represented by dashed-dotted lines (simulation parameters: 7., =
1.822 mm, cold-cavity axial electric field profile, and beam parameters

V, = 12.8 kV and a = 1.85, with no velocity spread). . . . . ... ..

Power and frequency tuning measurement as a function of magnetic
field for the TE;; » mode, beam current [, = 100 mA, and beam voltage
Vy = 13 kV. The gun coil was swept from By,, = —75 mT to By,, =

159

—78 mT for the best output power as the magnetic field was increased. 160

Power and frequency tuning measurement as a function of beam voltage
for the TE;; » mode, beam current [, = 100 mA, and main magnetic
field in persistent mode at By = 8.422 T. The gun coil was swept from
Bgun = =71 mT to By, = —103 mT for the best output power as the

beam voltage was decreased from the maximum power point. . . . . .

Frequency tuning measurement for a constant output power (~ 4 W)
as a function of magnetic field for the TE;; » mode, beam voltage V}, =
12.9 kV, and gun coil By, = —75 mT. The beam current was changed

from I, = 60 mA to I, = 104 mA during the measurement. . . . . . .

Frequency tuning measurement for a constant output power (~ 4 W)
as a function of beam voltage for the TE;; » mode, and main magnetic
field in persistent mode at By = 8.422 T. The beam current and gun
coil were changed from I, = 58 mA, B,,, = —75 mT to [, = 106 mA,
Bgun = —99 mT as the beam voltage was decreased from its maximum

value. . . oL
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5-12 Monitored variables during the long-term stability test of the 460-GHz
gyrotron operating in the second-harmonic TE; 5 mode: (a) output
power and frequency, (b) beam and filament currents, (c) pressure and
cavity cooling temperature, and (d) beam voltage. During the test, the
magnetic field was persistent at By = 8.422 T and the beam voltage
was kept at V, =12.75kV. . . . . ..o

5-13 Gyrotron output microwave beam displayed in (a) a normalized linear
power scale and (b) dB contours. The pyroelectric camera image of
the mode-converted TE;; » mode at 460.3 GHz was taken 40 mm after
the end of the corrugated waveguide. . . . . . . . .. ... ... ...

5-14 Power and frequency tuning measurement as a function of magnetic
field for the TE_4 3 mode, beam current [, = 50 mA, and beam voltage
Ve = 9.4 kV. The gun coil was swept from Bg,,, = —20 mT to By, =

164

—26 mT for the best output power as the magnetic field was increased. 166

5-15 Power and frequency tuning measurement as a function of beam voltage
for the TE; 2 mode, beam current I, = 50 mA, and main magnetic
field in persistent mode at By = 6.037 T. The gun coil was swept from
Bgun = —16 mT to By,, = —48 mT for the best output power as the

beam voltage was decreased from the maximum power point. . . . . .
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Chapter 1

Introduction

Vacuum electronics was not included on the list of endangered species in 1947 when
John Bardeen (1908-1991) and Walter Brattain (1902-1987) invented the bipolar tran-
sistor under the direction of William Shockley (1910-1989) at Bell Laboratories. While
our society has enormously benefited from the development of solid-state electronics
and integrated circuits, vacuum electronics followed its own course of evolution and
reinvention by responding to the demand of applications whose requirements of more
efficient high-power high-frequency devices were beyond the capability of its solid-
state counterpart. The superior performance of vacuum electron devices (VEDs) at
high frequencies can be attested in Fig. 1-1, which portrays the state-of-the-art of
microwave and submillimeter-wave sources. The microwave spectrum corresponds
to frequencies between 0.3 and 300 GHz while the submillimeter or terahertz band
ranges from 300 GHz up to 3 THz. Nowadays VEDs are present in our homes in
the form of a magnetron inside our microwave ovens and in other applications such
as plasma heating, materials processing, communication and radar systems, particle
acceleration, diagnostics, and spectroscopy.

The primary focus of this thesis is the development of a continuous-wave (CW)
frequency-tunable 330 GHz gyrotron oscillator operating at the second harmonic of
the electron cyclotron frequency. This VED will be utilized for a spectroscopic ap-
plication, namely nuclear magnetic resonance (NMR) enhanced by dynamic nuclear

polarization (DNP). Before entering the details about the device and its application,
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an overview of the physics and evolution of VEDs will be given.

1.1 Physics of Vacuum Electron Devices

Vacuum electron devices generate or amplify electromagnetic waves by converting
the energy of electrons to electromagnetic wave energy. In the majority of VEDs, the
most common configuration to generate an electron beam is by thermionic emission
from a cathode followed by acceleration due to an applied direct-current (DC) or
pulsed voltage. As electrons travel through the device, magnetic fields are utilized
to guide and confine the beam, counterbalancing the repulsive electrostatic forces.
At the beginning of the interaction region, electrons emit spontaneous electromag-
netic radiation with random phases at first. There are basically three processes in
which charged particles can produce electromagnetic radiation: Cherenkov radiation,

transition radiation, and bremsstrahlung.

e Cherenkov radiation occurs when electrons travel in a medium or structure
with a velocity greater than the phase velocity of the electromagnetic wave
in that medium or structure. Examples of VEDs based on Cherenkov radia-
tion include backward-wave oscillators (BWO), traveling-wave tubes (TWTs),

orotrons, magnetrons, and crossed-field amplifiers (CFAs).

e Transition radiation is generated when electrons travel through a spatially inho-
mogeneous medium such as media with different refractive indexes or perturba-
tions including conducting grids, plates, or gaps between conducting surfaces.

Gaps and cavities are utilized in klystrons to produce transition radiation.

e Bremsstrahlung occurs when electrons oscillate in external electric fields such
as in reflex triodes or in external magnetic fields such as in gyrotrons and free-

electron lasers (FELSs).

In the case of an oscillator, the initial spontaneous radiation from electrons may

excite an electromagnetic eigenmode associated with an interaction structure such as
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a waveguide or a resonator. In the case of amplifiers, these eigenmodes are already
excited by the input high-frequency signal. As electrons interact and remain in close
synchronism with the electromagnetic field in the interaction structure, some electrons
are accelerated while others are decelerated. This process may stimulate the formation
of electron bunches if the electron transit time through the interaction structure is
longer than the wave period. Once electrons are grouped together, an alternating-
current (AC) component is imparted to the DC beam, enabling electrons to radiate in
phase and produce coherent radiation. A net energy transfer to the wave will occur as
long as the electron bunches stay in the decelerated phase of the field during the most
part of the interaction process. In oscillators, if the power transferred from the beam
exceeds circuit losses, the mode initially excited from spontaneous radiation can grow
due to internal or external feedback until it reaches steady state. In amplifiers, the
beam-wave interaction usually occurs in a single pass due to the absence of feedback,
which is desirable in order to avoid unwanted oscillations in the amplifier circuit.
After the interaction, the spent electron beam is collected and its excess energy is
dissipated.

Synchronism and bunching are two essential conditions for generation of coherent
stimulated radiation in VEDs. Different classes of VEDs are characterized by their
particular synchronism and bunching mechanisms. The synchronism condition that
allows electrons to interact with an electromagnetic wave for a time longer than the

wave period T can be expressed as:

w — kv, = nfd (1.1)

where w is the wave angular frequency, k, is the axial wavenumber, v, is the electron
axial velocity, n is the harmonic number, and € is the angular frequency of electron
oscillations due to external electric or magnetic fields.

In the absence of electron oscillations, the synchronism condition becomes v,, =
w/k, ~ v, and it requires waves with phase velocity v, less than the speed of light in

vacuum c to interact with electrons. This condition is fulfilled by sources of Cherenkov
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radiation that utilizes slow-wave periodic structures, for example, helices and coupled
cavities. These structures are found in devices such as TWTs and BWOs, which
constitute a class of VEDs known as slow-wave devices. Following the dispersion

relation of the interaction structure:

k=K + k2 (1.2)

where k = w/c is the free-space wavenumber and £, is the transverse wavenumber,
one has k? < 0 since vy, < c¢. This implies that the fields are evanescent in the
transverse direction and localized near the wall of the slow-wave structure. As a
consequence, the electron beam should be located close to the structure wall for an
effective coupling to the wave. Slow-wave structures have features with dimensions
that are a fraction of the wavelength. This leads to the rapid miniaturization of these
structures with increasing frequency, making their fabrication more difficult and their

ability to handle power limited as indicated in Fig. 1-1.

If electron oscillations are present, the synchronism condition allows electrons to
interact with electromagnetic waves with superluminal phase velocity, the so called
fast waves. Members of this class of VEDs known as fast-wave devices include FELs,
where electron oscillations are caused by a periodic static magnetic field, and gy-
rotrons, where a strong homogeneous static magnetic field By makes electrons oscillate

at the electron cyclotron frequency w,:

Q =, = Do (1.3)

me?y

where e is the absolute value of the elementary electric charge, m. is the electron
rest mass, and -y is the relativistic factor, which is related to the beam voltage V}, by
v = 1+eVy/mec® = 14V, /511k. Fast waves can be simply supported by smooth wall
waveguides. At a given frequency, waveguides with large transverse dimensions, larger

than the wavelength, can be employed since operation with high-order waveguide
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modes is permitted by the synchronism condition.

These overmoded smooth wall waveguides are easier to be fabricated and have
a competitive advantage in terms of breakdown and power handling due to their
larger surface area and transverse dimensions. This enables fast-wave devices such as
gyrotrons to deliver unprecedented power levels not only at microwave frequencies but
also in part of the submillimeter band, helping to fill with more power the so called
“THz gap” between conventional microwave sources and far-infrared lasers (see Fig.
1-1). Furthermore, the electron beam can be placed away from the waveguide walls
since the fields are not evanescent inside the waveguide as it follows from the fast-wave

condition vy, > c.

Although operation with high-order modes enables larger structures that can with-
stand more power, issues with mode competition may arise due to the increased mode
density. Mode competition can be addressed by choosing a high-order operating mode
well isolated from its neighbors and/or by using structures with sparser mode density

such as photonic-band-gap (PBG) [3] or confocal structure [4].

(Classification of VEDs according to the electron bunching mechanism is often
divided as M-type or O-type devices. In M-type devices such as magnetrons and
CFAs, bunching occurs by modulating the spatial positions of electrons that move,
for example, in crossed external electric and magnetic fields. In O-type devices such
as klystrons, TWTs, and gyro-devices, bunching occurs by modulating electron mo-
menta through interaction with a high-frequency electromagnetic field. In klystrons
and TWTs, electron bunching is primarily caused by the electric-field component
parallel to the electron velocity and to the external static magnetic field axis, leading
to axial bunching and extraction of the axial beam energy to the electromagnetic
wave. In fast-wave gyro-devices, the dominant electron bunching mechanism is the
azimuthal bunching [5] which originates from the interaction between the perpendic-
ular component of the electric field and the perpendicular component of the electron
velocities with respect to the external static magnetic field axis. This process re-
sults in extraction of the perpendicular kinetic energy of the electron beam to the

high-frequency field while the axial beam energy is left undisturbed.
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1.2 Evolution of Vacuum Electron Devices

In 1873, James C. Maxwell (1831-1879) summarized what was known on electromag-
netics and optics in a set of equations that led to the prediction of electromagnetic
waves. The existence of these waves remained theoretical until 1888 when Hein-
rich R. Hertz (1857-1894) first produced and detected electromagnetic waves using a
spark-gap generator and a loop antenna with a spark-gap detector. After the first
wireless transmission in history performed by Hertz, the emergence and demand of
wireless communications at longer distances drove the development of more powerful
versions of the spark-gap transmitter as it was pursued for example by Guglielmo
Marconi (1874-1937). Interference problems caused by the broad spectrum of spark
signals encouraged the technical community in the early 20" century to seek alter-
native ways of generating continuous sine waves at radio frequencies (RF). Among
the options considered, one may cite a high-frequency mechanical alternator (known
as Alexanderson alternator named after Ernst F. W. Alexanderson (1878-1975)) able
to operate at frequencies up to 200 kHz and deliver up to 200 kW [6], or the use of
the negative resistance of an electric arc to maintain the oscillation of a resonant LC
circuit (known as the Poulsen-arc transmitter named after Valdemar Poulsen (1869-
1942)). Operational frequencies up to 1 MHz and generated power up to 1 MW had

been reported for the arc transmitter [7].

1.2.1 Triodes

Sources based on spark-gap, alternator, or arc-transmitter technologies would be soon
replaced by the advent of vacuum electron devices. In 1883, Thomas A. Edison
(1847-1931) observed that an electric current could be drawn between the heated
filament (cathode) and the collector plate (anode) of an evacuated bulb if a positive
voltage were applied to the plate with respect to the filament. These charges traveling
through the vacuum were later identified as electrons following the work of J. J.
Thomson (1856-1940) of 1897. In 1904, J. A. Fleming (1849-1945) showed that the

unidirectional current in Edison’s diode could be used as a rectifier or detector of radio
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signals. In 1906, Lee de Forest (1873-1961) demonstrated that the flow of electrons
in the diode could be controlled by inserting a grid between the cathode and the
anode. As a consequence, a small time-varying signal applied between the grid and
the cathode could result in an amplified signal in the cathode-anode circuit. The
greater sensitivity provided by the triode amplifier not only extended the range of
radio communications but also enabled a reduction of the transmitter power. Soon
after its use as an amplifier was realized, the triode tube started to be employed in
oscillating circuits for radio transmitters in as early as 1915 [8].

In 1920, H. Barkhausen (1881-1956) and K. Kurtz discovered that the triode tube
could oscillate at higher frequencies by creating a potential well where electrons could
oscillate back and forth. This well can be formed by biasing the grid at a positive
voltage higher than the potential of the cathode and the anode while maintaining
the anode potential slightly lower than the cathode potential to reflect electrons back
through the grid. These sources are also known as reflex triodes and the angular

frequency €2 of electron oscillation in the nonrelativistic case is approximately given

by:

eEO

Q ~Y
mel

(1.4)

where FEj is the amplitude of the electrostatic field, and [ is a scale of the field
inhomogeneity, which is on the order of the distance between the electrodes forming
the potential well [9].

As communication systems moved toward higher operating frequencies motivated
by the larger bandwidth available for faster data rates and more communication chan-
nels, smaller circuits and antenna dimensions, and larger antenna gain for a given an-
tenna size, it was noticed by the 1930s that the performance of gridded-tube amplifiers
degraded drastically at wavelengths comparable in size with the triode constituent
elements. This degradation can be credited to wire inductance, interelectrode capac-
itance, and the variation of the phase of the radio signal during the electron transit

from the cathode to the anode [10]. Although minimizing the size of gridded tubes
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could alleviate these issues, the power-handling capability of these smaller tubes is

reduced as shown in Fig. 1-1.

1.2.2 Klystrons

The frequency limitations of gridded tubes required a reinvention of vacuum tubes.
Alternative devices emerged using waveguides and cavities instead of wires and elec-
trode plates, and taking advantage of a new concept of electron velocity modulation
that leads to spatial bunching. This concept of velocity modulation was developed in
1935 by A. Arsenjewa-Heil (1901-1991) and O. Heil (1908-1994). An example of such
a device is the klystron invented by the brothers R. H. Varian (1898-1959) and S. F.
Varian (1901-1961) in 1939 [11].

During World War II, the limited power provided by klystrons restricted their
use as receiver tubes [10]. After the war, klystrons with more than two cavities
were developed for higher gain and better efficiency driven by applications such as in
particle accelerators and television transmitters. One example of such development
began in 1948 with the fabrication of three-cavity S-band (2-4 GHz) klystrons for the
Stanford Mark III electron linear accelerator (LINAC). These klystrons ultimately
reached 30 MW of output power in 1-us pulses.

The simplest configuration of a klystron amplifier is shown in Fig. 1-2 and con-
sists of an electron gun, an input and output cavities, a drift tube between cavities,
an external magnetic field to guide and confine the electron beam, and a collector.
Klystrons are classified as linear-beam devices since the electron beam generated by
an electron gun propagates linearly through the axis of the tube in parallel with the
confining magnetic field. As the beam passes the input cavity, the electrons will inter-
act with the electric field excited by the input RF signal during a transit time shorter
than the RF period Ty. Depending on the phase of the electric field during the inter-
action in the first cavity, some electrons will be accelerated and others decelerated.
Once in the field-free drift section, fast electrons will overtake slow electrons, leading
to the formation of bunches that arrive at the second cavity at the period Tj of the

RF input signal as shown in the space-time diagram also known as Applegate diagram
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Figure 1-2: Two-cavity klystron configuration and space-time diagram (Applegate
diagram) showing electron velocity modulation and electron bunching (Adapted from

[1]).

in Fig. 1-2. As these bunches pass through a narrow gap in the output cavity, they
will excite microwaves through coherent transition radiation and have their kinetic
energy transferred to the wave, resulting in an output signal more powerful than the
input one under proper conditions. In the sequence, the spent beam is collected. One

major limitation of the klystron interaction circuit is its narrow bandwidth.

This ballistic description of the formation of electron bunches considers space-
charge effects negligible. As the beam current density increases for higher beam
power operation or lower voltage operation at a fixed beam power for simpler and
cheaper power supplies, space-charge forces become more significant and prevent
tighter bunches from being formed, resulting in lower efficiencies. In order to mit-
igate these space-charge effects, alternate configurations of klystrons were devised

using multiple beams or a single beam extended in one transverse dimension. In
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multiple-beam klystrons (MBK), the total current is distributed among several drift
tubes so that the current density in each tube is low enough to allow efficient electron
bunching that will interact with the field of a common microwave structure. When
compared to single-beam klystrons, MBKs are more expensive and difficult to fab-
ricate but they offer the possibility of reduced beam voltage operation with higher
efficiency and broader instantaneous bandwidth [12]. Currently, some particle accel-
erator projects such as the X-ray free-electron laser (XFEL) and the TESLA linear
collider at the Deutsches Elektronen Synchrotron (DESY) have chosen MBKs deliv-
ering 10 MW of peak output power at 1.3 GHz with efficiency of 65% as their RF
source [13]. Another approach under development is the sheet-beam klystron (SBK)
[14] where the beam is extended in one dimension to reduce space-charge effects and

allow higher beam currents.

Limitations imposed by microwave breakdown and reduced beam-wave interaction
in klystrons using a single-gap output cavity can be minimized by employing extended
interaction structures to decelerate the electron beam. Examples of such extended
output structures include multi-gap resonators, coupled cavities, or traveling-wave
sections. A recent effort for the now ceased work on the Next Linear Collider (NLC)
has developed X-band (8-12 GHz) pencil-beam klystrons able to generate 75 MW of
peak output power with 50% efficiency [15]. These klystrons utilize periodic perma-
nent magnets for electron beam focusing and a traveling-wave structure as an output

circuit [16].

As klystrons have features that are a fraction of the wavelength such as the beam-
wave interaction length, the average power capability of these devices dramatically
reduces at millimeter-wave frequencies as indicated in Fig. 1-1. State-of-the-art CW
extended-interaction klystrons (EIKs) are stretching the capabilities of the klystron
technology toward the end of the microwave band, delivering 50 W of output power

at 140 GHz and 6 W at 220 GHz [17].
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Figure 1-3: Schematic of a radial magnetron with a cathode at the center.

1.2.3 Crossed-Field Devices

In 1916, A. W. Hull (1880-1966) began experiments on the use of magnetic fields to
control electrons in vacuum devices as an alternative to electrostatic control. This
research led to the invention of the magnetron in 1921. This crossed-field oscillator
that predates the klystron consisted of a coaxial diode geometry with an external
axial magnetic field applied. In 1939-40, J. T. Randall (1905-1984) and H. A. H.
Boot (1917-1983) greatly improved the magnetron by utilizing cavity resonators in
the anode block and peak output power as high as 10 kW could be obtained at 3 GHz
[18]. During World War II, cavity magnetrons were used by the Allied forces in their
air defense radar systems and had a great impact on the war. Although the advent
of other VEDs and solid-state devices after the war replaced magnetrons in many
applications, magnetrons remained important and are used in compact airborne and
marine radars and for heating applications in industry and in our homes as part of
the microwave oven [10].

The configuration of a conventional cavity magnetron with a cathode at the center
is shown in Fig 1-3. In this configuration, the applied electric field £y between cathode
and anode and the external axial magnetic field By are oriented at the right angle with
respect to each other, making electrons drift perpendicularly to the crossed external
fields at a velocity vq = EgxBg/B2. For a given beam voltage, the By value should be

higher than the Hull cutoff magnetic field in order to prevent electrons from reaching
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Figure 1-4: Planar magnetron configuration in m-mode operation depicting the static
electric and magnetic fields Ey and By, the microwave electric field 7, and two test
electrons A; and A,.

the anode. The resonance condition for magnetrons to generate microwaves requires
the electron drift velocity vy to be in near synchronism with the phase velocity vy,
of an electromagnetic wave propagating in the slow-wave structure formed by the
periodic anode circuit. The magnetic field By that fulfills the synchronism condition
is given by the Buneman-Hartree condition. Magnetrons oscillate at a magnetic field
above the Hull cutoff and below or near the Buneman-Hartree threshold.

Unlike other VEDs, the beam formation and microwave generation in magnetrons
are not separated in space, making its analysis more involved. A glimpse of the beam-
wave interaction in the magnetron can be described with the assistance of Fig. 1-4,
which shows the configuration of a planar magnetron with the microwave electric field
E in m-mode operation. Consider two test electrons, A; and Ay. Electron A; is in the
decelerating phase of the field and is being moved toward a region of higher microwave
electric field near the anode due to E; x Bg. As electron A; is closer to the anode, it
will interact more strongly and have a reduced potential energy, transferring kinetic
and potential energy to the electromagnetic wave. On the other hand, electron A, is
in the accelerated phase of E;, absorbing energy from the wave, and the E; x B drift
moves this electron downward toward the cathode, increasing the electron potential

energy and weakening the beam-wave interaction. As these effects are stronger for
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A; than A,, the amplitude of the wave will grow.

The y-component of the microwave electric field £y, is responsible for displacing
electrons toward the region favorable for the beam-wave interaction where A; is lo-
cated. For example, if electron A; has a drift velocity greater than v,,, this electron
will advance toward x = C' but as Ey, opposes Ey, the drift velocity (Ey + Ei,)/Bo
will be reduced and restored to synchronism. Conversely, if A; drifts slower than
the wave and reaches = D, the drift velocity will be increased since £, and £},
reinforce each other, moving A; back to synchronism. On the other hand, if electron
Ay drifts faster than the wave, its drift velocity will increase even further when it
reaches z = D, moving A, to the region favorable for interaction. The situation is
analogous when the drift velocity of electron A, is slower than v,,. This mechanism

leads to the formation of electron spokes and it is known as phase focusing.

In the 1950s, while magnetrons had found a good match in high-power applications
such as radars, other applications, including communications, drove the development
of crossed-field amplifiers (CFAs). The configuration of a CFA is similar to that of
a magnetron but it includes an input and output port for the signal to be amplified.
The input microwave signal is coupled through one cavity and then circulates around
the CFA circuit to be extracted at a higher amplitude from another cavity. The input
and output ports in CFAs are isolated, ensuring that the amplification process occurs
in a single pass.

Commercially available magnetrons for industrial heating are able to deliver 75 kW
CW with an impressive 80% efficiency at 915 MHz [19]. Other commercial versions
can produce 2.5 kW CW at 2.45 GHz with efficiency of 62% [19] or deliver peak output
power of 3 MW between 2.7 and 2.9 GHz with efficiency of 4.6% for a duty cycle of
0.08% with pulse width of 2 us [20]. Experimental versions of crossed-field oscillators
have demonstrated higher output peak power such as the magnetron developed at
the Institute of Applied Physics (IAP) in Nizhny Novgorod, Russia, which was able
to produce a peak power as high as 4 GW at 9.2 GHz with pulse duration of 15 ns
at 11% efficiency [21].

Commercial versions of CFAs can deliver output power of 900 kW between 9.0 and
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9.5 GHz for a pulse width of 0.83 us and duty cycle of 0.1% [22]. A lower frequency
CFA operating in a frequency range of 1.28-1.35 GHz can achieve a gain of 11.2 dB
and produce a peak power of 5.3 MW for a pulse width of 2 us and duty cycle of
0.1% [23].

1.2.4 Slow-Wave Devices

Other VEDs were added to the tube family during World War II and a few years
after its end. During his experiments with klystron amplifiers for radar receivers in
the early 1940s, R. Kompfner (1909-1977) noticed one limitation of the klystrons
he was dealing with at that time: the weak coupling between electrons and the
electromagnetic fields in a klystron resonator gap. In order to obtain sufficient gain
from his klystrons, Kompfner had to slow down the electron velocity so that the
beam could interact for a longer time with the fields in the klystron resonator. This
fact led him to suggest a structure where the electromagnetic fields would travel
with electrons. As electromagnetic waves in free space move faster than electrons,
Kompfner proposed a helical structure to slow down the waves and enable the beam-
wave interaction. The outcome of this work was the invention of the traveling-wave
tube (TWT) in 1943 [24].

A few years later in 1952, Kompfner realized he could turn his TWT in a voltage-
tunable oscillator and that gave origin to the backward-wave oscillator (BWO). While
Kompfner’s oscillator utilized a linear beam, another contemporary version of the
BWO developed by B. Epsztein utilized a crossed field and his device was called a
carcinotron. Orotrons were invented and investigated in the 1960s [25].

As outlined in Section 1.1, TWTs and BWOs rely on periodic slow-wave structures
that provide waves with subluminal phase velocity v,, that are close to the electron
axial velocity v, in order to enable beam-wave interaction over distances longer than
the wavelength. Examples of slow-wave structures include the aforementioned helix,
coupled cavities for operation at higher powers, and rippled-wall cylindrical structures
shown in Fig. 1-5a . If electrons and the axial component of the electric field E;, are

in perfect synchronism, half of the electrons will be accelerated while the other half
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Figure 1-5: (a) Schematic of a rippled-wall slow-wave structure and (b) associated
dispersion diagram for a TWT or a BWO (Adapted from [2]).

will be decelerated. The result of this interaction is the formation of electron bunches
toward the field null without a net energy transfer. In case v, = v, the bunches will
gradually form in the decelerated phase of the field, resulting in a net energy transfer

from the beam to the wave.

The electromagnetic fields in a slow-wave structure can be represented as a super-
position of traveling waves with each wave having the same frequency w and an axial
wavenumber k,; = k.o + s27/d. Here d denotes the structure period, s is the spatial
harmonic number, and k.o is the axial wavenumber for the zeroth-order harmonic
(—m/d < k.o < w/d). Slow waves will be formed because most of the components will

have a large k, yielding vy, = w/k, > w/ec.

The dispersion diagram of a rippled-wall cylindrical structure is shown in Fig. 1-5b

and its passband has a dependence on the depth of the wall ripples. For this particular
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dispersion diagram, the region of TWT operation is in the zero spatial harmonic
between k, = w/c and k, = w/d. For the BWO operation, the region of interest is
the first spatial harmonic between k, = 7/d and k, = 27 /d. In this first harmonic
region, the electrons and the energy of the wave propagate in opposite direction due
to the negative group velocity v, = dw/dk,, creating an internal feedback mechanism

for oscillations.

Orotrons operate near k, = 27/d, resulting in radiation at fundamental wave-
lengths A ~ d/f much smaller than the period of the slow-wave structure for non-
relativistic devices, where 8 = v/c = (1 — y2)"/? is the normalized electron velocity
to the speed of light. This oscillator can be implemented in a two-mirror resonator
formed by a concave mirror and a plane mirror with a periodic structure profiled on
its surface. Stimulated diffraction radiation (Smith-Purcell radiation) is excited in
the orotron by a linear beam propagating close to the periodic structure on the plane
mirror [25].

In TWT amplifiers the excitation of parasitic backward waves can be prevented by
dividing the amplifier circuit into sections intercalated by lossy parts named severs.
In this configuration, initial modulation of the electron beam is provided by the
small input signal in the amplifier input section. Although the electromagnetic fields
are damped by the severs, the prebunched electron beam can propagate through the
circuit and excite amplified microwaves at the ouput section of the TW'T under proper

conditions.

TWTSs often operate at a fundamental transverse magnetic (TM) mode but other
designs being proposed advocate the use of overmoded structures with selective sup-
pression of competing modes for higher output power at high operating frequencies

such as in the W-band (75-110 GHz) |26, 27].

The main feature of the TWT amplifier is its wide instantaneous bandwidth since
there is no resonant structure. This feature makes the TW'T attractive for applications
in communications, radars, and in electronic countermeasure systems. The TWT
technology achieved such a level of maturity that space-based TWTs for satellite

communications can have an overall efficiency as high as 70% and provide an output
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average power of hundreds of Watts at a gain of 50 dB or more at the Ku-band (12-18
GHz) in a package weighing about 1 kg [12, 28]. Efforts to build TWT amplifiers
operating at frequencies as high as 220 GHz using microfabrication techniques are
under way [29, 30].

For oscillators, the main attribute of BWOs is the broad electronic frequency
tunability via beam voltage, where tuning ranges over 15% can be achieved [31].
BWOs can radiate at frequencies up to 1.4 THz with a milliwatt power level. At
lower frequencies, these oscillators can deliver 1 W at 300 GHz and 10 W at 140
GHz [32]. Devices based on diffraction radiation such as orotrons can provide CW
radiation up to 0.1-0.5 W at 300-375 GHz [25].

Oscillators can also be implemented by adding an external feedback to a slow-wave
amplifier circuit. Using this approach, a compact 650-GHz source using a microfab-
ricated folded waveguide slow-wave structure was able to generate 50 mW peak with

an efficiency of 0.19% [33].

1.2.5 Gyro-Devices

While classical VEDs were maturing in the late 1950s, theoretical investigations of
microwave generation by interaction between fast waves (v,, > ¢) and electrons were
being first described by R. Q. Twiss (1920-2005) [34], J. Schneider (1931-) [35], and
A. V. Gaponov (1926-) [36]. The first experimental identification of the azimuthal
bunching mechanism for fast-wave emission was performed in 1964 by J. L. Hirshfield

and J. M. Wachtel [37], who named the device an electron cyclotron maser (ECM).

Gyrotron Oscillators

The first practical high-power ECM configuration was developed in a form of a gy-
rotron oscillator in the former Soviet Union at the [AP by the mid-1960s, inaugurating
a new era for VEDs. This source operated at the fundamental harmonic (n = 1) of
the electron cyclotron frequency, delivering 6 W CW at 8.8 GHz with a beam voltage

of V, = 8 kV. The source also at the second cyclotron harmonic (n = 2), producing
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Figure 1-6: Configuration of a gyrotron oscillator and associated superconducting
magnetic field profile By(z) as a function of the longitudinal distance z.

190 W CW at 25 GHz with Vj, = 19 kV. This first gyrotron incorporated several fea-
tures still existent in present-day gyrotrons such as a magnetron injection gun (MIG),
a region for beam formation, and an open resonator [38].

The configuration of a modern gyrotron is detailed in Fig. 1-6. Electrons are
thermionically emitted from a cathode in a MIG and an initial transverse velocity is
imparted due to the crossed static electric and magnetic fields at the gun location.
After being accelerated to an usually weakly relativistic energy (v < 1.25) due to a
potential difference —V}, applied between the cathode and anode electrodes, electrons
follow the magnetic field lines in cyclotron motion and their transverse velocity in-
creases in exchange of their axial velocity as the hollow electron beam is compressed
until it reaches the gyrotron cylindrical cavity.

Once at the cavity, electrons may excite a transverse electric TE,, , , cylindrical

mode and transfer part of their perpendicular energy to the wave. The indices m,
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p, and ¢ denote the number of azimuthal, radial, and axial variations of the cavity
mode, respectively. Modes with negative azimuthal number m designate modes that
azimuthally counter-rotate with respect to the electron gyration in a static magnetic
field. On the other hand, modes with a positive m represent co-rotating modes
with respect to the electron gyration. The amount of transverse energy in the beam
depends on the ratio of transverse electron velocity v, to axial electron velocity v,,
known as pitch factor &« = v, /v, at the entrance of the interaction circuit. The
parameter « is usually less than 2 in order to prevent reflections of the electron beam
due to the lack of axial energy to overcome the magnetic hill determined by the
external static magnetic field profile.

Some requirements must be observed for a net energy transfer from the beam
to the wave to occur and for oscillations to be established. First, the beam-wave
synchronism condition stated in Eq. (1.1) and shown in the dispersion diagram in
Fig. 1-7 must be fulfilled in order to allow interaction over distances longer than the
wavelength.

Second, the power transferred from the beam to the wave should be equal to or
greater than the cavity losses, allowing oscillations to start. Threshold conditions for
self-oscillations depend on cavity losses and the cavity interaction length, and also

depend on beam parameters such as beam current, transverse beam energy, and beam
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radius. These parameters determine the start oscillation current of the gyrotron as

it will be discussed in Chapter 2.

Third, a feedback mechanism is necessary for oscillations to build up and sustain.
In gyrotrons, this feedback mechanism is provided by reflections at both resonator
ends. The forward-wave component of a resonant mode will interact with electrons
and be reflected at the resonator end, becoming a backward wave. At the other cavity
end, the backward wave will turn to a forward wave and interact with the beam again.
This closed loop allows the wave amplitude to grow from noise level until it reaches
steady state where the power transferred from the beam to the microwave equalizes
the cavity losses. Another feedback mechanism for oscillations is an internal feedback
loop between forward-moving electrons and a backward wave propagating with a
group velocity opposing the electron axial motion. This condition is represented in
the dispersion diagram in Fig. 1-7 and it forms the basis of a gyro-BWO oscillator
[39].

In gyrotrons, electrons usually interact with waves close to cutoff as shown in
the dispersion diagram in Fig. 1-7. These waves have a small axial wavenumber
k. and that prevent the broadening of the cyclotron resonance band associated with
the Doppler shift term k,v, and the electron axial velocity spread, allowing a better
efficiency [40]. As a consequence, the synchronism condition in gyrotrons can be
approximated as f ~ nf., where f. = (eBy)/(2rmey) = 27.9924B,/~v GHz/T is the
electron cyclotron frequency in the cavity region. As detailed in Chapter 2, formation
of electrons bunches in the decelerated phase of the electric field for a net energy
transfer to the wave requires w > nw..

Although TM cylindrical modes can also be excited in gyrotron resonators, their
threshold for oscillations is &~ 1/3? higher than the threshold of TE modes [38, 41] and
their associated beam-wave interaction is weaker since the TM transverse electric field
scales as k,/k. TM modes have been observed in few relativistic gyrotron experiments

as pointed out in [42] and references therein.

Unlike conventional microwave tubes where an external static magnetic field is pri-

marily utilized to confines the electron beam, in gyrotrons the external magnetic field
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not only confine the beam but its value at the interaction region basically determines
the frequency of the device f ~ nf.. This marks another difference between gyrotrons
and slow-wave devices besides azimuthal bunching and the use of overmoded smooth

waveguide structures for fast-wave emission.

After the interaction, part of the microwaves will be dissipated in the cavity and
the other portion will diffract out of the resonator, constituting the output power.
Many gyrotrons feature internal converters to transform the cylindrical cavity mode
into a Gaussian-like microwave beam as pioneered by S. N. Vlasov in 1975 [43] and
later improved by G. G. Denisov in 1992 [44]. After exiting the gyrotron through a
transparent window, the Gaussian output microwave beam can be transmitted to the
final destination in a low-loss way using a set of mirrors and/or waveguides. Finally,
the spent electron beam is collected, closing the power supply circuit.

Since its conception in the 1960s, gyrotrons have experienced rapid development
which led to MW-level sources motivated by applications such as plasma heating. In
addition to the aforementioned milestones, other improvements such as the use of
CVD (chemical vapor deposition) diamond windows has enabled gyrotrons to handle
higher output powers [45]. For instance, a 170-GHz gyrotron oscillator developed for
the electron cyclotron heating and current drive (ECH-CD) system of the interna-
tional fusion reactor ITER achieved an output power of 1 MW during 800 s with an
efficiency of 55% [46] using a single-stage depressed collector. Recently, 2.2 MW peak
power with efficiency of 30% has been obtained in a 170-GHz coaxial-cavity gyrotron

for ITER operating in a pulse length of 1 ms and using a non-depressed collector [47].

Gyrotrons operating at the second cyclotron harmonic in CW regime have reached
2.4 kW at 157 GHz, 4.3 kW at 250 GHz, and 1.5 kW at 326 GHz, with efficiencies
of 9.5%, 18%, and 6.2%, respectively [42, 48]. For pulsed operation, second-harmonic
gyrotrons have achieved powers levels of 1-52 kW at discrete frequencies between 209
GHz to 576 GHz [42, 49, 50]. The maximum power of 52 kW was obtained at 349
GHz [50]. Efficiencies for these pulsed experiments were around or below 10%.

Gyrotron radiation at frequencies above 1 THz has been demonstrated at both

fundamental and higher cyclotron harmonics. Experiments performed with a pulsed
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magnet at the IAP, Nizhny Novgorod, Russia, radiated a fundamental harmonic mode
at 1.022 THz with an output power of 1.5 kW and efficiency of 2.2% in pulses of 50
us [51]. Radiation at 1.08 THz has been also obtained in a CW second-harmonic
gyrotron at the University of Fukui, Fukui, Japan [52]. In addition, a third-harmonic
gyrotron employing an axis-encircling electron beam, an arrangement also known as
a large-orbit gyrotron (LOG), emitted 1.0 THz with peak power of 400 W in pulses
of about 8 us with efficiency of 0.7% [53].

Although operation in a high-order mode is advantageous in terms of breakdown
and power handling, it brings forth the issue of mode competition. Mode selection in
gyrotrons is often achieved by magnetic field selection and/or proper selection of the
beam radius so that the start current of parasitic modes is higher than the operating
current. Meanwhile other gyrotron interaction structures with sparser mode density
than that of a cylindrical cavity have been tested to tackle the mode competition
problem. Examples of such developments include a 140-GHz gyrotron using a PBG
cavity, where no competing modes were observed in a frequency range of 30% about

the operating mode [3], and a 140-GHz gyrotron utilizing a confocal resonator [4].

To this date, most of the experimental data available for oscillators coined as gyro-
BWOs were taken at frequencies below 35 GHz [42]. One exception was a pioneering
attempt made at the Massachusetts Institute of Technology (MIT), Cambridge, MA,
USA, to build a pulsed 140-GHz fundamental-harmonic gyro-BWO. This device gen-
erated 2 kW of output power with an efficiency of 2%. Discontinuous frequency
tuning with beam voltage reached a total range of 13 GHz [54]. Second-harmonic
gyro-BWOs have been built at the IAP, where a 25-GHz CW gyro-BWO using a
helically corrugated waveguide produced 7 kW of output power with an efficiency of
15% and magnetic tuning range of 2.2 GHz [55]. An attempt to scale this technology
to the W-band is in progress [56]. This gyro-BWO review excludes gyrotrons that can

be regarded as a reflective-type gyro-BWO due to interaction with backward waves.
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Gyro-Amplifiers

CRMs can also be built in an amplifier configuration taking the form of gyroklystrons,
gyrotwystrons, and gyro-TWTs. Gyroklystrons have been developed at frequencies
up to 94 GHz, which is a frequency of interest for radars and communications due to
the lower microwave absorption in the air by water and oxygen molecules, forming
an atmospheric window. At 94 GHz, output powers from several tens of kilowatts to
several hundreds of kilowatts have been obtained for gains up to 48 dB and bandwidths
up to 0.75% [42]. The maximum efficiency obtained at this frequency was 34%.

Gyrotwystrons, which uses an input cavity for electron bunching like in a gy-
roklystron and an output waveguide section for larger bandwidth like in a gyro-TW'T,
have also been developed at 94 GHz for radar applications such as the MIT Lincoln
Laboratory Haystack radar. This gyrotwystron produced 55 kW with an efficiency
of 14.9% and a gain of 30 dB. The bandwidth obtained was twice as much as that of

a gyroklystron, reaching 1.6% [57, 58].

Another gyro-amplifier being considered for radar applications is the gyro-TWT.
The main feature of this device is its wide bandwidth, where 7.7 % bandwidth has
been obtained in a 94-GHz gyro-TWT producing 1.5 kW with a gain of 42 dB and
efficiency of 4.2% [58, 59].

Pioneering efforts are being made at MIT where gyro-TW'Ts are being developed
at 140 GHz [60, 61], and 250 GHz [62] for spectroscopic applications such as nu-
clear magnetic resonance (NMR) and electron paramagnetic resonance (EPR). The
140-GHz amplifier utilizes overmoded confocal waveguide sections integrated with
severs in a single block, where the sever loss mechanism relies on diffraction and not
on microwave absorption by a lossy material. The role of severs was discussed in
Section 1.2.4. The 140-GHz gyro-TWT has produced an output power of 820 W
with bandwidth of 1.1% and gain of 34 dB with efficiency of 1% [61]. The 250-GHz
gyro-TW'T design proposes a high-gain single-stage PBG traveling-wave structure for
lower-order mode suppression [62]. More details about this spectroscopic applica-

tion, namely sensitivity enhanced nuclear magnetic resonance via dynamic nuclear
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polarization (DNP/NMR), is given next.

1.3 Dynamic Nuclear Polarization (DNP)

Nuclear magnetic resonance is a spectroscopic tool employed in several areas of
science including physics, chemistry, biology, materials science, and medicine. For
the commonly studied spin '/ nuclei such as protons (*H), the NMR signal is pro-
portional to the difference of population between the N, spins occupying the low
energy level and the N_ spins in the high energy level. In thermal equilibrium,
the relative population of these two states is given by Boltzmann’s statistics as
N_/N; = exp(AE/kgTs), where kg is the Boltzmann constant, T is the sample
temperature, and AE = hy,Byyr is the Zeeman energy splitting with 2 denoting
Planck’s constant, v, = 2.675222 x 10® rad/s-T the proton gyromagnetic ratio, and
Bnur the static magnetic field applied to the NMR sample. In terms of frequency,
the Zeeman energy splitting AE = hf, can be determined by the proton Larmor
frequency f, ~ 42.577Byyr MHz/T. The small Zeeman energy splitting associated
with the nuclear spin results in a small polarization, limiting the sensitivity of NMR
spectroscopy. For example at 300 K and 11.74 T, protons exhibit a polarization
P = (N;y — N_)/(N4y + N_) = tanh(AE/2kgT;) of 0.004% while electrons have a
much higher one 2.6%.

One technique that exploits this property in order to enhance the signal-to-noise
(SNR) ratio in NMR experiments is dynamic nuclear polarization. This technique
consists of transferring the large polarization of exogenous or endogenous electron
spins to the nuclear spins of a sample of interest by irradiating electromagnetic waves
at a frequency close to the electron Larmor frequency f. ~ 28.024Byy g GHz/T. The
electron Larmor frequency is also close to the electron cyclotron frequency. In theory,
the maximum DNP enhancement attainable is given by the ratio f./f,, which is ~660
for protons [63, 64]. Polarization mechanisms in DNP/NMR experiments include the
Overhauser effect, the solid effect, the cross effect, and thermal mixing, which are

reviewed in Ref. [65].
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In order to combine the signal enhancement provided by DNP with the improved
spectral resolution and sensitivity in contemporary NMR spectrometers operating at
magnetic fields > 5 T, microwave sources radiating at frequencies > 140 GHz are
required [65]. These sources should deliver several watts to several tens of watts of
output power in long-pulse or CW operation for an efficient transfer of polarization
(66, 67]. Power and frequency fluctuations in the source should be kept below 1% and
1 MHz, respectively, so that long-term signal averaging can be carried out in DNP
experiments [68].

As DNP depends on the electron spin resonance to drive the polarization of nuclear
spins, it is paramount the ability to sweep the microwave source frequency within the
EPR linewidth for a fixed Byjgr so that the operating point that maximizes the
DNP enhancement can be found. Optimization of the DNP signal is also possible
by sweeping the NMR magnetic field while keeping the frequency of the microwave
source constant if sweep coils are installed in the NMR spectrometer. Sweeping
Bnar is a procedure that spends a considerable amount of liquid helium, it poses a
risk of quenching the NMR magnet, and it requires further verification of the NMR
field homogeneity once the procedure is finalized [69]. For these reasons, sweeping
the frequency of the microwave oscillator is preferred. In addition, tunable sources
would permit the implementation of DNP in NMR spectrometers without the need
for sweep coils. A review of available sources in the frequency of interest for high-field

DNP/NMR is presented below.

1.4 State of the Art of Submillimeter-Wave Sources

Among submillimeter sources available to date, solid-state sources such as IMPATT
and Gunn diodes have power capability limited to hundreds of milliwatts and tens
of milliwatts at 140 GHz, respectively, dropping to a few milliwatts at 300 GHz [70].
A solid-state DNP source consisting of an oscillator connected to an amplifier and a
chain of frequency multipliers was able to deliver a maximum output power of 33 mW

at 264 GHz with a 3-dB frequency tuning range of 13.9 GHz [71]. One of the factors
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for limited output power in solid-state oscillators is the constrained input beam power.
While the beam voltage is limited by breakdown, the collisional flow of electrons in
the lattice restricts the beam current due to the saturated electron drift velocity,
which is on the order of 5 ~ 0.001 for typical semiconductor doping concentration
[70]. Another boundary is set by the maximum operating temperature of the device,
which constrains the total beam power and the amount of heat associated with ohmic

loss from collisional flow.

Optically pumped far-infrared gas lasers can provide a series of discrete lines
between 0.16 and 7.5 THz [72], with a maximum power of 1.2 W at 2.5 THz [73]
reducing to a few milliwatts below 600 GHz in commercial versions [74]. Another type
of laser able to emit in the submillimeter band is the quantum cascade laser (QCL).
Unlike conventional lasers that have their emission lines determined by the properties
of the gain medium material, QCLs can have their emission frequency tailored by
the thickness of alternate semiconductor layers that form quantum wells and control
conduction intersubbands for cascaded electron transition. It has been demonstrated
that QCLs can generate ~15 mW CW at frequencies near 2 THz [75] and these lasers
are able to radiate at frequencies as low as 680 GHz with the assistance of an external
magnetic field [76]. One factor not favorable for THz lasers is the low energy of the

photon in this part of the electromagnetic spectrum (1 THz = 4 meV).

In addition to solid-state oscillators and lasers, conventional microwave tubes also
have limited power capability especially at submillimeter wavelengths. As outlined
in Section 1.2, conventional microwave tubes have circuits with features smaller than
the wavelength, which scale down with increasing frequency, limiting the average
power capability of theses devices and making their fabrication more involved. For
example, even though commercially available extended-interaction oscillators are able
to generate 50 W of power at 140 GHz at continuous duty, the output power of these
devices reduces to 6 W at 220 GHz [17]. Backward-wave oscillators (BWOs), which
have covered frequencies up to 1.4 THz, follow a similar trend with power dropping
from about 10 W at 140 GHz to 1 W at 300 GHz [32]. Oscillators based on diffraction
radiation such as orotrons can provide CW radiation up to 0.1-0.5 W at 300-375 GHz
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[25].

On the other hand, fast-wave vacuum electron devices such as gyrotrons allow
interaction between electrons and waves with superluminal phase velocity. These fast
waves are supported by overmoded smooth waveguides, which are simpler to fabricate
and able to handle the average power required for high-field DNP/NMR and beyond
as exemplified in Section 1.2.5. Free electron lasers can also provide radiation at
submillimeter frequencies [77]. However, the main disadvantages of FELs are their

bulkiness and cost since they require to be driven by an accelerator.

1.5 Gyrotrons for DNP

Gyrotrons were first developed for high-field DNP/NMR at MIT in the early 1990s
initially at 140 GHz [63] and later at 250 GHz [78], corresponding to 211- and 380-
MHz 'H NMR frequencies, respectively. These gyrotrons operate at the fundamental
harmonic of the cyclotron frequency and have generated 14 W at 140 GHz [79, 80],
and 7 W at 250 GHz [68] using low beam power (300 W) and low beam current
(25 mA). Long-term continuous operation with stable output power and frequency
has been demonstrated for both gyrotrons. In particular, the 250-GHz gyrotron has
achieved uninterrupted and stable CW operation for a period of 21 days [68]. The
possibilities and results [63-68] provided by this new instrumentation have sparked
the interest of other research laboratories [81-86] and companies [87-89], around the
world, which are employing or developing gyrotrons for DNP/NMR spectrometers.
A compilation of developed gyrotrons for high-field DNP/NMR is given in Table 1.1.

1.5.1 Second-Harmonic Operation

In order to extend the applicability of DNP/NMR to higher fields, the expensive
cost of 10-23-T NbsSn superconducting magnets can be avoided by operating the
gyrotron at a cyclotron harmonic while utilizing less expensive NbTi superconducting
magnets with fields up to 10 T. However, operation at a cyclotron harmonic brings

forth extra challenges due to the lower beam-wave interaction efficiency for a given
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beam power (see Section 1.2.5 - Gyrotron Oscillators), higher start oscillation current,
and additional competition with neighboring lower-harmonic modes as detailed in
Chapter 3. The harmonic gyrotron option for DNP was first considered at MIT with
the development of a second-harmonic 460-GHz gyrotron for a 700-MHz 'H NMR
system in 2004 [90]. The first version of this gyrotron was able to generate up to 8.4
W of output power for a 12.4-kV 135-mA electron beam. The start current of the
operating mode TEg ¢ was measured to be 67 mA, and stable continuous operation
was demonstrated for a period of 1 hour [91]. Other second-harmonic gyrotrons were
developed recently at the University of Fukui, Fukui, Japan [81, 84, 85] and by the
Russian company GYCOM [88, 89]. Prospects to employ DNP to even higher NMR
frequencies may be envisaged from a recent demonstration of 1-THz generation from

a CW second-harmonic gyrotron [52].

1.5.2 Frequency Tunability

As mentioned in Section 1.3, the ability to continuously tune the gyrotron frequency is
of great interest for DNP /NMR since it simplifies DNP operation by not requiring the
NMR magnet to be swept. A tunable gyrotron also allows DNP to be implemented in
NMR spectrometers without sweep coils. Gyrotrons usually employ resonators with
high quality factor @) for efficient beam-wave interaction. However this condition
poses a challenge if continuous frequency tunability on the order of a 1 GHz or more
is a matter of concern. Following the dispersion diagram in Fig. 1-7, the gyrotron
frequency can be tuned basically either by cavity perturbation or by changing the
electron cyclotron frequency via magnetic or voltage tuning.

Cavity perturbation can be realized by altering the cavity geometry, for example.
As gyrotrons operate at frequencies close to cutoff where k; > k., the operating
frequency of the device is relatively insensitive to the cavity length. For this rea-
son, tunability by changing the cavity radius is preferred, which can be devised in a
quasi-optical structure [92] or a split-cavity configuration [93-95]. Spurious second-
harmonic emission at 200 GHz was observed simultaneously with the design funda-

mental mode in a 100-GHz quasi-optical pulsed gyrotron [96], where a continuous
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tuning range of 1.6 GHz and 0.88 GHz were obtained for the second-harmonic and
fundamental modes, respectively, as a function of the separation between the mirrors
forming the quasi-optical interaction structure. For the split-cavity CW gyrotron re-
ported in [94], which could be step tunable over the 100-325 GHz frequency range,
continuous tunability less than 2 GHz was observed for a given fundamental-harmonic
mode. A critical issue of the split structure is the precise alignment required between
the two cavity halves and the need of additional vacuum feedthroughs depending on
the implementation.

In gyrotrons the tuning range associated with a single TE,, ,, cavity mode is
limited by its @ factor [97], which is often on the order of a few thousands to tens of
thousands. Considering this fact, continuous broadband tunability may be achieved
by exciting successive cavity modes that are close to each other in frequency as the
cyclotron frequency is swept via magnetic or voltage tuning. In gyrotron cavities
TE,, p. modes that only differs by the axial mode number ¢ have close eigenfrequencies
following the condition k, < k. This scheme for continuous frequency tunability
was demonstrated in the MIT 250- and 460-GHz gyrotrons with the excitation of
successive high-order axial modes as a function of magnetic field [68, 90]. While a
tuning range broader than 2 GHz was observed for fundamental-harmonic modes, the
continuous frequency tunability of second-harmonic modes was limited to a mere 50
MHz. Wideband magnetic tuning, which is similar to the tuning reported in [90],
has recently been reported in a fundamental-harmonic 140-GHz gyrotron oscillator,
with up to 6 GHz of magnetic tuning obtained [82]. For a low-frequency gyrodevice
operating at the second cyclotron harmonic, a smooth broadband magnetic tuning of

2.2 GHz has been observed in a 25-GHz CW gyro-BWO [55].

1.6 Motivation of this Research

The motivation of this research is the development of a CW 330-GHz gyrotron oscilla-
tor operating at the second cyclotron harmonic with broadband continuous frequency

tunability for DNP experiments in a 500-MHz 'H NMR spectrometer without sweep
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coils installed. The microwave frequency that maximizes the DNP/NMR enhance-
ment corresponds to 329.4 GHz. The CW 330-GHz gyrotron should deliver several
watts to several tens of watts of output power in a stable regime with a continuous
tuning range of 1.5 GHz centered at the optimum DNP frequency of 329.4 GHz.
Despite the simpler implementation of continuous tuning via cyclotron frequency
by using knobs already available to the gyrotron operator such as beam voltage and
magnetic field, skepticism about adopting this approach was expressed considering
the available experimental data in the early stage of this project with magnetic tuning
restricted to 50 MHz for second-harmonic modes in high-frequency gyrotrons. Fol-
lowing details described in this thesis, this work demonstrated for the first time that
a continuous tuning range > 1 GHz can be achieved via magnetic, voltage, and ther-
mal tuning for second-harmonic modes in submillimiter-wave gyrotrons. This result
constitutes a major advance in the state of the art of gyrotrons. Besides frequency
tunability, other gyrotron features of interest for DNP/NMR were evaluated such as
stability of the gyrotron output and field profile of the microwave output beam. After
the major findings of this work were published [98-101}, which are summarized in the
highlighted rows of Table 1.1 and detailed in this thesis, a continuous magnetic tuning
range of 0.5 GHz has been reported very recently for a second-harmonic mode in a

395-GHz gyrotron [84].

1.7 Thesis Outline

After introducing the rationale behind building a 330-GHz continuously tunable CW
gyrotron operating at the second cyclotron harmonic for a spectroscopic application,
additional details of the gyrotron operation are given in Chapter 2 including a qual-
itative description of the azimuthal electron bunching process. The second chapter
also reviews a nonlinear single-particle theory to describe the beam-wave interaction
in a structure with a fixed axial field profile, and a linear theory to determine the
threshold current for oscillations. Additional tools utilized for the gyrotron design

such as a code to determine the axial field profile in gyrotron cavities with the electron
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beam absent and a self-consistent code for design under more realistic conditions are
also mentioned.

Once the theoretical foundations are laid, the design of the different parts of the
gyrotron is described in Chapter 3 including the superconducting magnet, the elec-
tron gun, the cavity interaction circuit, and the converter from a cylindrical waveguide
mode to a Gaussian-like microwave beam for low-loss transmission to the desired ap-
plication. Chapter 4 describes the experimental setup and diagnostics utilized in the
characterization of the gyrotron. Experimental results for output power and frequency
tunability as a function of magnetic field, beam voltage, and cavity cooling tempera-
ture are presented in this chapter. Other experimental data mentioned in this chapter
include the start oscillation current of the operating mode, ohmic loss, frequency and
power stability in long-run continuous operation, and the output microwave beam
profile.

The design and evaluation of a 460-GHz second-harmonic CW gyrotron are pre-
sented in Chapter 5. This gyrotron also features broadband continuous frequency tun-
ability and it provided valuable information for the design of the subsequent 330-GHz
project described in the previous chapters. The thesis is finalized with conclusions

and directions for future work in Chapter 6.
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Chapter 2

Theory of Gyrotron Oscillators

After the introductory remarks that outlined the motivation and relevance of this
research, this chapter reviews the theoretical basis necessary for the understanding
and design of gyrotron oscillators. Section 2.1 gives more details than that provided
in the previous chapter about the gyrotron operation, including a classical relativistic
description of the gyrotron radiation mechanism. Interpretation of the ECM mech-
anism using a quantum approach is also possible as indicated in [38] and references
therein. In the sequence, the electromagnetic fields and associated losses in a cylindri-
cal resonant metallic structure that forms the gyrotron interaction circuit are derived
in Section 2.2. Once the field configuration is known assuming a fixed axial pro-
file in the interaction structure, figures of merit of the oscillator such as efficiency
and threshold oscillation current can be estimated using single-mode, single-particle
nonlinear and linear theories as outlined in Sections 2.3 and 2.4, respectively. An
overview of a self-consistent code for gyrotron design under more realistic conditions

is presented in Section 2.5.

2.1 Gyrotron Overview

The gyrotron oscillator configuration utilized in this work was shown schematically in
Fig. 1-6. The electron beam is generated by thermionic emission from an indirectly

heated ring cathode of radius r. and slant length [., overcoming the work function
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cavity wall

Larmor orbit y

YF--—-—---

electron

guiding center rg

Figure 2-1: Cross-section of small-orbit electron beam with beam radius r., showing
electrons gyrating in a Larmor orbit of radius ry,.

of the elements forming the emitting surface in a magnetron injection gun (MIG). A
DC beam voltage —V, applied between the cathode and grounded anode electrodes
accelerates the electrons, which have an initial transverse velocity due to the crossed
configuration of the DC electric E. and magnetic B, fields at the emitter location
denoted by the subscript ¢. A cross-section of the hollow electron beam is depicted in
Fig. 2-1. While electrons follow the magnetic field lines created by the superconduct-
ing magnet in cyclotron motion along the drift section, the beam guiding center r, is
compressed following r.(z) = r.(B./Bo(z))/?, a result from Busch’s theorem [103].
At the same time the electron transverse velocity v, is increased according to the

adiabatic invariant quantity p% /By, where p is the electron linear momentum [103].

The electron beam configuration utilized in this work is known as a small orbit
beam since r, < r.. As outlined above, the small orbit beam can be generated using
a MIG and a monotonic magnet field profile between the cathode and the gyrotron
cavity provided by the superconducting magnet. Other gyrotrons called large orbit
gyrotrons (LOG) utilize a large orbit electron beam or an axis-encircling beam where

r, = r.. One of the main benefits of the large orbit scheme is the better mode
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selectivity since an electron beam with r. = 0 only interacts with co-rotating TE
modes whose azimuthal index m is equal to the cyclotron harmonic n. [104]. This
result follows from the beam-wave coupling coefficient, Eq. (2.64), derived in Section
2.3. However, the generation of an axis-encircling electron beam is more involved,
requiring an electron gun with a reverse (cusp) of the magnetic field near the cathode

or a kicker [53].

At the cavity entrance, the pitch factor « = v, /v, should be high since the
electron beam will interact with a TE,,,, electromagnetic wave supported by the
cavity at a frequency near cutoff, transferring part of its perpendicular kinetic energy
to the wave. A pitch factor less than 2 is usually employed in order to avoid reflected
electrons due to the magnetic mirror effect. Although TM cylindrical modes can also
be excited, their threshold for oscillations is = 1/3? higher than the threshold of TE
modes [38, 41]. Also the beam-wave interaction for TM modes is weaker than that
of TE modes since the TM transverse electric field scales as k,/k. Excitation of TM
modes has not been observed in gyrotron oscillators operating in weakly or mildly
relativistic conditions (7 < 1.25), which constitute the majority of gyrotrons [42].

Therefore only TE modes will be considered.

Two fundamental conditions are required for the generation of electromagnetic
waves in the interaction region: bunching and synchronism. Azimuthal electron
bunching in a Larmor orbit is a process stimulated by the wave and imparts an
AC component to the DC electron beam. The AC current component will interact
with the electromagnetic cavity field and a net energy transfer to the wave will occur

if electrons remain in close synchronism with the wave.

The azimuthal bunching process is illustrated in Fig. 2-2 and it is a result from
simulations performed using a single-mode single-particle nonlinear theory derived
in Section 2.3. Here each frame was taken at a different axial location z along the
cavity longitudinal axis and at a multiple of the microwave period T = 27 /w. As
the microwave field F is synchronous with the second cyclotron harmonic (w &~ 2w..),
the electric field lines seen by the electron beam have a quadrupole configuration as

demonstrated in Section 2.3. The interaction calculation was performed for an axial
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Frame 1 (z/L = -0.858) . Frame 2 (z/L = -0.315)

electron
[

{Larmor
orbit

Figure 2-2: Azimuthal bunching for an electron beam interacting with a microwave
field E synchronous with the second cyclotron harmonic (n = 2). The synchronous
electric field component E has a quadrupolar configuration as shown by the electric
field lines in each graph. Each frame was taken at a multiple of the microwave period
T and at a different axial location z in the cavity interaction region. The orbital
efficiency is denoted by 7, and the simulation parameters are described in the text.
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range of —/3/2 < z/L < /3/2 and it assumed a TE_, 3, cylindrical cavity mode
with a Gaussian axial field profile f(z) = exp (—(2z/L)?), where L is the cavity effec-
tive length. This cavity mode is the design mode for the 330 GHz gyrotron oscillator
as described in Chapter 3 and it was assumed to already exist in the resonator with
a normalized amplitude F' = 0.024, simulating steady state operation above the min-
imum threshold for oscillations. The static magnetic field By = 5.99 T is oriented
along the cavity axis. The other simulation parameters are number of electrons =
64, V, = 10 kV, I, = 190 mA, a = 1.8, rp = 50 pm, f = 330 GHz, r. = 1.08 mm,
cyclotron harmonic n = 2, L/A = 31, and cavity quality factor @ ~ 9,000. The
code utilized for this simulation is based on a single-particle single-mode nonlinear

gyrotron theory described in Section 2.3.

Frame 1 shows electrons at the cavity entrance randomly distributed around a
Larmor orbit of Larmor radius r;, = v, /w.. Each individual Larmor orbit shares
a common guiding center of radius r. with electrons rotating counterclockwise. As
electrons advance in the cavity, electrons in a region where v, -E < 0 or ¥ > 0
are accelerated. This gain in energy will make these electrons rotate slower with an
increased Larmor radius as it follows from the dependence of the cyclotron frequency
we 1/ and Larmor radius r;, & yv; on beam energy. Meanwhile, electrons in the
decelerated phase of the electromagnetic field, characterized by v, - E > 0 or 4 < 0,
will lose energy and rotate faster with a decreased r; as shown in Frame 2. This
process leads to the formation of two electron bunches at the decelerated phase of
the field as seen in Frame 3. Formation of two bunches follows from the synchronism
between the microwave field and the second cyclotron harmonic. Extrapolation of
this result may suggest that the number of bunches formed from the interaction with
a given cyclotron harmonic is equal to the harmonic number [105]. Electron bunches
will be located in the decelerated phase of the field for a net energy extraction to the
wave as long as the microwave frequency is greater than the second cyclotron harmonic
at the entrance of the cavity. The condition for synchronism and favorable beam-wave
interaction can be summarized as w > 2w.y, where the subscript 0 denotes the value

taken at the entrance of the gyrotron resonator. Frame 4 shows the distribution of
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Figure 2-3: Orbital efficiency 1, as a function of the normalized distance z/L for the
same simulation parameters utilized in Fig. 2-2.

electrons at the exit of the cavity with final orbital efficiency of n, = 34.7%. The
variation of the efficiency 1, as a function of the normalized distance z/L can be seen

in Fig. 2-3.

Part of the power transferred from the beam will diffract out of the resonator,
constituting the output power Poyr of the device, while the remaining portion P.q
will be dissipated on the cavity walls. The diffractive loss is characterized by the
diffractive quality factor Qp and the ohmic loss is represented by the ohmic quality
factor Q. Based on the aforementioned description, the gyrotron efficiency n can be

written as [106]:

Pour Yo — Yout 5%0
— 2.1
Vil -1 2(1- ’Y(Tl)nLnRF 21

where the first term accounts for the amount of transverse beam kinetic energy avail-
able for interaction with a TE cavity mode and 7, represents the beam-wave inter-
action efficiency. The last term ngrpr denotes the microwave extraction efficiency from

the gyrotron resonator and it depends on the cavity losses:

1
NRF = (1 + %) (2.2)
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For weakly relativistic operation where the beam energy at the entrance of the

cavity fulfills 32 < 1, Eq. (2.1) can be approximated as:

~ (0 (2.3
n~ 1+a% NiMRrr .

After transferring part of its perpendicular energy to the electromagnetic wave,
the spent beam is separated from the wave by an internal mode converter, and it
is allowed to expand in the decaying field of the superconducting magnet until it is
collected on a water-cooled copper collector at ground potential in a non-depressed
collector configuration. The internal mode converter not only allows a reduction
of the thermal load on the collector but also permits a better vacuum conductance
throughout the tube, contributing to the CW operation of a gyrotron. Meanwhile
the converter transforms the cylindrical waveguide into a Gaussian-like beam, which
is guided to a transparent output window by a set of mirrors and sent to the NMR

probe using a low-loss corrugated waveguide.

2.2 Gyrotron Interaction Structure

The gyrotron interaction structure considered here takes the form of a cylindrical
cavity of radius r.4, and length L where the axial boundaries are defined by a section
of downtapered waveguide at one cavity end and by a section of uptapered waveguide
at the other cavity end as seen in Fig. 1-6. Modes excited by an electron beam in this
resonant structure have the transverse pattern of a TE cylindrical waveguide mode
with an axial field profile f(z) along the cavity axis z. TM cavity modes will not be

included due to the reasons outlined in Section 2.1.

2.2.1 Cavity Electromagnetic Fields

In a free-space medium without charge and current sources (p = 0,J = 0) and with

constitutive relations B = puoH, and D = ¢qE, Maxwell’s equation can be written as
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below for a time-harmonic solution E(r,¢) = Re{E(r)e’*'} at a frequency w:

VXE = —jwuH (2.4)
VxH = jwgE (2.5)
V-E = 0 (2.6)
V-H = 0 (2.7)

where E represents the electric field in V/m, D represents the electric displacement
in C/m?, H represents the magnetic field in A/m, B represents the magnetic flux
density in Wh/m?, gy = 8.854187817 x 107!2 F/m is the permittivity of free space,
and pp = 47 x 1077 H/m is the permeability of free space. Following (2.6) and (2.7),
E and H can be expressed as functions of the electric vector potential F and magnetic

vector potential A:

E = —-VxF (2.8)
= VxA (2.9)

Combining Egs. (2.5) and (2.8), one can write the magnetic field H as:

H = —jweF + V¢* (2.10)

with ¢¢ denoting an arbitrary scalar function. Replacing (2.8) and (2.10) into (2.4)

and making use of the Lorenz gauge condition:

V-F — jwugp® =0 (2.11)

one can obtain the wave equation for the electric vector potential F:

(V? + w?pioeo) F =0 (2.12)
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where the fields are represented as:

E = —VxF (2.13)
V(V-F)

2.14
o (2.14)

= —jw€0F —]

In cylindrical coordinates (p, ¢, z) and considering F = 1% for the TE case, the

electromagnetic fields E and H are written as:

o -
Y AP 2.15
p0g" 8p¢ (2.15)

R N L A PN
H= Wito 8pazp whop 0p0z " wp W Hoot + 0.2 )~ (2.16)

where the function ¢ can be found as a solution of the wave equation (V2 + w?jiggg) ¢ =

0 using separation of variables ¥ (p, ¢, 2) = AR(p)®(¢)Z(z) where A is a constant:

1 0 ( 8R) 1 9% 10°Z

2 —
p—Ra—p ,Oa—p +/)2_<I)8T¢52+2ﬁ+w pogo =0 (2.17)

which results in the following set of equations for each function R(p), ®(¢), and Z(z),

after using the dispersion relation k? = k% + k2 (1.2):

2
d
g—¢2+m2fb =0 (2'18)
2
Z
%H{fz =0 (2.19)
o ( OR
e (pa—p) + (k1p* =m?) = 0 (2.20)

Combining the solution of each equation, ®(¢) = e 7™ Z(z) = f(z), and R =
Jm(k1p), where J,,(x) is a Bessel function of the first kind and m is the azimuthal

mode number, the solution for the wave equation (2.12) is written as:

U(p, d,2) = Ad(kip)e™™ f(2) (2.21)
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Once the function v is known with the constant A chosen as A = F1/k,, where
FE is the electric field amplitude, the expression for each field component of a TE

cylindrical waveguide mode can be found from Egs. (2.15) and (2.16):

m _im

E, = ]E1k—Jm(k1p)€ ime £(2) (2.22)
1p ’

By = BEuJl(kip)e?™f(2) (2.23)

E. = 0 (2.24)
1 )

H, = —jBi——J, (kip)e ™ f'(2) (2.25)
WHo
m .

Hy = —FE kip)e Imef! 2.2

¢ lw;zolﬁpjm( 1p)e” " f(z) (2.26)
k .

H, = —jBE——Ju(kip)e ™ f(2) (2.27)
Who

From the boundary conditions Ey(p = 7¢y) = 0 and H,(p = 7¢qy) = 0, one has
J! (k17ean) = 0, which yields the following expression for the transverse wavenumber

kJ_:

V/

fy = 2 (2.28)

TCG’U

where p denote the radial mode number, and v, is the pth non-vanishing zero of the

derivative of the Bessel function J), ().

2.2.2 Cavity Losses

As mentioned previously, there are two sources of losses in the gyrotron resonant
structure: ohmic and diffractive losses. The power deposited in the cavity walls as
ohmic loss is represented by the quantity P,.q while the power lost by diffraction
corresponds to the output power Poyr. These two quantities constitute the total
power lost Pr = P + Pour in the resonator and they relate to the cavity quality

factor () at a cavity resonant frequency w as:
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_ WU WU
- Pr dU/dt

Q (2.29)

where U denotes the stored energy in the gyrotron resonator of volume V' which is

given by the following expression after utilizing Eqs. (2.22)-(2.24):

L
%(Vﬁp - mz)ng(Vvlnp) /0 |f(2)|2dz (2.30)

If one represents the ohmic loss by its ohmic quality factor Qo = wU/Plpeq and
the diffractive losses by its diffractive quality factor Qp = wU/Poyr, the resonator

@-factor can be rewritten as:

L_ 1 + = (2.31)
@ Qo b '
and the cavity losses can be related as:
Pload QD
=== 2.32
Povr Qo (2.32)

For a gyrotron cavity with metallic walls with finite conductivity o, the ohmic

loss Pj,qq on the cavity surface S can be evaluated as:

1
Pload = / |Htan|2ds (233)
20-5 S

with the skin depth § being:

2
5=/ (2.34)
wloo

Replacing Egs. (2.30), (2.33), and (2.34) in the expression for Qo and using the

gyrotron operating condition k, < k,, one obtains:
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2
Qo = rc(;“} (1 - ) (2.35)

The diffractive quality factor can be computed considering the cavity decay time
and absolute value of reflections Ry, and R,, at the downtapered and uptapered

ends of the resonator, respectively [41]:

wlL

QD - 'Ug(]- - RdownRup)

(2.36)

Approximating the axial field profile by a sinusoid f(z) = singnz/L with ¢ axial
mode variations and axial wavenumber k, = ¢7/L, and considering vy,v, = ¢* as well

as vpn, = w/k,, expression (2.36) can be rewritten as:

A (L/A)P
Qp = 4 (0= Ran i) (2.37)

In order to prevent electromagnetic waves in the gyrotron resonator from travelling
toward the electron gun, which would compromise the quality of the incoming electron
beam, it is reasonable to consider Rgo,, =~ 1. For high ()p resonators, R,, can be
approximated as R, ~ (k —k,)/(k + k.), which yield (1 — RapuwnRup) ™' ~ ¢ H(L/N).
Under these conditions, @p have a ¢~2 dependence on the axial mode number [107,

108]:

3
Op = ‘;_7; (%) (2.38)

Unlike gyrotrons operating at long wavelengths where losses are dominated by
diffraction [109, 110], yielding ngr ~ 1, the output power of submillimeter-wave

gyrotrons can be severely reduced by ohmic loss.
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2.2.3 Cold Cavity Parameters

The resonant frequency w, the axial field profile f(z) and the diffractive quality factor
Q@p of a gyrotron resonator can be found by solving Eq. (2.19) as implemented in a
computer code developed by [111] and utilized in this work. Considering that these
solutions do not include the presence of an electron beam or any other source in
Maxwell’s equations like in Section 2.2.1, the code is referred here as a cold-cavity
code.

For a gyrotron resonator where the waveguide radius is far from critical and weakly
varying as a function of the longitudinal distance z, the dispersion relation (1.2) and
one-dimensional wave equation of a single TE mode (2.19) without mode coupling

can be rewritten as:

(4) -RE = ®e (2.39)
[aa—;—l—kg(z)} f(z) =0 (2.40)

If one assumes that the operating mode is cutoff in the downtapered section
(z < Zaown) and propagating in the uptapered section (z > z,,) (see Fig. 1-6),

the appropriate radiation boundary condition at 2 = 24oun and z = z,, are:

Pg—g@-jkz@v@@% ~ 0 (2.41)
[agf>+jkz<z>f<z>] =0 (2.42)

where Re(k,) > 0 when Re(k?) > 0, and Im(k,) < 0 when Re(k?) > 0. These
conditions assume that the cavity cross section is far from critical (Re(k?) > Im(k?))
and weakly varying in the downtapered and uptapered sections (dk, /dz < k?).
The solutions of Eq. (2.40) that fulfill the boundary conditions (2.41) and (2.2.3)
have complex eigenfrequencies. Following the field dependence on exp(jwt), the def-
inition of quality factor in Eq. (2.29) and neglecting ohmic losses, the diffractive Qp

can be obtained as:
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_ Re(w)
2Im(w)

®@p (2.43)

In order to solve Eq. (2.40) numerically, one can separate the real and imaginary

parts and solve the following set of second order coupled differential equations:

{aa_; +Re (%)2 = ki} Re(f) = Im (%)2 Tm( f) (2.44)
{aa—; +Re () - ki} () = ~im (%) Re(f) (2.45)

Although perturbations in the calculated cold parameters are expected if beam
effects are taken into account [112], the axial field profile can be considered fixed in
gyrotron cavities with ¢)p much higher than the minimum diffractive quality factor

min — 4x(L/N\)? [41, 106].

2.3 Nonlinear Gyrotron Theory

Once the profile of the electric and magnetic microwave fields are known in the gy-
rotron resonator as derived in Section 2.2.1, the beam-wave efficiency 7, can be
estimated using a classical relativistic approach where the equations of motion of a
single electron moving in a combined field formed by the cavity fields and the external
static magnetic field are solved. For an electron gyrating in a Larmor orbit of radius
rr, which is centered at the guiding center r. and angle ¢. as shown in Fig. 2-1, the

equations of motion are:

d
d—i = —¢E-v (2.46)
d
d—lt’ — —¢(E+vxB) (2.47)

where € = ym.c? is the electron energy, and p = ym,v is the electron linear momen-

tum.
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The microwave electric field E of a TE cylindrical cavity mode is given by Egs.
(2.22)-(2.24) in cylindrical coordinates (p, ¢,z) and phasor form. The microwave
magnetic field By is related to the electric field F using Faraday’s law where By =
kxE/w. The force terms produced by the transverse component By = (k,/w)ZxE |,
including one term v, x B;p, associated with axial bunching by moving electrons
in the z direction, can be neglected since gyrotrons operate near the cutoff of a
TE,.p,, cavity mode where vy, = w/k, > c. Therefore even though azimuthal and
axial bunching are both present and compete with each other in gyrotrons, the first
mechanism dominates in fast-wave interaction (v,, > ¢) [5]. The other microwave
magnetic field component scales as |B,| = (k,/w)|F .| and it can be discarded for
a weakly relativistic electron beam. After these considerations, the magnetic field is
taken to be the static magnetic field B = BoZ and p, is constant [106]. Here the axial
microwave field profile f(z) is assumed to be fixed despite the presence of an electron
beam, which is a good approximation for gyrotron resonators with ()p much higher
than Q™.

The electromagnetic fields seen by electrons in a Larmor orbit can be expressed in
a coordinate system (r, 6, z) with origin at (p = r., ¢ = ¢.) by using Graf’s theorem

[113]. The result is:

E, = jEf(z)¢ Y k— s (ko) Jo(kyr)el-moee=is0 (2.48)

S=—0Q

Ey = Eif(2)e" Y Tnss(kire) J(kyr)el 6o e=i0 (2.49)

s§=—00
with 8 = w.t + 6y denoting the electron phase where 6, corresponds to the initial

electron phase. A net beam-wave energy transfer occurs for electrons that remain in

phase with the n'"-harmonic field component (s = n). This requires:

w = nw, + k,v, (2.50)

which is the synchronism condition. As gyrotrons operate near cutoff, one has w ~
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nw.. For weakly relativistic beams, the quantity k,r = k,r;, ~ nf, is small so that
the functions J,(k,r) and J! (k,r) can be approximated as J,(k, r) ~ (kir/2)"/n!
and J! (k1 r) ~ n(k,r)"1/(2"n!). From these results, one can obtain an expression in

the time domain for the electric field component in synchronism with the electrons:

E(r,t) = Ej(kir)" ' f(2)[-sin(wt —nd + (n — m)d. )7

+ cos(wt — nf + (n — m)¢.)d] (2.51)

with E] = Ey[n/(2"n!)|Jmes(kire). The field E(r,¢) has a rotating multipole config-
uration and for the second cyclotron harmonic n = 2 it takes a quadrupolar form as
seen in Fig. 2-2. Each frame in Fig. 2-2 was obtained at a multiple of the microwave
period T" with (n — m)¢. = —m/2, where the field takes the form E, o cosf = x
and F, o« —sinf) = —y in cartesian components, leading to the quadrupolar solution
xy = cte for the field line equation dx/dy = E,/E, = —x/y.

Using dz/dt = v,, v = wt — nf, and choosing (n —m)¢p. = —7/2, the equations of
motion (2.46) and (2.47) become:

de P . .

- = —ep—j(m) LE! f(2) sin(v) (2.52)
dv neyme _ NWe) W

_ — _ k n 1El 1_

= L ) B eost) + (1 7) 57

+ (l - 1) ~ (2.53)

Yo /BZOC
with the subscript 0 denotes quantities at the entrance of the interaction region.
After defining the normalized energy parameter u, the normalized length ¢, and the

detuning parameter A:

2 v
= —[|1—— 2.54
! io ( 70) ( )
_ Blawz
¢ = %Eé (2.55)
2 NWeo
A= o (1— - ) (2.56)



and using the approximation:

2

1/2
(ﬁio— 1—1—%) %nﬁlo(l—u)l/2

0

w

kirp =
Weo

equations (2.52) and (2.53) can be rewritten as:

du

T - 2F(1 — u)™2f(¢) sin(v) (2.57)
dv n/2—1
i - A —u—nF(1—u)"*"f(C)cos(v) (2.58)

where F' is the normalized field amplitude given by:

nnfl

— E1 n—4
F = B_OC/BLO (W) Jmin(kJ_Te) (259)
For a given interaction length p = ((L), normalized field F', detuning A, and
initial conditions uy = 0, vy € [0, 27), the set of equations (2.57) and (2.58) can be

solved numerically. The interaction efficiency 7, is calculated by:

1 2

Ny U(Cout)dVO (260)

At steady state the power transferred from the electron beam (see Eq. (2.1)) is

equal to the total losses Pr in the gyrotron cavity from (2.29):

wU 5i0 Y
— = ———n VpI, =
Q 2(1 — %_1)77i P 2ygmee

nidy (2.61)
After multiplying both sides of Eq. (2.61) by |F|? and using Eq. (2.30), the energy

balance equation can be rewritten as:

[FI? =nuI (2.62)
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with the normalized current I defined as:

) () () i) e
MeEoC Yo n!2 (v2, —m?)J2 (V) (%) foL F(2)2d=
(2.63)
The quantity C,,, shown below is a measure of the beam-wave coupling strength
for a given TE,, , , mode and electron beam of radius r., and hence is referred to as
the beam-wave coupling coefficient. The order of the Bessel function m —n and m+n
correspond to waves azimuthally co-rotating and counter-rotating with respect to the

electron gyration, respectively.

Jgﬂ:n(klr@)

(V;rZLp - m2)‘]7’2rz(y;np)

Conp = (2.64)

Based on the formalism described in this section, an interaction efficiency 1, map
for the second cyclotron harmonic n = 2 can be generated and it is shown in Fig. 2-4.
Each point (u, I) of the map is optimized with respect to the detuning parameter A
and a Gaussian axial field profile f(¢) = e=¢/®* or f(z) = e~*2) integrated over
—V/3/2 < ¢ < V/3/2 was assumed in the computation. In theory, orbital efficiencies

1. on the order of 70% can be reached for second-harmonic modes.

2.4 Linear Gyrotron Theory and Threshold for Os-

cillations

Besides the interaction efficiency 7, , another parameter of interest for gyrotron oscil-
lators is the start oscillation current I;. This parameter is defined as the minimum
current on which the power extracted from the electron beam equalizes or overcomes
the cavity losses so that the electromagnetic fields are allowed to reach steady state
operation or to grow. In this regime, the interaction efficiency is described by linear

theory as [38]:
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Figure 2-4: Contour plot of the orbital efficiency 7, (solid black lines) as a function
of the normalized length p and the normalized current I for second-cyclotron har-
monic interaction (n = 2) and Gaussian axial field profile f(¢) = e~2¢/#* The red
lines represent the optimum detuning A while the dashed black line indicates the
normalized minimum start current Inn.

F 2
N1 din = [| | (2.65)
st_norm
where the normalized start current [ ,orm, iS given by:
1
Ist,norm = - (266)

(n+ ) | i F(@yeso (5 Adcr) a|

Substituting Eq. (2.66) into Eq. (2.63), one obtains the start current expression

I in amperes:
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(2.67)
For the special case where the axial field profile is approximated by a Gaussian

profile f(¢) = e (¢/ “)2, the normalized start current Ig ,orm takes the form:

4 eAw?s

Is norm —
- Tu? [ Ap? .
4

(2.68)

which can be minimized with respect to A by taking Ayrn = (2/p)[n/u+ (n?/p® +
1Y), yielding Inrrn = Lstnorm(Aarrn). For n = 2, the parameter Iy;ry is plotted as
a a function of p in Fig. 2-4.

An extension of Eq. (2.67) that takes into account effects of tapering of the
external static magnetic field, finite beam thickness, electron velocity spread, and
tapering of the cavity wall radius, is provided in Ref [114]. Computer codes based on
(2.67) and its extended formulation in [114] were written and they are utilized in this

work to estimate the threshold current for gyrotron oscillations.

2.5 Self-Consistent Gyrotron Code

The design of gyrotrons under more realistic conditions than that provided in Section
2.3 can be obtained by self-consistent simulations where the electrons are sources for
the electromagnetic fields and the fields are part of the forces driving the electrons.
In this work the self-consistent code Maryland Gyrotron (MAGY) [115] is utilized for
gyrotron modeling and design.

Instead of the full solution of Maxwell’s equations, MAGY represents the electro-
magnetic fields as a superposition of TE and TM eigenmodes of a cylindrical waveg-

uide where the interaction takes place and solves a reduced set of coupled partial
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differential equations obtained from Maxwell’s equations. Coupling between modes
occurs due to the finite conductivity o of the metallic wall of the interaction structure,
the electron beam, and the variation of the structure wall radius as a function of the
longitudinal position. The surface impedance Z, utilized in the code is in Gaussian

units and it can be obtained from the surface impedance in SI units as:

Zs S1 I Jwpo

377 317\ 20

ZS,CGS = (269)

As the complex amplitude of each mode evolves slowly compared to the microwave
period, the electromagnetic fields are updated at a fraction of the cavity fill time Q/w
and not at a fraction of the much shorter microwave period 27 /w. The fields are only
determined at the location of the electron beam for faster processing. In addition,
MAGY assumes that the electrons traverse the cavity in a time shorter than the
cavity fill time and that the particles are confined by a strong static magnetic field,

essentially following the magnetic field lines.
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Chapter 3

Design of a Tunable 330-GHz

Second-Harmonic (Gyrotron

Once the theoretical basis of gyrotrons and the main tools for gyrotron design have
been reviewed and described in Chapter 2, the current chapter details the design of
a continuous-wave frequency-tunable 330-GHz gyrotron oscillator operating at the
second harmonic of the electron cyclotron frequency. The target application of this
gyrotron is sensitivity-enhanced nuclear magnetic resonance via dynamic nuclear po-
larization (DNP/NMR). After reviewing the gyrotron requirements for this particu-
lar application in Section 3.1, Section 3.2 outlines the advantages and challenges of
second-harmonic operation. Section 3.3 discusses the tradeoffs of the gyrotron cavity
design in order to achieve the desired requirements. Evaluation of the electromag-
netic properties of the fabricated gyrotron cavity with the electron beam absent, here
referred as a cold test, is also presented in this section. Section 3.4 details the de-
sign of a quasi-optical internal mode converter utilized to transform the generated
cylindrical waveguide mode to a Gaussian-like beam for low-loss transmission to the
NMR sample. The design and description of auxiliary components necessary for the
gyrotron operation such as a superconducting magnet, an electron gun, a high volt-
age power supply, a gyrotron collector, and a transparent window are the subject of

Section 3.5. A schematic of the designed 330-GHz gyrotron is shown in Fig. 3-1.
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Figure 3-1: Schematic of the 330-GHz gyrotron.
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3.1 Gyrotron Requirements for DNP

As already introduced in Section 1.3, dynamic nuclear polarization is a technique uti-
lized to enhance the signal-to-noise (SNR) ratio in NMR experiments by transferring
the large polarization of exogenous or endogenous electron spins to the nuclear spins
of a sample of interest. This is performed by irradiating the sample with electromag-
netic waves at a frequency close to the electron Larmor frequency f. ~ 28.024Bxnyr
GHz/T, which is also close to the electron cyclotron frequency. In order to implement
DNP in a 500 MHz NMR spectrometer with a fixed Byyr = 11.74 T, one needs a
gyrotron oscillating at a frequency near 330 GHz. For an efficient transfer of spin
polarization [66, 67], the 330 GHz gyrotron should deliver several watts to several
tens of watts of output power in CW regime. Power and frequency fluctuations in
the gyrotron should be kept on the order of 1% and 1 MHz, respectively, so that

long-term signal averaging can be carried out in DNP experiments [68].

Considering that the DNP enhancement depends on the electron paramagnetic
resonance (EPR) to drive the polarization of nuclear spins, the ability to sweep the
gyrotron frequency across the EPR bandwidth is paramount so that the DNP signal
can be optimized. A continuously tunable gyrotron not only simplifies the DNP
operation since the NMR magnet field does not have to be swept but also permits
the implementation of DNP in NMR spectrometers with fixed magnetic field, without
sweep coils installed. The 500 MHz NMR spectrometer that will be part of the DNP
system for which the gyrotron described in this thesis was developed does not have
sweep coils. The 330 gyrotron should have a continuous tuning range of 1.5 GHz,

which corresponds to the EPR spectrum of endogenous electron spins in nitroxide

Table 3.1: Specifications of a continuously tunable 330 GHz gyrotron for 500 MHz
DNP/NMR experiments

Frequency range | 329.4 +£0.75 GHz
Output power >5W
Operation Continuous wave
Frequency stability ~ 1 MHz
Power stability ~ 1%
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radical polarizing agents. This tuning range should be centered around 329.4 GHz,
which is the microwave frequency for the optimum DNP/NMR enhancement. A
summary of the gyrotron specifications for a 500 MHz DNP/NMR system is given in
Table 3.1.

3.2 Second-Harmonic Considerations

According to the synchronism condition in Eq. (1.1) and the fact that gyrotrons
operate near the cutoff of a waveguide mode, gyrotrons radiate at a frequency near
a harmonic n of the electron cyclotron frequency f ~ nf.. This requires the value of
the magnetic field in the interaction region to be By = 0.036f/n T/GHz.

The main advantage of a harmonic gyrotron is the reduced magnetic field required
for oscillation at a given frequency f, a field reduced by a factor 1/n when compared
to fundamental-harmonic operation. For example, while a weakly relativistic 330
GHz gyrotron would need an expensive Nb3Sn superconducting magnet to provide
By ~ 12 T, a second-harmonic version could utilize a cheaper NbTi superconducting
magnet for a By ~ 6 T. This fact motivated the operation of the 330 GHz gyrotron
described in this thesis at the second cyclotron harmonic. From another viewpoint,
harmonic gyrotrons can radiate at frequencies n times higher for a given magnetic
field, extending the usage of gyrotrons and related applications such as high-field
DNP/NMR to higher frequencies. For instance, a weakly relativistic gyrotron utilizing
a state-of-the-art 23.5-T NbsSn could generate frequencies up to 1.25 THz in CW
second-harmonic operation.

Despite these advantages, operation at a cyclotron harmonic brings forth extra
challenges due to a reduced orbital efficiency 7., higher start oscillation current I,
and additional mode competition with neighboring fundamental modes.

The reduced efficiency and higher start current at harmonic operation is primarily
a consequence of the lower gain 877 and in a lesser extent due to the lower coupling
coefficient. The gain term is related to the normalized field amplitude F' in synchro-

nism with electrons as seen in Eq. (2.59). Following the normalized current I in
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Eq. (2.63), which is related to n, as seen in Fig. 2-4 and to the start current [ in
Eq. (2.67), the ratio I5/I; between second-harmonic (f, = f/2) and fundamental-
harmonic operation (f. = f) at a given frequency f, TE,,, mode, cavity geometry,

and beam power is:

I, 2 (Jmi2(kLT/e))2
L MmN e/ 3.1
I /BLO Jmﬂ(k‘ﬂ’e) ( )

The first term is the gain 2, which is equal to 1/30 for a beam voltage Vj, =
10 kV and o = 2. The second term comes from the coupling coefficient C,, .
Choosing close values of beam radius r. and r, that maximizes the coupling at fun-
damental and second-harmonic operation for a given azimuthal rotation, one has
047 < J2 o(kirl)/J2 L (kire) < 2.1. For example, for a co-rotating mode at 330
GHz with azimuthal index m = 0, the second peak for fundamental interaction
J2 1 (kyr.) = 0.35 is located at r. = 0.77 mm, while the second peak for second-
harmonic interaction J2_,(k,7.) = 0.31 is located at r, = 0.97 mm. This results to
J2o(kor))/J2(kyre) = 1.13. Therefore for a given mode TE,,, operating at the sec-
ond cyclotron harmonic, the lower ratio I5/1; yields a lower orbital efficiency 7, and a
start current I; about one order of magnitude higher when compared to fundamental-

harmonic operation in the same mode and frequency.

For a comparison between an operating second-harmonic mode and a neighbor
fundamental mode, the ratio Iy/I; for a given beam radius r., beam power, and

cavity geometry is:

I _ B0 (Crp)2we (Q)aw,
Iy 2 (Crploe (Q)u,

(3.2)

where the gain term (3%, gives the fundamental modes an edge in terms of better

efficiency and lower start current for comparable coupling coefficients.

For a gyrotron resonator of radius 7., the possible frequencies of TE,,, modes

that can be excited in the device is given by f = (cv;,,)/(277 ¢ ). Hence the spacing
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between the zeros v,,, of the derivative of the Bessel function J; (z) results in a
discrete spectrum with gaps between consecutive TE,, , modes. However as gyrotrons
radiate at a frequency near a harmonic of the cyclotron frequency, the mode spectrum
as a function of magnetic field becomes denser since a second-harmonic mode with

Ve and a fundamental mode with v, , ~ v,,,/2 may be excited at a similar By.

m; pl
As a consequence, it is important to choose an operating second-harmonic mode that
is isolated from neighboring second-harmonic and fundamental modes. Fundamental
modes pose a higher threat since they can be easily excited due to their lower start

current as discussed.

3.3 Design of a Tunable Cavity

In order to minimize the issues associated with second-harmonic operation, the mode
TE_43 was chosen as the operating mode due to its high coupling coefficient among
second-harmonic modes to an electron beam of radius r, = 1.08 mm. The mode search
also excluded cases where a high coupling occurred for r. < 0.9 mm due to constraints
set by the electron gun and beam compression, cases where 7. /r.., > 0.75 since the
electron beam would be too close to the wall, and modes that required 7.,, < 1.5 mm
due to possible beam interception in the downtapered section of the gyrotron cavity.
Previous observation of this mode in a 460-GHz gyrotron as described in Chapter 5
also motivated its choice. The coupling coefficient C,, , for the operating mode and
nearby fundamental and second-harmonic modes are shown in Fig. 3-2.

The mode TE_, 3 is supported by a 35-mm long cylindrical cavity with radius
Teav = 1.834 mm. A long cavity (L ~ 38\ at 330 GHz where ) is the free-space wave-
length) was preferred in order to lower the start oscillation current (cf. Eq. (2.63))
and enable excitation of high-order axial modes for frequency tunability via cyclotron
frequency. Low start current is particularly important for gyrotrons operating with
reduced beam power and beam current due to limitations set by the electron gun
and/or the power supply. As detailed in Section 3.5.3, the beam current for CW
operation in the 330 GHz gyrotron is restricted to 200 mA by the power supply.
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Figure 3-2: (a) Coupling coefficient C,,,, of the operating mode TE_, 3 along with
nearby second-harmonic modes and (b) nearby fundamental-harmonic modes.

The interaction circuit geometry comprising a downtapered section, a cavity straight
section, and an uptapered section is shown in Fig. 3-3. The axial electric field profile
of the first axial mode TE_,3; was calculated using the cold-cavity code [111] de-
tailed in Section 2.2.3 and it is represented in Fig. 3-3 by a red line. The transverse
electric field profile of the operating mode and the location of the electron beam are

depicted as an inset in Fig. 3-3.

At a submillimeter wavelength, a considerable part of the power extracted from
the beam is dissipated in the cavity walls as ohmic loss. The ohmic ), @, for the
different axial modes TE_, 3, was computed to be Qo = 10149 using Eq. (2.35)

and assuming an electrical conductivity o half that of ideal copper (5.8 x 107 S/m).
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Figure 3-3: 330-GHz gyrotron circuit profile (black line) featuring a downtapered
section, cavity (straight section), and an uptapered section. The red line corresponds
to the normalized axial electric field profile of the operating mode TE_4 3. The inset
shows the transverse electric field profile of the mode TE_, 3 and the electron beam
radius r..

Another factor for a reduced power extraction g from the gyrotron resonator is the
lower diffraction loss as a consequence of using a long cavity to decrease the start
oscillation current. The diffractive Q, Qp, has a (L/\)? dependence according to Eq.
(2.37) and it was calculated using the cold-cavity code. For TE_, 3, modes, one has
Qp4 = 81530/¢*, following the ¢~2 dependence outlined in Section 2.2.2. In order to
avoid ()p to be even higher and ngr lower, a shallow uptaper angle #; = 0.5° was
selected for reduced wave reflection Rz, at the uptapered end. The higher the angle
61, the higher the reflection R,,. For example, for the same cavity length L = 35 mm
and mode TE_4 3, at 330 GHz, an increase in ¢; from 0.2° to 0.5° changes ()p from
63350 to 81530 and nrp from 13.8% to 11.4%. In addition to lower reflection, the
uptapered section was also designed for reduced mode conversion, which was found to
be less than 0.3% according to calculations using the scattering matrix code Cascade
[116].

The start oscillation current I of the operating mode TE_43; was computed

using the linear theory described in Section 2.4 and the result is shown in Fig. 3-
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Figure 3-4: Start oscillation current of cavity TE,, ;1 modes adjacent to the operating
mode TE_,4 3 ;. Dashed lines represent fundamental-harmonic modes while solid lines
refer to second-harmonic modes. For each TE,,,, mode, only the lowest axial mode
(¢ = 1) is shown (Beam parameters: V, = 10.1 kV, r. = 1.08 mm, a = 1.8, and no
velocity spread).

4. The minimum [, was computed to be 31 mA for beam parameters V;, = 10.1
kV, a = 1.8, and no velocity spread. The axial field profile f(z) was obtained from
the cold-cavity code. Utilizing similar procedure, the start currents for neighboring
modes TE,, ,1 were also calculated and they are displayed in Fig. 3-4 as well. From
a cold cavity perspective, the counter-rotating mode TE_, 3, should prevail over the

co-rotating mode TE4 5, due to the higher coupling and lower start current [117].

3.3.1 Frequency Tunability

As mentioned previously, the gyrotron cavity was made long in order to enable exci-
tation of high-order axial modes for frequency tunability via cyclotron frequency. A
long cavity not only lowers the start current of each axial mode but also make their
eigenfrequencies to be closer to each other for continuous tunability. Even though the
best magnetic tuning result for a second-harmonic submillimeter-wave gyrotron was
limited to 50 MHz [68, 90] at the beginning of this project, experiments performed
at MIT at 460 GHz [98, 101] and 332 GHz [98] successfully demonstrated continuous

frequency tunability up to 1 GHz as a function of magnetic field and beam voltage
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Figure 3-5: Start oscillation current of high-order axial modes TE_434, ¢ = 1 to
q = 7, and neighboring fundamental mode TE;;; (Beam parameters: V, = 10.1 kV,
re = 1.08 mm, o = 1.8, and no velocity spread).

as presented in Chapter 5. For this reason, tunability via cyclotron frequency was
selected instead of a more complex approach involving, for example, a mechanically

tunable structure.

One method to estimate the frequency tunability of the current design is by com-
puting the start oscillation of each axial mode TE_43,. The axial field profile f(z)
was assumed to be the one obtained from the cold-cavity code. The result of the
start current calculation is shown in Fig. 3-5 for beam parameters V;, = 10.1 kV,
a = 1.8, and no velocity spread. The fundamental mode TEs ; ; is also displayed as

a reference. If one considers the current limit of 200 mA in the CW power supply

Table 3.2: Cold resonant frequencies and diffractive (Jp of different axial modes
TE_4 3,4 for the gyrotron cavity geometry displayed in Fig. 3-3

Axial mode number ¢ | Cold resonant frequency [GHz] Qp
1 329.96 81530
2 330.03 20379
3 330.15 9053
4 330.32 o081
5 330.54 3233
6 330.81 2234
7 331.13 1668
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Figure 3-6: Self-consistent simulation (MAGY code) of output power and frequency
tuning as a function of magnetic field for the operating TE_, 3 mode (Beam param-
eters: V, = 10.1 kV, I, = 190 mA, r. = 1.08 mm, a = 1.8, Av, /v, = 5%). The red
dash-dotted line represents the intersection between the operating mode waveguide
dispersion and the synchronism condition.

utilized in this experiment (cf. Section 3.5.3), it may possible to excite axial modes
ranging from ¢ = 1 to ¢ = 7 with frequencies between 329.96 GHz to 331.13 GHz as

summarized in Table 3.2.

Another approach to evaluate the frequency tunability is by using the self-consistent
code MAGY [115] reviewed in Section 2.5. The simulation result as a function of
magnetic field is shown in Fig. 3-6 where seven axial modes could be excited with
frequencies similar to the ones predicted by the cold-cavity code. The highest power
is obtained in the forward interaction with the first axial mode ¢ = 1 and then the in-
teraction switches to the backward-wave component of high-order axial modes q > 2.
As seen in Fig. 1-7, a forward interaction is characterized by the microwave frequency
being greater than the cyclotron harmonic while in a backward interaction one has
the opposite case.

The theoretical tuning range provided by high-order axial modes in backward
interaction can be compared with the estimated operating frequency obtained from
the intersection between the synchronism condition (cf. Eq. (1.1)) and the operating
mode waveguide dispersion (¢f. Eq. (1.2)). Equating Eq. (1.1) and Eq. (1.2), the

resultant frequency w for backward interaction is given by:
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Table 3.3: Design parameters of tunable 330-GHz gyrotron

Mode TE,4’3’q
Frequency 330 GHz
Harmonic n 2
Voltage V, 10.1 kV
Current I, 190 mA
Tuning range > 1 GHz
Power >1W (CW)

L e = B/ (nwe)? — (1 — B2)(ck1)? (3.3)

(1-52)

The result of this approximation is plotted as a red dash-dotted line in Fig. 3-6 and
it is comparable to the frequency curve obtained using the self-consistent code MAGY.
Besides the described tuning via cyclotron frequency, extra frequency tunability can
be obtained by thermally expanding the gyrotron cavity if one changes the water
temperature T,,, in the cavity cooling channel. Considering the operating frequency
f = 330 GHz and the linear thermal expansion coefficient for copper ac, = 17 X
1075/°C, the tuning rate |Af/AT...| = facy is expected to be 5.6 MHz/°C in an
unconstrained gyrotron cavity. A summary of the design parameters is given in Table

3.3.

3.3.2 Cavity Cold Test

Once the cavity design was completed, the gyrotron cavity was fabricated by electro-
forming where oxygen-free copper was deposited on a stainless steel mandrel precisely
machined to a 2.5 pum tolerance in cavity diameter and with a surface finishing better
than 0.2 ym. The cavity was cold tested using a vector network analyzer (VNA) Agi-
lent E8363B with a 90-140-GHz frequency extension and a Vlasov antenna connected
to the cavity to couple microwaves into the structure as seen in Fig. 3-7.

As explained in Section 3.4, the modes in a cylindrical waveguide of radius r,,, can

be represented as a superposition of rays propagating tangentially to a caustic radius

96



mmwave/
Extender

Figure 3-7: Gyrotron cavity cold test setup depicting a vector network analyzer
(VNA), a 90-140-GHz millimeter-wave VNA extender, a Vlasov antenna, and the
fabricated gyrotron cavity. The angle 85 = 40° corresponds to the Brillouin angle.

Teaustic = M/kL = Tuwg(m/v,,,) and at a Brillouin angle 05 = arcsin(k,/k), which
can be approximated as 0p = arcsin(r.,/Twg) for gyrotron operation near cutoff
and with negligible mode conversion in the uptapered section. For cylindrical modes
with no or small caustic radius, the transformation of cylindrical modes to linearly
polarized modes can be performed by using a Vlasov antenna as displayed in Fig. 3-8.
The variable f, denotes the focal length of the parabolic mirror and Lgrpp_cor =
21y cot Op is the step-cut length to couple electromagnetic waves into/out of the
waveguide and gyrotron cavity. The numerical values of the parameters of the Vlasov
antenna are given in Table 3.4.

The reflection measurements using the VNA are shown as a black line in Fig. 3-9,
where the cavity modes TEg1 (Tcqustic/Twg = 0) and TEq 2 (Tequstic/Twg = 0.188) were
observed. In order to ensure that the modes are being excited in the cavity straight
section, a hollow metallic plunger was inserted half way trough the straight section as

indicated in Fig. 3-10 . The reflection measurements taken with the plunger inserted

Table 3.4: Vlasov antenna parameters for cavity cold test

Cavity radius 7.4, 1.834 mm
Waveguide radius 7 2.85 mm
Brillouin angle 65 40°
Step-cut length Lsrgp_cyr | 6.8 mm
Focal length f, 5.70 mm
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Figure 3-8: Schematic of a Vlasov antenna for cold test of the gyrotron cavity: (a)
side view and (b) front view.
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Figure 3-9: Reflection measurements (S1;) showing coupling of the modes TEq; and
TE; 2 in the gyrotron cavity straight section.

Metallic perturber

15 mm

Figure 3-10: Schematic showing the position of a metallic perturber inside the gy-
rotron cavity.
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are shown in Fig. 3-9 as red lines. If one compares the unperturbed (black line) and
perturbed (red line) measurement for a given mode, one can verify that for frequencies
below the observed resonance, the two curves are identical. This indicates that the
observed resonance corresponds to the cutoff frequency of that particular mode so
that it cannot propagate in the cavity straight section at frequencies below cutoff. For
frequencies above the measured cutoff, the mode can propagate in the straight section
and the presence of the plunger disturbs the reflection measurement as verified by the
differences between the unperturbed and perturbed lines. In addition, the observed
resonance in the unperturbed case is no longer observed with the plunger inserted.
Once the measured resonances in air were corrected for a vacuum medium [118],
yielding 99.77 + 0.01 GHz for the TEp; mode and 138.78 + 0.01 GHz for the TE; »
mode, the cold-cavity code was utilized to determine the cavity radius that would
match these values. Based on that, the cavity radius was estimated to be within
the fabrication tolerance of the design value r., = 1.834 mm with a cold resonant

frequency of 329.99 + 0.02 GHz for the TE,4 3 gyrotron operating mode.

3.4 Mode Converter Design

Considering the integral form of the Bessel functions J,,,(z) and J/,(x) [119],

1 2 ) ]
TJm(x) = — cos fe?(@sind=mb) gg (3.4)
x 2m Jo
. 2
J(x) = —% / sin @l (*sin0=mb) g (3.5)
0

the electric fields for a TE mode in a cylindrical waveguide from Egs. (2.22)-(2.24)

can be represented as a superposition of plane waves as:

27
B - j& COSeej(wt—kzz-l-kLPSin9+m(¢—9))d9 (36)
P 2 0
Iy o . i(wt—k-2+k, psin@ -0
E, = —j—% [ singei@t-kezthipsintim(@=0) g (3.7)
™ Jo
B o~ 0 (3.8)

99



At very high frequencies in the geometrical optics limit, the solution of Maxwell’s
equation have the form E(r,t) = Re{Ee/(*S®+“01 " where the phase function S(r)
is called the eikonal [120]. For the fields in a cylindrical waveguide, the eikonal S is

given by:

(—koz + k1 psind + m(é — 6)) (3.9)

| =

S(p,¢,2) =

Following the eikonal equation |VS(r)|? = 1, where VS(r) gives the direction of

the rays, one has:

aS\> 1 [05\> [0S\’
wsit = (5) +5(3) + () -1

1 ) m?
= = (l{:i sin® 6 + vl + kg) =1 (3.10)

Using the dispersion relation k* = k% + k2 and ki = v}, /ry, for a waveguide of

radius 7,4, Eq. (3.10) can be solved for #, which gives:

0(p) = arccos (Tr,ﬂ) (3.11)

mep

At p = ryg4, one obtains the azimuthal bounce angle 9 of the rays at the waveguide

wall:

1) = arccos <u’£) (3.12)

mp

From Eq. (3.11), the eikonal in Eq. (3.9) can be simplified as:

1 caustic
S<p7 ¢7 Z) = E |:—/€ZZ + kJ-p \/ I Tgaustic +m (¢ — arccos (T 0 ! ))1 (313)

where the quantity r.qusiic i the caustic radius:
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Tcaustic

Figure 3-11: Geometrical optics view of a cylindrical waveguide mode as a set of rays
traveling tangent to a caustic radius 7.4ustic With an azimuthal bounce angle 1) and a
helical pitch angle 05p.

m m
Tcaustic = H = ng,_ (314)

Vi

It is interesting to note that in this representation of the cylindrical waveguide

e%3(r) the fields are exponentially decaying

mode where the fields are proportional to
for p < requstic: As illustrated in Fig. 3-11, in the geometrical optics limit the
waveguide mode can be represented as a set of rays traveling tangent to a caustic
surface of radius 7.qustie With an azimuthal bounce angle ¢ and a helical pitch angle

0p = arcsin(k, /k) also known as the Brillouin angle. The equation of a ray is given

by [121]:

£ = ¢ — arccos <M) = constant (3.15)
p

After receiving part of the transverse electron energy, the generated electromag-
netic wave diffracts out of the gyrotron resonator and propagates through the upta-

pered section followed by an output cylindrical waveguide of radius 4. Following
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(1) launcher  “&Byfiat mirror

Figure 3-12: Schematic of the 330-GHz quasi-optical internal mode converter: (a)
side view and (b) front view.

the described geometrical optics approximation, the cylindrical waveguide mode can
be converted to a linearly polarized Gaussian-like microwave beam using the config-
uration shown in Fig. 3-12. A helical cut in the cylindrical waveguide allow the rays

to propagate radially, where the cut length is given by [43]:

2
7T Tcaustic
Leyr = 2cot Opryg (J) \/1 - (T;) (3.16)

These rays are collected by a quasi-parabolic mirror that will transform the set of

incoming rays from the waveguide into a set of parallel rays with linear polarization.
From the configuration seen in Fig. 3-13, the profile of the quasi-parabolic mirror is

given by [38]:

y = fp [taun2 (g) - 1} + Tcqustic [g tan® (%) + tan (f) - f] (3.17)

r = 2f,tan (g) + Tequstic [1 + ptan (g)] (3.18)

The numerical values for the 330 GHz mode converter are summarized in Table

3.5. The profile of the quasi-parabolic mirror is shown in Fig. 3-14.
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Table 3.5: Parameters of the quasi-optical 330 GHz internal mode converter

Operating mode TE_43
Waveguide radius 7y, | 2.85 mm
Caustic radius 7egustic | 0.90 mm

Brillouin angle 65 40°

Bounce angle ¥ 71.6°

Cut length Lopr 16.2 mm

Focal length f, 5.70 mm

Figure 3-13: Conversion of a cylindrical waveguide mode with caustic 7.,usic into a
linearly polarized wave.
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Figure 3-14: Profile of the quasi-parabolic mirror.
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Figure 3-15: Simulated electric field of the microwave output beam at 330 GHz.
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Figure 3-16: Simulated electric field profile of 330-GHz microwave output beam at
the focal plane y = —60 mm in (a) dB color scale and (b) dB contours. The gyrotron
window is shown as a reference.

The mode converter design was evaluated using an electric field integral equation
code Surf3d [122, 123]. The results from these calculations are shown in Figs. 3-15
and 3-16. Fig. 3-15 displays the electric field propagation in the helical launcher,
the quasi-parabolic mirror, and two additional mirrors to deflect the microwave beam
out of the gyrotron through a transparent window located at y = —20 mm. The

simulated electric field profile at the focal plane y = —60 mm is shown in Fig. 3-16 in

104



dB scale, where the Gaussian-like content was computed to be Ngaussian = 92% with
beam radii w, = 3.3 mm and w, = 4.2 mm. The Gaussian-like content 7gqussian Was
obtained from the calculated electric field profile E(z,y) over an area A through the

expression [124]:

[/AE(x, y) exp (_ (v —w)*  (y-— y@?)dxdy] 2

w? w?
NGaussian = Too (ZL‘ _ 1‘0)2 (y _ y0)2 (319)
E?(z,y)dxdy exp | —2 -2 dxdy
A —00 wg wg

where xy and y, denotes the coordinates of the center of the Gaussian-like beam.

3.5 Auxiliary Components

Besides the cavity and the internal mode converter, other critical components nec-
essary for the gyrotron operation such as the superconducting magnet, the electron
gun, the high voltage power supply, the gyrotron window, and the gyrotron collector

are described in this section.

3.5.1 Superconducting Magnet

A superconducting magnet is an essential component of the gyrotron since it does not
only take part in the electron beam formation and guidance but also it provides the
required peak magnetic field By(z = 0) = 0.036f/n T/GHz in the cavity region for
an output frequency f at a cyclotron harmonic n. An 8-T unshielded superconducting
magnet with an 127-mm-diameter room-temperature bore was ordered from Bruker
Biospin AG. A schematic of the magnet is shown in Fig. 3-17 with dimensions in mm.
The cavity coil provides the magnetic field in the interaction region and the field-to-
current ratio for this coil is 0.06565 T /A according to the vendor. The calibration of
the magnet power supply is accurate within 0.2%. The magnetic field is homogeneous
within 0.11% in a cylindrical volume of diameter 10 mm and length 30 mm centered

at z = 0. This is an important requirement in order to keep electrons in synchronism
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Figure 3-17: Schematic of the Bruker superconducting magnetic. The cavity coil and
gun coil are located at z = 0 and z = —330 mm, respectively. Dimensions are in mm.
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Figure 3-18: Measured and designed magnetic field profile of the Bruker supercon-
ducting magnet for gun coil current Iy, = 0 A.

with the electromagnetic wave. The transverse field tolerance was specified to be
B, /B, < 0.15%.

As shown by experimental results for the 330 GHz gyrotron in Chapter 4, a
magnetic shift of 0.03 T can considerably change the radiating frequency/power and a
shift greater than that value can cease the excitation of the operating second-harmonic
mode. For this reason, the stability of the magnetic field is crucial for a stable gyrotron
operation, which is a requirement for long-term DNP/NMR experiments. The drift
rate of magnetic field was specified to be -0.01 ppm/h and the value measured by the
vendor in persistent mode was found to be -0.009 ppm/h, fulfilling the specification.

An auxiliary coil here referred as a gun coil is located at a position where the peak
magnetic field generated by the cavity coil drops to By(z = 0)/25, which corresponds
to the location z = —330 mm. The gun coil provides B,, = £0.31 T with a field-to-
current ratio of 15.5 mT/A and it is utilized to fine tune electron beam parameters
such as beam radius and pitch factor . The theoretical magnetic field profile and the
field profile measured by the vendor for By,, = 0 are shown in Fig. 3-18 with good
agreement. Considering that the magnetic field scales as B,(z) ~ 1/2% the fall-off
factor a is plotted in Fig. 3-19 for different gun coil currents Ig,,. A fall-off factor
greater than a normal one a = 3 for a single coil is observed for z < 0 since the field

profile had to be shaped so that the field at the gun position z = —330 mm would be
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Figure 3-19: Fall-off factor a of the Bruker superconducting magnet for different
values of gun coil current Ig,,.

Table 3.6: Main specifications of the 330 GHz gyrotron magnet

Maximum magnetic field 8.0T
Operating magnetic field 6.0 T
Cavity coil current 0-122 A
Gun coil field +0.31 T
Cun coil current +20 A
Field drift rate in persistent mode’ -0.009 ppm/h
Field homogeneity in cylinder of ' < 0.11%
height = 30 mm and diameter = 10 mm' '
Transverse field tolerance B, /B,' < 0.13%
Room temperature bore & 127 mm
Liquid nitrogen refill time 7 days
Liquid .helium refill time 14 days
in persistent mode

I Measured by the manufacturer.

108



By(z = 0)/25. Table 3.6 summarizes the key parameters of the gyrotron magnet.

The 330 GHz gyrotron was first tested in a different superconducting magnet
manufactured by Cryomagnetics, Inc. This magnet has a field homogeneity of 0.6%
on axis over a 2-cm length around the magnet peak position. According to a NMR
probe measurement, the field-to-current ratio for this magnet was estimated to be
0.20084 T/A and the magnetic field drift rate was measured to be less than 0.02
ppm/h [101]. The magnetic field at the cathode location can be adjusted by using
a 103-mT water-cooled copper electromagnet installed at the bottom of the magnet
and the field-to-current ratio of this electromagnet is 3.4 mT/A according to the
vendor. More details about this superconducting magnet are given in Ref. [125].
After the initial evaluation of the 330-GHz gyrotron using the Cryomagnetics magnet,

the gyrotron was moved to the Bruker superconducting magnet described here.

3.5.2 Diode Electron Gun

The electron beam in the 330 GHz gyrotron is formed in a diode magnetron injection
gun (MIG) composed of a hollow anode electrode and a cathode electrode with a ring
emitter of radius r. = 5.38 mm and slant length [, = 1.09 mm. The cathode utilized
in this work is referred as a M-type cathode and a typical configuration of this type
of cathode utilizes a tungsten matrix impregnated with a compound of BaO among
other materials so that the work function of the emitting surface can be reduced.
A thin film of a material such as osmium is usually applied to the cathode surface
in order to enhance the emission even further [126]. The MIG geometry is shown
in Fig. 3-20 along with equipotential lines and electron trajectories using the code
EGUN [127] for gyrotron parameters V, = 10.1 kV and [, = 190 mA. The maximum
electric field observed in the MIG cathode is 80.8 kV/cm at 10.1 kV, which is below

the maximum recommended value of 100 kV/cm to avoid arcing [128].

The beam tunnel section between the MIG and the gyrotron cavity is composed
of slotted tubes and a piece of a lossy SiC ceramic (¢f. Fig. 3-1) in order to lower the

quality factor and prevent spurious beam tunnel oscillations that could compromise
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Figure 3-20: Magnetron injection gun geometry along with simulated electron tra-
jectories and equipotential lines for V, = 10 kV, I, = 190 mA, and gun coil field
By =5 mT.

3 16 _
1 14X
2.5 - 14;
s ) 1128
- |
3 T 105
-‘521.57 +8 2
S 4 +6 =
o +4 2
0.5 5 &
O T T T T 0

6 7 8 9 10 11
Beam voltage [kV]

Figure 3-21: Calculated pitch factor a and perpendicular electron velocity spread
Avy /v, at the cavity entrance for I, = 190 mA. The gun coil field was set at By, = 5
mT for optimized beam parameters at 10.1 kV.

the beam quality. The beam parameters at the cavity entrance such as perpendicular
electron velocity spread Awv, /v, and pitch factor o were computed using the code
EGUN [127]. The results from these simulations are plotted in Fig. 3-21 where a
high o (=2 2.0) and a low spread Av, /v, (< 4%) favorable for beam-wave interaction

were obtained at the design voltage V, = 10.1 kV.
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3.5.3 High Voltage Power Supply

For CW operation, the beam voltage V, is provided by a high voltage power supply
manufactured by Spellman High Voltage Electronics Corporation, model DF4, and
able to generate up to 25 kV, 200 mA, and 4 kW. The power supply was modified from
its original application for X-rays generators so that the cathode filament current and
the high voltage could be set independently. The supply has a RS232 interface which
enables the control of the beam voltage and the cathode filament current along with
the monitoring of the beam current. The maximum power output can be adjusted
manually below the limit of 4 kW for the protection of the power supply. Stable
output voltage is important for reasons similar to the ones described for magnetic

field stability in Section 3.5.1. According to the vendor, the long-term stability of the
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Figure 3-22: Typical beam voltage and beam current traces obtained from pulsed
power supply.
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output voltage is 0.01% over 8 hours [129].

The 330 GHz gyrotron was also operated in pulsed mode as described in Chapter
4 so that the gyrotron performance could be evaluated at currents higher than limit
of 200 mA in the CW power supply. The pulsed power supply consists of a 12-
element LC transmission line pulse forming network (PFN) charged by a high voltage
power supply and triggered by a thyratron, followed by a pulse transformer to step
the voltage pulse up to the required value. The cathode voltage is measured by
a capacitive divider that provides a reference voltage. The ratio between the high
voltage and the reference voltage was measured to be 5.1 kV/V using a calibrated
high voltage probe Tektronix P6015, probe n® 1. A typical high voltage and beam
current traces from the pulsed power supply are shown in Fig. 3-22. The beam
current during pulsed operation was measured using a 1-V/A Rogowski coil with a

50-2 termination.

3.5.4 Gyrotron Window

After the mode conversion from a cylindrical waveguide mode to a linearly polarized
Gaussian-like beam, the microwave beam is extracted from the gyrotron through a
transparent window. For the power levels of several watts to several tens of watts
required by DNP/NMR, no cooling has been required for the gyrotron window. For
total transmission at a frequency f and normal incidence, the required thickness t of

a gyrotron window made of a material with relative permittivity e, = /¢ is:

C

=N

(3.20)

where N is a positive integer.

The material chosen for the 330-GHz gyrotron window was fused silica (SiO,,
Corning 7980 UV) with /g, = 1.955 for broadband transmission. The window was
fabricated by Specialty Glass Products with diameter 31.75 4 0.13 mm, thickness
2.090 £0.013 mm, top and bottom surface finishing < 50 nm, 20/10 scratch/dig, and
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Figure 3-23: Amplitude and phase of the transmission wave coefficient T" through the
fabricated gyrotron window. The design is shown as a black line while the measure-
ment is indicated by a red line.

parallelism < 5 pm.

The transmission of the fabricated window was evaluated using an Agilent E8363B
VNA and the results are shown in Fig. 3-23 in good agreement with the design for a
normal incident wave where total transmission is expected at 146.67 GHz, 183.34 GHz,
220 GHz, 256.67 GHz, 293.34 GHz, and 330 GHz. The design curve in Fig. 3-23 was
obtained from a computer code written to calculate the transmission and reflection of
a TE plane wave at an arbitrary incident angle traveling through a stratified medium
composed of layers made of different lossless non-magnetic dielectric materials [120].
For the frequency range of interest between 328 and 332 GHz, the gyrotron window

has good transmission with a calculated power transmission coefficient being greater

than 0.983.

3.5.5 Collector

After being separated from the microwaves by the internal mode converter, the spent

electron beam is allowed to expand in the decaying field of the superconducting
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magnet, reducing the thermal load deposited on a water-cooled grounded collector to
levels manageable by a single-phase water cooling circuit. In the worst case scenario
where no microwaves are generated, the collector has to withstand the full CW beam
power P. The temperature rise AT of water in the cooling circuit due to P is given

by:

ATwater = P (321)

Pwater Vwatercp

where pyater is the water density (puater = 1000 kg/m?3 at 0°C), Viater 18 the water
volumetric flow rate, and ¢, is the water specific heat capacity (¢, = 4.1813 kJ /kg-K).
For a water flow rate Vg in U.S. liquid gallons per minute (gpm), one has AT ater =
0.0038P/ Vipater for AT in K and thermal load P in W. For a load P = 3 kW and a
water flow rate of 1 gpm, one obtains AT s = 11.4°C.

The power density of the collector wall can be determined by the area of intercep-
tion of the electron beam at the collector. Following a result from Busch’s theorem
in Section 2.1, the axial beam width of electrons incident on a 18-mm diameter col-

2 and in a

lector wall is 7.1 cm. This results in an area of interception of 39.66 cm
power density P.,; = 76 VV/Cm2 for a spent beam power of 3 kW. For a collector
with a copper wall of thickness t.,;; = 3.8 mm, the estimated temperature differ-

ence ATy = Peouteon/kcw is 7.2°C, where k¢, is the copper thermal conductivity

(kcw = 401 W/m-K).
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Chapter 4

Operation of a Tunable 330-GHz

Second-Harmonic Gyrotron

After the design phase was completed, the tunable 330-GHz second-harmonic gy-
rotron was fabricated and its performance was experimentally evaluated as described
in this chapter. The experimental setup to run the 330-GHz gyrotron is explained in
Section 4.1 while the diagnostics utilized to measured the gyrotron power, frequency,
ohmic loss, and microwave beam profile are detailed in Section 4.2. Experimental re-
sults for output power and frequency tunability as a function of magnetic field, beam
voltage, and cavity cooling temperature are presented in Sections 4.3 and 4.4 for
measurements carried out in the Cryomagnetics superconducting magnet and in the
Bruker superconducting magnet, respectively. Other experimental data mentioned
in these sections include the start oscillation current of the operating mode, ohmic
loss, frequency and power stability in long-run continuous operation, and the output

microwave beam profile. This chapter is finalized with discussions in Section 4.5.

4.1 Experimental setup

In addition to the high-voltage CW power supply and the superconducting magnet
detailed in Section 3.5.3 and Section 3.5.1, respectively, the other components neces-

sary for the gyrotron operation are shown in Fig. 4-1. The ultra-high vacuum level
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Figure 4-1: Control rack and chillers for the 330-GHz CW gyrotron system.
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on the order of 107 to 10™® Torr is maintained in the tube by a Varian ion pump,
model Vaclon Plus 20 StarCell with capacity of 20 1/s, connected to a Varian Dual ion
pump controller. The pump controller has an interlock relay that trips for a pressure

above 107¢ Torr and the pressure reading can be monitored via a RS232 interface.

For CW operation, the cavity temperature is stabilized by a Polyscience chiller
/ heater, model 5706T, with cooling capacity of 2.5 kW at 20°C and temperature
stability of £0.1°C. This chiller has an operating temperature range from -10°C to
70°C, enabling thermal tuning of the gyrotron cavity. The electron beam power
dissipated on the collector is removed using a Polyscience chiller, model 6106T, with
cooling capacity of 2.9 kW at 20°C. The water temperature and flow rate at both
the cavity and collector cooling channels are monitored using the analog outputs of
flowmeters fabricated by Proteus Industries Inc., model 4004PN4-T. Besides these
analog outputs, the flowmeters also have a built-in relay with trip points manually
adjusted for temperature and flow rate. The relays existent in the flowmeters and in
the ion pump controller form a hardware safety interlock network able to shut off the
beam voltage and the cathode filament current to protect the gyrotron. The external

part of the electron gun is cooled by forced air.

The gyrotron is computer controlled and monitored using the software LabVIEW.
A picture of the computer user interface for the gyrotron control is shown in Fig. 4-2.
Interlocks are also implemented in software and they provide extra protection for
variables not covered by hardware interlocks such as beam voltage, beam current,
body current, and cathode filament current. Body current refers to the beam current
intercepted by the body of the tube and its level during the 330-GHz operation is
usually below 0.1% of the beam current value. The body current and other analog
inputs such as the flowmeter readings and diode voltage for power measurement are
interfaced with the computer through a data acquisition (DAQ) card manufactured by
Measurement Computing, model USB-1616HS-BNC. In order to reduce the noise in
these analog readings, each analog input is connected to a 33-Hz low-pass filter before
being sampled. The body current is measured through a 49.9-C) resistor connected

between the tube body and ground. The body current DAQ channel is protected by
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Figure 4-2: Front panel user interface for gyrotron monitoring and control.

a Zener diode clipper that restricts the voltage across the body resistor to 11 V.

4.2 Diagnostics

This section details the various diagnostics utilized to evaluate the gyrotron output

power, frequency, ohmic loss, and microwave output beam profile.

4.2.1 Power

In CW operation, the output power of the 330-GHz gyrotron was measured using
a laser disc calorimeter fabricated by Scientech Inc., model 36-0401 (serial n® 477),
connected to a Scientech analog reader 364. In a disc calorimeter, a thermopile is
located between an absorbing disc and a heat sink. When the absorbing disc is heated
by the incoming radiation, a temperature difference is developed between the disc and
the heat sink, generating a heat flow and a measurable potential difference through the
thermopile. The calorimeter head used in the experiment has a circular absorbing

area with a 10-cm diameter and the power reflection coefficient on its surface was
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measured to be 23% at 330.1 GHz using a diode detector and considering an incident
angle of 40°. The accuracy of the analog reader was found to be better than 10%
according to measurements using the built-in DC heater in the calorimeter head as a
reference.

During pulsed operation, the average power was measured using a Scientech laser
calorimeter, model 360001 (serial n°® 1437), and a Scientech analog reader 362. The
reflection coefficient of the disc calorimeter surface with aperture of 2.54 cm was
measured to be 25% at 330.1 GHz and the readings from the analog reader had to
be corrected by a factor of 1.2. The microwave output pulse was measured using a
Pacific Millimeter Products diode, model HD (serial n° 18). Based on the information
available for the average power P,,, the pulse duration tpy gy at full width at half
maximum (FWHM), and the pulse repetition frequency (PRF), the peak power P,eq

in pulsed operation could be estimated as:

PG/U

Poeak =1.6—————
peak trwam PRE

(4.1)

where the factor 1.6 takes into account reflections from the calorimeter surface and
deviation in the calorimeter analog reader. The power measurements were performed
after a corrugated waveguide connected to the gyrotron output. The corrugated
waveguide utilized in these measurements has an inner diameter of 19 mm and a

corrugation depth of A\/4 at 460 GHz [130].

4.2.2 Frequency

The gyrotron frequency in the submillimeter band was measured using the heterodyne
receiver system shown in Fig. 4-3. The incoming gyrotron radiation fgp is picked up
by a horn antenna and downconverted to an intermediate frequency f;r by mixing
the gyrotron signal with the A" harmonic of the local oscillator (LO) frequency fro.

The mixer utilized in this setup is a Pacific Millimeter Products WR-3 harmonic

mixer, model HM (serial n°® 12), which is connected to a Pacific Millimeter Prod-
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Figure 4-3: Schematic of the heterodyne receiver system for frequency measurement.

ucts diplexer, model MD2A. The LO signal is provided by a Micro Lambda Wire-
less YIG oscillator, model MLOS-1826PF, voltage tunable over 18-26.5 GHz. The
LO frequency is measured by a Phase Matrix frequency counter, model 578B. This
counter has an automatic source locking capability able to stabilize the frequency
of an electronically tunable source such as the YIG oscillator, which is important
for an accurate frequency measurement in long-term gyrotron operation. After the
downconversion, the IF signal is amplified and filtered, and the resulting signal in the
range of 0.09-500 MHz is Fourier transformed in real time by a fast Fourier transform
(FFT) operation performed in a LeCroy 500-MHz oscilloscope, model LT354.

For a given frp, there are two LO frequencies f1,0 upper a0d 10 jower that can result

in the same fp:

fIF = fRF - h’fLO,lower (42)

fIF = hfLO,uppeT - fRF (43)

Combining both equations, one can find the operating mixer harmonic h in order
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Figure 4-4: Picture of the heterodyne receiver system depicting, from bottom to top,
the frequency counter, the heterodyne receiver, and the oscilloscope.

to obtain the unknown frp:

2frr

h =
fLO,upper - fLO,lower

(4.4)

The 330-GHz signal can be observed for mixer harmonics between 15 and 17.
A picture of the heterodyne system is shown in Fig. 4-4, where the oscilloscope
displays the gyrotron signal downconverted from frr = 329.79 GHz to a FFT peak
at frr = 300 MHz for froupper = 22.0061 GHz and h = 15.

4.2.3 Ohmic Loss

The portion of the generated microwave power dissipated on the gyrotron cavity
walls, which constitutes the ohmic loss P.q, can be estimated by measuring the
water temperature rise AT, and the flow rate Vwater in the cavity cooling channel

as follows from Eq. (3.21). While the inlet and outlet water temperatures in the
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cavity cooling channel are monitored by negative temperature coefficient thermistors,
Omega model 44008, the flow rate is provided by a flowmeter described in Section
4.1.

4.2.4 Microwave Beam Pattern

The output microwave beam pattern can be evaluated using different techniques such
as an array of pyroelectric elements, thermal paper, liquid crystal sheet, and thermal-
sensitive phosphor.

A Spyricon Pyrocam III pyroelectric camera was utilized to assess the output
radiation pattern from the gyrotron at low microwave power. The camera consists of
an array of 124-by-124 LiTaOg3 pyroelectric sensors with a spacing of 100 pm between
each pixel, yielding an active area of 12.4 mm by 12.4 mm. Since the pyroelectric
sensors are only sensitive to alternating signals, the incoming CW microwave beam
was modulated at a rate of 24 or 48 Hz by a built-in chopper located over the active
detection area. During the measurements with the pyroelectric camera, the output
power of the gyrotron was kept below the threshold of 2 W for camera sensor damage.

Evaluation of the output radiation pattern at higher microwave power can be
carried out by using thermal paper, liquid crystal sheet, or thermal-sensitive phosphor.
A typical thermal paper consists of a base paper impregnated with chemicals that
darkens when exposed to heat. The thermal paper can form an image of microwave
beam when it is placed on a microwave absorber surface. Similarly, an image of the
beam can also be observed on a liquid crystal sheet with a color spectrum response as
a function of temperature. Another technique utilized in this work relied on striking
the output microwave beam on a thermal-sensitive surface covered with phosphors.
These phosphors fluoresce when illuminated by a long wavelength ultraviolet light
(3600 A) and the intensity of fluorescence decreases with increasing temperature,
enabling an image to be produced in the area heated by the gyrotron microwave

beam.
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4.3 Experimental Results (Cryomagnetics Magnet)

The performance of the 330-GHz gyrotron was first evaluated using a superconducting
magnet manufactured by Cryomagnetics. A picture of the 330-GHz gyrotron installed
in this magnet is shown in Fig. 4-5. The microwaves are extracted using a corrugated
transmission line installed in the horizontal cross-bore of the superconducting magnet.
In this system, the magnetic field at the gun location can be adjusted by using a 103-
m'T water-cooled copper electromagnet located at the bottom of the magnet. The
results and analysis of the measurements carried out in this system are described

below.

4.3.1 Start Oscillation Current

The start oscillation current of the operating mode TE_, 3 was measured in CW mode
as a function of the magnetic field By for a fixed beam voltage V;, = 10.1 kV. The
result of this measurement is shown as a solid black line in Fig. 4-6 along with a
red diamonds displaying the measured frequency at each start current value. The
minimum start current was measured to be 33 mA. Also plotted in this graph are the
theoretical start currents for the first six axial modes TE_4 3 ,, where ¢ = 1,2, 3,4, 5, 6.
The theoretical start currents were obtained from linear theory (cf. Section 2.4) for
beam parameters V, = 10.1 kV, a = 1.8, and no velocity spread. A cavity radius
Teaww = 1.833 mm was chosen for best fit for the start current calculations, which is
within the experimental error of the value (1.834 mm) obtained from the cavity cold
test described in Section 3.3.2.

Good agreement is obtained between the measured start current values and the
prediction from linear theory, indicating that high-order axial modes are being excited
in the experiment. In addition, the measured frequency range for the start current
between 329.88 GHz and 331.13 GHz is in reasonable agreement with the range for
high-order axial modes as presented in Table 3.2. Frequency detuning may exist at
the lower edge of the excitation zone for By < 6.01 T since the measured power at

these start current values is greater than 1.4 W. The neighboring fundamental mode
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Figure 4-6: Measured start oscillation current (black solid line) and measured fre-
quency (red diamonds) of the operating mode TE_, 3 as a function of magnetic field
for beam voltage V, = 10.1 kV, Tyaer = 20°C. Theoretical start currents (black
dash-dotted lines) based on linear theory for the first six axial modes TE_, 3 ,, where
g = 1,2,3,4,5,6 (simulation parameters: 7., = 1.833 mm, cold-cavity axial field
profile, V, = 10.1 kV, a = 1.8, no beam velocity spread).

TEs; is excited for magnetic field values By > 6.035 T.

4.3.2 Power and Frequency Tuning

The 330-GHz gyrotron has generated 18 W of output power in the second-harmonic
mode TE_,3 for a 10.1-kV 190-mA electron beam, corresponding to an efficiency
of 0.93%. In addition, a smooth continuous frequency tuning range of 1 GHz has
been achieved as a function of magnetic field as shown in Fig. 4-7. This represents
a significant improvement in continuous tuning range for a second-harmonic mode
in a submillimeter-wave gyrotron compared to the state-of-the-art of 50 MHz at the
beginning of this project. Also, the obtained tuning range covers the frequency that
yield the maximum DNP/NMR enhancement, which corresponds to 329.4 GHz. In
the magnetic tuning measurement, the gyrotron output power was optimized by ad-
justing the subtracting gun coil field from Bgy,,, = —3 mT to B,,, = —5 mT as the
main magnetic field was increased, resulting in a minimum output power of 2 W
throughout the frequency tuning range.

Comparing the magnetic tuning data with the measured start current, one can

125



20 330.0

18 -
16 - + 329.8 ~
T
=14 1 3206 O
=12 >
&= Q
% 1(; : =Power + 3294 §
o 5 | +Frequency | | 3992 S
4 i
+ 329.0
2 -
0 - ‘ ‘ ‘ 328.8
5.99 6.00 6.01 6.02 6.03

Magnetic field [T]

Figure 4-7: Power (black line) and frequency tuning (red line) measurement as a
function of magnetic field for beam voltage V, = 10.1 kV, beam current I, = 190 mA,
and water temperature in the cavity cooling channel T}, = 9°C. The gun coil was
swept from Bg,, = —3 mT to Bg,, = —5 mT for best output power as the magnetic
field was increased.

verify that microwaves are being excited at current values lower than the start current
for By < 6.0 T. This region corresponds to the hard excitation region and it is
accessible by lowering the magnetic field after first exciting microwaves at a higher
magnetic field value.

Another difference observed between Fig. 4-6 and Fig. 4-7 is the frequency down-
shift in Fig. 4-7. The 330-GHz gyrotron utilizes the same cavity cooling configuration
adopted previously in the 460-GHz gyrotron described in Chapter 5. As it is detailed
in Section 4.3.3, the cavity cooling circuit only covers a fraction of the cavity area
to handle the cavity ohmic loss, yielding a higher thermal resistance, a higher cavity
inner wall temperature, and a temperature gradient along the cavity. As a result of
this temperature gradient, the cavity straight section undergoes a non-uniform defor-
mation, detuning the microwave frequency in higher power CW operation. Detuning
of the microwave frequency is also observed at the edge of the interaction in Fig. 4-7,
where the frequency increases as the output power drops from the maximum power
point for lower magnetic field values.

Due to the dependence of the electron cyclotron frequency on beam voltage, con-

tinuous tuning range of 1 GHz was also achieved as a function of beam voltage for a
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Figure 4-8: Power (black line) and frequency tuning (red line) measurement as a
function of beam voltage for magnetic field By = 6.003 T, and water temperature
in the cavity cooling channel T 4., = 9°C. Circular and square markers represent
measurements taken at beam current I, = 150 mA and [, = 190 mA, respectively.
For I, = 190 mA, the gun coil was swept from Bg,,, = 1 mT to By,, = —25 mT for
best output power as the beam voltage was decreased.

constant magnetic field as indicated in Fig. 4-8. As the beam voltage was decreased
from the maximum power point, the gun coil field had to be swept from B, = 1
mT to By, = —25 mT to optimize the gyrotron power for a beam current I, = 190
mA. The power and tuning response obtained for voltage tuning are similar to the
ones measured for magnetic tuning. This can be clearly seen by plotting the voltage
and magnetic tuning results as a function of the cyclotron frequency as seen in Fig.
4-9. This shows that magnetic and voltage tuning provide two different knobs for the
same basic tuning mechanism based on the dependence of the synchronism condition
on the cyclotron frequency. One advantage of voltage tuning over magnetic tuning is
the possibility of faster frequency sweep that may be explored in future DNP/NMR
experiments [69]. In Fig. 4-8, frequency detuning can also be verified as the beam
current and output microwave power are increased.

Another feature utilized to provide additional tunability was thermal tuning. By
increasing the water temperature in the cavity cooling channel, the gyrotron cavity
will expand and the beam voltage necessary to keep the same synchronism and effi-

ciency condition has to be increased for a fixed magnetic field. This effect is observed
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Figure 4-9: Magnetic tuning (circular markers, bottom abscissa) and voltage tuning
(diamond markers, top abscissa) measurement for beam current [, = 190 mA and
water temperature in the cavity cooling channel T, = 9°C. The magnetic and
voltage tuning data were taken at V, = 10.1 kV and By = 6.003 T, respectively. Each
point on the top and bottom abscissa corresponds to the same electron cyclotron
frequency value.
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Figure 4-10: Voltage tuning measurement for magnetic field By = 6.003 T, beam
current [, = 150 mA, along with cavity cooling channel temperature T, = 11°C
(square markers), and T4z = H7°C (circular markers).
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in the measurement shown in Fig. 4-10 as the power curve shifts to higher voltage
values as the water temperature T4, is increased from 11°C to 57°C. An additional

tuning range of 250 MHz was obtained using thermal tuning.

4.3.3 Ohmic Loss

At a submillimeter wavelength, a considerable part of the power extracted from the
electron beam is dissipated in the cavity walls as ohmic loss. Utilizing the wet calori-
metric technique outlined in Section 4.2.3, the ohmic loss in the 330-GHz gyrotron
was estimated as a function of the beam current for By = 6.007 T, V, = 10.1 kV,
and flow rate Vwam = 0.67 gpm as indicated in Fig. 4-11. The extraction efficiency
at I, = 175 mA was computed to be npp = 7.4%. Besides the high ohmic loss at
high-frequency operation, another factor that contributes for the observed extraction
efficiency is the use of a long resonant structure. Although a long cavity lowers the
start oscillation current for the excitation of high-order axial second-harmonic modes,
enabling broadband continuous tunability, the diffraction loss is decreased (cf. Eq.
(2.37)).

Besides ohmic loss, another information needed to estimate the temperature rise in

the gyrotron cavity is the convective heat transfer coefficient A, in the cavity cooling
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Figure 4-11: Output power and associated ohmic loss as a function of beam current
for beam voltage V, = 10.1 kV, magnetic field By = 6.007 T, and water flow rate
Viater = 0.67 gpm.
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Figure 4-12: Convective heat transfer coefficient h. and Reypolds number R, as a
function of the water temperature T,u. for a water flow Ve, = 0.7 gpm in a
rectangular channel of width w = 3.6 mm and height A = 8.9 mm.

channel. For a cooling channel with a rectangular cross-sectional area A = wh,
where w and h are the width and height of the channel, respectively, and a hydraulic
diameter Dy, = 4A4/(2(w + h)), the heat transfer coefficient h. can be estimated by

the following expression [131]:

(RN (/8 —1000)Pr
e = (Dh) (1 +12.7\/f/8(Pr2/3 — 1)) (4.5)

where £ is the water thermal conductivity, Pr = ve,/k is the water Prandtl number, v
is the water viscosity, ¢, is the water specific heat capacity (¢, = 4.1813 kJ/kg-K), and
f=1(0.791n R, — 1.64)~2. Equation (4.5) is valid in the transitional flow condition,
which is characterized by a Reynolds number R, = VwateTDh /Av in the interval 3 X
103 < R, < 105, where v = v/p is the kinematic viscosity and p is the water density.
For the cavity cooling channel with dimensions w = 3.6 mm and A = 8.9 mm, the
heat transfer coefficient and Reynolds number as a function of the water temperature
Twater are plotted in Fig. 4-12. The variation of h, and R, with T, mainly arises

from the temperature dependence of the water viscosity.

With the information of the ohmic loss and h., the temperature rise in the gy-
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Figure 4-13: Temperature rise in the gyrotron cavity for an uniformly distributed
Proaa = 100 W and heat transfer coefficient i, = 5 kW/m?/°C in the cavity cooling
channel.

rotron cavity could be estimated using the thermal/stress solver ePhysics [132]. The
simulation result is shown in Fig. 4-13 considering an ohmic loss P,y = 100 W
uniformly distributed on the cavity straight section and a convective heat transfer
coefficient of h, = 5 kW /m?/°C for forced water in the cavity cooling channel. The
temperature gradient along the gyrotron cavity as a result of the ohmic loss and the
cooling circuit configuration may be responsible for the gyrotron frequency detuning

as discussed in Section 4.3.2.

4.3.4 CW Long-Run Operation

Stable gyrotron operation over extended periods without interruption is an important
requirement to allow long-term signal averaging in DNP/NMR experiments. The
stability of the 330-GHz gyrotron was evaluated during a 110-h continuous run test
and the result is shown in Fig. 4-14. In this test, the output power was kept stable

using a proportional, integral, and derivative (PID) control system implemented in
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Figure 4-14: Monitored variables during the CW long-run stability test of the 330-
GHz second-harmonic gyrotron: (a) output power and frequency, (b) beam and cath-
ode filament currents, and (c) pressure and cavity cooling temperature. During the
test, the magnetic field was persistent at By = 6.006 T and the beam voltage was
kept at V, = 10.0 kV.
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LabVIEW by adjusting the cathode filament current based on the difference between
a set point value and the output power sampled by a Scientech calorimeter head,
model AC2500 (serial n® 4178), connected to a Scientech digital reader, model Vector
S310. During the stability test, the output reference power and frequency were kept
stable within £0.4% (3 mW) and 43 ppm (1.1 MHz), meeting the requirement for
DNP/NMR, and the superconducting magnet was in persistent mode at By = 6.006
T.

4.3.5 QOutput Beam Pattern

The output microwave beam pattern was evaluated in the 330-GHz gyrotron using
the techniques outlined in Section 4.2.4. A picture of the fabricated mode converter
is seen in Fig. 4-15. In low power operation (Poyr = 0.4 W), the image of the
microwave beam in Fig. 4-16 was taken using the pyroelectric camera right after the
end of the corrugated waveguide connected to the gyrotron window. Using Eq. (3.19),
the Gaussian-like content associated with the measured pattern was calculated to be
92% with beam radii w, = 5.1 mm and w, = 4.0 mm.

In high power operation (Poyr = 8.1 W), the output microwave beam pattern
shown in Fig. 4-17 could be visualized using a thermal-sensitive phosphor plate
illuminated with an ultraviolet light. Due to physical and electromagnetic reasons,

the aforementioned methods could not be used to evaluate the microwave beam inside

Figure 4-15: (a) Side view and (b) front view of the fabricated quasi-optical mode
converter with a helical launcher.
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Figure 4-16: Gyrotron output microwave beam displayed in (a) normalized linear
power scale and (b) dB contours. The pyroelectric camera image of the output TE_, 3
mode at 330.17 GHz was taken right after the end of the corrugated waveguide.
Additional gyrotron parameters: beam voltage V, = 9.6 kV, beam current I, = 32
mA, and output power Poyr = 0.4 W.
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Figure 4-17: Gyrotron output microwave beam displayed on a thermal-sensitive phos-
phor plate illuminated by an ultraviolet light. Gyrotron parameters: beam voltage
Vi, = 10.1 kV, beam current I, = 130 mA, frequency f = 329.34 GHz, and output
power Poyr = 8.1 W.
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Figure 4-18: Thermal paper images of the gyrotron output microwave beam at differ-
ent distances z from the window location (z = 0 mm). Gyrotron parameters: beam
voltage V, = 9.7 kV, beam current [, = 75 mA, frequency f = 330.12 GHz, and
output power Poyr = 6.2 W.
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the cross-bore of the superconducting magnetic after the gyrotron window. For this
task, thermal paper was utilized to record the microwave beam at different distances
z from the window location (z = 0 mm). The result of this measurement is shown
in Fig. 4-18, depicting the propagation of a Gaussian-like beam along the magnet
cross-bore. Based on these experimental results, proper operation of the implemented

internal quasi-optical mode converter could be verified.

4.3.6 Short Pulse Measurement

All measurements reported so far were carried out in CW operation. In order to
assess the gyrotron performance at a beam current higher than the 200 mA limit
imposed by the CW high-voltage power supply, a high voltage modulator described
in Section 3.5.3 was utilized. Typical oscilloscope traces for beam voltage V}, beam
current [, body current .4, and output power monitored by a diode are shown in
Fig. 4-19. Magnetic tuning experimental results are plotted in Fig. 4-20 for peak
beam voltage V, = 10.9 kV, beam current I, ~ 610 mA, pulse repetition frequency
PRF = 20 Hz, and water temperature T, = 15°C. The measured frequencies in
pulse operation are consistent with the ones obtained in the start current measurement
at low equilibrium power points due to the absence of cavity deformation. The average
power in pulse regime is on the order of a few milliwatts. One complication during
pulse measurements is that a mode can be excited in the rising or falling edge of the
voltage pulse at a lower value than the voltage peak. For example, the gyrotron mode
at 330 GHz could be excited at each magnetic field value in Fig. 4-20 with a proper
gun coil field.

Thermal tuning measurements were also carried out for a fixed electron cyclotron
frequency (V, = 10.9 kV peak, By = 6.007 T) and beam current [, ~ 620 mA and the
result is shown in Fig. 4-21. The thermal tuning rate obtained in the experiment was
4.8 MHz/°C, compatible to the theoretical 5.6 MHz/°C in an unconstrained gyrotron
cavity. The combination of magnetic, voltage, and thermal tuning yielded a total

tuning range of 1.2 GHz in pulse operation with minimum peak output power of 20

W.
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Figure 4-19: Typical traces obtained from high voltage modulator: (a) beam voltage,
(b) beam current, (c¢) body current, and (d) output power detected by a diode.
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Figure 4-20: Magnetic tuning measurement for peak beam voltage V, = 10.9 kV,
beam current I, ~ 610 mA, PRF = 20 Hz, and water temperature T4, = 15°C in
the cavity cooling channel.
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Figure 4-21: Thermal tuning measurement for magnetic field By = 6.007 T, peak
beam voltage V, = 10.9 kV, and beam current I, ~ 620 mA, PRF = 20 Hz.
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4.4 Experimental Results (Bruker Magnet)

After the evaluation of the 330-GHz gyrotron using the Cryomagnetics magnet, the
gyrotron was moved to its final destination, the Bruker superconducting magnet de-
tailed in Section 3.5.1. A schematic of the 330-GHz gyrotron in the Bruker supercon-
ducting magnet is shown in Fig. 4-22, where the output power is extracted using a

periscope attached to the gyrotron window.

4.4.1 Start Oscillation Current

The start oscillation current of the 330-GHz gyrotron in the new magnet system
was measured in CW operation as a function of magnetic field for Bg,, = 25 mT
and a beam voltage V;, = 10.1 kV, the same voltage utilized in the start current
measurement reported in Section 4.3.1. The start current data is shown in Fig. 4-23,
where the measured start current values are in good agreement with the calculated
start current from linear theory for TE_4 5, modes, ¢ = 1 to ¢ = 6. The calculation
in Fig. 4-23 was performed using the same beam parameters as utilized in Fig. 4-6.
The measured frequency at each start current value is in reasonable agreement with
the cold frequencies associated with high-order axial modes, ¢ = 1 to ¢ = 6, presented
in Table 3.2. Frequency detuning is observed for By < 6.0 T since the output power
at these start current values exceed 1 W. The fundamental mode TE; ; is excited at
By = 6.028 T with a start current of 80 mA and measured frequency of 166.62 GHz.

The experimental result in the Bruker magnet is similar to the one obtained in
the Cryomagnetics magnet, although the operating mode is excited at lower currents
in the Bruker magnet with a minimum measured start current of 21 mA. Differences
in the magnetic field profile such as a longer flattop region in the Bruker magnet
may explain the lower start current. Furthermore, the operating mode is observed
at slight lower magnetic fields in the new magnet system. This difference may be
caused by the position of the tube with respect to the magnet axis and/or by an
inaccuracy in the field-to-current ratio provided by the vendor. According to Bruker,

the field-to-current ratio for the cavity coil is 0.06565 T /A and the calibration of the
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Figure 4-23: Measured start oscillation current (black solid line) and measured fre-
quency (red diamonds) of the operating mode TE_, 3 as a function of magnetic field
for beam voltage V, = 10.1 kV, Tyurer = 15 °C. Theoretical start currents (black
dash-dotted lines) based on linear theory for the first six axial modes TE_, 3 ,, where
qg=1,2,3,4,5,6 (simulation parameters: cold-cavity axial field profile, V}, = 10.1 kV,
a = 1.8, no beam velocity spread).

magnet power supply has an accuracy of 0.2%.

4.4.2 Power and Frequency Tuning

Power and frequency tuning were evaluated as a function of beam voltage for a con-
stant magnetic field as indicated in Fig. 4-24. Magnetic tuning measurement was also
carried out for two different beam voltages, V, = 9 kV and V, = 12.9 kV, as shown
in Fig. 4-25 since the fundamental mode TEs; would be excited for By > 6.02 T for
Vi, = 12.9 kV. For a beam current I, = 190 mA, while the power varies from 1 W to 19
W, compared to 2 W to 18 W in the Cryomagnetics case, the frequency continuously
varies from 328.82 GHz to 330.05 GHz, compared 328.96 GHz to 329.93 GHz in the
Cryomagnetics case. Superposition of the magnetic and voltage tuning data having
the normalized electron cyclotron frequency as an abscissa in Fig. 4-26 indicates the
common nature of the tuning mechanism based on the cyclotron frequency. Ther-
mal tuning measurements were also performed as displayed in Fig. 4-27, where the
expected shift in the power and frequency curves were observed for operation at a

higher cavity temperature. In this measurement, high pressure in the tube did not
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Figure 4-24: Power (black line) and frequency tuning (red line) measurement as a
function of beam voltage for magnetic field By = 5.991 T, beam current I, = 190
mA, and water temperature in the cavity cooling channel T4z, = 15°C. The gun coil

was swept from Bg,,, = 58 mT to By, = 13 mT for best output power as the beam
voltage was decreased.
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Figure 4-25: Power (black line) and frequency tuning (red line) measurement as a
function of magnetic field for beam voltage Vj, = 9 kV (square markers, dashed line)
and V, = 12.9 kV (circular markers, solid line). The water temperature in the cavity
cooling channel was Tyyqter = 15°C. The gun coil field was kept constant at Bg,, = 16

mT and Bg,, = 58 mT during the measurements at V,, = 9 kV and V}, = 12.9 kV,
respectively.
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ment for beam current I, = 190 mA and water temperature in the cavity cooling
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magnetic tuning data was taken at V, = 9 kV (square markers, Bg,, = 16 mT) and
at V, = 12.9 kV (circular markers, By,, = 58 mT).
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Figure 4-27: Voltage tuning measurement for magnetic field By = 5.991 T, beam
current I, = 150 mA, along with cavity cooling channel temperature Ty, = 15°C
(circular markers), and Tyyqrer = 63°C (triangular markers).
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Figure 4-28: Output power and associated ohmic loss as a function of beam current
for beam voltage V, = 11.7 kV, magnetic field By = 5.991 T, and water flow rate
Viater = 0.71 gpm.

allow operation for V}, > 12.5 kV.

4.4.3 Additional measurements

In addition to the start oscillation current as well as the power and frequency tuning,
the ohmic loss and the output beam pattern have also been evaluated in the current
system using the techniques described in Section 4.2. The ohmic loss was estimated as
a function of beam current for V, = 11.7 kV, By = 5.991 T, and flow rate Viygper = 0.71
gpm. The result is shown in Fig. 4-28 with an estimated extraction efficiency ngg
of 3.2% for a beam current I, = 175 mA, which is on the order of the extraction

efficiency reported in Section 4.3.3.

A picture of the output microwave beam was taken 80 mm after the end of a
corrugated waveguide connected to the output periscope using a Spiricon Pyrocam
IIT pyroelectric camera. The Gaussian-like content associated with the measured
pattern in Fig. 4-29 was computed to be 91% with beam radii w, = 4.6 mm and

w, = 5.4 mm.
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Figure 4-29: Gyrotron output microwave beam displayed in (a) normalized linear
power scale and (b) dB contours. The pyroelectric camera image of the output TE_, 3
mode at 329.82 GHz was taken 80 mm after the end of the corrugated waveguide.
Additional gyrotron parameters: beam voltage V, = 10.74 kV, beam current [, = 75
mA, By, = 36 mT, and output power Poyr =1 W.

4.5 Discussion

The operation of a continuously tunable 330-GHz second-harmonic gyrotron has been
successfully demonstrated as reported in this chapter. In the first configuration of
the gyrotron utilizing a superconducting magnet manufactured by Cryomagnetics, the
gyrotron has generated 18 W of output power for a 10.1-kV 190-mA electron beam,
yielding an efficiency of 0.93%. The minimum starting current of the operating mode
TE_4 3 was measured to be 33 mA for a beam voltage V;, = 10.1 kV. Good agreement
was observed between the measured start current values and the prediction from linear
theory for the first six axial modes (¢ = 1 to ¢ = 6). Also the measured frequency at
each start current value with a low equilibrium power value reasonably agrees with

the cold-cavity frequency of each axial mode.

Continuous frequency tunability of 1.2 GHz with a minimum output power of 2
W was achieved via cyclotron frequency tuning and cavity thermal tuning. This tun-
ing range is 24 times broader than the state-of-the-art for second-harmonic modes
in submillimeter-wave gyrotrons at the beginning of this project. Moreover, the

measured frequency tuning range covers the optimum frequency (329.4 GHz) that
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yields the maximum DNP/NMR signal enhancement. A frequency-tunable gyrotron
is highly desirable since it simplifies the implementation of DNP in NMR spectrom-

eters, particularly the ones without magnetic tuning capability.

The long-term stability of the 330-GHz gyrotron output was evaluated over an
uninterrupted period of 110 h where the output power of the gyrotron was monitored
by a computerized PID control. During this test, the power and frequency were
stable within +0.4% and +1.1 MHz, respectively, meeting the specifications for long-
term signal averaging in DNP/NMR experiments. In addition, proper operation of
the implemented quasi-optical mode converter has been verified as a Gaussian-like
output microwave beam has been recorded by various methods. The Gaussian-like
content associated with the image taken by a pyroelectric camera right after the
end of the output corrugated waveguide was computed to be 92%. One challenge
for submillimeter-wave operation in the current gyrotron circuit is the predominance
of ohmic loss over diffractive loss. As a consequence, the majority of the power
transferred from the electron beam is dissipated on the cavity walls, leading to low

extraction efficiency and frequency detuning in CW operation as observed.

Besides these results in CW operation, measurements were also performed in
short pulse operation at a higher beam current ([, ~ 610 mA), where tunability of
1.2 GHz with a minimum output power of 20 W has been achieved by means of
cyclotron frequency tuning and thermal tuning. The measured frequencies in pulse
operation are consistent with the ones obtained in the start current measurement at

low equilibrium power points due to the absence of cavity deformation.

After the evaluation of the gyrotron in the Cryomagnetics magnet, the perfor-
mance of the oscillator was assessed in the Bruker superconducting magnet ordered
for the 330-GHz gyrotron. The experimental results in the new magnet system are
consistent with the ones obtained in the Cryomagnetics magnet for power and fre-
quency tuning, start oscillation current, and ohmic loss. Magnetic and voltage tuning
measurements for beam current I, = 190 mA demonstrated an output power of 1-19
W (CW) in the frequency range of 328.82 GHz to 330.05 GHz. The desired power level
of 5 W for DNP/NMR experiments is achieved for the frequency band 328.82-329.54
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Table 4.1: Comparison between specifications and experimental results obtained in
the 330-GHz gyrotron.

Specification Measured

. Covered
Optimum DNP frequency | 329.4 GHz (7 W of power)
Tuning range 1.5 GHz 1.2 GHz

>1W

Output power >S5 W (5 5 W over 700 MHz)
Power stability ~ 1% 0.4%
Frequency stability ~ 1 MHz 1.1 MHz
Output beam pattern Gaussian-like Gaussian-like

GHz, corresponding to a tuning range of 720 MHz. The minimum start current was
measured to be 21 mA for the operating mode TE_, 3, where good agreement was
verified between the measured start current values and the calculation from linear
theory for the first six axial modes (¢ = 1 to ¢ = 6). Furthermore, the measured
frequency at each start current value with a low equilibrium power value reasonably
agrees with the cold-cavity frequency of each axial mode. Evaluation of the image
of the output microwave beam taken with a pyroelectric camera after the corrugated
waveguide revealed a Gaussian-like content of 91%. A comparison between the re-
quirements and the experimental results obtained in the 330-GHz gyrotron is given

in Table 4.1.
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Chapter 5

Design and Operation of a Tunable
460-GHz Second-Harmonic
Gyrotron

In this chapter, the design and operational characteristics of a second-harmonic
460-GHz CW gyrotron are presented. The gyrotron is intended to be used as a
submillimeter-wave source for 700-MHz DNP/NMR experiments. The tube was re-
designed and rebuilt from a previous version [91] for higher output power, lower start
current, and improved stability /reliability. Broadband smooth frequency tunability
was also obtained for the operating second-harmonic mode by changing the electron
cyclotron frequency. This chapter is organized as follows: Section 5.1 describes the
design and features of the different parts of the tube, including electron gun, cav-
ity interaction region, and internal converter from a cylindrical waveguide mode to
a linearly polarized free space Gaussian-like beam. Evaluation of output power and
frequency tunability as a function of magnetic field and beam voltage, start oscillation
current of the operating mode, ohmic loss, frequency and power stability in long-run
continuous operation, and output microwave beam profile are detailed in Section 5.2.
In addition to the experimental results reported in the previous section at 460 GHz,
power and broadband frequency tunability was also achieved at 332 GHz as described

in Section 5.3, providing valuable information for the design of the subsequent 330-
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Figure 5-1: Schematic of the 460-GHz gyrotron.
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GHz tunable gyrotron described in the previous chapters. The current chapter is
finalized with conclusions in Section 5.4. The results reported in this chapter at 460

GHz are available in the literature [101].

5.1 Design

A schematic of the upgraded 460-GHz second-harmonic gyrotron is shown in Fig. 5-1,
which depicts the different parts of the tube: electron gun, cavity interaction region,
internal mode converter, and collector. This gyrotron utilizes a superconducting
magnet fabricated by Cryomagnetics, Inc., which is described in Section 3.5.1 and

Ref. [125].

5.1.1 Diode Electron Gun

The magnetron injection gun utilized in the 460-GHz gyrotron is identical to the
one described in Section 3.5.2. After being thermionically emitted from an indirectly
heated ring cathode of radius 5.38 mm and slant length 1.09 mm, electrons are ac-
celerated due to a potential difference between a grounded anode and a cathode at a
beam voltage —V,. As the electrons advance through the beam tunnel in cyclotron
motion around the magnetic field lines created by the main superconducting mag-
net, the hollow annular electron beam is compressed, reaching a final beam radius of
re = 1.1 mm in the cavity interaction region. The electron gun geometry is depicted
in Fig. 5-2(a) along with equipotential lines, and electron trajectories obtained from
the code EGUN [127] for the gyrotron operating parameters V, = 13 kV and beam
current I, = 100 mA. Other important beam parameters such as the pitch factor «
and the beam perpendicular velocity spread Av, /v, were also evaluated at the cavity
region using EGUN. The results from these simulations are shown in Fig. 5-2(b) and
a set of values favorable for beam-wave interaction, i.e. a high pitch factor (o = 2.0)
and a low perpendicular velocity spread (Av, /v, < 4%), was obtained at the operat-
ing voltage V, = 13 kV by proper adjustment of a water-cooled copper gun coil with
a magnetic field range of £103 mT.
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Figure 5-2: (a) Magnetron injection gun geometry along with simulated electron
trajectories and equipotential lines for an applied voltage V, = 13 kV and beam
current I, = 100 mA. (b) Computed pitch factor o and beam perpendicular velocity
spread Av, /v, at the cavity entrance according to the code EGUN. The gun coil
field was adjusted to a subtracting field of -61 mT for high « and low velocity spread
at the operating voltage of 13 kV.

5.1.2 Interaction Circuit

As outlined in Section 3.2, although operation at the second harmonic of the cyclotron
frequency has the advantage of requiring only half of the magnetic field necessary for
a fundamental-harmonic mode, second-harmonic modes suffer from lower beam-wave
interaction efficiency and from additional competition with neighboring fundamental
modes. In order to overcome these difficulties, the mode TE;; » was chosen as the op-
erating mode due to its isolation from surrounding modes and its high coupling to an

electron beam of radius r, = 1.1 mm. This whispering-gallery mode is supported by a
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Figure 5-3: Schematic of the 460-GHz gyrotron circuit featuring a downtaper section,
a cavity (straight section), and an uptapered section. The red line represents the
normalized axial electric field profile of the operating mode TE; 2 ;.

30-mm long cavity with radius 7., = 1.825 mm, where a long cavity (L ~ 46\ at 460
GHz) was preferred in order to reduce the start oscillation current. The interaction
circuit geometry comprising a cavity straight section and tapered sections is shown
in Fig. 5-3. The uptapered section was designed for reduced mode conversion and
for reduced wave reflection at the cavity uptapered end to improve power extraction
at the high operating frequency of the tube. The mode conversion in the uptapered
part was found to be less than 0.2% according to calculations using the scattering
matrix code Cascade [116]. Also shown in Fig. 5-3 is the normalized axial electric

field profile of the first axial mode TEj; 5; obtained from the cold-cavity code [111].

For the different axial modes TE; 24, the ohmic quality factor was computed to
be Qo = 8100 for an electrical conductivity half that of ideal copper (5.8 x 107 S/m),
and the diffractive quality factor was estimated as Qp, = 90500/¢* according to
results from the cold-cavity code. Based on linear theory [114] and the cold cavity
axial electric field profile, the start current of the TE;; o1 mode was computed to be
27 mA for beam parameters V;, = 12.8 kV, a = 1.85, r. = 1.1 mm, and no velocity

spread. Following similar procedure, the start current of the neighboring modes was
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the lowest axial mode (¢ = 1) is shown (beam parameters: V, = 12.8 kV, r, = 1.1
mm, « = 1.85, and no velocity spread).

also evaluated and the result is shown in Fig. 5-4, which demonstrates the isolation
of the operating second-harmonic mode from adjacent modes, especially fundamental

modes.

The performance of the interaction circuit was evaluated using the self-consistent
code MAGY [115] and the simulation results are shown in Fig. 5-5 for beam param-
eters V, = 13 kV, I, = 100 mA, a = 1.9, r. = 1.1 mm, and perpendicular velocity
spread of 5%. A magnetic tuning range of 540 MHz was obtained supported by
the excitation of successive axial modes TE;12,4, ¢ = 1,2,3,4. The transition from
the mode TE;; 21 to TEq; 22 was observed at a magnetic field value By = 8.445 T.
Smoother transition in power between successive axial modes was verified in simula-
tion by shifting the magnetic field profile 3.5 mm toward the cavity downtaper with

respect to the cavity axial center.

The gyrotron cavity was manufactured by electroforming, where oxygen-free cop-

per was deposited on an aluminum mandrel precisely machined to a tolerance of 2.5
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Figure 5-5: Simulated power and frequency tuning as a function of magnetic field
for the TEq; 2 mode. Simulation parameters: V, = 13 kV, I, = 100 mA, o = 1.9,
re = 1.1 mm, Av, /v, = 5%, and re, = 1.822 mm. In this simulation, the magnetic
field profile was shifted 3.5 mm toward the cavity downtaper with respect to the
cavity axial center.

pm in cavity diameter. After fabrication, the gyrotron cavity was cold tested, and
the cavity radius was estimated to be 1.823 mm, corresponding to a cutoff frequency
of 460.65 GHz for the TE;; 21 mode. The cold test consisted of exciting lower or-
der cavity modes such as TE; and TE; 2 by means of a step-cut Vlasov converter
and measuring the respective resonant frequencies using a vector network analyzer
Agilent E8363B with a 90-140-GHz frequency extension as detailed in Section 3.3.2.
Once the measured frequencies were corrected for a vacuum environment [118], the
cold-cavity code was utilized to determine the cavity radius that would match the

corrected frequency.

5.1.3 Internal Mode Converter and Collector

After transferring part of its perpendicular energy to the generated wave, the spent
beam is separated from the electromagnetic wave by an internal mode converter, and

it is allowed to expand in the decaying field of the superconducting magnet until
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Figure 5-6: (a) Quasi-optical mode converter picture with the inset showing the helical
launcher orientation. (b) Simulated electric field profile of the mode-converted TEj; o
output beam at the window plane at 460 GHz.

it is collected on a water-cooled copper collector at ground potential. This internal
mode converter configuration not only allows a reduction of the thermal load on
the collector but also permits a better vacuum conductance throughout the tube,
which contributes to the CW operation of the device. Meanwhile, a portion of the
generated wave diffracts out of the resonator and propagates through the uptapered
section followed by an output cylindrical waveguide of radius r,, = 2.4 mm. In the
sequence, the cylindrical mode is internally converted into a linearly polarized free-
space Gaussian-like beam, which is suitable for low-loss transmission to the NMR

probe using a corrugated waveguide.

The internal mode converter is shown in Fig. 5-6(a) and consists of a helical
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launcher, a quasi-parabolic mirror, and two flat mirrors to deflect the microwave
beam out of the tube through a transparent fused silica window of diameter 20.3 mm
and thickness 2.00 mm, and a horizontal cross bore in the superconducting magnet.
The converter design is based on a geometrical optics approach [43, 121] using the
formalism described in Section 3.4. For the TE;; » mode and output waveguide 7, =
2.4 mm, the helical cut length Loy was determined by Eq. (3.16), yielding Loyr =
11.2 mm. The other parameters of the helical launcher are: Brillouin angle g = 49.5°,
normalized caustic radius 7cqystic/Twg = 0.625, and azimuthal bounce angle ¢ = 51.3°.

The design was evaluated using an electric field integral equation code Surf3d
[122, 123], and the computed electric field profile of the mode-converted TEy; 5 output
beam at 460 GHz is shown in Fig. 5-6(b). The simulated field profile has a Gaussian-
like content of 92% according to Eq. (3.19), with beam radii w, = 5.6 mm and

w, = 8.7 mm at the window plane.

5.2 Experimental Results at 460 GHz

The new version of the 460-GHz second-harmonic gyrotron was entirely processed and
characterized in CW mode. The temperature of sensitive parts of the tube, such as
the anode, cavity, collector, and gun coil, was kept stable by a 2.4-kW recirculating
Neslab chiller, model Merlin M-75, with the water temperature and flow at each
cooling channel being monitored by flowmeters. Relays existent in these flowmeters
and in the ion pump controller formed a hardware safety interlock network ready to
shut off the beam voltage if necessary. Software interlocks were also implemented in
the computer control routine.

The output power was monitored at the end of a corrugated waveguide connected
to the gyrotron window using, unless otherwise specified, a Scientech laser calorimeter
model AC2500 (serial n° 4177) calibrated for the submillimeter wavelength range.
The corrugated waveguide employed in these measurements has an inner diameter of
19 mm and a corrugation depth of A/4 [130]. The other diagnostics utilized in the

evaluation of the 460-GHz gyrotron are described in Section 4.2. The main gyrotron
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Table 5.1: Operating parameters of 460-GHz gyrotron

Operating mode TE,, , , TE11,2,4
Frequency 460.2 GHz
Magnetic/voltage tuning range | 1 GHz
Cavity magnetic field By 8.42 T
Cyclotron harmonic Second
Beam voltage V}, 13 kV
Beam current I, 100 mA
Output power 16 W (CW)

operating parameters are summarized in Table 5.1.

5.2.1 Start Oscillation Current

The start oscillation current of the operating mode TEj; » was measured as a function
of magnetic field for a fixed beam voltage V}, = 12.8 kV and a gun coil field B, = =75
mT. The result from this measurement is shown as a solid line in Fig. 5-7, and it is
compared to theoretical start currents obtained from linear theory for the first four
axial modes TEq; 24, where ¢ = 1,2,3,4. In these calculations, the axial electric
field profile obtained from a cold-cavity code was employed, and the following beam
parameters were assumed: V, = 12.8 kV, a = 1.85, and no velocity spread. The cavity
radius was chosen to be r., = 1.822 mm for best fit, which is within experimental

error of the value (1.823 mm) obtained from the cavity cold test.

Good agreement between the measured and theoretical start currents for the first
axial mode TEj; 5 is obtained at lower magnetic field values (By < 8.44 T), where
the minimum start current was measured to be 27 mA. This represents a start current
much lower than 67 mA measured for the operating mode TE ¢ in the previous version
of the 460-GHz gyrotron [90]. The wider range of excitation of the measured start
current compared to the magnetic field range of the theoretical start current for the
TE1; 21 mode suggests that high-order axial modes (¢ > 2) are being observed in the
experiment, which is in reasonable agreement with the calculated start currents for

high-order axial modes TE1 2,4, ¢ = 2, 3,4.
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Figure 5-7: Measured start oscillation current (solid line) of the operating mode
TEq12 as a function of magnetic field for beam voltage V;, = 12.8 kV and a gun coil
field Bgun = —75 mT. Theoretical start currents based on linear theory for the first
four axial modes TE;; 2,4, where ¢ = 1,2, 3,4, are represented by dashed-dotted lines
(simulation parameters: 7., = 1.822 mm, cold-cavity axial electric field profile, and
beam parameters V, = 12.8 kV and o« = 1.85, with no velocity spread).

5.2.2 Power and Frequency Tuning

The 460-GHz gyrotron has generated 16 W of output power in the TEj; 23 second-
harmonic mode for a 13-kV 100-mA electron beam, yielding an efficiency of 1.2%,
a significant improvement compared to the 0.5% efficiency obtained in the previous
configuration of this tube [91]. In addition, a smooth frequency tuning range of 1
GHz has been measured as a function of magnetic field for a constant 13-kV 100-
mA electron beam, as shown in Fig. 5-8. This represents a tuning range 20 times
broader than previously reported for a second-harmonic mode in a submillimeter-
wave gyrotron. In the magnetic tuning measurement, the gyrotron output power was
optimized by adjusting the subtracting gun coil field from -75 to -78 mT as the main
magnetic field was increased, resulting in a minimum output power of 2 W throughout
the tuning band.

The measured output power in Fig. 5-8 is in reasonable agreement with the self-

consistent simulation result shown in Fig. 5-5, although more power was predicted in
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Figure 5-8: Power and frequency tuning measurement as a function of magnetic field
for the TEq; » mode, beam current I, = 100 mA, and beam voltage V, = 13 kV. The
gun coil was swept from Bg,, = —75 mT to By, = —78 mT for the best output
power as the magnetic field was increased.

the simulation at the lower edge of magnetic field values.

As indicated by the start current measurement and the self-consistent simulations,
the excitation of successive high-order axial modes TE; 2, plays a role in providing
the extended tuning as one increases the magnetic field for a fixed beam voltage. Elec-
tron beam interaction with backward-wave components of high-order axial modes is
observed experimentally, and it occurs in a region where the gyrotron radiation fre-
quency is less than the second harmonic of the electron cyclotron frequency. For the
magnetic tuning measurement, the backward interaction region corresponds to mag-
netic field values greater than By = 8.44 T, a transition region from mode TEj; 2,
to TEq1 22 as suggested by the start current measurement in Fig. 5-7 and the self-
consistent simulations in Fig. 5-5. Unlike in the simulation where the frequency
tunability associated with the high-) mode TE;2; was restricted to a few tens
of megahertz, the measured tuning for the same mode reached a few hundreds of
megahertz. One factor that may contribute to the broader tuning observed in the ex-
periment is cavity thermal expansion due to the implemented cooling circuit covering

a fraction of the cavity surface area similar to the case shown in Fig. 4-13.
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Figure 5-9: Power and frequency tuning measurement as a function of beam voltage
for the TE;; 2 mode, beam current [, = 100 mA, and main magnetic field in persistent
mode at By = 8.422 T. The gun coil was swept from By,,, = =71 mT to By,, = —103
m'T for the best output power as the beam voltage was decreased from the maximum
power point.

Tuning measurements were also performed by changing the beam voltage while
keeping the main magnetic field at By = 8.422 T and the beam current at I, = 100
mA. The voltage tuning results are shown in Fig. 5-9, with similar output power and
frequency tuning range compared to the magnetic tuning case. As the beam voltage
was decreased from the maximum output power value, the gun coil had to be swept
from -71 to -103 mT in order to keep a high « in the diode gun configuration for the
best output power.

The tuning performance of the tube while keeping the output power constant at 4
W by varying the beam current was also evaluated. The results are displayed in Fig.
5-10 and Fig. 5-11 with a measured tuning range of 830 MHz for magnetic tuning
and 900 MHz for voltage tuning.
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Figure 5-10: Frequency tuning measurement for a constant output power (~ 4 W) as
a function of magnetic field for the TE;; » mode, beam voltage V, = 12.9 kV, and gun
coil By, = —75 mT. The beam current was changed from [, = 60 mA to [, = 104
mA during the measurement.
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Figure 5-11: Frequency tuning measurement for a constant output power (~ 4 W) as
a function of beam voltage for the TE;; » mode, and main magnetic field in persistent
mode at By = 8.422 T. The beam current and gun coil were changed from I, = 58
mA, By, = =75 mT to [, = 106 mA, By, = —99 mT as the beam voltage was
decreased from its maximum value.

162



5.2.3 Ohmic Loss

At high-frequency operation, a significant part of the power transferred from the
electron beam is not extracted from the gyrotron cavity, but instead, it is deposited
in the cavity walls as ohmic loss. By measuring the water flow rate in the cavity
cooling channel and the difference between its inlet and outlet temperature using
thermistors, Omega model 44007, the amount of power transferred from the gyrotron
cavity to the water cooling circuit could be calculated. For a gyrotron output power of
5.2 W at 460.28 GHz and a flow rate of 0.7 gpm, the ohmic loss was estimated to be 53
W. Thus, only 9% of the power generated in the first axial mode TE;; 5 in the cavity
is extracted as useful output power. This experimental extraction efficiency value ngp
is in good agreement with the theoretical one for the TE; o1 mode, nrp theory = (1 +
Qp1/Qo)~' = 8%. The beam parameters during this measurement were V, = 12.9

kV and I, = 79 mA with the main magnetic field at By = 8.423 T.

5.2.4 CW Long-Term Stable Operation

Continuous gyrotron operation for extended periods with stable power and frequency
characteristics is an important requirement to allow long-term signal averaging in
DNP/NMR experiments. The long-term stability of the 460-GHz gyrotron operating
in the TE;; » mode was evaluated for a period of two days, and the monitored vari-
ables are shown in Fig. 5-12. A quasi-optical directional coupler [133] was utilized at
the end of the output corrugated waveguide to divert part of the output power to the
frequency measurement system. The gyrotron output power was kept stable within
+0.7% by a computerized proportional, integral, and derivative (PID) control system
implemented in LabVIEW that adjusted the cathode filament current based on the
difference between a set point value and the output power monitored by a calibrated
diode. This level of power fluctuation and the observed frequency stability of £2.9
MHz (+£6 ppm) are suitable for DNP/NMR. During the stability test, the main su-
perconducting magnet was in persistent mode at By = 8.422 T, which has a magnetic

field drift rate of less than 0.02 ppm/h according to a NMR probe measurement.
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Figure 5-12: Monitored variables during the long-term stability test of the 460-GHz
gyrotron operating in the second-harmonic TE;; 5 mode: (a) output power and fre-
quency, (b) beam and filament currents, (¢) pressure and cavity cooling temperature,
and (d) beam voltage. During the test, the magnetic field was persistent at By = 8.422
T and the beam voltage was kept at V, = 12.75 kV.
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Figure 5-13: Gyrotron output microwave beam displayed in (a) a normalized lin-
ear power scale and (b) dB contours. The pyroelectric camera image of the mode-
converted TEq; » mode at 460.3 GHz was taken 40 mm after the end of the corrugated
waveguide.

5.2.5 Output Beam Pattern

The gyrotron output beam pattern was measured by the Spiricon Pyrocam III pyro-
electric camera positioned after the corrugated waveguide connected to the gyrotron
window. During the camera measurements, the gyrotron output power was limited

to 0.4 W, below the camera sensor damage threshold of 2 W.

An image of the mode-converted TE;; » beam at 460.3 GHz captured 40 mm after
the end of the corrugated waveguide is shown in Fig. 5-13. Based on the measured
pattern, the Gaussian-like content associated with the measured microwave beam was
computed to be 92% with beam radii w, = 4.1 mm and w, = 4.6 mm, corresponding
to an ellipticity of 12%. Due to the limited access provided by the horizontal cross
bore of the superconducting magnet, a direct beam measurement after the gyrotron
window was not possible using the pyroelectric camera. However, measurements per-
formed with thermal paper inside the cross bore corroborated the camera results and
confirmed the alignment of the output beam trajectory with respect to the cross-bore
centerline. These results indicate a good performance of the implemented internal

quasi-optical converter from a whispering-gallery mode TE;; » to a Gaussian-like mi-
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Figure 5-14: Power and frequency tuning measurement as a function of magnetic field
for the TE_4 3 mode, beam current [, = 50 mA, and beam voltage V, = 9.4 kV. The
gun coil was swept from Bg,, = —20 mT to By, = —26 mT for the best output
power as the magnetic field was increased.
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Figure 5-15: Power and frequency tuning measurement as a function of beam voltage
for the TE;; » mode, beam current J, = 50 mA, and main magnetic field in persistent
mode at By = 6.037 T. The gun coil was swept from By,,, = —16 mT to By,, = —48
mT for the best output power as the beam voltage was decreased from the maximum
power point.
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crowave beam at a submillimeter wavelength.

5.3 Experimental Results at 332 GHz

Besides the results obtained with the operating mode TE; 2 at 460 GHz, excitation of
a counter-rotating mode TE_, 3 with radiation frequency near 332 GHz has also been
observed. As the implemented mode converter in the 460-GHz tube was not optimized
for the mode TE_,3 and the installed gyrotron window has a power transmission
coefficient of 0.71 at 332 GHz, magnetic and voltage tuning measurements were carried
out at a low beam current I, = 50 mA. The magnetic and voltage tuning data obtained
are shown in Fig. 5-14 and Fig. 5-15, respectively, where a frequency tuning range

as broad as 1 GHz was achieved, supported mostly by backward-wave interaction.

5.4 Discussion

The improved version of the 460-GHz second-harmonic gyrotron has generated 16 W
of output power for a 13-kV 100-mA electron beam, yielding an efficiency of 1.2%.
The minimum start current of the operating mode TE;; 21 was measured to be 27
mA, agreeing with the linear theory prediction. Smooth frequency tunability of 1
GHz has been demonstrated for the operating second-harmonic mode as a function of
the cyclotron frequency either by magnetic field tuning or beam voltage tuning. This
frequency tuning range is 20 times broader than previously observed for a second-
harmonic mode in a submillimeter-wave gyrotron. A frequency-tunable microwave
source is highly desirable since it simplifies the implementation of DNP in NMR
spectrometers, particularly the ones without sweep coils. The stability characteristics
of the gyrotron have been evaluated during a period of two days in which the gyrotron
operated continuously under computerized PID control monitoring the CW output
power. A power stability of £0.7% and a frequency stability of £2.9 MHz (+6 ppm)
have been obtained, which are suitable for the 700-MHz DNP/NMR application for

which the gyrotron was designed. The Gaussian-like content of the measured mode-
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converted TEq; 5 output beam was calculated to be 92% with an ellipticity of 12%,
indicating proper operation of the implemented internal quasi-optical mode converter.
In addition to the results at 460 GHz, frequency tunability as broad as 1 GHz has

been achieved near 332 GHz with the counter-rotating mode TE_4 3.
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Chapter 6

Conclusion

6.1 Relevance and Summary of Results

This thesis successfully demonstrated for the first time that a continuous frequency
tuning range greater than 1 GHz can be experimentally achieved for a second-harmonic
mode in a submillimeter-wave gyrotron as a function of the cyclotron frequency via
magnetic tuning or beam voltage tuning. Even though simulation results indicated
that a tuning range on the order of 1 GHz could be achieved for realistic electron
beam parameters using magnetic tuning, skepticism was in place due to the narrow
tuning range of 50 MHz measured in the past for second-harmonic gyrotrons in the
submillimeter band (cf Table 1.1).

Although second-harmonic modes have the advantage of doubling the gyrotron
frequency for a given magnet system or requiring a superconducting magnet with half
of the field of that for a fundamental-harmonic mode, operation in a second-harmonic
mode is challenging due to lower interaction efficiency and higher start current that
arises from the lower gain as detailed in Chapter 3. In order to overcome these issues,
a second-harmonic mode with a high beam-wave coupling and sufficiently isolated
from adjacent modes was chosen as the operating mode in the 330-GHz and 460-
GHz gyrotrons. Furthermore, a long interaction structure was preferred in order to
lower the start oscillation current and enable the access to high-order axial modes for

continuous frequency tunability in a system with continuous-wave (CW) beam current

169



limited to 200 mA. Another challenge associated with high-frequency operation is the
predominance of ohmic loss over diffractive loss. As a consequence, the majority of
the power transferred from the electron beam is dissipated in the cavity walls, leading
to extraction efficiency of about 8% or less from the gyrotron cavity as reported in

Chapters 4 and 5.

The 330-GHz second-harmonic gyrotron was designed to operate in the second-
harmonic mode TE_,35,. In the first configuration of the gyrotron utilizing a super-
conducting magnet manufactured by Cryomagnetics, the oscillator has generated 18
W of output power for a 10.1-kV 190-mA electron beam, yielding an efficiency of
0.93%. The minimum starting current of the operating second-harmonic mode was
measured to be 33 mA for a beam voltage of 10.1 kV. Good agreement was observed
between the measured start current values and the prediction from linear theory for
the first six axial modes (¢ = 1 to ¢ = 6). Also the measured frequency at each
start current value with a low equilibrium power value reasonably agrees with the
cold-cavity frequency of each axial mode.

Continuous frequency tunability of 1.2 GHz with a minimum output power of 2 W
was achieved via cyclotron frequency tuning and cavity thermal tuning. Considering
the 500-MHz dynamic nuclear polarization/nuclear magnetic resonance (DNP/NMR)
application for which this gyrotron was designed, the measured frequency tuning
range of 328.96 GHz to 329.93 GHz covers the frequency of 329.4 GHz that yields the
maximum DNP/NMR enhancement.

The long-term stability of the 330-GHz gyrotron output was evaluated during
an uninterrupted period of 110 h in which the gyrotron operated continuously un-
der computerized proportional, integral, and derivative (PID) control monitoring the
CW output power. During this test, the power and frequency were stable within
+0.4% and £1.1 MHz (£3 ppm), respectively, meeting the specifications for long-term
signal averaging in DNP/NMR experiments. Proper operation of the implemented
quasi-optical mode converter has been verified as an output microwave beam with a

Gaussian-like mode content of 92% has been recorded using a pyroelectric camera.

Besides these results in CW regime, measurements were also performed in mi-
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crosecond pulse operation at a higher beam current of 610 mA, where tunability of
1.2 GHz with a minimum output power of 20 W has been achieved by means of
cyclotron frequency tuning and thermal tuning. The measured frequencies in pulse
operation are consistent with the ones obtained in the start current measurement at

low equilibrium power points due to the absence of cavity deformation.

The performance of the oscillator was also assessed in the superconducting magnet
ordered for the 330-GHz gyrotron and manufactured by Bruker. The experimental
results in the new magnet system are consistent with the ones obtained in the Cry-
omagnetics magnet for power and frequency tuning, start oscillation current, and
ohmic loss. Magnetic and voltage tuning measurements for a beam current of 190
mA demonstrated an output power of 1-19 W (CW) in the frequency range of 328.82
GHz to 330.05 GHz. The minimum start current was measured to be 21 mA for the
operating mode TE_, 3, where good agreement was verified between the measured
start current values and the calculation from linear theory for the first six axial modes
(¢ =1 to ¢ = 6). Furthermore, the measured frequency at each start current value
with a low equilibrium power value reasonably agrees with the cold-cavity frequency
of each axial mode. Evaluation of the image of the output microwave beam taken
with a pyroelectric camera after the corrugated waveguide revealed a Gaussian-like

content of 91%.

In addition to the 330-GHz gyrotron, this thesis also reported the design and
operation of a tunable second-harmonic 460-GHz CW gyrotron to be used as a
submillimeter-wave source in 700-MHz DNP/NMR experiments. The 460-GHz gy-
rotron has generated 16 W of output power for a 13-kV 100-mA electron beam, yield-
ing an efficiency of 1.2%. The minimum start current of the operating mode TE;; 2
was measured to be 27 mA, agreeing with the linear theory prediction. Smooth fre-
quency tunability of 1 GHz has been also achieved for the operating second-harmonic
mode as a function of the cyclotron frequency either by magnetic field tuning or
beam voltage tuning. The stability characteristics of the gyrotron have been evalu-
ated during a period of two days in which the gyrotron operated continuously under

computerized PID control monitoring the CW output power. A power stability of
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+0.7% and a frequency stability of £2.9 MHz (46 ppm) have been obtained, which
are suitable for the DNP/NMR application. The Gaussian-like content of the mea-
sured mode-converted TEj; 2 output beam was calculated to be 92% with an ellipticity
of 12%, indicating proper operation of the implemented internal quasi-optical mode

converter.

6.2 Future Work and Directions

A continuously frequency tunable gyrotron is highly desirable for DNP/NMR experi-
ments since it simplifies the implementation of DNP in NMR spectrometers, particu-
larly the ones without magnetic tuning capability. Also, the voltage tuning capability
studied in this work may be explored in future DNP/NMR experiments since it en-
ables fast frequency sweep.

The final version of the 330-GHz gyrotron delivered a minimum CW power level
of 1 W over a continuous tuning range of 1.2 GHz, and 5 W of a continuous tuning
range of 700 MHz as summarized in Table 4.1. A transmission line and a DNP
probe are being fabricated to complete the 500-MHz DNP/NMR setup. The 460-
GHz gyrotron produced a minimum power level of 2 W over 1 GHz, and of 4 W over
900 MHz. In order to bring the performance of the gyrotron closer to the desired one
for DNP/NMR, a minimum power level of 5 W over a 1.5 GHz tuning range, some
options can be considered.

Operation at a higher beam power at second harmonic will increase the output
power of the device without necessarily broadening the associated cyclotron tuning
range as shown by the pulse measurements at 330 GHz. Appropriate analysis of the
thermal load in the gyrotron cavity and collector should follow before any increase
in beam power. An improved configuration for the cavity cooling circuit is advised
in order to reduce the cavity temperature rise and the frequency detuning observed
in CW regime in the current 330-GHz and 460-GHz gyrotrons. Today, cyclotron
frequency tuning of a fundamental-harmonic mode would be a proven choice to achieve

the ideal DNP/NMR power and frequency tuning goals but that would require an
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expensive new superconducting magnet.

Another possibility would be to use an alternative interaction structure such as a
mechanically tunable split cavity. Issues to be addressed for this structure include the
precise alignment required between the two cavity halves, integration of the cavity
cooling circuit, and the need of additional vacuum feedthroughs depending on the

implementation to move the parts precisely and to hold them stably.
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