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Abstract

We report the short pulse and CW operation of a 460 GHz gyrotron oscillator both
at the fundamental (near 230 GHz) and second harmonic (near 460 GHz) of electron
cyclotron resonance. During operation in a complete CW regime with 12.4 kV beam
voltage and 135 mA beam current, the gyrotron generates a record 8 W of power in
the second harmonic TEqg; mode at 458.6 GHz. Design at high frequency, second
harmonic, and low beam power is challenging because the latter two involve lower
gain than at fundamental modes and all three necessitate higher @ cavities. Under
complete computer control, the gyrotron has stably operated continuously for over an
hour near 460 GHz. Diagnostic radiation pattern measurements of the beam using an
array of pyroelectric sensors show a bi-Gaussian beam with 4% ellipticity. Operation
in the fundamental modes, including the TEj 3 ; mode at 237.91 GHz and the TEz31
at 233.15 GHz, is observed at peak output powers up to 70 W. CW studies of the
fundamental TE; 3 mode at low voltage reveal that the mode can be excited with less
than 7 W of beam power at less than 3.5 kV. Further, we demonstrate broadband
continuous frequency tuning of the fundamental modes of the oscillator over a range
of more than 2 GHz through variation of the magnetic field alone. We interpret
these results in terms of smooth transitions between higher order axial modes of the
resonator.

In a related experiment, second harmonic (in addition to fundamental) operation
of a nominally 250 GHz gyrotron oscillator was characterized to verify the possibility
of second harmonic excitation at 460 GHz. The characterization experiments yielded
results of extremely low second harmonic start oscillation currents, as low as 12 mA,
and have been interpreted as an unintentionally high @ cavity. A computer-controlled
stable CW source, the 250 GHz gyrotron was the first gyro-device specifically designed
with the purpose of seamless integration into an NMR spectrometer. Under complete
computer control, the gyrotron’s operation for over 10 days has been observed, yield-
ing a power stability of better than 1% and frequency stability of better than 400
Hz. Overmoded corrugated waveguide was designed and implemented to enable low
loss quasi-Gaussian transmission. In conjunction with the corrugated waveguide, a
quasi-optical directional coupler was designed and implemented to enable feedback
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on the forward (and reflected) power to further stabilize the signal.

Radiation intensity patterns were compared using four techniques: thermal paper,
liquid crystal paper, an array of pyroelectric sensors, and a mechanized scanner. The
liquid crystalline technique was adapted from a technique employed in temperature
measurements in electronic devices. Originally employed for use in diagnosing laser
beams, we demonstrate the first use of a pyroelectric camera at millimeter frequencies.

A study of the overmoded microwave transmission and mode conversion system
of a 140 GHz gyrotron oscillator, the first in a series of DNP gyrotroms, is also
presented. The losses were characterized under a succession of iterative configurations
for optimization of power transmission, including the design and implementation of
a new TEy; to TE;; waveguide mode converter. The result of this study was a
reduction of the total loss of the transmission system from nearly 9 dB to 4.5 dB.

In addition to becoming a milestone in high frequency second harmonic design, the
successful completion of the 460 GHz gyrotron experiment will allow the highest field
DNP experiments to date. The success of experiments on three gyrotron oscillators, at
460, 250, and 140 GHz makes an important contribution to the body of knowledge on
the development of high frequency, CW, second harmonic, and low power gyrotrons.

Thesis Supervisor: Richard J. Temkin
Title: Senior Research Scientist, Department of Physics
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Chapter 1

Introduction

1.1 Terahertz

The terahertz or submillimeter band of the electromagnetic spectrum, corresponding
to frequencies between 300 and 3,000 GHz, is of considerable interest for applications
in spectroscopy, communications, high-resolution RADAR, and imaging [21, 22]. Po-
tential applications are nevertheless frustrated by a historical dearth of sources that
yield appreciable powers in this frequency regime. On the one hand, near-infrared
lasers are capable of delivering moderate peak power at very high frequencies, but
they do not yet scale to intermediate frequencies; on the other hand, conventional
vacuum electron devices such as the klystron and traveling wave tube (TWT) operate
at very high output powers in the tens of gigahertz, but the physical dimensions of
their interaction structures (i.e. the region of interaction with the electron beam)
necessarily scale with the wavelength. The resulting increase in power density with
increasing frequency limits the reliability and utility of these devices above 140 GHz.

1.1.1 State-of-the-art

Figure 1-1 is a chart of source technology capable of generating high average power
at submillimeter wavelengths. Unlike charts detailing the theoretical device capa-
bilities, this chart is composed from data of actual continuous wave devices. The
high average power devices fall into two broad categories, vacuum electron devices
and lasers. Of the conventional vacuum electron devices, the carcinotron (also known
as the backward wave oscillator or BWO) has carved out a niche as a compact and
commercially available source generating frequencies over the 1 THz mark. In the
BWO, an electron beam, focused by a magnet, passes through a periodic metallic

structure and induces an electromagnetic wave, which moves in the opposite direc-
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Figure 1-1: State of the art in CW terahertz sources.

tion to the electron beam. A wide frequency tuning range is available by controlling
the collector potential. Unfortunately its output power at high frequencies is limited
to between milliwatts and tens of milliwatts since its interaction structure is on the
order of a wavelength. The far infrared (FIR) laser also seems to span the terahertz
band, however has a key drawback; in a FIR laser, the frequency depends on gas type
and therefore not all frequencies can be successfully generated. The quantum cascade
laser (QCL), on the other hand, does not suffer from this drawback; its operating
wavelength is determined by the layer thickness rather than material composition.
In the QCL, electrons cascade down a series of identical energy steps (called “quan-
tum wells”) built into the material during crystal growth, emitting a photon at each
step. Compared to diode lasers which emit only one photon over a similar cycle, it
is potentially many times more powerful [23]. The present state-of-the-art for quan-
tum cascade lasers at submillimeter wavelengths is 50 mW CW at 3.5 THz. The
free electron laser is a vacuum electron device in which an electron beam traverses a
periodic wiggler magnetic field and emits radiation. Since it requires an accelerator,
its primary disadvantage is its extremely large size. A promising technology which
may be extended throughout the regime is the gyrotron oscillator, which is capable
of very high average power operation throughout millimeter wavelengths.
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Figure 1-2: The interactions of the bands of the electromagnetic spectrum with mat-
ter.

1.1.2 Interactions with matter

The interactions of the bands of the electromagnetic spectrum have varying effects
upon the matter with which they interact, leading to many effects which can be
harnessed for scientific applications. In this work we are interested in the effects of
submillimeter radiation on matter, which tend to be less obvious than those of other
bands of the electromagnetic spectrum.

X-rays {and the far ultraviolet) are classified as ionizing radiation since the quan-
tum energies of x-ray photons are too high to be absorbed in electron transitions
between states, and therefore can interact with an electron only by knocking it com-
pletely out of the atom (c.f. Fig. 1-2). When all of the energy is given to an electron,
this is called “photoionization”; when partial energy is given to a photon and the
remainder to a lower energy photon this is known as “Compton scattering,” which
results in a longer wavelength x-ray. The primary mechanism for the absorption of
visible light photons (and near ultraviolet photons below the ionization energy) is
through the elevation of electrons to higher energy levels (c.f. Fig. 1-2). For the
visible wavelengths, we are familiar with this effect as the production of light which
can be viewed by the naked eye.

The infrared region broadly covers a range of frequencies extending from the red,
low frequency end of the visible spectrum (750 nm) to the far infrared (about 100 u
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m). The quantum energy of infrared photons is in the range of energies separating
the quantum states of molecular vibrations (c.f. Fig.1-2). While infrared is absorbed
more strongly than microwaves, it is absorbed less strongly than visible light, result-
ing primarily in heating since it increases molecular vibrational activity. Infrared
radiation can penetrate matter further than visible light.

The quantum energy of microwave photons is in the range of energies separating
the quantum states of molecular rotation and torsion (c.f. Fig. 1-2). The interaction
of microwaves with dielectric matter results in rotation of the molecules and which
in turn generate heat from the molecular motion. A practical example is the cooking
of food in a microwave oven. Most matter is transparent to microwaves, a feature
which allows them to propagate over long distances and be useful for communications
and radar. Another interaction of matter with microwaves involving a homogeneous
magnetic field is described later in the section on nuclear magnetic resonance.

The submillimeter band includes frequencies ranging from 300 GHz to 3 THz,
and is often (though not always) synonymous with “terahertz.” Submillimeter pho-
tons also interact with molecular rotations. While the rotational interactions with
matter begin with the microwave frequencies, their strengths grow as the cube of
the frequency until they reach a maximum between several hundred gigahertz and
a few terahertz before dropping exponentially [21]. The molecular rotations of the
submillimeter band cause complex attenuation with the Earth’s atmosphere which
compromise applications requiring atmospheric propagation. However the same ro-
tational interactions provide strong absorptions and emissions crucial for molecular
science. Another interaction of matter with terahertz involving a homoegeneous mag-
netic field is described later in the section on dynamic nuclear polarization.

1.2 Cyclotron Resonance Masers

Gyrotrons, also known as cyclotron resonance masers, are robust devices. Unlike so-
called “slow-wave” microwave devices, “fast-wave” devices such as gyrotron oscillators
and amplifiers rely on a resonance between the modes of an interaction structure (such
as the transverse electric modes of a cylindrical cavity) and the electron beam in a
magnetic field. The resonator can be overmoded and, as such, can have physical
dimensions which are much larger than the operating wavelength. This permits high
peak and average power operation even at elevated frequencies without risk of damage
to the interaction structure [24]. Indeed, gyrotrons routinely achieve megawatt power
levels at frequencies between 100 and 170 GHz, where plasma heating for fusion is
the driving application [25]. The highest frequency achieved by a gyrotron oscillator

30



to date is 889 GHz at Fukui University in Japan [26]. More recent applications in
spectroscopy, such as high field dynamic nuclear polarization (DNP) [27] and electron
paramagnetic resonance (EPR) require lower peak power, but high average power
continuous duty (7-10 days CW) operation and high stability of the frequency and
output power.

1.2.1 Harmonic considerations

Superconducting magnet technology is one limiting factor in high frequency gyrotron
design. At fields up to 10 T, magnets which have wide room temperature bores gener-
ally employ the NbTi superconducting technology; from 10 T to 22 T (corresponding
to a range of fundamental electron cyclotron frequency from 280 to 616 GHz), it is
necessary to use the NbsSn conductor which considerably elevates the cost of the
superconducting magnet. Resistive DC Bitter magnets, consisting of copper “Bitter”
plates conceived by Francis Bitter, are currently available up to 33 T and have been
used in gyrotron experiments up to 14 T [28], while hybrid magnets, combining Bitter
and superconducting technology up to 45 T, though both magnet types are mainly
experimental devices. Pulsed magnets can generate fields even higher, and up to 30 T
have been generated synchronously with pulsed gyrotron operation [29]. This limita-
tion can be alleviated by operating the gyrotron at a harmonic of electron cyclotron
resonance, for which the n*® harmonic will deliver n times the fundamental frequency
for a given magnetic field. However, the harmonic interaction is inherently less effi-
cient than the fundamental interaction due to elevated ohmic losses. It also suffers
from the additional complication of mode competition and requires much higher beam
currents in order to initiate oscillation. To a large extent, these difficulties can be
obviated through appropriate design.

Indeed, while there has been much development of the gyrotron oscillator for
fusion applications, its high frequency operation has not been similarly explored and
promises to open new areas of growth. To alleviate the dense mode competition
of the higher harmonic modes with the fundamental, novel cavity designs can be
utilized in the place of conventional open cylindrical tapered resonators. One such
mode-selective cavity is a photonic band gap (PBG) interaction structure, consisting
of an array of metal rods parallel to the electron beam, where one or more rods have
been removed from the center of the array to allow passage of the beam [30]. A high
order transverse electric (TE) mode can exist in the “defect” if its resonant frequency
lies in the band gap of the PBG structure, where the band gap can be adjusted
through the geometry of the rods such that the resonant frequencies of the other
modes lie in the passband of the lattice and leak out. Another novel cavity design
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uses an iris, a small reduction in radius extending below cutoff, to enhance the second
harmonic mode (and subsequently lower its start oscillation current) by increasing its
() while the fundamental ¢ remains unchanged [31]. This implementation reduces
the harmonic start current. The high ohmic losses inherent in a high power, high
frequency gyrotron can severely compromise the structural integrity of the interaction
structure. A cryogenically cooled cavity could be employed to alleviate the thermal
load. In accelerator cavities, it has been shown that copper losses can be reduced by

factors of between three and five at cryogenic temperatures [32].

1.2.2 History

The development of the gyrotron would not have been possible without the accu-
mulated knowledge generated by the occurrence of numerous historical, theoretical,
scientific, engineering, and physical events. To assign a concrete starting point, one
can argue that the ball was set in motion in 1864 with the existence of electromagnetic
waves predicted by James Clerk Maxwell. The existence of electromagnetic waves re-
mained theoretical until 1888 when Heinrich Hertz experimentally demonstrated their
existence by building an apparatus to produce radio waves. Subsequent technical ad-
vances include the invention of a three-electrode vacuum tube (called the “triode”)
by Lee de Forest in 1906. This was followed by the invention of the magnetron in
1921 by the American physicist Albert Wallace Hull, of the klystron in 1937 by the
American brothers Russell and Sigurd Varian, and of the traveling wave tube in 1943
by R. Kompfner. In 1958 and 1959, theoretical investigations on the generation of
microwaves through the electron cyclotron resonance maser interaction were carried
out simultaneously by R. Twiss [33], J. Schneider [34], and A. Gaponov [35]. Finally,

the earliest version of the gyrotron was developed in Russian circa 1965.

1.2.3 Operating Principles

The gyrotron, as with all microwave sources, is based on the conversion of electron
beam energy into microwave radiation using a resonant structure. In many cases, an
annular electron beam is produced by a magnetron injection gun and travels through
a resonant cavity, located at the center of the superconducting magnet. The magnetic
field causes the electrons to gyrate and thus emit radiation. If the magnetic field and
cavity are tuned to match the beam parameters, the rotational energy of the electron
beam will couple into a resonant cavity transverse electric mode. Figure 1-3 shows
a typical cylindrical tapered gyrotron oscillator cavity of length L and radius 7cavity
with electron beam, axial RF field profile with phase ¢ in the presence of an applied
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(a)

Figure 1-3: (a) Typical gyrotron oscillator cavity with electron beam, (b) RF field
profile with single axial maximum, (c) phase, and (d) applied DC magnetic field.

Table 1.1: High frequency CW gyrotron oscillators

Source Year Freq. Cycl Mode \% I P Duty cycle
(GHz) harm. (TEmpg) V) (A) (W) (%)
MIT [1] 2004 460 2 TEos:1 124 0.13 8 100
Sydney [36] 1993 350 2 TE1 71 10 0.063 0.23 100
IAP [37] 1973 326 2 TE23.1 27 0.9 1,500 100
Fukui [38] 1999 301 1 TEo 3,1 14  0.08 17 100
Sydney [36] 1993 264 1 TE4s4,1 10  0.05 30 100
IAP [39] 1988 250 2 TEgs1  23.3 1 900 100
MIT [40] 1998 250 1 TEos: 11.8 0.049 25 100

DC magnetic field with amplitude By. When the interaction is completed, the spent
beam leaves the cavity and propagates to the collector where it is intercepted. The
microwaves are transmitted from the cavity through an output waveguide, and in some
cases can be transformed in an internal mode converter, before exiting the gyrotron
through a vacuum window. Past the window, the beam can then be propagated down
a transmission line, usually a cylindrical waveguide, to its place of use.

1.2.4 State-of-the-art

Very few experiments have been done on high frequency gyrotrons (above 250 GHz)
because of the high magnetic field required, and even fewer experiments at high fre-
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Table 1.2: High frequency DNP/EPR gyrotron oscillators

Source Year Freq. Cycl Mode \Y I P Duty cycle
(GHz) harm. (TE,,, (kV) (A) (W) (%)
MIT [1] 2004 460 2 TEoe: 124 013 8 100
Fukui [29] 1999 301 1 TEo31 14 0.08 17 100
MIT [40] 1998 250 1 TEo 31 11.8 0.049 25 100

MIT [41, 42] 1993 140

—

TEos1 125 0026 10 33

quencies have been conducted in CW mode. The state-of-the-art in high frequency
CW gyrotron oscillators is detailed in Table 1.1. Second harmonic gyrotrons suf-
fer in efficiency, and low power second harmonic gyrotrons even more so; the highest
efficiencies come from the gyrotrons with highest beam power. To the author’s knowl-
edge, this work presents the highest power continuous-wave gyrotron results at this

frequency to date.

1.3 Dynamic Nuclear Polarization

The gyrotron oscillator design presented in this work will permit the precise control
of the output power and frequency that is necessary for applications to sensitivity-
enhanced magnetic resonance spectroscopy through dynamic nuclear polarization
(DNP). Originally employed to produce spin polarized targets for nuclear scatter-
ing experiments, DNP is a technique through which the greater Zeeman polarization
of the electrons is transferred to the nuclei, in this case to enhance the sensitivity
of a subsequent NMR experiment by up to two orders of magnitude. DNP requires
irradiation of the sample with 1-10 W of power near the electron Larmor frequency

(which is close to the electron cyclotron frequency) [27].

This technology will extend the applicability of DNP techniques to frequencies
much higher than was previously possible. Table 1.2 enumerates the three gyrotrons
in the world used for dynamic nuclear polarization and one for electron spin resonance.
The DNP gyrotrons were constructed at MIT and operate at 140 [41, 42], 250 [40],
and 460 GHz [1) at the first, first, and second harmonics respectively. The 140
GHz gyrotron operates in a long pulse regime and the 250 and 460 GHz gyrotrons
are fully CW, with continous operation of the 250 GHz gyrotron for over 10 days.
The gyrotrons all produce low output powers of several watts average, reflecting the

requirements of the DNP experiment.

34



1.4 Thesis Outline

This thesis is organized in eight chapters with three main parts. The introductory ma-
terial, including the introduction and background theory, are contained in Chapters
one and two. Chapters three and four are equipment related, in both the description
and design of components and systems. Chapters five, six, and seven contain the
experimental research on three gyrotron oscillators, at 460, 250, and 140 GHz, where
the author designed and constructed the first.

Chapter one introduces the subject of gyrotrons, high frequency sources and ap-
plications.

Chapter two reviews the relevant theoretical basis for understanding this experi-
mental work. Classical and quantum mechanical theories of the cyclotron resonance
maser interaction are presented. Several numerical methods used for design and anal-
ysis of gyrotron oscillators are reviewed.

Chapter three enumerates the experimental setup and diagnostics required for the
experiments. Novel characteristics and observations by the author of the diagnostic
systems as relates to the thesis work are also presented.

Chapter four describes the author’s design of key components and systems of the
460 GHz second harmonic gyrotron oscillator.

In Chapter five, we present the title thesiswork, continuous-wave and pulsed results
from a 460 GHz gyrotron oscillator designed to operate continuously at the second
electron cyclotron harmonic at low voltages and output powers of between several
watts and several tens of watts [1]. Further, we have demonstrated that continuous
tuning of the gyrotron oscillator over a range of nearly 2 GHz at constant output
power is possible by changing the magnetic field alone. The detailed studies of a low
voltage fundamental TE; 3 mode reveal that the mode can be excited with less than
7 W of beam power at less than 3.5 kV.

In Chapter six, we present a set of characterization and long-term stability experi-
ments performed on the 250 GHz gyrotron oscillator. The design and implementation
of novel components such as the overmoded directional coupler [2] and overmoded
corrugated waveguide are also presented. The very low second harmonic starting
currents obtained in the 250 GHz gyrotron characterization experiments have been
analyzed.

Chapter seven describes the author’s work done on the 140 GHz gyrotron oscillator
to increase its efficiency, including the modification of several key components in the
transmission system and design of a new TEg; to TE;; waveguide mode converter.

Finally, Chapter eight contains the discussion and conclusions drawn from this
entire body of work and the direction of future work.
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Chapter 2

Theory

Several sections of this chapter will appear in [43].

2.1 Introduction

The fundamental cyclotron resonance maser (CRM) interaction can be understood
by examining the electrons in phase space as a function of time. In order to do so,
we regard the electron beam as a charged fluid or plasma, following the treatments in
[44, 45]. First, we observe that electrons obeying the equations of motion and have a
velocity which is separable into an angular component orthogonal to the beam axis,

Vi :UJ_(T,QZ)) (21)

and one parallel to it, v,. In this frame, v, is usually larger than v,, and both are
constants of the motion. Now we will determine if the gyratory motion is sufficient
to generate microwave radiation. For the k™ clectron located at (r, ¢g + Q,0) and
moving with v, at time ¢ = 0, the electron current is spatially localized according to
44]:

Jg = —ev 0(r — 1r0)0(d — (po + Q))8(2). (2.2)

A Fourier transform of (2.2) with respect to ¢ gives:

Jg=——=0(r —rg)d(z 9= o) —inQit 2.3
¢

n—=——0oc
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Considering a large number, N, of electrons which are uniformly distributed in phase,
(2.3) becomes

o0

N
_ YL in(¢p—Qt) —indg
Jo = =7 =0(r —0)d(2) e ;e k. (2.4)

n=—o

This expression contains factors oscillating at the cyclotron frequency and its har-
monics. We now take an ensemble average over all electron orbits; in the limit where
N approaches infinity, the second sum becomes oscillatory and only the n = 0 term

survives, yielding

Jo=—2 S0 = 10)d(2). (2.5)

This indicates that, under the assumption of a uniform charge distribution, that there

is no alternating current. Therefore, an electron beam which is uniform in phase space
cannot produce an rf field under these conditions.

2.2 CRM Interaction

The electromagnetic radiation in a gyrotron is produced by the interaction of a mildly
relativistic gyrating electron beam and transverse electric (TE) wave near cutoff in an
overmoded cavity resonator situated in a DC magnetic field. The oscillation frequency
w of a TE,, , , mode of a cylindrical cavity of effective length L and radius 7o is given

by
w2

== K=k + K (2.6)
where k| (= Vpp/10) and k, (= gn/L < k1) are the transverse and longitudinal prop-
agation constants of the TE,, ,, wave, c is the velocity of light, v, is the ™ root
of J! (z), and m, p, and ¢ are, respectively, the azimuthal, radial, and axial mode
numbers. The resonance condition for the excitation of the cyclotron resonance maser

instability is satisfied when w and k, in (2.6) satisfy the beam mode dispersion rela-

tion,
w — k,B,0C & Nwe (2.7)
where B
Weo = €50 (28)
VMg

is the relativistic cyclotron frequency, v = (1 — 82, — 52,) "1/ is the relativistic mass
factor, m, and e are the electron rest mass and charge, 81 and 3.9 are, respectively,

the transverse and longitudinal velocities of the electrons normalized to the velocity
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Figure 2-1: Simulation of a non-uniform electron phase distribution which occurs due
to the interaction of a relativistic electron beam with a transverse electric field E,
situated in a static magnetic field By. The beamlets, with Larmor radius rz, repre-
sent snapshots in phase space in both axial locations throughghout the interaction
structure (from z = 0 to z = L) and time [3].

of light, n is the cyclotron harmonic number, By is the magnitude of the static axial
magnetic field, and the subscript “0” denotes that the value is taken at the start of
the interaction region.

Previously we saw that an electron beam which is uniform in phase space could
not produce an rf field. However, a mildly relativistic interaction between an electron
beam and a magnetic field in a resonator can produce a non-uniform, bunched, phase
distribution which permits the generation of an oscillating RF field. The phase space
is defined in the reference frame of the RF field (e.g. TE modes of an interaction
cavity), which are assumed a priori to exist (c.f. Fig. 2-1). When entering the cavity,
the electrons have an initially uniform azimuthal phase distribution and gyrate at the
cyclotron frequency, w.. This is depicted in Fig. 2-2 (a). Since the cyclotron frequency
depends on the relativistic factor, 7, through (2.8), the electron will either gain or
lose energy depending on its phase with respect to the RF field. Those electrons
which are accelerated by the field gain energy, rotate at a lower frequency, and lag
behind in phase; conversely, electrons which are decelerated by the field lose energy,
rotate faster, and gain in phase. After a certain interaction time, the electrons are
no longer uniformly distributed in phase (c.f. Fig. 2-2(b)). If the frequency of the
RF electric field wgr is slightly larger than the electron cyclotron frequency w,, the
electrons transfer a fraction of their rotational energy to the growing RF field (c.f.
Fig. 2-1). Practically, this condition can be met by tuning the main magnetic field
By to match the cavity radius. In the reverse case of w, > wgr, the wave loses energy
to the electrons, an effect which can be productively exploited to produce a gyrotron
amplifier. After the transverse energy is extracted from the electrons, they are no
longer in phase (they lose their synchronism) with the RF wave, w, has increased,
and the interaction saturates.
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(a) (b)

Figure 2-2: Cross-section of the beam geometry in the interaction region of a cylin-
drical resonant gyrotron cavity operating in the TEq, mode for (a) initial random
phasing of electrons in their cyclotron orbits (b) electrons bunched in phase in their
cyclotron orbits.

2.2.1 Harmonic CRM Interaction

In the previous section we considered only the case of fundamental electron cyclotron
resonance. However, from the beam mode dispersion relation in (2.7), it is evident
that the frequency of the electromagnetic field can be approximately equal to any
integer harmonic n times the cyclotron frequency. The electric field can be expanded
into a Fourier series in the polar coordinate system whose origin is the guiding center
of electrons [4]

E(r,0) = »  Ey(r) exp(—ilf) (2.9)

where the I*® harmonic of this series describes the field rotating with an angular
frequency w/l. The largest cumulative effect upon the electron motion is caused by
the synchronous n'® azimuthal harmonic. Since the gyroradius is much smaller than
the wavelength, the synchronous field has a quasi-static structure on the electron orbit
and can be represented as a rotating n'" order multipole, where a dipole corresponds
to fundamental cyclotron resonance, quadrupole to the second harmonic, hexapole to
the third harmonic (c.f. Fig. 2-3), etc.

It can be demonstrated, following [46], that the component of the rf field which is
synchronous with the gyrating electrons at the n'® cyclotron harmonic has a structure

of an n-order rotating multipole. Consider a system of cylindrical symmetry where
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the boundary condition at the resonator walls is given by 8/8z = 0. The transverse
field structure of a mode in this system can be determined by the membrane function
¥, which satisfies the Helmholtz equation

AU+ KT =0. (2.10)

If we take an arbitrary point (o, o) as the center of the local polar coordinates (r, ),
the membrane function can be expanded around this point into the Fourier series

=00

U= > Wyr)e . (2.11)

l=—00

Since the rf fields under consideration are proportional to €*?, each sum in the series
in (2.15) represents a rotating field. Following from the Helmholtz equation, the radial
structure of the membrane function ¥;(r) in polar coordinates can be described by
the Bessel function

Uy(r) = Lydy (kyr), (2.12)

with the coefficients L;*. Near the local center of the coordinate system (i.e. for very

small r), the Bessel function in (2.12) can be approximated as

k)= () (B 7")”', (213)

corresponding to a reduction of the Helmholtz equation to the Laplace equation
AT =0. (2.14)

In this limit, the Fourier series of the membrane function in (2.11) becomes the Taylor
series,

N
Y= Vi) Z ) Z!%(pﬂ | (219

where p = k) [(z — z) + i(y — yo)]. Therefore, it follows that the synchronous field
for which the rf field frequency w is close to nw, is proportional to |p|™.
In summary, in order to have a harmonic interaction, the electric field must vary

across the electron Larmor radius. Conversely, if the electric field does not vary across

'The coefficients L; can be derived from [47] with the use of integral representations for the

membrane and Bessel functions, where the action of the angle operator V= B(kuc) + ia(hy) on the

membrane function (2.15), accounting for the relations Vp =0and V*p = 2, vields L; = VG (2, y)
for | < 0 and L; = VW (z,y) for [ > 0.
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(a) (b)

Figure 2-3: Electron motion for resonance at (a) second and (b) third cyclotron
harmonics. The solid line shows the initial trajectory of electrons and the electric
field is represented by dashed lines. Adapted from [4].

the Larmor orbit only the fundamental interaction term will be nonzero. In a second
harmonic interaction, two phase bunches will be formed. In general, when operating
at the n'* cyclotron harmonic, up to n bunches may be formed [48]. The modified
gain and resonance conditions for operation at the n* cyclotron harmonic are

wo> nwe (2.16)
W o NWe (2.17)

respectively.

2.3 Kinetic Theory

In the fluid theory treatment of a plasma, the dependent variables are functions
of only four independent variables, z, y, z, and ¢, and the velocity distribution of
all species is assumed to be Maxwellian. However, for species with non-Maxwellian
distributions this assumption is inadequate. Therefore the kinetic theory adds three
more independent variables, v,, v,, and v, to explicitly treat the velocity distribution,

in our case of the electrons [49].
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Figure 2-4: Dispersion diagram of a gyrotron oscillator showing the region of interac-
tion between the fast waveguide mode and the beam cyclotron modes. (a) Fundamen-
tal beam cyclotron mode and waveguide mode intersect at fundamental resonance.
The dots represent the longitudinal cavity modes. The intersection of the beam cy-
clotron modes with waveguide modes at negative values of k, causes the excitation
of backward wave oscillations. (b) The intersection of the third harmonic of the
cyclotron mode with the waveguide mode gives rise to a third harmonic interaction.

2.3.1 Linearized Dispersion Relation

The coupled dispersion relation for TE modes in a cylindrical waveguide has been
derived using a kinetic approach for an electron beam drifting in a cylindrical waveg-
uide with an applied axial magnetic field. This theory is detailed in [50, 51, 52, 53]
and is insightful in predicting the regime of dominance of the CRM instability over
the competing Weibel instability.

The present treatment follows the derivation of [52] and uses the MKS conventions
for TE modes in cylindrical waveguide, assuming that the beam is sufficiently tenuous
that its space charge electric field can be neglected, and the spatial structure of the
waveguide mode is unaffected by the presence of the beam. We also assume that the
beam interacts with a single TE,, , mode.

A linear dispersion relation can be derived by solving the linearized relativistic
Vlasov-Boltzmann equation with the perturbed electron distribution function in the
presence of an electromagnetic wave. The linearized relativistic Vlasov-Boltzmann
equation is given by

df

E(r,p,t) =e(E+vxB)-V,fo(r,p,t) (2.18)

where, since f is a function of seven variables,

o _of Ofde Ofdy 0fde Of dv.  Of dv, Of dv.
dt ot  Ozdt  Oydt  xdt B, dt ' Du, dt = v, dt

(2.19)
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thus the operator % is defined as
d 0
%Ea—kv-V—evaoin (2.20)
V, is the gradient in momentum space,

V= 2ozl gl 0
"= “op  Yop,  op

(2.21)

f is the electron distribution function, v and p are the electron velocity and momen-
tum, and E and B are the waveguide RF fields.

From Maxwell’s equations, the linearized wave equation with a source present for

a TE mode can be written as

5 1 o
VHl—géﬁH1:VxJ1 (222)

and the perturbed current density is given by
J1 = —e/flvldBp. (223)

The distribution function can be respresented as the sum of an equilibrium term
fo and a perturbation fi,

f (I‘, p; t) = fO (I’, p) + fl (I‘, b, t) (224)

and the distribution function of the unperturbed electron beam can be represented
as
fo = ooho (10) 9o (p1, P:) (2.25)

where for a cold, thin annular beam with no momentum spread and no guiding center

spread, ho and gy are given by

h (ro) = m%um—m) (2.26)

go (pL,pz) §(pL — pro)d (P2 — p=0) (2.27)

27mpy

where A is the area of the beam cross-section, 7, is the average beam radius, and

pio and p,o are the average transverse and longitudinal momentum, respectively.

Using standard procedures, the cold beam dispersion relation for a TE,, mode
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can be obtained by solving (2.18), (2.22), and (2.23);

(w2 = K2 — k2eP) =

foowy | (w? ~ K22 B2 0Hum (w0 ~ kav20) Qrm (2.28)
_ O
Kmp’}’o (w - kZUZO - %) (w - kzvzo - %)

where Hpp, Qnm, and K, are defined as

Hnm = Jz_m (k'_LTO) J;lz (k_LTL) (229)

Qnm — 2‘]72L~m (kLTo) [Jf (kJ_TL) + k.LT'LJT/L (k_LTL) JTI: (k,J_TL)] (230)
m2

Kmp = (1 - VTmp) ng (Vmp> (231)

Vmp is the p™ zero of J/,, the beam-waveguide fill factor is given by

Jow = -y (2.32)
and the plasma frequency is given by
2, .2
w2 = O (2.33)

my

From the dispersion relation we learn that two bunching mechanisms are simul-
taneously present, an axial bunching due to Av, and an azimuthal bunching due to
A~y [50]. The azimuthal bunching is known as the cyclotron resonance maser (CRM)
instability and the axial bunching is known as the Weibel instability [54, 55]. The
regime where azimuthal bunching dominates is characterized by [50]

2

W
=] > ¢° (2.34)

and the regime where axial bunching dominates is characterized by
2
w 2
It is interesting to note that the relativistic effects of the CRM instability may be
dominant at nonrelativistic energies [50].

The dispersion relation (2.28) is valid for any TE,,, mode and with harmonic
number n. In comparison of (2.28) and its non-relativistic cousin, it is evident that
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the w? in the numerator of the first term of the R.H.S. of (2.28) is due to the inclusion
of the relativistic mass factor v and results in the cyclotron resonance maser instability
[50]. The second term of the R.H.S. of (2.28) imposes a threshold beam energy for
the cyclotron resonance maser instability [51].

2.4 Single-Particle Theory

While a dense plasma has many properties of a fluid, as shown in the kinetic theory
of the previous section, a low density plasma can also be described by single-particle
trajectories, and collective effects become unimportant. A single-particle description
of the gyrotron oscillator can be found in [56, 4, 57, 58], and this section will closely
follow the derivations in [58].

For an electron moving in a uniform electric and magnetic field, its motion will
be the sum of a circular Larmor motion with a drift of guiding center. The equations

for the momentum and energy of a single electron can be expressed as

d

d—i’ — —¢(E+vxB) (2.36)
dE

€ L _ev.E )
= ev (2.37)

where € (= ymc?) is the electron energy, p (= ymv) is the electron momentum, and
v(=1/ \/T—_m) is the relativistic factor.

With a uniform magnetic field BoZ in the axial direction, these equations describe
a simple harmonic oscillator, where the charged particle then obeys the following

parametric equations of motion:

r = xg+7Lcos(wt + @) (2.38)
y = yo+rrsin(wet + @) (2.39)

The particle traces out a helical path gyrating at the relativistic cyclotron frequency,

B
we = 2 (2.41)
ym
about a guiding center with a gyration (Larmor) radius of
UL ymuy
== = . 2.42
"L We eBy ( )
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Redefining the dependent and independent variables according to [4], u and ¢
become the normalized energy and axial position variables, respectively;

P (1—l> (2.43)

/6_2L0 Yo
2
¢ = w(%) (;) (2.44)

and the normalized interaction length becomes

= (2) ) o

where 31 (= vio/c) is the normalized transverse velocity of the electrons, L is the

effective length over which the interaction occurs, A is the wavelength, and the sub-
script 0 denotes the initial value of the quantity under consideration in the interaction
region.

Using this tranformation and for a weakly relativistic electron beam characterized
by n0%, < 1, the equations of motion in (2.36) and (2.37) can be re-written as [58]

du

CZ—C = 2Ff(§)(1—u)%sin€ (2.46)
Z—g = A—u—-nFf(O)(1—-u)2"cosh (2.47)

where the slow-time scale phase variable § has been introduced,
0 =wt—neo (2.48)

with ¢ being the phase of the electron in its Larmor orbit, n is the cyclotron harmonic
number, and F' is the normalized field amplitude defined by

P
F= B, Lo <W> Iman(kLRe). (2.49)
The minus and plus signs in the Bessel function subscript correspond to the co- and
counter-rotations of the rf field, Ey is the amplitude of the electric field, By is the
magnitude of the static axial magnetic field, n is the cyclotron harmonic number,
k1 (= vmp/70) is the transverse propagation constant, R, is the average beam radius,
m is the radial index of the TE mode, and J is the Bessel function of the first kind.
The longitudinal field profile described by f({) is an arbitrary function, but is often
approximated by a Gaussian for field distributions with a single axial maximum or
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a sinusoid, for axially varying fields. The initial conditions are § = 6, € {0, 27) and

u = 0. The detuning parameter is given by

A= % (1 - ”:j) . (2.50)

The electronic efficiency of the gyrotron oscillator is given by

_ Yo7 A
n = = . 2.51
-1 {2(1—%‘1) " (251

The transverse efficiency is the fraction of transverse electron energy transferred to
the resonator field. Expressed as

nL = <’LL (Cout)>00 (252)

it depends only on three parameters: F, u, and A. The position (4 is the end of
the resonator and the brackets ()g, denote an average over initial phase. When the
efficiency is optimized with respect to the magnetic field parameter A, the optimal
value is denoted as A,y. The transverse efficiency then depends upon only F and p.
Isoefficiency contour plots have been generated for the first five cyclotron harmonics as
n.(F,p) and n) (I, ) in [59]. For the second harmonic interaction, peak perpendicular
efficiencies of over 70% are theoretically possible [58].

The total quality factor of the cavity, Qr, is related to the total stored energy U
of the mode and the average power P dissipated per radian of the mode as

wlU
The dissipated power P, or the total stored energy of the resonator, can be expressed
as
2. 72
P=nl,V = ﬁf——%gm nida (2.54)

where I, is the beam current in amperes and V is the cathode voltage in volts. The
beam current can be related to the field amplitude F by an energy balance equation,

F?=mn 1. (2.55)
We assume that the axial field profile has a single axial maximum and can be approx-
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imated by a Gaussian of the form
Q) = e~ (k=2)* _ e_(2C/“)2 (2.56)

where k., = 2/L. The normalized current parameter I for a Gaussian axial field profile
can be written as

‘ I oz [ A no\ 2
I=0238 x 107 (Q—;—A> R (Z) (2an) c? (2.57)

where C,,,, is the beam-wave coupling factor

02 _ Jznin (k-L Re)

(Ve = m?) T2 (V)

(2.58)

The “£” sign in (2.58) refers to the counter- and co-rotating TE,,, waves, respec-
tively.

2.4.1 Start Oscillation Current

The starting current is defined as the minimum electron beam current needed to
overcome the dissipative processes in the cavity and excite a given transverse electric
mode. This threshold is obtained on energy conservation grounds by equating the
dissipative relationship implied in (2.53) with the beam-wave power transfer governed
by

P = —%Re {/E* -J dr dp} (2.59)

where E is the cavity electric field, J (= evf(r,p,t)) is the current density, and
f(r,p,t) is the electron distribution function.

From the linear theory of the gyrotron oscillator, the start oscillation current of a
gyrotron operating in the n' cyclotron harmonic is given in terms of the normalized
current parameter I, by [45, 58]

4 62.'62
I'=1I4(A ) = P y—

(2.60)

where r = uA/4. Since the starting current is a function of both the detuning
parameter A and g, we can minimize (2.60) with respect to A to obtain I (Amin),

49



yielding an z parameter,

Lin ™ (2.61)
r=Zmin=— =1 — - . .
2\ p

For both the fundamental and second electron cyclotron harmonic, the minimum
starting current, in amperes, for a Gaussian axial field profile with a single axial
maximum, as a function of the magnetic field detuning can be simplified to

1 2
€xXp |3 (:U’A) Yo —n L —
Lart(AA, 1) = 8.56 x 104%% (@ % (1) G (2.62)

and R, is the electron beam radius. A similar theory, derived for the case of fixed
sinusoidal axial field profiles, can be applied to calculate linear starting currents for
higher order axial modes [60].

2.4.2 Ohmic Losses

The total efficiency of a gyrotron is the ratio of the output rf power to the input beam

power,
Pou
= —ouw = Tl X nQ. (263)

Nout P
The electronic efficiency, 7., accounts for the fraction of beam power in the perpen-
dicular direction and 7g is the reduction due to ohmic losses [61]. The electronic

efficiency is given by

Nel = ———’ﬁg L (2.64)
2 (1 - % )
and 7g is the reduction in effiency due to ohmic losses given by
Qr
=1- . 2.65
nQ O (2.65)
The total @ of a resonant cavity is given by
1 1 1
— = + . 2.66
07 Qum  Qan (269)
The ohmic @ of a TE,,;, mode is given by
Qo = 2 (1 m* (2.67)
ohm — 5 l/,’%lp .
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where ¢ (= (nf ,uoa)*%) is the skin depth. The diffractive @) for modes which have
minimal diffraction losses and only one field variation on the length of the resonator

(&)

71————7
1 — Ryl

is given by

Qp =4 (2.68)

where R, , is the wave reflection coefficient of the input and output cross-sections of

a resonator.

In a long wavelength gyrotron, the total @) is approximately equivalent to the
diffractive (), resulting in negligible ohmic losses. However at short wavelengths, the

ohmic losses can severely reduce the output power of a gyrotron.

2.5 Quantum Mechanical Basis of the Cyclotron

Resonance Maser

Up to now, we have classically treated the cyclotron resonance maser interaction.
However, from a quantized viewpoint, radiation occurs by stimulated emission within
the quantized eigenspectrum of the electron in a magnetic field. The motion of
a charged particle in a magnetic field was first treated by Landau. The magnetic
field, B(r), is defined up to the gradient of an arbitrary function through the vector
potential, A(r),

B(r) =V x A(r). (2.69)

The Hamiltonian operator and the operator for the particle velocity are then given
in (2.70) and (2.71):

1 2
1
V= (P-eA) (2.71)

For B(r) = 2B, and motion perpendicular to the magnetic field, (2.70) becomes

H
H= §(Vf + V7). (2.72)

Commutators of elements of the velocity operator can be derived from canonical

commutation relations; for the problem constructed, they are given in (2.73) and
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(2.74),

[Vzv Vz] = [Vyv Vz] =0 (273)

(2.74)

in which Q. =eB, /L.

The eigenspectrum of (2.72) can be obtained by analogy to the one-dimensional
harmonic oscillator. In particular, we define,

X = h/;z v, (2.75)
P= h’é v, (2.76)

such that the operators X and P now obey,
(X,P] =1 (2.77)

and the Hamiltonian (2.72) is now identical to that of the one-dimensional harmonic

oscillator,

H= hS;c (X*+ P?). (2.78)

In (2.78), the classical cyclotron resonance frequency is given by

B
Q.=e—=. 2.79
h (2.79)
The eigenvalues of (2.72), defining motion in the plane orthogonal to the magnetic

field, are
1
E = (n —+ 5) hS.. (2.80)

This harmonic quantization of the energy of a charged particle moving in a homoge-
neous magnetic field is named for Landau. We now consider the possibility that an
ensemble of initially monoenergetic electrons can lose energy to an electromagnetic
field in the presence of a strong magnetic field, a situation corresponding to stimu-
lated emission. The energy absorbed by an electron from the radiation field over the

interaction time, ¢, is
W=nh [Wn,n+1Pn,n+1 - wn,nflpn,n—-l} . (281)
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The transition probabilities, P, ,4+1 and P, -1, which appear in (2.81) are given by

expressions of the form

E3t?

Pn,n+1 = —ﬁg_ﬂi,n+1gw(wn,n+1)a (282)

where fi, 41 is the transition dipole moment for the harmonic oscillator, Eg is the
magnitude of the electric field, and g,,(wnn+1) is an approximate lineshape function,
given by,

sin® ((wn,nﬂ - w) %)

((wn,n+1 - w) %)2

where, in (2.83), we have neglected the counter-rotating component of the electric

gw(wn,n+1) = y (283)

field. Substituting (2.83) into (2.81), we can obtain an expression for the total energy
absorbed by the electron in terms of fundamental parameters of the system:

W e e? EEt?
20

[7(9(Wnnt1) = Go(Wnn-1)) + Go(Wnns1)] (2.84)

From (2.84), it is clear that energy can only be given up to the field if the quantity
(9w(Wnnt1) — gu(Wnn-1)) is negative. However, we have already shown in (2.80)
that the eigenvalues of the electron in a magnetic field are evenly spaced, and hence
o (@Wnnt1) = Gu(Wnn-1) = gu(€e), which implies that W is purely absorptive. By
this reasoning, there can be no loss of energy to the field and no cyclotron resonance
maser effect unless the eigenspectrum of the electron in a magnetic field is anharmonic.
Fortunately, such a situation can arise for a relativistic electron in a homogeneous

magnetic field [62, 63, 64, 34]. In this case, the electron obeys the Dirac equation,

mc

(%8# + 5

Ju=0 (2.85)

which, in the presence of an electromagnetic field, becomes:

1€ mc
In (2.86), we have made the usual Gauge-invariant, Lorentz-covariant substitution for
the electromagnetic field in the form —:hd, — —ihd, — eA,/c. In the correct gauge
and using appropriate explicit representations of the matrices v,, the problem in
(2.86) can be solved in analogy to the Schrédinger harmonic oscillator using transfor-
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Figure 2-5: Cyclotron resonance for varying values of the parameter k = %‘

according to equation (2.84), where terms of order (A€2,/moc)? have been neglected.
Note that a completely absorptive line is recovered in the non-relativistic limit.

mations very similar to those defined in (2.75) and (2.76) for the non-relativistic case.?
The solution to (2.86) requires that the kinetic energy of the electron be quantized

come ) () e o

where my is the electron rest mass and all other parameters have been defined in the

according to,

non-relativistic solution. The important consequence of this result is that the energy
levels of the relativistic electron are not evenly spaced, and hence we can expect
stimulated emission as defined in (2.84). For our purposes, this means that radiation
can be produced from even a weakly relativistic beam of electrons, as shown in Figure
2-5. The gyrotron oscillator is one realization of a cyclotron resonance maser based
on this effect.

28pecifically, if we use an explicit representation of the Dirac matrices as

w=|o %] (2.87)
g } , (2.88)

Qo

= [
set A, = (0,0, Bz, 0), and make the ansatz
8a) = PP () (2:89)

¢

for the spinor ¢ = [ ], then the Dirac problem in two-component representation can be solved

by analogy harmonic oscillator problem.
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2.6 Waveguide Theory

The simplest geometry of a gyrotron resonator is a cylinder consisting of a straight
section of length L and circular cross-section of radius rq joined to a linearly uptapered
section and a linearly downtapered section at the entrance. Therefore we can use
cylindrical waveguide theory to simplify our analysis. Even though these cavities can
support many resonant electromagnetic modes, we can simplify still further; gyrotrons
are operated close to cutoff with k; > k., hence transverse magnetic (TM) modes are
suppressed in favor of transverse electric (TE) modes. Therefore only the TE modes
of the cavity RF field need to be calculated to understand the interaction that takes

place in the gyrotron interaction structure.

The fields of a cylindrical circular metallic waveguide cavity in a TE,,, mode can

be calculated as follows. Starting with Maxwell’s equations in differential vector form:;

VxE = —%—? (2.91)
VxH = %—FJ (2.92)
V-B = 0 (2.93)
V:-D = p (2.94)

we assume a source free environment (J = p = 0), a time harmonic form (e**), and

the constitutive relations

D = gE (2.96)

such that Maxwell’s equations can be re-written as;

VXxE = —iwuH (2.97)
VxH = iwgE (2.98)
V-H = 0 (2.99)
V-E = 0. (2.100)

By taking the curl of (2.98), substituting in the curl of (2.97), and using the identity

€otto = 1/c?, we derive the wave equation,
w2
VH+ SH=0. (2.101)
c
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Writing the z-component of the wave equation in cylindrical coordinates,

O*H, 10H, 19°H, w? OH,
or2 r Ir 2ot 2t 922

=0 (2.102)

and assuming that H, is of the form H, = B(r, p) f(z), we find a generating equation
H, that is a solution to (2.102)

v, .

H,=Jn (ﬂr> e f(2). (2.103)
To

Writing Maxwell’s equations in terms of each component (r, ¢, z), with E, = 0 since

we are solving for the TE,,, case, we can solve for the remainder of the £ and H

components. First we formulate an equation for E, in terms of H,,

O*E, w? 10H,
—— 4+ —=FE, = —itwpyg———. 104
922 2 ko, (% (2.104)
Substituting (2.103) into (2.104) we solve for E,,
1 .
E, = ﬁ——Jm (U—mﬁr> e f(z). (2.105)
Wey T To
Now we can also solve for H, using
1 OFE,
H, = —— 2.106
¥ Wihto Oz ( )
mc? 1 Vg .
= j—= B ) e (). 2.1
i3 T’Jm<7‘0 7‘)6 f(z) (2.107)
E, follows from
OPE . OH,
a—z;o - WMOW = —wieukE, (2.108)

where we can ignore the first term since k, < k. Substituting in (2.103),

E, =i 2 (ﬁ"—pr) ™ £ (2) (2.109)
€0 To

where w/c = vy, /ro. Finally, H, can be solved from

o - L 9 (2.110)
iwpy Oz
1 / YVnp imy £l
= —J | —r)e™f(2). (2.111)
wC To
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Summarizing these results, we have

E = ™l <@r> €™ £(2) (2.112)
weg T To

E, = i /@J;n (@7) ™ f(z) (2.113)

€0 To

E, = 0 (2.114)
1 '™ ,

H, = —J, <Z—£7'> e f!(2) (2.115)
we To
mc? 1 Vmp imep o

H, = ZF;Jm (Kr>e fi(z) (2.116)

H = I, <@r> ™ £(2) (2.117)

To

where w is the angular resonant frequency, r is the radial cavity position, a is the
cavity radius, k1 (= vm,/ro) Is the transverse wave number, v, is the pt* zero of J/,,
Jp 1s a Bessel function of the ordinary type, m is the azimuthal mode index, and p is
the radial mode index. The above equations satisfy the boundary conditions of zero
tangential E-field or perpendicular H-field at the waveguide wall, » = 3. For fixed
end walls of the resonator (at z = 0 and L), the function f(z) is satisfied by

£(2) = sin (%z) (2.118)

for ¢ and integer larger than zero. For an open resonator, we can use a Gaussian
approximation, justified by numerical simulation, that

fz) e~ B2, (2.119)

Using these equations, intensity patterns of the five lowest order transverse elec-
tric (TE) waveguide modes; the TE,;, TE;;, TEg;, TE;3:, and TE,1; have been
calculated and are shown in Fig. 2-6.

2.7 Numerical Methods

Several academic gyrotron-related computer codes were used for both design and
analysis in the course of this work and are described in this section.
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(a) (b) (c) (d) (e)

Figure 2-6: Intensity patterns of the five lowest order transverse electric (TE) waveg-
uide modes; (a) TE111, (b) TEZ,I, (C) TEO’l, (d) TEg,l, and (E) TE4,1.

2.7.1 Cold Cavity

The cold cavity code solves for the electromagnetic fields of a weakly irregular reso-
nant structure in the absence of an electron beam. The computer code used in this
work was developed by [65] and this section follows the description therein. Using
weakly irregular waveguide (so-called “cold cavity”) theory [66, 67, 68, 69, 70, we
can calculate the resonator eigenfrequencies, @) values, and axial field functions of TE

modes by solving a one-dimensional wave equation of the form

{% + kf(z)] f(z)=0 (2.120)
where 5
ky(2) = (%) — ki (2) (2.121)

f is the longitudinal profile function, and z is the longitudinal coordinate. The
radiation conditions at the input and output boundaries of the resonator are of a

cutoff wave in the input;

df(z) .
— ik, — 2.12
L) ks = (2122)
and a propagating wave at the output;
d
[_f(z) + jsz(z)} =1 (2.123)
dz Z=Zout

where 2, is the longitudinal coordinate of the resonator input, 2,y is the position of
the cavity output, Re (k1) > 0 when Re (k?) > 0 and Im (k,) < 0 when Im (k%) < 0.

The analysis, which is based upon the source-free Maxwell’s equations, relies upon
the dimensions of the cavity as well as the indices of the TE,, ,, mode, but neglects
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coupling to other modes and the perturbing effects of the electron beam. All condi-
tions assume that the resonator cross-section is far from critical and weakly varying

in the input (z < z,) and output (z > z,y;) sections,

Re (k1) > Im (&%) (2.124)
and dk
L 2
—_— k. 2.12
P < k7 ( 5)

The solutions of the wave equation in (2.120) which satisfy the boundary conditions in
(2.122) and (2.123) have complex eigenfrequencies. Due to a finite @), the source-free
resonator field functions decay over time as exp [—(Im w)t/2Q)]. The quality factor is

related to the real and imaginary parts of the frequency as

Q= ;fnww. (2.126)
The profile function f(z) is complex and can be expressed as the phasor
f(z) =|fle7? (2.127)
where the magnitude | f| and phase ¢ are given by
= Y(Re )+ (m £ (2.128)
¢ = —tan <%) . (2.129)

To numerically solve (2.120), it is convenient to separate the real and imaginary
parts to obtain the following pair of second order coupled ordinary differential equa-
tions which can be integrated:

{%JrRe (%)Q—kﬂ Ref = Im (%)zlmf (2.130)
[;722 + Re (%)Q—ki} Imf = —Re (%)zRef (2.131)
(2.132)

The complex eigenfrequency satisfying the output boundary condition (2.123) can be
solved using an iterative procedure based on the method of steepest descent [71].

The cold cavity method is very useful in determining the cold cavity resonant
frequency of the cavity eigenmode, its axial field function, and the diffractive @ of
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the eigenmode. These quantities will change in the perturbing presence of an energetic
electron beam, however this first order approximation is a good starting point for a

design and fairly accurate for low power electron beams.

2.7.2 Starting Current Calculation Including Beam Effects

A linear theory derived in Section 2.4.1 is used to determine the starting currents of
the modes present in a cylindrical gyrotron cavity. The numerical approach uses this
existing linear theory and is generalized to include effects of magnetic field tapering,
cavity profile, finite beam thickness, velocity spread, and axially dependent beam
coupling to the fields of competing modes [19] and was incorporated into a computer
code [72].

Following [19], the starting current, including beam effects, can be expressed as

3 L 2
o 21 (mc*yo/e) - (1/N) Jy 1f(2)|*dz (2.133)

[/ @2 Q [t Wa (B10) B (/G rdBro

A nonzero radial beam thickness AR, causes electrons with different beam radii to

have aa different coupling impedance to a mode;

Jm:l:n (kJ_Re)

= 2.134
Jm:l:n (klRe) ( )

¢ (Re) =
Since the electron guiding centers follow the magnetic field lines, a tapered magnetic

field along the interaction region causes the average radial position of the beam R,(z)

to scale relative to its position at the entrance to the interaction region,

Re(z) = R(0)

(2.135)

The tapered magnetic field thus indirectly causes variations in the coupling impedance

along the axial direction;

Jmtn [k.L(Z)Re(z):l

Jnan [k1 (0)R.(0)] (2.136)

@ [f{e(z)} =

In addition to accounting for a tapered magnetic field, this equation also describes the
tapering of the cavity wall radius through k) (z) = v/Ry(2). The effects of finite beam
thickness and variation of radial beam position are included into the starting current
equation through the weighted average of the product of the imaginary part of the
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Figure 2-7: Operating frequency shift with reference frequency offset. The convergent
solution is located at the origin.

linearized dielectric susceptibility of the electron beam and the coupling impedance
over the beam thickness,

(X"G)r. = =G (Re(0)) (n ! 87?5)

2 (2.137)
X

Cout R.+AR. /2
(0 / Wi (Re) o (Re) dRud¢

0 Re—AR,/2

where G(R,(0)) is the coupling impedance for the average beam radius at the entrance

to the interaction region, f(¢) (= F(C) - o(¢) exp (z (AOC + foc AdC’))), and Wg(R,)
is the distribution function for the radial beam spread given by,

R.+AR./2
/ Wr (Re) dR. = 1. (24138)
Re—AR./2

A distribution for the velocity spread Wy (31) is given by

Bro+ABi0/2
/ Wi (B10) dBro = 1. (2.139)
Biro—AB10/2

2.7.3 MAGY

Nonlinear modeling has been performed using the time-dependent simulation code
MAGY, developed jointly at the University of Maryland and the Naval Research
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Laboratory [73]. In MAGY, the transverse resonator fields are expanded in terms
of normal waveguide modes, while the axial fields are expanded in a basis of the
divergence of the TE/TM modes in the transverse basis. A self-consistent equation
for the axial resonator field is solved in a slowly time-varying approximation. This
has a few consequences. First, the simulation time step is related to the cavity fill
time and not the RF oscillation period, and much larger time steps than, for example,
in PIC codes can be used. Second, convergence of the expansion in the axial basis is

non-uniform.

In single mode simulations, we found that MAGY is very sensitive to the choice of
initial reference oscillation frequency for the mode. In particular, we found that a ref-
erence frequency vastly different from the correct frequency resulted in a convergence
to an unphysical quasi-stationary solution in which the axial field was periodically
changing as a function of time and the output spectrum was not monochromatic. Fur-
ther, beam-wave power transfer may not exist in this condition. There is a straight-
forward mathematical explanation of these features. The reference frequency is used
to calculate the interaction between an electromagnetic field and an electron beam.
Due to the electron loading of a resonator, the operating frequency of an oscillator
cannot be exactly predicted. Given the reference frequency (of which the cold cav-
ity resonant frequency is a good approximation), MAGY will calculate the operating

frequency using the slowly varying amplitude approximation.

The current MAGY code calculates a temporal evolution of an electromagnetic
field, represented as a sum of modes of local cross-sections, together with the elec-
tron beam dynamics. The effect of the electron beam on the electromagnetic field
is described in terms of electron sources presented in field equations (the general-
ized telegrapher’s equations). To find the electron sources, the electron equations of
motion are solved and electron trajectories calculated. Now, the reference frequency
can be used to calculate the phase of the electron with respect to the field or ad-
justed frequency. While the current MAGY code uses the reference frequency, an
older version used the adjusted frequency. While the present code was developed for
gyro-amplifiers, where the precise operating frequency is known, it can be used to
successfully treat gyro-oscillators when the reference frequency is reasonably close to
the operating frequency. Figure 2-7 shows an example of the operating frequency shift
as a function of the reference frequency offset. The convergent solution is located at

the origin.
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2.74 EGUN

The EGUN electron optics and gun design program is a 2——%—D code, which means
that it solves for fields in two dimensions and particle motion in three [74]. EGUN
computes the trajectories of charged particles (in our case electrons) in electrostatic
and magnetostatic fields including the effects of space charge and self-magnetic fields.
Poisson’s equation,

Vg = 2 (2.140)
€0

where p, is the volume charge density, is solved by the finite difference method using
boundary conditions which are defined by specifying in the geometry the type and
position of the boundary. In cylindrical coordinates, the Laplacian of the potential
V29, is given by
Vip = lg (p?_?) + ia_Zg + _82
pdp \' 9p p2 0g? 922

The electric fields are determined by differentiating the potential distribution,

(2.141)

E=-V& (2.142)

where the gradient of the potential in cylindrical coordinates is given by

00 100 o

@: — -
\% p8p+¢pa¢+zaz

(2.143)
The electron trajectory equations are fully relativistic and take into account all pos-
sible electric and magnetic field components. Trajectories are started assuming that
Child’s law of space-charge limited current holds near the cathode surface,

4 [2eenV3/?
J:§1/;§E(’T (2.144)

where V' is the applied voltage between anode and cathode, and d is the anode to
cathode spacing. Space charge forces are realized through appropriate deposition of
charge on one cycle followed by another solution of Poisson’s equation (2.140) which
is in turn followed by another cycle of trajectory calculations.

A typical method of calculating the magnetic field is from an arbitrary configura-
tion of solenoids, where the user specifies a set of point coils by giving their position,
radius, and current. The magnetic fields are axially symmetric and the off-axis field
components are calculated by a sixth-order expansion of the radial coordinate.
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2.8 Sensitivity-Enhanced Nuclear Magnetic Reso-

nance

This section presents an overview of sensitivity-enhanced nuclear magnetic resonance,
which was the principal motivation for the construction of a gyrotron oscillator at 460
GHz. An introduction to the theory of dynamic nuclear polarization is also presented

in the context of nuclear magnetic resonance.

Nuclear magnetic resonance is a powerful and routine spectroscopic technique
for the study of structure and dynamics in condensed phases and, in particular, of
biological macromolecules. Its principal limitation is low sensitivity; the small nuclear
Zeeman energy splittings result in correspondingly small nuclear spin polarization at
thermal equilibrium [75}:

—Em
eFnT

Nm
~ = T (2.145)
3 Tt
m=—I
mh’)/BO
1+—kBT

TR (2.146)

where N,, is the number of nuclei in the m' state (—% or 3 for a Spin—% nucleus),
N is the total number of spins, T is the absolute temperature, kg is the Boltzmann
constant, E,, (= —mhyB,) is the nuclear Zeeman energy, i (= h/2m) is Planck’s
constant, By is the static magnetic field, I is the nuclear spin angular momentum,

where we have taken the high temperature limit in (2.146).

Transitions between Zeeman levels can be stimulated by applied electromagnetic
radiation, where the photon energy AFE required to excite a transition between the
m and m + 1 Zeeman states is

AE = hvyBy. (2.147)

From Planck’s law, E = hw, the frequency of the required electromagnetic radiation
is given by
wo = vBy (2.148)

where 7, the gyromagnetic ratio, is measured in units of (T-s) ™! and is a characteristic
constant for a given nucleus. Since protons at room temperature exhibit a spin
polarization of less than 0.01% in a field of 5 T [76], we can understand the need
for more powerful magnets for use in NMR spectroscopy. Though both solution and
solid state NMR suffer from this poor sensitivity, relaxation processes in the solid
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state further compromise the time-averaged sensitivity of these experiments by two
or three orders of magnitude. The low sensitivity of solid-state NMR complicates
the study of biological systems, where sample amounts are limited and spectra are

complex.

2.8.1 Chemical Shift

The circulating motion of the valence electrons of an atom induced by an external
magnetic field causes a secondary magnetic field at the nucleus which opposes the
applied field. The precessional frequency is the same as the frequency of electromag-
netic radiation required to excite transitions between the Zeeman levels. The effect
of the secondary fields is called nuclear shielding. Therefore, the net magnetic field
at the nucleus is generally less than the applied field by [75, 77]

B=B(l1-o0) (2.149)

where o is the average isotropic shielding constant for the nucleus. The effects of
shielding on a particular nucleus can be observed through modification of (2.148) as

w=7v(1—0c)By. (2.150)

Since the resonant frequency is directly proportional to the static magnetic field
strength, this relationship presents difficulties in comparing NMR spectra taken on
spectrometers operating at different field strengths. The chemical shift was developed

to eliminate this problem.

Since the electron density around each nucleus in a molecule varies according to
the types of nuclei and bonds in the molecule, the secondary field and therefore the net
field at each nucleus will vary accordingly. This phenomenon is called the chemical
shift and is a very precise metric of the chemical environment around a nucleus.
The chemical shift of a nucleus is the difference between the resonance frequency of
the nucleus and a reference signal from a standard molecule, measured in parts per

million:

Q_Qref
= — X

Wo

§ 10% = (0vef — o) x 10° (2.151)

where Q and (¢ are the offset frequencies of the signal of interest and the reference
signal, respectively.
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2.8.2 Nuclear Magnetic Resonance in the Solid State

Solid state nuclear magnetic resonance (NMR) is a encompassing method for struc-
ture determination in the native biological milieu. Its generality is derived from the
freedom from the requirement of crystallization imposed by diffraction methods, and
from the requirements of solubility and molecular weight imposed by solution state
NMR.

Chemical shift anisotropy

The magnitude of the chemical shift is related to the extent to which the electrons can
shield the nucleus from the applied magnetic field. Where in a spherically symmet-
ric molecule the chemical shift is independent of molecular orientation, the chemical
shift in an asymmetric molecule depends on the orientation. In other words, the net
magnetic field in the nucleus varies as a function of the orientation of the molecule
in the magnetic field. In a nonviscous liquid, the effect of tumbling of the molecules
averages out the fields at the various orientations. In a solid, however, the random
distribution of fixed orientations results in an NMR spectra consisting of broad spec-
tral lines, where there is a larger signal at lower field strength due to the existence
of more perpendicular orientations. This mechanism of line-broadening in solids is
referred to as the anisotropic chemical shift (or chemical shift anisotropy — CSA).

Magic angle spinning

Another reason for broad spectral lines is dipolar broadening. The magnitude of a
dipolar interaction, between two spin 2 nuclei, varies with angle 6 between the dipole
and the applied magnetic field axis By and with the distance r between the nuclei.

The magnetic field experienced by one of the nuclei can be expressed as
B = 3cos? 6 — 1. (2.152)

In a solid, the random distribution of orientations of a group of dipoles results in
an NMR spectra consisting of broad spectral lines, where there is a larger signal
at mid-field strength due to the larger fraction of orientations perpendicular to the
By field axis. This phenomenon is called dipolar broadening. As previously, in a
nonviscous liquid, the effect of tumbling of the molecules averages out the fields at
the various orientations. If the average orientation of the molecules is set to the
magic angle 0, (= 54.7°), the dipole interaction vanishes. Practically, this can be
accomplished by spinning the entire sample at the magic angle 6,, with respect to
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the static magnetic field By at a spinning rate of thousands of revolutions per second,
comparable to the solid state line width.

2.8.3 Dynamic Nuclear Polarization

Dynamic nuclear polarization (DNP) is a magnetic resonance technique used to en-
hance the polarization of nuclei through interactions with the electron spin popula-
tion. It occurs through a variety of mechanisms, and the mechanism used in solid
state NMR involves irradiation of the electron spins at or near their Larmor frequency.
The effect was first observed in 1956 by Carver and Slichter [78] and later in 1958 by
Abragam and Proctor [79] and was historically applied to enhancement of the polar-
ization of targets in nuclear scattering experiments, and more recently for sensitivity
enhancement in high resolution NMR spectroscopy.

Phenomenological expressions for the maximum DNP enhancement due to the

solid effect, esp, and thermal mixing, erys, are given by [80]

. N. B\’
csp = a%—% (ﬁ)) Tin (2.153)

N2 (B!
az—y (—1> TiThe (2.154)

€TM
By

where o and o' contain physical constants, N, is the density of unpaired electrons,
¢ is the EPR linewidth, b is the nuclear spin diffusion barrier, B; is the microwave
field strength, Ty, and Tj, are the nuclear and electron spin-lattice relaxation times,
and Yy (= fpe/Bo) are the nuclear and electron gyromagnetic ratios, respectively,
yielding 42.6 MHz/T for protons and 28.0 GHz/T for electrons. In principle, signal
enhancements on the order of 7. /7, can be obtained, corresponding to a factor of 657
for 'H nuclei and 2,615 for 3C nuclei.

Though both the solid effect and thermal mixing mechanisms play roles in enhanc-
ing the sensitivity, studies show that thermal mixing is the predominant effect. Using
a 140 GHz gyrotron, we have previously demonstrated that signal enhancements of
several orders of magnitude (100 — 400) are achievable at a magnetic field of 5 T
[76, 41, 81, 82, 83, 84]. However, to obtain higher resolution spectra, it is desirable to
perform DNP at higher field stregths (9 — 18 T), where NMR is commonly employed
today.

There are several problems encountered when performing DNP at high fields.
First, the enhancement decreases as 1/Bj with increasing static field strength for
the solid effect and as 1/By for thermal mixing as indicated by (2.153) and (2.154).

67



Second, relaxation mechanisms responsible for the DNP effect are fundamentally dif-
ferent at higher fields. These problems at high field can be overcome, and significant
signal enhancements obtained, by using high radical concentrations and high mi-
crowave driving powers. Furthermore, the enhancements scale with the square of the
microwave driving field and only inversely with the applied magnetic field. Therefore,
large signal enhancements can be achieved, even at high fields (9 — 18 T) if sufficient

microwave power (1 — 10 W) is available to drive the polarization transfer.

2.9 Discussion

In this chapter, we review the theoretical basis for understanding this experimental
work. We described the phenomological basis for the fundamental and second har-
monic cyclotron resonance maser interaction, in addition to several theoretical ap-
proaches. We recapitulated the derivation of the linearized dispersion relation from
the kinetic theory of gyrotron oscillators, a classical fluid-dynamical theory, in which
the electron beam is treated as a plasma and the distribution of electrons is explic-
itly described. From the linearized single-particle theory, we presented the derivation
of the start oscillation current. In the quantum mechanical basis of the cyclotron
resonance maser we noted the analog to the classical formalism. We derived the
transverse electric and magnetic field components in a cylindrical waveguide. Four
main numerical techniques based on the above theories were also described. These
computer codes served as design and analysis tools for all of the experiments in this
work. Finally, introductory theory pertaining to the application of this work, dynamic

nuclear polarization, was presented.
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Chapter 3

Experimental Setup and

Diagnostics

In this chapter we describe the experimental setup and diagnostics that were used
in the experiments during the course of this work. All of the components used in
the CW experiment (c.f. Section 3.2.2) were purchased expressly for the 460 GHz
gyrotron experiment, while an existing pulsed setup was used. Diagnostics were
required for several areas, including but not limited to power, frequency, time-domain
signals, vacuum system, radiation patterns, and cold tests. The main experimental

components and diagnostic systems are discussed below.

3.1 Diagnostics

This section details the diagnostics used in the gyrotron experiments of this work.
Diagnostic systems were used to identify several quantities and qualities of the gy-
rotron either directly related to design parameters, such as the frequency and power,
or indirect factors indicating its health, such as the thermal loading or pressure.

3.1.1 High Frequency Detection

The most important indicator of the second harmonic which separates it from the
fundamental is its frequency. The frequency can either directly be measured or can
be narrowed into a range by use of a filter. For instance, plexiglass becomes more
opaque with increasing frequency. In this section, we describe a heterodyne frequency
measurement system, that can accurately measure the frequency to within 1 Hz by
phase locking the local oscillator. On the other hand, filter horns, designed and
constructed by Spira et. al. [85], can pass frequencies above the cut-off.
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Micro Lambda Wireless
18-26.5 GHz YIG tuned

Phase Matrix EIP 578B local oscillator

26.5 GHz source locking
frequency counter
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LeCroy LT354 IF amplifiers Pacific Millimeter Products WR-8 (90-140 WR-8
500 MHz 4-channel (1 GHz) and WR-3 (220-325 GHz) GHz) variable (90-140 GHz)
oscilloscope low pass filter Harmonic Schottky barrier  attenuator horn
(500 MHz) diode mixer

Figure 3-1: Block diagram of a heterodyne receiver used as a millimeter and submil-
limeter wavelength frequency measurement system.

Heterodyne frequency measurement system

A heterodyne receiver was built for used in frequency detection in the experiments
presented in this thesis. A block diagram of the frequency system is shown in Fig. 3-1.
The gyrotron radiation is directed at a WR-8 horn and attenuated through a WR-8
variable attenuator. The WR-8 band corresponds to 90-140 GHz. Thus, the horn
permits all frequencies of interest to pass while the attenuator primarily filters out
the radiation with frequency less than 140 GHz and provides increasing attenuation
as the frequency of the signal decreases. This useful feature allows the high frequency
second harmonic radiation near 460 GHz to pass unfettered while eliminating the

powerful and possbily damaging fundamental frequencies.

The input radiation is mixed in a WR-3 harmonic Schottky barrier diode (Pacific
Millimeter Products, Model No. HM) and diplexer (Pacific Millimeter Products,
Model No. MD5) with intermediate frequency (IF) range from DC-12 GHz and
local oscillator (LO) range from 20-40 GHz. The diplexer may have dead frequencies
(c.f. Fig. 3-2), however the broad range of the 18-26.5 GHz GaAs FET YIG-Tuned
oscillator (Micro Lambda Wireless, Model No. MLOS-1826PA) connected to the LO
port would allow us to tune over multiple of its harmonics in that case. The total RF

and LO power input maximum to the harmonic mixer is 100 milliwatts.

The IF signal (the mixer output) is then amplified by a chain of 1 GHz low noise
solid-state amplifiers (Mini-Circuits, Model No. ZFL-1000LNB, ZFL-1000B, ZFL-
1000VH2B) and the signal above 520 MHz is discarded by a low pass filter (Mini-
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Figure 3-2: Insertion loss of the IF and LO from the diplexer (Pacific Millimeter
Products, Model No. MD5, S/N 008). The IF band is flat from DC to 12 GHz and
the LO band is flat over 20 to 40 GHz [5].

Figure 3-3: Photograph of the frequency system, picturing the oscilloscope, frequency
counter, and power supply on the right, and the local oscillator, amplifiers, and filter
on the left (inside the boxes). The horn, mixer, and attenuator are not depicted.

il



(mV)

|
| | ]
207l , ]

0 dl 1 \ : " ‘ ! |Llh1 i el btk e u‘xm‘.hd“u“ll#mumh
0 100 200 300 400 500

Frequency (MHz)

Figure 3-4: Intermediate frequency signal for the second harmonic TEgg; mode at
456 GHz using the frequency measurement system.

Circuits, Model No. SLP-550). The IF and LO connections are made with Microflex
165, a flexible shielded cable with low attenuation in the K band.

A 500 MHz, 4-channel oscilloscope (LeCroy, Model No. LT354) computes a Fast
Fourier Transform (FFT) of the filtered IF signal in real time. The local oscillator
frequency is tuned such that one of its harmonics (in our case the 9*" through 18%)
mixes with the input radiation to produce an intermediate frequency signal in the
0 - 500 MHz range. The IF signal is detected in real time as a pair of peaks by an
FFT on the oscilloscope such that through varying the LO, one of the peak lines falls
within the 0-500 MHz band. The input frequency then corresponds to

fin =nfro. F firs (3.1)

where fir, and fip_ are the upper and lower IF sidebands, fro, and fro_ are the
corresponding local oscillator frequencies, and n is the harmonic number. We can
eliminate fi, from the set of equations given in (3.1) and solve for the harmonic of

the mixer,
= s T SE (3.2)

~ fro. — fro-

The frequency counter (Phase Matrix, Model No. EIP 578B) is a source locking
microwave frequency counter, with the capability of analog phase locking of any
electronically tunable source, in this case our local oscillator, to the accuracy and
long term stability of the timebase oscillator in the counter. The result is a highly
accurate frequency measurement system, with the capability of resolving the gyrotron
frequency to better than 1 MHz. It samples the local oscillator frequency via a narrow
band 18-26.5 GHz 20 dB directional coupler (Krytar, Model No. 262220).

The harmonic mixer, its band 220-325 GHz notwithstanding, performs adequately
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Figure 3-5: Reflectivity of the laser calorimeter, as measured by a dispersive Fourier
transform spectrometer [6, 7).

at 460 GHz.

Filter horns

Custom made filter horns were used to observe the second harmonic radiation near
460 GHz. The horns were used in the submillimeter wave harmonic gyrotron work of
Spira et al. [85]. The filter horn assembly consists of a standard WR-3 quick flange
connector attached to a section of WR-3 waveguide, followed by a cutoff section and
a standard gain (25 dB) WR-3 horn. The three custom made filter horns have cutoff
frequencies of 280 GHz, 300 GHz, and 400 GHz. Only two of the horns currently re-
main in our possession, and measurements indicate that they are those cutoff at 280
and 300 GHz. Since the fundamental modes are all below 250 GHz and the second
harmonic modes of interest are around 460 GHz, both should function interchange-
ably. When using a filter horn, the diode signal was considerably attenuated because
a 2.54 cm long WR-3 waveguide flange adapter (Aerowave, Model No. 03-1104) was
required to mate the horn to the diode.

3.1.2 Power Measurement

The methods of power measurement used in this work were dry calorimetry and pyro-
electric detection. Dry calorimetry was primarily used in the CW experiments while
pyroelectric detection was useful in measuring the energy per pulse. Wet calorimetry
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was also employed in measuring the power absorbed by the cavity and is described
in Section 3.1.6.

Calorimeter

Thermoelectric calorimetry was used as a technique to measure the average power
in the experiments in this work. The principle of calorimeter laser detection of ra-
diation is that the incident radiation is absorbed either by a surface or a volume
absorber, whereupon the absorbed energy is converted to heat which is measured by
a thermoelectric sensor [86].

A surface absorbing disc calorimeter with a 2.54 cm aperture (Scientech, Inc.,
Model No. 36-0001) was used in this work. In a disc calorimeter, heat is typically
measured by a thermopile which is located between the absorbing disc and a heat
sink. The thermopile generates a potential when the two sides of the device are at
different temperatures, where the measured current is proportional to the heat flow.

The laser calorimeter was intended for use with wavelengths in the range of 0.25
to 35 microns. The device was presumably modified to absorb the millimeter wave-
lengths using the procedure described by Kreischer et al. [87]. The dependence of
calorimeter reflectivity on frequency was measured using a dispersive Fourier trans-
form spectrometer, depicted in Fig. 3-5 [6, 7]. For the power measurements performed
in this experiment, an average value of 15 % reflectivity was assumed.

Power measurements were made by hooking the calorimeter head onto the end
of a 1.9 m cylindrical copper waveguide of 2.54 cm inner diameter. The calorimeter
was read by a power energy meter (Scientech, Inc., Model No. 362). The calorimeter
head was insulated to shield itself from thermal fluctuations and ambient heat in low

average power measurements.

Pyroelectric detector

Pyroelectric detection utilizes special properties of ferroelectric crystals, a class of
materials that can be prepared in a state of permanent polarization, to sense changes
in temperature due to absorption of radiation. When a ferroelectric material absorbs
radiation, the incident energy is converted to heat. The temperature rise causes a
corresponding change in the magnitude of electrical polarization of the crystal. This
causes a charge separation across the crystal, which is sensed as a current between
two electrodes on the faces of the crystal, which continues to flow until both sides
reach the same voltage [86, 88].

While pyroelectric detectors cannot be used to measure continuous output since

74



PC

00000

Oscilloscope =

Figure 3-6: Block diagram of near- and far-field scanner.

Attenuator

they respond only to changes in absorbed energy, they were only used in the pulsed
gyrotron experiments. The Vector pyroelectric detector used in this work (Scientech,
Inc., Model No. PHF09) has an aperture 9 mm in diameter and was used with a
Vector digital power meter (Scientech, Inc., Model No. S310).

3.1.3 Radiation Pattern Measurement

Several techniques and apparatuses used for measurement of radiation patterns are
described in this section. They include a mechanized scanner, a pyroelectric camera
consisting of an array of pyroelectric elements, thermal paper, and liquid crystal
imaging.

The radiation pattern in the region close to the waveguide differs from the pattern
at large distances. The term “near-field”, also known as the induction field, refers to
the field pattern that exists close to the waveguide antenna, while the term “far-fleld”,
also known as the radiation field, refers to the field pattern at large distances. Due
to the sensitivity or aperture of our available techniques or equipment, the radiation
pattern in our experiments is often recorded in the near-field, where the fields still
resemble waveguide fields.

Mechanized scanner

A 3D motorized data acquisition radiation scanner (c.f. Fig. 3-6) was developed by
Borchard at MIT [89]. The apparatus consists of an oscilloscope, a PC, a motorized
variable attenuator, and a diode. From a systems viewpoint, the scanner consists of
a positioning system and an attenuator system. The four-axes positioning system
consists of a translational system with a y and z axis in addition to a rotational

positioning system. The position is set by a stepper motor, which is controlled by the

75



PC. The sensing apparatus consists of a diode, a Millitech motorized attenuator, a
horn. Due to the inherent nonlinearity of the diode, the attenuation level is adjusted
until the diode signal reaches a preset level. The diode signal is read on the oscillo-
scope and sent to the PC, which then adjusts the attenuator. The signal is averaged
over several points in order to reduce noise. The attenuation level and positions are

written to an output data file when the point is completed.

Pyroelectric camera

A pyroelectric camera laser beam diagnostic system developed by Spiricon, Inc. (Py-
rocamera [II, Model No. PY-III-C-B, Serial No. 30507) was used for millimeter and
submillimeter-wave radiation pattern measurements. While the pyroelectric camera
was developed as a diagnostic for infrared laser beams, the spectral response of the
pyroelectric array from 0.1 to 100 pm is fairly flat, and the camera has been used
at 1,000 pm [90]. At the Thomas Jefferson National Accelerator Facility (Newport
News, VA), radiation of wavelengths between 100 and 300 pm from a free electron
laser using relativistic electrons from a linear accelerator was imaged using a simi-
lar pyroelectric camera [91]. Further, use of the pyroelectric camera at millimeter
wavelengths was first demonstrated in a 250 GHz gyrotron [92].

The pyroelectric array consists of 124 by 124 elements where the element spacing is
100 pm by 100 ym. The camera has a relatively small active area of 12.4 by 12.4 mm
which is often not large enough to instantaneously image the area of an overmoded
waveguide, in our case of 25.4 cm inner diameter. Since pyroelectric crystals can only
measure changes in intensity, the camera came fitted with a built-in chopper to enable
measurement of CW radiation at chopper frequencies of either 24 Hz or 48 Hz.

The camera has several drawbacks. The camera dynamic range recorded in the
measurements of this work was only 10 dB, which is insufficient to reconstruct the
phase information of a beam. In addition, the small sensor area is comparable to the
beam waist, in our case of the 25.4 mm inner diameter waveguide, and for this reason
it is impossible to record far-field radiation patterns.

Thermal paper

Thermal paper, commonly used in facsimile and ATM machines, is a copy paper
which employs heat to produce its image. A typical thermal paper consists of a base
paper applied with a heat-sensitive chemical coating on its face which darkens when
heated. Using an absorbant as a substrate, thermal paper is useful in generating a
quick image of a microwave beam and also for finding the axis of the beam. Images
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Figure 3-7: Typical time-domain diode signal of the TE;3; mode at the voltage and
current shown in Figures 3-14 and 3-8 and 8.58 T.

from thermal paper are shown in Chapter 6.

Liquid crystal imaging

A novel technique to measure millimeter radiation patterns and recover quantitative
intensity information using liquid crystal paper was developed and is described in
Chapter 6 and [92].

3.1.4 Time-Domain Signal Measurement

Due to the intrinsic nature of short-pulse experiments, key experimental parameters,
such as power, beam voltage, and beam current, vary over time. To harness this
information, signals in the time domain were recorded. In the case of measuring the
power in short pulses, while the average power can be measured with a calorimeter,
the pulse shape over time is necessary to reconstruct the peak power. In this section,
two devices for recording time-domain signals are detailed: the video detector diode
for the microwave pulse shape and the Rogowski current monitor.

Video detector diode

A photodiode was used in conjunction with calorimetric and pyroelectric detection in
order to measure the peak power of the gyrotron by measuring the microwave pulse
shape. Video detectors were used in two waveguide bands, WR-3 (220-325 GHz) and
WR-6 (110-170 GHz) (Pacific Millimeter Products, Model No. HD and DD). The
detectors use silicon beam lead diodes on a planar stripline circuit and are extremely

compact devices, measuring 1.9 x 1.9 x 0.5 cm. These detectors utilize two diodes

77



80 T T T T

Collector current (mA)

Body current (mA)

Time (us)

Figure 3-8: Typical collector and body current signals using a Rogowoski current
monitor. The corresponding voltage pulse is shown in Fig. 3-14. The signal corre-
sponds to the TEq 31 mode at 8.58 T, and the diode trace shown in Figure 3-7.

and a matched termination connected to a 3 dB hybrid. When not in use, the diodes

are terminated with 50 loads to prevent electrostatic damage.

Rogowski current monitors

The current monitors used in these experiments are wide-band current transformers
which convert an AC or pulse current signal into a proportional voltage signal which
can then be displayed on an oscilloscope. Commonly known as a “Rogwoski coil”,
the current-carrying conductor is passed through the current monitor opening, and its
associated magnetic field is used to accurately measure the current without requiring
a direct connection. Consequently, this type of current monitor is well-suited to
measuring currents on high voltage conductors.

The Rogowski coil is a toroidal coil with an air core which is placed around a
current-carrying conductor. An alternating magnetic field is produced by the current,
which induces a voltage in the coil proportional to the rate of change of current. The

voltage output of the coil is given by [93]

dl

V:)u = M_>
‘ dt

(3.3)
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where M is the mutual inductance of the coil and dI/dt is the rate of change of
the current. To accurately reproduce the current waveform, the output voltage is
integrated electronically.

The Rogowski coils used in these experiments (Ton Physics Corp., Model No.
CM-100-L) have sensitivity of 1.0 V/A and 43 mm inner diameter. Magnetically
coupled current monitors can read currents to very low frequencies but, as shown in
(3.3), are intrinsically incapable of reading DC currents. The consequence for pulsed
applications is that the output voltage signal decays more quickly than the measured
current pulse, resulting in a phenomenon called “droop”. In our current monitors,
the droop is rated at 0.035 %/usec and saturation occurs at the amp-second-product
rating of 0.0015 A sec. We also tried to use a model with higher sensitivity (Ion
Physics Corp., Model No. CM-500-L), 5.0 V/A, however the droop was 30 %/pusec,
which nearly eradicated our current pulse of 3 usec.

3.1.5 Vacuum Diagnostics

Characterization of the vacuum environment is important to the operation of a vac-
uum electron device, and especially so in the case of continuous-wave operation. Since
vacuum leaks, both virtual and real, and component outgassing can compromise the
performance of the gyrotron, every aspect of construction, from design and choice of
materials through preparation, bakeout, and installation procedures as well as during
any subsequent handling is critical. In this section, the diagnostic use of residual gas
analysis and vacuum pumps are considered in addition to the repair methodology of

two differing vacuum leaks.

Residual gas analysis

The residual gas analyzer (RGA) is an instrument which can completely character-
1ze a vacuum environment including the detection of all component gases present in
addition to the measurement of the total pressure through mass spectrometry. The
principle of operation of a mass spectrometer is as follows; a small fraction of the gas
molecules are ionized, the resulting ions are separated according to their respective
masses, and the ion currents are measured at each mass. Partial pressure measure-
ments are determined with calibration factors by reference to the abundance of the
individual mass numbers attributed to each gas type [94].

Residual gas analysis (Stanford Research Systems, Model No. SRS RGA 100)
was performed on the 460 GHz gyrotron before, during, and after bakeout in order

to determine the vacuum composition and locate vacuum leaks using helium, alcohol,
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Table 3.1: Atomic mass units of residual gases present in the system measured with

the RGA.

Partial pressure (107 Torr)

Residual gas (a.m.u) Hot/OFF Hot/ON Cold/OFF Cold/ON
Hydrogen 2 154 189 17.0 14.2
Carbon monoxide/dioxide 12 0.349 - - -
Nitrogen 14 2.57 5.09 2.31 6.40
Acetone 15 0.997 0.874 - -
Oxygen 16 1.59 1.47 0.433 0.588
Water 17 1.46 1.24 0.803 0.810
Water 18 3.23 2.87 2.11 2.19
26 1.61 0.305 - -
27 2.46 2.7 -
Nitrogen/Carbon dioxide 28 46.5 92.1 48.2 109
Nitrogen 29 1.39 3.11 0.814 1.28
Oxygen 32 1.33 1.03 2.16 2.25
39 0.880 1.57 - -
Argon/Air 40 1.66 1.86 1.46 1.67
Turbopump oil 41 1.03 3.41 - -
42 - 1.28 - -
Acetone/Turbopump oil 43 0.943 3.72 - -
Carbon dioxide 44 0.561 0.443 - -
Turbopump oil 55 0.676 2.72 - —
56 0.208 1.23 - -
Turbopump oil 57 0.414 1.79 - -
Turbopump oil 69 - 1.12 - -
70 = 0.730 - -
Turbopump oil 71 - 0.628 - -
83 - 0.307 - -
Krypton 84 - 0.225 - -
85 - 0.346 - -
Xylene, Toluene 91 0.266 0.758 - -
Oil 97 - 0.595 - -
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Figure 3-9: Typical RGA traces at the end of a bakeout when the tube is at 100°C
(top) and room temperature (bottom).

and acetone. Fig. 3-9 shows the vacuum characterization during a 100°C bakeout
following the sealing of a leak in the cavity cooling channel with Glyptal. The partial
pressures were recorded for a bakeout temperature of 100°C and at room temperature.
The partial pressures were recorded with the ion pumps on and off since the ion pumps
are located between the RGA and tube and could affect the measurement. Table 3.1
identifies the residual gases present in the 460 GHz tube under four conditions: at
100°C with the ion pumps off, at 100°C with the ion pumps on, at room temperature
with the ion pumps off, and at room temperature with the ion pumps on. While the
tube is hot, there are many gases which are immobilized (and therefore not present)
when the tube is cold. These include large molecules such as hydrocarbons. In the
case where the tube is hot and the ion pumps are on, the partial pressures are higher
than when the ion pumps are off. Since the ion pumps are at high temperature, this
effect is due to the gases being ejected from the ion pumps through a combination
of their pumping action and outgassing due to the heat. When the tube is cold, the
gases with low atomic mass dominate (below 40 a.m.u.) and the gas composition is
the same with or without ion pumps. In both cases, the highest partial pressures are
contributed from hydrogen, air (i.e. nitrogen, oxygen, argon, and carbon dioxide)
and water vapor.
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Vacuum repair methodology

During the course of this work, the 460 GHz gyrotron tube developed several leaks
in the ultrahigh vacuum which severely limited its operation due to elevated pressure
until vacuum repair could be performed. The repair of an O-ring leak and a weld
leak are described here.

A Viton O-ring sealing the vacuum window was replaced with a Helicoflex seal.
Helicoflex metal O-rings are designed to provide a high sealing level under high tem-
peratures especially in a vacuum medium. Viton, in addition to contributing to the
total gas load of the system through permeation, outgasses when heated and even-
tually permanently deforms at the high temperatures required for bakeout. Residual
gas analysis showed that, during the heating of the window region in the configuration
where a Viton O-ring was used to seal the window, periodic spikes of atmospheric
composition would enter the vacuum chamber, recurring every few minutes.

All vacuum welds should be leak checked with a helium mass spectrometer to
assure that they are vacuum tight for low pressure vacuum. The weld joints need
to be properly designed in order to avoid either virtual or real leaks. In the present
experiment, an improperly formed weld in the water cooling channel of the cavity
became exposed to atmosphere either during bakeout or due to the flowing of water
through the circuit. The leak was detect via residual gas analysis and helium mass
spectrometry. A red Glyptal mixture with the ratio of between 3:1 and 1:1 Glyptal
(Glyptal 1201B Red Enamel) to solvent (Glyptal G1500 thinner) was flowed through
the cooling channel with use of pipets, hoses, and gravity. The excess mixture was
drained from the cooling channel. The coat of Glyptal was dried overnight with low
pressure compressed air and a second coating was applied and dried with the same
procedure. Red Glyptal is an all-purpose thick red enamel paint that functions as
an excellent vacuum seal to most types of materials by impregnating the leak. In
addition, Glyptal is used for many other functions such as electrical insulation and
anti-corrosion. During a bakeout following the application of the Glyptal mixture,
care was taken to not exceed 150°C in the region of the cooling channel by monitoring

the local temperature.

Vacuum pumps

Two ion pump power supplies (Duniway, Model No. Terranova 741) control the 8 L/s
diode Varian-style ion pumps (Duniway, Model No. VA-8-DD-M). Figure 3-10 shows
the relationship between ion pump current and vacuum pressure for an 8 L/s pump

at 3.5 kV. For the Terranova 741 unit, the equation used for calculating pressure from
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Figure 3-10: Relationship between the current drawn from 8 L/s Varian-style ion
pumps operated at 3.5 kV and the vacuum pressure in Torr.

current is [95]
KxI

TSxV

where P is the pressure in Torr, K is a constant equal to 369.6, I is the current in

(3.4)

amps, S is the pumping speed in liters per second, and V is the voltage in volts.
While the current drawn in a sputter-ion pump is nearly proportional to pressure
over a wide range, the proportionality is only approximate. At pressures less than
1 x 1078 Torr, the current to the Penning discharge is multiple valued, displaying
significant hysteresis. Therefore the current drawn depends on whether the pressure
is rising or falling. The accuracy of the pressure as indicated by the ion pump current
is no better than £20 %, and that accuracy is only achieved in the pressure range
between 1 x 10”7 Torr and 1 x 10~° Torr.

3.1.6 Thermal Load Measurement

Liquid coolant is flowed through several components of the gyrotron as a method
of heat removal from the system. If both the flow rate and temperature difference
through each component are known, a measurement of the thermal load in that
component is possible. The measurement of the thermal load of a specific component
is a diagnostic tool which can determine the amount of heat being dissipated in that
component. This information provides utility either for structural integrity, such
as in the high power loading of the collector, or for scientific reasons, such as with
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the measurement of the ohmic losses in the cavity. Using the flow and temperature
information, the thermal loading on the cooled and monitored components of the

gyrotron can be calculated as

J 8
Thermal load (W) = Atemp.(K) (4‘2 é) <1 E_nﬁ) X

L 1 min cm?
il 3.785— —— 1 —
( ow (gpm) X gal> (60 : ) < , 000 T )

where the specific heat of HyO is 4.2 J/g, 1 g of Hy0 is equal to 1 cm® H,0, and
1 gallon is equivalent to 3.785 L. This calculation is especially useful in determining
overheating of a component. In the case of the cavity, the ohmic losses can be directly
measured and the ratio of diffractive to ohmic ¢ can be estimated by

Pohmic _ Qdiffractive ]30Ut ] (36)
Qohmic

Flow

The coolant flow rates are monitored using Proteus Hall-effect lowmeters (Proteus
Ind., Model No. 703P24T and 701B24T). Model 701B24T has a flow range of 0.4-3.8
LPM (0.1-1.0 gpm) and separate units are used to monitor the cavity and gun coil
flow rate and Model 703P24T has a flow range of 3.0-22 LPM (0.8-6.0 gpm) and
is used to monitor the collector flow rate. The nominal flow rates for the collector,
cavity, and gun coil are 1, 0.5, and 0.4 gpm. The characteristics of the flowmeters are
summarized in Table 3.2.

The principles of operation of the flowmeter are as follows; as liquid flows through
the meter, a rotor spins. Magnets in the rotor switch a Hall-effect sensor mounted in
the sensor body, and the resulting pulse train is converted by electronics to a voltage
that is linearly proportional to the flow rate through a calibration factor. However,
due to the use of magnets in the flowmeters, they must be either situated remote
to the superconducting magnet or orthogonal to the external magnetic field lines.
Therefore, the included temperature sensors cannot accurately measure the thermal
load of the gyrotron components due to their distance from the gyrotron.

Temperature

Inlet and outlet coolant temperatures are then measured by immersed negative tem-
perature coefficient (NTC) thermistors (Omega, Model No. ON-403-PP). Thermis-
tors are electrical resistors whose resistance changes rapidly with temperature. Ther-
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Table 3.2: Flow parameters for the Proteus sensors of the 460 GHz gyrotron [17].

Nominal flow Flow range  Model Flow sensor
rate (gpm) (gpm) No. material
Collector 1 0.8-6.0 703P24T Polypropylene
Cavity 0.5 0.1-1.0 701B24T Brass
Gun coil 0.4 0.1-1.0 701B24T Brass
Rinermistor 2 Vinermistor

O

R Vi

Figure 3-11: Thermistor resistance measuring circuit.

mistors are usually made from metal oxide semiconductor material encapsulated in
an epoxy bead. To operate, they must be supplied with an excitation current and the
voltage read across the terminals (c.f. Fig. 3-11). Because self IR heating caused
by the excitation current itself can raise the temperature of the sensing element in
addition to changing the resistance, a low excitation current must be supplied [96].
In the circuit from Fig. 3-11, the thermistor resistance can be calculated as

v
Rthermistor =R (7}2 - 1) . (37)

where R is a fixed value resistor comparable in value to that of the thermistor.

3.1.7 Small-Signal Detection

Lock-in amplifiers are commonly used to accurately detect and measure very small
AC signals, even when the small signal may be obscured by noise sources orders of
magnitude larger. In our setup, a Stanford Research Systems (Model No. SR830)
lock-in amplifier is used in conjunction with an optical chopper whose function is to
convert a CW signal into a pulsed signal. The lock-in amplifier uses a phase-sensitive
detection technique to identify the component of the signal at a specific reference
frequency and phase. Thus all noise at frequencies other than the reference frequency
is rejected and will therefore not affect the measurement [97].
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Figure 3-12: Far-field radiation scan of the cylindrical TE;; output of the BWO at
41 cm.

3.1.8 Cold Test

A “cold test” is a low power measurement of a gyrotron component in an environment
outside of the gyrotron, usually performed with a low power source. Conversely, a
measurement performed using the gyrotron is referred to as a “hot test.” It can be
extremely useful to cold test components internal to the gyrotron such as the cavity
or an internal mode converter before they are installed. Low power measurements of
the 460 GHz gyrotron cavity were performed with a backward wave oscillator.

Backward Wave Oscillator

The backward wave oscillator (BWO), also know as the carcinotron, is a wideband
tunable millimeter wave generator. A vacuum electron device, an electron beam
which is focused by magnets passes through a periodic metallic structure and induces
an electromagnetic wave. The electron beam and the electromagnetic wave move in
opposite directions, and the output power is extracted near the electron gun. Wide
frequency tuning is available through controlling the collector potential. Since the
electrons travel in a medium with a velocity greater than that of the propagating
electromagnetic wave, the structure is known as a slow-wave structure, where this
form of radiation is known as Cherenkov radiation.

A BWO sweeper (Insight Product Company, Model No. IPG-140-178) is capable
of generating up to 100 mW of power between 113 and 173 GHz in the rectangular
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Figure 3-13: Power drift over frequency of the BWO.

TE,0 mode. The source is controlled by a voltage corresponding to a frequency
which varies by approximately £0.5 GHz from the primary frequency. This variation
occurs over time and can be compensated by a “fine tune” adjust knob on the front
panel, which sweeps over 1% of the BWO voltage, or roughly 1.5 GHz. The frequency
variations by the source introduce an uncertainty in the measurements. In addition,
the power of the source is not constant over time or frequency, as shown in Fig. 3-13.
Figure 3-12 showns the far-field radiation scan of the output of the BWO at 41 em
in the cylindrical TE;; mode. The vertical polarization is represented by x’s, the
horizontal polarization by +'s, and the theory is shown by the solid line.

3.2 Equipment

This section summarizes the important functions of the equipment used in both the
pulsed gyrotron test setup and the permanent CW gyrotron setup.

3.2.1 Pulsed Equipment

The key component in the pulsed gyrotron test setup is the high voltage modulator.
The high voltage modulator is capable of operation above 100 kV and 1.2 A operation
in 3 us pulses and up to 33 Hz repetition rate. The standard tube modulator consists
of a 30 kV. 100 mA DC power supply (Spellman High Voltage Electronics Corp.,
Model No. RHP-3KW), a tunable pulse forming network (PFN), and thyratron
switch, and a pulse transformer with 1:12 turns ratio to step the voltage pulse up to
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Figure 3-14: Typical voltage pulse from the high voltage modulator. The correspond-
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8.58 T, and the diode trace shown in Figure 3-7.
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Figure 3-15: Calibration of the cathode voltage readout.
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(a) (b)

Figure 3-16: Photograph of (a) the front end of the high voltage modulator (b) the
CW gyrotron console, showing the cryogenic temperature monitors, liquid cryogen
level monitor, ion pump controllers, CW switching high voltage power supply, gun
coil power supply, computer controls, and superconducting magnet power supply.
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the required voltage [98).

The actual voltage and current drawn were limited by the experiment. A photo-
graph of the front end is shown in Fig. 3-16(a). The cathode voltage is measured by
a capacitive-resistive divider installed in the modulator oil tank, where the cathode
voltage is related to the monitored voltage through a multiplication factor of 9.32
kV/V and was calibrated by a high voltage probe (c.f. Fig. 3-15).

A typical voltage pulse from the high voltage modulator is shown in Fig. 3-14.
The corresponding current traces are shown in Fig. 3-8. The signal corresponds to
the TEq 31 mode at 8.58 T, and the diode trace shown in Figure 3-7.

3.2.2 CW Equipment

A photograph of the CW gyrotron console is shown in Fig. 3-16(b). From top to
bottom, the equipment located in the rack is as follows: two cryogenic temperature
monitors (Cryomagnetics, Inc., Model No. TM-600), a liquid cryogen level moni-
tor (Cryomagnetics, Inc., Model No. LM-500), two ion pump controllers (Duniway,
Model No. Terranova 741), a CW switching high voltage (and filament) power supply
(Spellman High Voltage Electronics Corp., Model No. DF25N3X3177), the gun coil
power supply (Lambda EMI, Model No. EMS 40-50), home built control electronics,
(National Instruments, Model No. ENET-232/4), (National Instruments, Model No.
GPIB-ENET/100), and the superconducting magnetic power supply (Cryomagnetics,
Inc., Model No. CS-4-100).
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Chapter 4

Design of a 460 GHz Second

Harmonic Gyrotron Oscillator

The goal of this work is to demonstrate the production of 460 GHz radiation for even-
tual use in sensitivity-enhance NMR by dynamic nuclear polarization. In this chapter,
we discuss the challenges of building a high frequency continuous-wave submillimeter
gyrotron. In order to affordably achieve high frequency with available superconduct-
ing magnet technology, the design must be at the second electron cyclotron harmonic.
This constraint becomes the primary challenge of the design.

A schematic (not drawn to scale) of the 460 GHz gyrotron oscillator, indicating
key components, is shown in Fig. 4-1(b), which can be compared to a photograph of
the gyrotron tube free-standing shown in Fig. 4-1(a). Figure 4-2 shows the complete
gyrotron in an operational position with the author.

4.1 Target Specifications

The 460 GHz gyrotron oscillator was designed to operate continuously at the second
electron cyclotron harmonic at low voltages and output powers of between several

watts and several tens of watts.

4.1.1 Dynamic Nuclear Polarization

The gyrotron oscillator design will permit the precise control of the output power
and frequency that is necessary for applications to sensitivity-enhanced magnetic
resonance spectroscopy through dynamic nuclear polarization (DNP). Originally em-
ployed to produce spin polarized targets for nuclear scattering experiments, DNP is
a technique through which the greater Zeeman polarization of the electrons is trans-
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Figure 4-1: (a) Photograph of the gyrotron tube free-standing (b) Cross-sectional
schematic of the cylindrically symmetric 460 GHz gyrotron tube, not shown to scale,
indicating key components.
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Figure 4-2: Photograph of the author and the 460 GHz gyrotron located in the bore
of the superconducting magnet.
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Table 4.1: Gyrotron stability requirements for DNP/NMR spectrometer [18]

Parameter Sensitivity ~ Stability requirement
Magnetic field 1.1 GHz/T 5x 1073 T
Beam voltage 10 MHz/kV 500 V

Cavity temperature 2.2 MHz/°C 2.3°C
Beam current 30 kHz/mA 170 mA

ferred to the nuclei, in this case to enhance the sensitivity of a subsequent NMR
experiment by up to two orders of magnitude. DNP requires irradiation of the sam-
ple with 1-10 W of power near the electron Larmor frequency (which is close to the
electron cyclotron frequency) [27]. This technology will extend the applicability of
DNP techniques to the highest frequencies and fields.

Aspects of the gyrotron are constrained by requirements of the NMR spectrome-
ter. These constraints, enumerated in Table 4.1, are related to the frequency stability
and bandwidth of the rf power and are based on the assumption that the frequency
must be stable to within 50 MHz (in our case, 10 ppm at 460 GHz). The sensitivities
are derived from the experimentally measured dependence of the gyrotron’s frequency
pulling on system parameters from a 140 GHz gyrotron experiment [18]. The mag-
netic field constraint sets a limit on the permissible drift of the field while operating
in persistence mode. The persistence mode drift rate of the 9 T superconducting
gyrotron magnet is less than 1 ppm/hour. For comparison, the drift on the 700 MHz
NMR magnet is typically 0.02 ppm/hour. The voltage requirement determines the
regulation of the HV power supply and is attainable from commercial manufacturers.
The cavity temperature is controlled through a closed refrigeration system with feed-
back. The beam current stability requirement can be satisfied through computerized
control of the heater current.

A 16.4 T, high-resolution, Magnex Scientific superconducting magnet including
a sweep coil is the defining component of a nominally 700 MHz NMR spectrometer.
The proton frequency of the NMR spectrometer is 700 MHz, corresponding to an
electron Larmor frequency of 460 GHz. Taking both the sweep coil and the regions
of positive and negative DNP enhancement into account, there is a window of 1.14

GHz over which the dynamic nuclear polarization mechanism can be excited.

Table 4.2 summarizes the gyrotron and cavity design parameters. Notably, the
gyrotron was designed for low voltage and current (12 kV, 100 mA) operation in a
single second harmonic higher order mode. The DNP experiment requires moderate
peak powers but continuous duty cycle operation for periods lasting 7-10 days, during
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Table 4.2: Gyrotron design parameters

Frequency 460 GHz | Perp. velocity spread 4%
Magnetic field 8.4 T | Velocity pitch factor 2
Harmonic number 2 Magnetic compression 28
Mode TEpg,1 | Electron beam radius 1 mm
Accelerating voltage 12 kV | Cavity diffractive Q 31,100
Beam current 100 mA | Cavity ohmic Q 19,400
Cathode radius 5.4 mm | Total cavity Q 12,000

which the output power and frequency must be stable to within 1 % and at least 5
MHz respectively.

4.2 Second Harmonic Considerations

Operation of a gyrotron at the second harmonic of the electron cyclotron resonance,
which results in approximately twice the fundamental frequency for a given magnetic
field, is attractive even when magnet technology is not a limiting factor. Never-
theless, it suffers from three principal challenges: high ohmic losses, which reduce
the efficiency, high start currents, which require higher beam power than our exper-
imental design allows, and finally, mode competition. Of these, mode competition
from fundamental modes whose starting currents are inherently lower is the primary
concern. Due to the density of the mode structure in an overmoded resonator, par-
ticularly when higher order longitudinal modes are included, mode competition must
be explicitly addressed in the design [99)].

4.2.1 Mode Competition

In order to operate at this relatively high frequency, we have selected to operate with
a second harmonic mode and a lower field (8.4 T) niobium titanium superconduct-
ing magnet. However, with increasing frequency, the fundamental (and accordingly
harmonic) mode spectrum becomes increasingly dense. Many fundamental electron
cyclotron modes have lower starting currents than second harmonic modes and can
more efficiently couple to the electron beam, therefore it is critical that the second
harmonic design mode must be sufficiently free from such fundamental modes, as well
as other second harmonic modes.

Through meticulous design we can ensure that there is a gap in the frequency
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spectrum in which the design mode can be situated. First, recall that for a gyrotron
operating near cutoff (k, > k) the frequency of a TE,,, mode can be approximated
by

~ Hmp (4.1)
27y

Second, from the resonance condition in (2.17), we find that v, ~ %l/mpg, where the
subscripts 1 and 2 denote the fundamental and second harmonic modes, respectively.
From (4.1), it follows that gaps in the frequency spectrum are a direct result of the
spacing of the TE mode indices, v4,,,. To avoid competition from fundamental modes,
we must choose a second harmonic mode where half of the value of its index, %vm,ﬁ,
is located in a sizable gap between consecutive fundamental mode indices (Vmp1)-

From inspection of the mode spectrum in Fig. 4-3, the TEyg second harmonic
design mode is bounded from the left and right by the fundamental TEg; and TEq 3
modes. The gap in mode indices where the second harmonic design mode is located
linearly translates into a region in the magnetic field where our mode can be excited
without competition from the fundamental, since the frequency given in (4.1) is pro-
portional to the cavity magnetic field. In addition, it can be seen from the coupling
impedance of the modes in Fig. 4-4 that a beam radius can be chosen such that the
TEg1 mode does not interfere with excitation of the TEq g design mode, and as such
the mode competition can be further diminished.

4.2.2 Start Oscillation Current

Another technique to suppress the fundamental modes comes from lowering the start-
ing currents, or the minimum energy of the electron beam needed to excite the oper-
ating mode.

The ratio of the second electron cyclotron harmonic, I, , to the fundamental

starting current, I, , can be approximated from (2.62) as follows;
2 2
Lo, (LN, 1 Qu.  (Cup)l,

e = L e T w X , 4.2
Iwc (L/A);wc ﬁio Q2wn (Cm,p)2 ( )

2w,

where the subscript w. denotes the fundamental mode quantities and 2w, the second
harmonic. The first term is approximately % since the number of wavelengths in a
cavity of fixed length L is approximately twice as large at second harmonic as at the
fundamental. Due to the low voltage used to accelerate the electrons, the second
term, which incorporates the normalized transverse velocity of the clectrons, is large;
it is about 25 for velocity pitch factor equal to 2 at 12 kV. In practice, this can be
mitigated through a design in which the second harmonic Q is large with respect to
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Figure 4-5: Starting currents at 12 kV and alpha and spread parameters taken from
EGUN simulations (c.f Fig. 4-9). In the case where the alpha from the EGUN
simulation is undefined, an beam alpha of 2.0 and corresponding velocity spread is

used. Solid lines represent second harmonic modes and dotted lines fundamental
modes.

the competing fundamental mode. In this experiment, the value of the third factor
is about 3. The fourth factor is the ratio of beam-wave coupling factor C2,, of the
modes and depends on the beam radius. It is generally greater than unity because the
ufnp term is smaller at the fundamental than at the second harmonic. In summary,
the minimum starting current for the second harmonic modes is generally at least

several times higher than the minimum starting current for the fundamental modes.

In the present design, each factor was optimized. A long cavity profile was chosen
in order to lower both the second harmonic and fundamental start oscillation currents
into a regime where the electron gun is operable. This is discussed further in Section
4.3.3. An operating voltage was chosen for the electron gun where the velocity pitch
factor was maximized (thus reducing the second factor). This is discussed further
in Section 4.3.1. For the third factor, the input and output tapers of the cavity
geometry were optimized, which will be discussed further in Section 4.3.3. Finally,
the radius of the electron beam was designed such that the coupling of the second
harmonic mode was optimized. Working within the limits of the compression of the
electron beam by the magnetic field, the third radial maximum of the TEq mode was
designed to interact with an electron beam of radius 1.03 mm inside the interaction

cavity resonator (c.f. Fig. 4-4). In total, the starting current for the design mode
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Figure 4-6: Theoretical RF efficiency in the 460 GHz gyrotron cavity.

was lowered to 60 mA.

Fig. 4-5 shows a plot of the starting currents of modes in the vicinity of our design
TEo,s mode versus cavity magnetic field, as obtained by linear theory using beam
parameters simulated in EGUN. The starting current depicted for the design mode is
about 60 mA at a cavity magnetic field of 8.4 T. Four fundamental modes shown are
the TEy 2, TEy3, TEg3, and the TEs 3 and the remaining modes are second harmonic.
The TEq¢ mode is sufficiently far away from the fundamental modes, and the TEg

fundamental mode is absent here due to poor beam coupling.

4.2.3 Ohmic Losses

Ohmic losses increase rapidly with frequency and become a limiting factor for output
power at high frequencies. This can be seen where the diffractive Q is proportional
to the square of the frequency,

L 2
Qdiffractive min = 47 (X) X f2, (43)

and the ohmic @ is proportional to the square root of the frequency,
o m2
Qotmie = 5 (1= 5 ) VT (4.4)
Vi

The RF efficiency of the cavity is given by

Qohmic
Qdiffractive + Qohmic ’

NRF = (4.5)
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Figure 4-7: Photographs of the (a) cathode and (b) anode.

In the design of the 460 GHz cavity in the TEyg; mode, the extracted power is
reduced to 32 % of the generated power due to the ohmic losses in the walls of the
cavity. Figure 4-6 shows the ohmic losses as a function of frequency for the 460 GHz
cavity, where the x’s indicate the fundamental modes and the *’s are the second
harmonic modes.

In order to reduce ohmic losses, the highly overmoded cavities required make
mode competition more severe; the mode density increases as the cavity size becomes
larger. In lowering the start current through lengthening the cavity, we encounter an
elevated diffractive Q. In reality, the cavity design must be a compromise between
several factors.

4.3 Components

4.3.1 Electron Gun

Many gyrotrons employ a thermionic electron gun called the magnetron injection gun
(MIG) to generate a high current annular electron beam. The “M-Type” cathode for
such a gun typically consists of a matrix material (e.g. tungsten) which is impregnated
with rare-earth metals (e.g. barium oxide) and other materials in order to reduce the
effective work function. To further enhance the emission, an overcoating of other
materials such as osmium has been applied, while the exact chemistry is usually
considered proprietary to the manufacturer. When the emitter is heated by an AC
current, some electrons gain sufficient thermal energy to overcome the work function
barrier and are ejected into free space. The cathode is biased to a large negative
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Figure 4-8: (a) Test data on the 460 GHz cathode (Semicon, Model No. BGC-101 S/N
0001969) by J. Tarter [8] (b) Current-voltage data for various cathode temperatures.

voltage relative to the hollow anode, so that the ejected electrons are accelerated
toward the anode. The cathode is intended to operate at about 1,000°C for over
10,000 hours.

The 460 GHz emitter (Semicon, Model No. BGC-101 S/N 0001969) is a standard,
commercial “M-Type” cathode. Photographs of the anode and cathode are shown in
Fig. 4-7. The Semicon cathode test data (c.f. Fig. 4-8(a)) obtained with the cathode
free standing in bell jar, indicate capability of operation at up to a temperature of
1, 200°C corresponding to a filament voltage of approximately 6 V [8]. Degradation of
the heater potting material begins when the filament temperature exceeds 1,650°C.
The temperature may be estimated by using a ratio of hot to cold resistance to
calculate the average filament temperature, where the voltage should be measured as
close to the cathode as possible to avoid introducing an error due to the resistance in
the leads.

The 250 GHz electron gun was briefly studied to determine its operating charac-
teristics in short pulse operation. Figure 4-8(b) shows the transition between space-
charge limited electron emission at lower voltages, and temperature limited emission
at higher voltages. It confirms that we operate in the temperature limited regime.

The low voltage, diode-type electron gun employed in this experiment features an
electrode design which is modeled after the gun employed in a successful 250 GHz
gyrotron experiment [40]. The low operating voltage of less than 15 kV eliminates
the need for cumbersome oil cooling and high voltage insulation and reduces the
possibility that ionizing radiation will be produced. In addition, the low gun voltage
allowed us to use a small ceramic so that the diameter of the gun can fit through the
magnet bore. In practice, the electron beam parameters such as the velocity pitch
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Figure 4-9: (a) Velocity pitch factor and (b) transverse velocity spread for the low-
voltage, diode-type gun used in the 460 GHz gyrotron experiment. Each curve is
derived from EGUN simulations of the gun geometry conducted as a function of
voltage and magnetic field.

factor and velocity spread can be experimentally tuned by an electromagnet shim
coil situated around the electron gun through changing the magnetic compression,
the ratio of axial magnetic field at the cavity and cathode. Also known as the “gun
coil”, it reaches a maximum magnetic field of 8.5 x 1072 T on axis and serves to fine
tune the electron beam characteristics. The reduced complexity of this gun design
is achieved at the expense of an increased sensitivity of the electron beam velocity
pitch factor and velocity spread to the exact operating parameters. For that reason,
characteristics of the electron gun were studied using the EGUN electron optics and
gun design program [74] and optimized for the intended operating regime. Figure 4-
10(b) depicts a typical simulation of the trajectories followed by electrons accelerated
by a 12 kV potential in a gently tapered magnetic field reaching a maximum of 8.4
T in the cavity. A closer view of the electron gun region is shown in Fig. 4-10(a).
The transverse rms velocity spread and beam o (c.f Fig. 4-11) reach 4 % and
2, respectively, in the region of the cavity for the design parameters optimized for
second harmonic operation. For operating parameters corresponding to excitation
of fundamental modes observed in this experiment, EGUN simulations predict large
variations in the velocity spread and velocity pitch ratio with changes in the beam
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Figure 4-10: Simulation of the evolution of the transverse and axial velocities of
the electrons accelerated at 12 kV in the 460 GHz gyrotron experiment using the
EGUN electron optics and gun design program. The simulation includes the electron
trajectories, equipotential lines, cathode and anode geometries, and 8.4 T applied
magnetic field of the gun region.
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Figure 4-11: (a) Transverse (solid line) and longitudinal (dashed line) electron beam
velocity and transverse spread (dotted line) and (b) electron beam velocity pitch
factor predictions by EGUN.

voltage and the magnetic field. The results of an EGUN study of this gun over a
broader range of operating voltages and magnetic fields are shown in Figure 4-9(a)
and (b).

High voltage power supply

A custom high voltage power supply was commissioned from the Spellman High Volt-
age Electronics Corporation to generate 25 kV and 200 mA with continuous duty.
Model DF25N3X3177 was built in accordance with standard catalog specifications of
a Spellman Model DF3 with several MIT modifications [100]. The power supply, orig-
inally developed for X-ray tube applications, provides stable, low ripple voltage and
current outputs with long term stability of less than 0.01% over 8 hours. To generate
high voltage DC, the power supply utilizes a sine wave current source, produced by
phase shifting series resonant circuits at switching frequencies greater than 20 kHz
and incorporates IGBTs for power switching. The power supply specifications are 25
kV and 192 mA maximum, with the total power limited to 3 kW. The filament supply
is configured to operated as a regulated programmable separate power supply, with
maximum operating parameters of 5 A and 6 V, and accuracy and linearity of £5%
or better from 25% to 100% of rated current. The high voltage is of negative polarity
and the filament circuit is referenced to the cathode high voltage potential (floating
filament). The power supply is locally controllable via front panel potentiometers for
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Figure 4-12: Millisecond pulse tests of the Spellman high voltage power supply over
a 700 k(2 resistive load. The red waveforms indicate the high voltage response and
the blue lines are the driving pulse shape for pulses of length (a) 5 ms, (b) 20 ms, (c)
100 ms, and (d) 20 ms.

the filament current, DC high voltage, and power limit, but can also be controlled r
emotely via RS-232 or a DB50 analog connector. For reasons known to the manufac-
turer, the “milliamperes” front panel control knob has been internally reconnected to
control the filament current, while the “filament amperes” control knob has no func-
tion. Further documentation is available in both the DF3 instructional and RS-232
manuals.

While designed for CW operation, the power supply is capable of crude operation
in pulses of at least several milliseconds in length. In Fig. 4-12, we demonstrate
several tests for pulses of 5 through 100 ms using a resistive load at 5-16 kV as
measured with a high voltage probe. A resistive load of 700 k2 was selected to
model the nominal electron gun operating parameters of 12 kV and a few tens of
milliamperes. In Fig. 4-12(a), for a driving pulse of length 10 ms, the rise time to 12
kV is approximately 2.5 ms and the fall time approximately 12 ms, leaving a minimum
useable pulse length of approximately 5 ms. For each case there is a voltage overshoot
whose amplitude depends on the final pulse amplitude. In addition, on the pulses
above 12 kV in Figs. 4-12(a)—(c), the high voltage signal never reaches a steady-state
value, which is in contrast to the performance at 5 kV in Fig. 4-12(d). Unfortunately,
when the multi-millisecond high voltage pulses were applied to the electron gun of
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Figure 4-13: Comparison of measured axial field profile (x’s) to Cryomagnetics (solid
line) magnetic field profile.

the 460 GHz gyrotron at high beam current, the noise and RFI on all signal lines
rendered the system inoperable.

4.3.2 Magnet System

The characteristics of the magnetic field along the electron trajectories from where
they are emitted at the electron gun, through the cavity resonator, to where they
are intercepted in the collector region are critical to the operation of a gyrotron.
The peak magnetic field occurs in the cavity resonator region, where the field must
be homogeneous, however not to the strict requirements of an NMR magnet. The
axial magnetic field must fall off to a specified fraction of its maximum intensity in
a prescribed manner in the direction of the electron gun. The transverse component
of the magnetic field must be minimized in order to ensure good electron transport
from the electron gun to the cavity with minimal degradation of the electron beam

quality.

The magnet system of the 460 GHz gyrotron consists of a 9.2 T superconducting
solenoid (Cryomagnetics, Inc.) to generate the main field and an 850 x 102 T solenoid
(Ogallala Electronics, Model No. 41C2444-2) to tune the electron characteristics in

the gun region.
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Figure 4-14: Superconducting magnet drawings, designed by Cryomagnetics, Inc. [9].
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Superconducting magnet

Superconducting magnet technology is one limiting factor in high frequency gyrotron
design. At fields up to 10 T, magnets with wide room temperature bores commonly
employ the NbTi superconducting technology. From 10 T to 22 T (corresponding
to a fundamental electron cyclotron frequency from 280 to 616 GHz), the often pro-
hibitively expensive and brittle Nb3Sn superconducting wire technology is employed.
Resistive DC Bitter magnets, consisting of copper “Bitter” plates conceived by Fran-
cis Bitter, are currently available up to 33 T, while hybrid magnets, combining Bitter
and superconducting technology up to 45 T, though both types are mainly experi-
mental devices. A frequency of 328 GHz was generated by a gyrotron using a 14 T
Bitter magnet [101]. Pulsed magnets can generate fields even higher, and up to 30 T
have been generated synchronously with pulsed gyrotron operation [29].

Magnet limitations can be lessened by operating the gyrotron at a harmonic of
electron cyclotron resonance, for which the n'" harmonic will deliver n times the
fundamental frequency for a given magnetic field. While the harmonic interaction is
nearly as efficient as the fundamental interaction in theory, less power is extracted
from the cavity due to elevated ohmic losses, which increase with the frequency.
Harmonic operation also suffers from the additional complication of mode competition
and requires much higher beam currents in order to initiate oscillation. In our case,
the magnet limitation has been alleviated by operating the gyrotron at a harmonic
of electron cyclotron resonance; with an operating field of less than 9 T, the magnet
coil can be wound from NbTi wire, which will reduce the cost.

Figure 4-14 is a schematic of the superconducting magnet, designed by Cryo-
magnetics, Inc. [9], which was used in the 460 GHz gyrotron experiment. The
room-temperature bore of the magnet is vertical, and has a diameter of 7.62 cm. In
addition, there is a horizontal cross-bore with a diameter of 6.35 cm through which
the RF power is extracted from the gyrotron. This horizontal cross-bore is less than
99 c¢m above the floor. The magnet has a maximum magnetic field of 9.2 T for 4.2
K (liquid helium) operation, with a sufficient margin for 8.4 T design operation, and
can be charged to full field in either direction. The homogeneity of the axial field at
the center of the magnet coil, for a cylindrical volume with a length of 2.0 cm and a
diameter of 1.0 cm, is between 0.3-0.6 %. A field in excess of the design homogeneity
is not desirable because it can lead to spurious RF oscillations in the gyrotron which
can disrupt operation.

The dependence of the axial magnetic field on axial distance between the cavity
and the cathode is of critical importance for the design of gyrotrons. Figure 4-13 is
a comparison of the measured axial field profilc (x’s) to Cryomagnetics (solid line)
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Table 4.3: Specifications of the gyrotron magnet

Maximum magnetic field 92T
Operating magnetic field 84T
Warm bore diameter 7.62 cm
Cross bore diameter 6.35 cm
Homogeneity in center on axis < 0.6 % over 2 cm
Field at gun (z=34 cm) 034 T
Maximum field decay 1 ppm/hr
Bore axis tilt wrt. magnetic axis < 0.3°
Bore axis offset wrt. magnetic axis < 0.1 em
Minimum helium refill 28 days
Minimum nitrogen refill 7 days

magnetic field profile. They overlap identically. The cathode is located at the position
where the magnetic field has been reduced by a factor of 28 from the peak magnetic
field. This occurs at an axial distance of approximately 35 cm below the center of
the coil.

The compact dewar has sufficient capacity to allow an interval between liquid
helium refills of four weeks and nitrogen refill interval of one week. Liquid nitrogen is
used to cool the outer jacket and shields. The liquid helium loss rate in persistence
mode is less than 0.03 L/hour, corresponding to a four week refill interval.

The gyrotron is typically operated in persistence mode operation, with the leads
removed. The gyrotron magnet remains in persistence mode even when not in opera-
tlon due to its proximity to several high homogeneity NMR magnets, whose fields are
weakly coupled, and a change in field will adversely affect the NMR spectrometer.
The magnet decay rate in persistence mode was specified to the vendor (Cryomag-
netics, Inc.) to be less than 1 ppm/hr. Due to the narrow width of the second
harmonic design mode, a drift of 0.02 T by the superconducting magnet will remove
the gyrotron from excitation range. At the specified drift rate, this will occur in three

months.

The superconducting magnet system includes several auxiliary components: re-
movable power leads, a persistence switch, a vacuum-jacketed helium transfer line,
a removable liquid nitrogen level sensor, and several sensors internal to the magnet;:
two helium level sensors and three cryothermometers: one each on the inner and outer
cryo-shields, and on the magnet itself. Electronic displays of the level (Cryomagnetics,
Inc., Model No. LM-500) and temperature (Cryomagnetics, Inc., Model No. TM-600)
readings from these sensors are located in the instrument control rack. The power
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supply (Cryomagnetics, Inc., Model No. CS-4-100), temperature and level monitors
are capable of computer control by National Instruments LabVIEW software.

Gun coil

A room-temperature auxiliary coil (the “gun coil”) is mounted on the lower side of
the dewar, concentric with the magnetic axis of the solenoid. The gun coil is centered
on the electron gun cathode and is capable of producing a field of 8.5 x 1072 T in
either an aiding or opposing direction to the main magnetic field direction.

The dewar wall of the superconducting magnet and tapped holes must be me-
chanically strong enough to withstand the maximum forces between the 9.2 T super-
conducting coil and the gun coil. The force between the magnets can be calculated
by approximating the superconducting coil as a dipole. The maximum magnetic field
in the center of the superconducting magnet (at z = 0) is 9.2 T. The magnetic field
at the center of the gun coil (or the cathode) (z = 34.94 cm) is approximately

a\ 3
B,—34.94cm = (;) By =023T (46)

where a (= 10.3 cm) is the effective radius of the dipole approximated by the super-

conducting coils. The gradient is given by

B 3a® T

The force per unit volume on the gun coil is [102]

dB N
F=m— = 136,634 — (4.8)

where the magnetic dipole moment m is

~ maximum gun coil field 0.085 T
e o © 4r x 1007 H/m’

(4.9)

The gun coil volume volume is approximately 2.75 x 1073 m3, yielding a total force
of 375 N or 84 lb.

NMR magnet

A 16.4 T, high-resolution, Magnex Scientific superconducting magnet is the key com-
ponent of a 700 MHz NMR spectrometer. The fringe field of the NMR magnet can
adversely affect the sensitive magnetic field at the gyrotron gun in the case of ex-
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700/89-4463

Figure 4-15: Fringe-field plot for the 700 MHz/89 mm superconducting NMR magnet
system (Magnex Scientific, Model No. 700/89-4463) [10].

cessive proximity of the gyrotron and NMR magnets, as has been observed with the
250 GHz gyrotron and 380 MHz NMR spectrometer. A simple solution for the 460
GHz gyrotron system is to situate the gyrotron magnet sufficiently far from the NMR
magnet. From the fringe-field plot for the 700 MHz superconducting NMR magnet
with 89 mm bore in Fig. 4-15, this distance is greater than 6 meters laterally. This
will necessitate a lengthened transmission line, however no additional losses should

be incurred with an extra length of corrugated waveguide.

4.3.3 Interaction Structure

The resonant gyrotron interaction structure is a tapered cavity that was optimized for
the TEq 6,1 second harmonic eigenmode at 460 GHz using a cold cavity (electron beam
absent) simulation code described in Chapter 2. Figure 4-16(a) is a cross-sectional
schematic of the tapered cavity, consisting of a straight section of length 20.5 mm
and circular cross-section of radius 2.03 mm joined to a linearly uptapered section
at three discrete slopes at the exit (0.25, 0.56, and 1.3°) and a linearly downtapered
section at the entrance of 4.7°, showing the axial profile of the design mode. A long
cavity design was utilized in order to lower the starting current below 100 mA. Shallow
output tapers were utilized in order to lower the diffractive Q. Mode conversion in the
input taper was not detected by simulation. The gyrotron cavity was electroformed
from oxygen-free (OFC) copper using an aluminum mandrel precision machined to a

5 pm tolerance and 0.2 pm finish. The cavity, uptapers, and connecting waveguide
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Figure 4-16: (a) Cross-sectional schematic of the cylindrical 460 GHz gyrotron cavity
with the axial radiation field profile for the second harmonic TEq¢; resonator mode.
(b) Intensity pattern of the TEqg design mode.

Table 4.4: Cavity design and fabrication dimensions

Cavity radius
Design 2.035 mm

Fabricated 2.045 mm

Measured 2.041 mm

can be seen in Fig. 4-17. The length of the constant radius section of the cavity is
approximately 2 cm.

From the results of the short pulse experiments, we are able to calculate a cavity
radius of 2.041 mm to obtain the best fit to the data. This value is 0.3% larger than
the design value of 2.035 mm and the difference is within the manufacturing accuracy
of the cavity. The cavity design and fabrication dimensions are listed in Table 4.4.

4.3.4 Quasi-Optical Mode Converter

The first element in the quasi-optical transmission line is a quasi-optical antenna.
Located internal to the gyrotron and colinear to the cross-bore of the superconduct-
ing magnet, its function is to efficiently convert the operating TEgg mode waveguide
radiation into a freespace Gaussian beam which will then be transmitted out of the
vacuum tube to the DNP probe through a transmission line, likely a corrugated
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Figure 4-17: Photograph of the cavity, waveguide, and internal quasi-optical mode
converter (launcher, focusing mirror, and steering mirror). The ruler is set at 2
cm and its position approximately corresponds to the location of the electroformed
interaction cavity.

(@) (b)

Figure 4-18: Schematic of the quasi-optical internal mode converter showing calcu-
lated design parameters (a) side view (b) front view, adapted from [11].
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Table 4.5: Quasi-optical mode converter parameters

Brillouin angle 85 39.8°
Waveguide radius ryg | 3.18 mm
Focal length f, 3.87 mm

waveguide supporting the HE; ; quasi-Gaussian mode. The quasi-optical mode con-
verter consists of a circular waveguide with a step-cut, a cylindrical focusing mirror,
and a flat reflecting mirror. These components can be seen in the right of Fig. 4-17.

The quasi-optical mode converter, in conjunction with the cross-bore of the su-
perconducting magnet, creates a compact unit by separating the electron beam from
the microwave beam internal to the gyrotron. This in turn increases the vacuum
pumping conductance and reduces the ohmic losses in the output waveguide.

The principles of operation are depicted in Fig. 4-18. The waveguide launcher
[103] converts the gyrotron output into a linearly polarized beam. Using geometrical
optics, the Brillouin angle 65 is determined by
ki Vmp.

sinfg = —

= 4.1
k kT (4.10)

where 7,,, is the waveguide radius, vmp (= vg¢) is the mode index, and kL (= Vimp/Twg)
is the transverse propagation constant of the TE,, ,, wave. Lg (= 2acotfp) is the
length of the step cut. The parabolic reflector molds the beam into a Gaussian shape,
and the steering mirror directs the beam through the gyrotron output window out
the center of the cross bore of the superconducting magnet. The mode converter was
optimized for efficiency and space, such that it fits inside the bore of the magnet and
is outside the electron beam radius. Table 4.5 details several key parameters of the
quasi-optical mode converter. The mode converter is approximately 80% efficient.

4.3.5 Vacuum System

In order to improve the operating reliability of the gyrotron, the gyrotron vacuum
tube was designed in a demountable configuration; that is, the tube can be assembled
external to the superconducting magnet and inserted or removed from the magnet
bore. This feature, made possible by the low voltage electron gun, allows us to process
the tube outside of the magnet at much higher temperatures using a bakeout furnace.
This method, used by vacuum tube manufacturers for their high-average power tubes,

will result in a much lower base pressure and better operation. Another key feature
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Figure 4-19: Transmission of second harmonic and fundamental modes through 1.9990
mm (a) and 1.9736 mm (b) thick Corning 7980 fused silica gyrotron windows.

of the vacuum system is the separation of the electron beam from the rf beam by
the internal mode converter. Due to the separation of beams, a pipe of larger cross-
section can be used to connect the vacuum pumps to the tube (in place of a narrow

waveguide), thereby increasing the vacuum conductance.

4.3.6 Vacuum Output Window

Corning 7980 Fused Silica was chosen as the material for the gyrotron output win-
dow due to its wide bandwidth, at a refractive index of approximately 1.956, at the
frequencies of interest [104]. Two sets of windows were designed for the gyrotron
based upon the premise that partial reflection of the second harmonic mode and to-
tal transmission of the fundamental mode may be desirable, in addition to complete
transmission of the harmonic mode. In the case of partial reflection of the second har-
monic mode, the window reflectivity would cause the @ of the resonator to increase
thereby decreasing its start oscillation current. Similarly, if the competing fundamen-
tal mode were to have zero reflection, its @) would be unaffected. Thus, the first set
of windows is matched to the second harmonic mode at 460 GHz and the second set
of windows is matched to transmit the competing fundamental mode near 233 GHz
(TEy3), as shown in Fig. 4-19. The thicknesses were chosen by modeling the windows

as Fabry-Perot interferometers, with frequency-dependent power transmission, given

by [105]
B 4R ., (2rnd\]7}
T= 11+ 1= Rye sin (—/\W)} , (4.11)
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Figure 4-20: Photograph of the window through the cross-bore of the superconducting
magnet. The mode converter is visible.

where R (= (n—1)%/(n+1)?) is the reflection coefficient, n is the index of refraction,
d is the thickness of the window, and A (= ¢/nf) is the wavelength in the window

medium.

The gyrotron windows were manufactured by Computer Optics, Inc. with specifi-
cations of 3.175+0.0127 cm in diameter, thickness of 1.9990 and 1.9736+0.0127 mm,
1 mrad parallelism, and 5 )\ flatness at 633 nm. The window of thickness 1.9990 mm
was installed on the gyrotron for the present experiments, allowing nearly complete
transmission of the second harmonic design mode, shown in Fig. 4-19(a). A photo-
graph of the window is visible through the cross-bore of the superconducting magnet
in Fig. 4-20.

4.3.7 Collector

Under the assumption that in certain situations no RF power will be generated in the
cavity, the collector was designed to withstand several kilowatts of the full CW beam
power. A schematic of the collector and the cooling circuit is located in Fig. 4-21.
For heat removal by flowing water, the fundamental equation relating P, the power
removed in Watts (W), to the volume flow rate @ in gallons per minute (gpm), and
the temperature rise in the water AT in Kelvin (K) is

0.0038P
Q
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Figure 4-21: Schematic of the collector including the electron beam and water cooling
circuit.

For the power removal P of 1 kW and volume flow rate @) of 2 gpm, the temperature
rise AT is 1.9 K. This treatment assumes that the entire beam energy is converted
into thermal energy which is an upper bound since the beam energy should only
become heat as the resistance of the copper of the collector.

Heat transfers across the boundaries of a system when there is a temperature
difference between the system and surroundings. In this case, the copper in the
collector adjacent to the cooling water is held at the temperature of the water, while
the copper being heated by the electron beam is at a different temperature. The
temperature differential over the collector wall can be calculated using Fourier’s Law,

kAT

7 (4.13)

q

where L is the thickness of the collector wall, k is the thermal conductivity of copper,
and q is the power density. Solving for the temperature differential AT, we find

AT = %f—‘ (4.14)
W w o\

= 47.04 oz X 0.2794 cm x (4 p— K) (4.15)

= 3.28K, (4.16)

where the L (= 0.2794 cm) is the thickness of collector wall, k (= 4 W/(cm K)) is the
thermal conductivity of copper, and ¢ (= 47.04 W/cm2) is the power density. The
area over which the 1 kW incident electron beam impacts the collector is calculated
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by propagating the beam thickness of the cathode adiabatically to the collector. The
area of interception at the collector is calculated as 21.26 cm?.

4.4 Control System

A control system has been implemented on the 460 GHz gyrotron [106], modeled
after the 250 GHz gyrotron control system [92], using the LabVIEW software package
combined with hardware interlocks. Software controls are a necessity in the long-term
operation of a gyrotron without continuous user intervention. The 250 GHz gyrotron
has operated under complete computer control for over 10 days [92]. The control
system described in this section is for the 460 GHz gyrotron.

4.4.1 Software

LabVIEW is a graphical programming language that relies upon a graphical user
interface environment to program via icons instead of text-based code in order to
develop hardware oriented applications. A LabVIEW program is called a “virtual
instrument” (or VI) and consists of a front panel and block diagram. The front panel
is the graphical user interface with which the user interacts. The block diagram is
the code assembled using graphical representations of functions and is invisible to the
user while the program is executing much in the same way that a text-based code is
also invisible during execution.

The 460 GHz gyrotron control code contains two main virtual instruments which
are accessible to the user and several sub-VI’s which are accessible only by the main
VI’s. The first main VI uses event-driven programming to control the parameters
of the experiment. An event is an asynchronous notification of an occurrence. In
contrast to a procedural program which executes in a sequential predetermined order,
the order in which an event-driven program executes depends upon which events occur
and the order in which they occur. Using events can significantly reduce the CPU
requirements of the program. The second main VI is a procedural program which
monitors the acquired signals while also providing an option to control the microwave
output via a PID controller.

The front panel of the gyrotron controls is shown in Fig. 4-22. The event driven
control VI in Fig. 4-22(a) consists of six events. The six events allow the user to set
the high voltage, filament current, and gun coil current within prescribed limits. In
addition, they provide software limits on the pressure, high voltage, beam current,

collector current, body current, and gun coil. The current and pressure limits can be
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Figure 4-22: Front panel of the LabVIEW control system. (a) Event driven control
(b) Signal monitoring and PID feedback control.
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set on the front panel while the high voltage and gun coil limits are soft-wired in the
block diagram. Event 0 stops the execution of the gyrotron controls when the “Stop”
button is depressed. Event 1 allows the user to set the high voltage. Event 2 sets the
high voltage to zero when the “Zero HV” button is pushed. Event 3 stops the high
voltage if the pressure, body current, collector current, or Spellman current exceed
the indicated limits. Event 4 allows the user to set the filament current value. Event
5 allows the user to set the gun coil current value.

The interface for the monitoring/PID VI is shown in Fig. 4-22(b). In this VI, three
frames are executed sequentially. The first frame is responsible for gathering all of
the analog signals from the DAQ or directly from each device and to plot them on the
front panel as either a graph or digital indicator. The signals acquired from the DAQ
are sent through a low-pass sixth order Butterworth filter with an infinite impulse
response (IIR) and cutoff at 50 Hz. These signals include the high voltage, heater
current, Spellman current, collector current, body current, forward diode, reflected
diode, temperatures, and flows. Signals acquired directly from the device via RS-
232 or GPIB include the pressure signals and gun coil signals. The following signal
parameters are then written to a file: time, cavity temperature, collector temperature,
gun coil temperature, cavity flow, collector flow, gun coil flow, high voltage, filament
current, Spellman current, collector current, body current, forward diode, reflected
diode, ion pump voltage, ion pump current, pressure, calculated pressure, and gun
coil current. The calculated pressure is derived from (3.4). Values for the pressure,
body current, collector current, and supply current are also passed from this VI to

the event-driven VI for use as software limits.

The second frame contains a PID controller which controls the filament current
value based on real-time feedback from the microwave output. The controller can be
either enabled or disabled from the front panel. While disabled, the frame provides
no function and is skipped, however when enabled it can make changes to the fila-
ment current in addition to changes which can be made in the event driven virtual
instrument. The PID controller, also known as “Proportional, Integral, and Deriva-
tive Control” is a second order controller with proportional, integral, and derivative
action [107]. The proportional action provides a contribution based on the instanta-
neous value of the control error, the integral action provides a contribution that is
proportional to the accumulated error, and the derivative action provides a contri-
bution based on the rate of change of the control error. Using this controller, the
microwave output has been held stable to 0.4% over a period of an hour (c.f. Sec.
5.2.9).

The third frame provides a 100 ms delay whose purpose is so that the hardware
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does not overtax itself by trying to be accessed too frequently or concurrently.

4.4.2 Interlocks

The hardware components for the control system are discussed elsewhere in this
document. In addition to the software component there is an interlock system to
ensure that the system is not operated in an uncontrolled manner to prevent damage
to both the user and the equipment. Hardware interlocks on the high voltage power
supply include those from the ion pump power supplies preventing over pressure
operation and from the flowmeters preventing operation without cavity, gun coil, or
collector water flow. If a trip condition occurs, the high voltage power supply is set in
a mode where both the filament and high voltage are set to zero. The power supply
must be explicitly reset to continue operation.

In addition to the hardware interlocks there are software interlocks integrated
into the control system. These interlocks prevent over setpoint beam current and
over setpoint pressure operation. In a trip condition, the high voltage is set to zero
and the filament current remains unchanged. The values of the software interlocks
should be set such that they will be tripped in advance of the hardware interlocks since
the heater is brittle and can be easily damaged by abrupt changes in temperature.
There are also out-of-bounds protection on all of the hardware values that can be
set using the software control system. In such a case, if the user attempts to set a
value greater than the maximum allowed value to any of the high voltage, filament
current, or gun coil current, then the maximum or minimum value will instead be set
depending on whether it is over or undervalued.

4.5 Discussion

The structural basis of the 460 GHz gyrotron design presented is a 250 GHz gyrotron
by Kreischer et al. [40]. The important changes lie in the scientific realm, including
the operating mode, cavity, mode converter, and a higher axial magnetic field. The
main feature/challenge of the design presented is the potential to operate at the
second harmonic of the cyclotron frequency. Second harmonic design requires careful
analysis in the areas of mode competition, starting current, and ohmic losses.

The choice of operating point was heavily weighted by the experimental require-
ments of sensitivity-enhanced NMR by dynamic nuclear polarization. The necessary
stability has been achieved through design and with a computerized control system.

The important engineering features of the the gyrotron include the cross-bore of
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the superconducting magnet, where extraction of the rf power has been separated
from the electron beam by an internal quasi-optical mode converter. This feature
also allows for increased vacuum pumping conductance. The low voltage electron
gun is another important feature which removes the need for oil cooling and enables
the tube to be demountable and thus to bake at a higher temperature.

A second harmonic design allowed for the use of a magnet with half the field of
a fundamental design. Because of this economic decision, several challenging second
harmonic physics issues were considered in the design. The three principal second har-
monic challenges overcome in the design were high ohmic losses, high start currents,
and mode competition. While the use of a low voltage was an important engineer-
ing advantage, it generated physics challenges since the efficiency of the gyrotron is

reduced at low beam power and even more severely reduced for the second harmonic.
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Chapter 5

460 GHz Second Harmonic

Experiments

5.1 Short Pulse Experiment [1]

The gyrotron was initially operated with short pulses with duration of 1-3 s with
repetition rate of approximately once per second. In this configuration, we were able
to measure the emission characteristics of the gun and to align the electron beam
within the tube. The low duty cycle allowed us to study the physics of the microwave
generation in the gyrotron while avoiding potential damage due to beam interception
or RF heating of internal components. The results of the short pulse experiment have
been discussed in [1].

An existing modulator capable of over 100 kV and 1.2 A provided the power to
the electron gun in the short pulse tests. Once the electron gun was activated, it
produced over 100 mA of current with about 10 watts of input heater power. The
optimal electron beam propagation path was determined by translating the position

Table 5.1: Short pulse experimental operating parameters

Experimental parameters Min. Max.
Pulse length (us) 1 3
Repetition rate (Hz) 1 33
Beam voltage (kV) 0 15
Beam current (mA) 0 160

Main magnetic field 5.6 9.2
A cathode magnetic field (T) —8.5x 1072 8.5 x 1072
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Figure 5-1: Voltage, diode voltage, collector current, and body current traces of the
TEs 6,1 second harmonic mode at 12.5 kV, 100 mA, and 8.34 T.
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of the tube in the dimension transverse to the main bore of the magnet. A final
position was chosen that maximized the RF power at the second harmonic and also
resulted in 100% beam transmission to the collector, that is, zero interception in the
body.

A parametric study was conducted to determine the operating parameters of the
second harmonic design mode and of the fundamental and second harmonic modes in
its vicinity. To this end, operating parameters including the cavity and gun magnetic
fields, beam current, and voltage were varied to map out the operating characteristics
of the modes. The electron beam voltage and current were varied up to 15 kV and
160 mA while the main magnetic field was varied up to 9.2 T and the gun magnet up
to £8.5 x 1072 T with respect to the cathode field. The experimental parameters are
summarized in Table 5.1. Unless otherwise specified, all measurements were taken
at the end of a 2 m long copper waveguide of 2.54 ¢m inner diameter, which couples
directly to the output window.

Figure 5-1 shows an example of typical oscilloscope traces of the electron beam
voltage, RF signal, collector current, and body current for the experiment. In this
case we show the second harmonic TEyg; mode. The noise and distortions to the
pulse shape are due to power supply ripple and the transient response of connecting
cables. A small droop in the voltage pulse causes a small corresponding droop in the

microwave pulse.

5.1.1 Mode Map

A mode map was generated to chart the regions of parameter space in which the
modes in the vicinity of the TEqg design mode can be excited (c.f Fig. 5-2). Since
the design mode is of relatively low order, the modes are spaced apart and there
are few possibilities of simultaneously excited modes in the present gyrotron. Most
possibilities of excitation of multiple modes at a fixed magnetic field involve changing
the beam voltage and compression or during the rising or falling edge of the voltage
pulse. In fact, in the region of interest, there are only two possible second harmonic
modes, the TE;¢ and TEqg, and one competing fundamental mode, the TEy 3. For
the present mode map, we have varied three main parameters, the main magnetic
field, the beam voltage, and the cathode magnetic field, to determine the operational
limits of each mode. The cavity magnetic field is an obvious parameter choice be-
cause the electron cyclotron frequency is directly proportional to it in addition to the
proportionality of the detuning parameter. The cathode magnetic field, adjustable
through varying the gun coil, affects the magnetic compression which changes the
beam radius. Finally, in Fig. 4-9, we see that the electron beam parameters, namely
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Figure 5-2: Mode map for the design mode and nearby competing fundamental TEq 3

mode for beam voltage and cavity magnetic field at 100 mA. The gun coil has been
optimized for each point.
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the beam alpha and transverse velocity spread, are extremely sensitive to the beam
voltage and cavity and gun magnetic fields.

Figure 5-2 shows the optimum power curves of the TE,g and TEq g second har-
monic modes, which have narrow regions of voltage excitation at a fixed main mag-
netic field around 1 kV. At the higher magnetic fields for the TEq ¢ regime of excitation
in short pulse operation, the TE, 3 fundamental mode is excited on the rising and
falling edges of the pulse thereby saturating the second harmonic signal. This places
an upper limit on the detection of the TEq g mode at high magnetic fields. The com-
plete region of excitation of the fundamental TE;3 mode, over several kilovolts, is
shown. For increasing magnetic field, each of the modes presented follows a path of
increasing voltage, such that the lowest field point of a mode is also the lowest voltage
point. The mode map is similar to the starting current map which determines other
facets of the parameter space.

5.1.2 Start Oscillation Current

The starting current curves for all modes experimentally observed are shown in Fig. 5-
3(a). Five fundamental modes are depicted with open shapes ranging in frequency
from 157 to 246 GHz and two second harmonic modes near 460 GHz are shown with
filled shapes. Data in each mode were collected at the unique voltage which was
optimal for its excitation; these conditions are labeled in Fig. 5-3(a). The theoretical
intensity patterns of the fundamental modes observed in the experiment are shown
in Fig. 5-4.

We have observed two second harmonic modes in these experiments, the TEg g
and TEqg,1, for which theoretically predicted and experimentally measured starting
currents show good agreement (Figure 5-5). The starting current curves for the two
second harmonic modes experimentally observed, the TE; ¢ and TEqg, are shown in
Fig. 5-5 and are respresented by points. The data were collected at 13.1 kV with both
a video detector diode and the frequency measurement system described in Sections
3.1.4 and 3.1.1 to ensure the proper mode.

With the linear theory previously described in Chapter 2, we can proceed to ana-
lyze the start current data. In all cases, we use the beam parameters that were derived
from EGUN simulations. For each mode, we have also calculated the theoretical mag-
netic field which minimizes the start current and compared it to experiment. In Table
5.2, the experimental start current values of seven observed modes are compared with
values calculated from [19] using beam parameters from Fig. 4-9, diffractive @ from
cold cavity theory, and all other values from experiment. The agreement is good, and
discrepancies might be explained by the uncertainties in the beam alpha, diffractive
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Figure 5-3: (a) Summary of experimental starting current data (b) measured fre-
quency vs. magnetic field recorded for resonant cavity modes from 5.6 to 9.2 T and
up to 15 kV and 160 mA. Open symbols denote fundamental modes and filled-in
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Figure 5-4: Intensity patterns of the (a) TEs», (b) TE42, (¢) TEs3, (d) TEqg3, and
(e) TEs 2 fundamental waveguide modes.
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Figure 5-5: Second harmonic TEy ¢ and TEq g1 start oscillation current data (points)
compared with linear theory (solid lines) at 13.1 kV.

Table 5.2: Minimum start current, and magnetic field and frequency for minimum
starting current of ¢ = 1 modes from linear theory [19] using EGUN calculated

parameters of Fig. 4-9(a) and (b) vs. experiment

Experiment Theory

TEnpq | Bo I f By I f

(T) (mA) (GHz) | (T) (mA) (GHz)
TEz21 | 5.747 4 156.90 | 5.746 4 156.89
TE42,1 | 7.933 2 217.10 | 7.926 4 217.09
TEq61 | 8.346 58  456.15 | 8.345 58  456.15
TEpe1 | 8388 67 45856 | 8390 67  458.56
TEy3; | 8454 18  233.15| 8433 27 233.15
TEos: | 8625 16  237.91 | 8.605 7 237.92
TEs2, | 8.936 7 246.00 | 8.915 14  246.01
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(a) (b)

Figure 5-6: Intensity patterns of the (a) TEq¢ and (b) TEqe second harmonic waveg-
uide modes.

@, and experimental conditions such as beam radius and alignment.

We are also able to calculate a cavity radius of 2.041 mm to obtain the best fit
to the data. This value is 0.3% larger than the design value of 2.035 mm and the
difference is within the manufacturing accuracy of the cavity.

It is clear that the TE,,,1 modes are excited at the magnetic fields predicted by
linear theory [19]. However, the fundamental modes in the experiment have multiple
local minima which form a continuous manifold of accessible cavity oscillation states,
each one producing monochromatic emission. This phenomenon, which is due to
higher order longitudinal states, will be more fully discussed in Section 5.1.5. In short,
for fundamental modes, the occurrence of overlapping TE, , , (where g is larger than
one) higher order axial modes broadens the magnetic excitation range. Finally, the
very low values of start current observed in the fundamental modes are described by

linear theory.

5.1.3 Second Harmonic

Initial pulsed power measurements of the TEq g (456.15 GHz) second harmonic mode
indicate signal strengths of several watts with 13 kV and 110 mA. The TE;, mode
was found experimentally to be more isolated from fundamental modes than the
TEg61 second harmonic design mode, which was also observed in [108, 109]. Theo-
retical intensity patterns of the TEy and TEqe modes are depicted in Fig. 5-6.
Maps of the efficiency regions of the TE;s and TEge second harmonic modes
were generated for an array of cathode voltages, cathode magnetic fields, and cavity
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Figure 5-7: Efficiency of the TE; ¢ second harmonic mode at 100 mA (a) as a function
of main magnetic field and (b) as a function of voltage.

magnetic fields using the video detector diode described in Sec. 3.1.4. At each
magnetic field, the voltage and cathode magnetic field were varied to achieve an
optimum diode signal. The results are shown in Figs. 5-7 and 5-8 for the efficiency
(in arbitrary units) as a function of cathode voltage, cathode magnetic field, and main
magnetic field, where for each main field there is a corresponding optimum voltage.
The maximum efficiency point for the TE;¢ mode occurs near 12.5 kV and 8.34 T
and near 12.5 kV and 8.39 T for the TEys mode. It is apparent that the optimum
efficiency curve is linear between voltage and magnetic field. Since the cyclotron
frequency is w, (= eB/ym,) where v (= 14 V,/511) is the relativistic factor, and the
cathode voltage V. is in kilovolts, the operating point can be shifted if coordinated
changes are implemented in both the main magnetic field B and the cathode voltage.
The TEy ¢ signal was limited at high magnetic fields due to the excitation of the TEy3
fundamental mode on the rising and falling edge of the pulse which led to saturation
of the detection equipment. The shape of the efficiency curve as a function of voltage
or magnetic field is likely due to the idiosyncrasies of the electron gun (c.f. Fig. 4-9).

Using the frequency system described in Sec. 3.1.1, several measurements were
performed. The frequency pulling of the TEq ¢ and TE» ¢ second harmonic modes with
magnetic field are measured in Fig. 5-9. The second harmonic modes do not tune
by more than 20-30 MHz, which implies that the long-term frequency will be stable
towards drift in the magnetic field. This follows from Fig. 5-5 where we have shown
with linear theory that only the first axial variation of the second harmonic modes
has been excited in this experiment. This is important in the intended application of
this device.

An IF signal of 261 MHz with local oscillator frequency of 25.360 GHz at the
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Figure 5-8: Efficiency of the TEq ¢ second harmonic mode at 100 mA (a) as a function
of main magnetic field and (b) as a function of voltage.

eighteenth harmonic yields an accurate second harmonic TEy¢ frequency of 456.219
GHz at 8.34 T, 12.5 kV, and 100 mA, as shown in Fig. 5-10. The second harmonic
pulsed linewidth is approximately 3 MHz and is limited by the microsecond length of
the rf pulse.

5.1.4 Power in Fundamental TE;3; Mode

Peak power measurements were made during the microsecond pulsed experiment using
both a laser calorimeter and a pyroelectric detector, as described in Section 3.1.2.
Figure 5-11(a) depicts measured peak power data of the fundamental TEq 3, modes
around 238 GHz as a function of beam current and magnetic field. A pyroelectric
detector was used to measure the radiation, and the beam voltage was fixed at 9 kV
with microsecond pulse lengths and a repetition rate of approximately 30 Hz. The
data were confirmed with calorimetric measurements (c.f. Fig. 5-12). Nearly 70 W
of peak power were recorded at 237.9 GHz with an efficiency of over 7%.

In principle, the linear theory fails to completely describe the beam-wave dynamics
in a real gyrotron due to its assumption of a fixed resonator field structure; in an actual
device, the electromagnetic field structure arises due to the interaction of the cavity
modes with the moving electromagnetic sources (electrons) and their self-fields. Thus,
a complete description necessarily involves the simultaneous self-consistent solution of
equations governing the relativistic particle dynamics and the electromagnetic fields.
For the simulations presented here, we have used the non-linear, time-dependent sim-
ulation code MAGY, developed jointly at the University of Maryland and the Naval
Research Laboratory [73]. In MAGY, the resonator transverse fields are expanded
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Figure 5-11: Contour plot of (a) measured peak power data of the fundamental TEq 3,
modes in watts as a function of beam current and magnetic field using a pyroelectric
detector. The electron gun was pulsed for several microseconds at a repetition rate of
approximately 30 Hz with 9 kV. The power level was calibrated using a calorimeter.
(b) MAGY simulated power at experimental conditions.
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Figure 5-12: Power in the TE;3 mode detected by a laser calorimeter at 9 kV, 100
mA, repetition rate 30 Hz, and pulse length 2.8 us. These data were used to calibrate
the pyroelectric detector data shown in Fig. 5-11(a).

in a normal mode basis of waveguide modes, and the axial field structure is solved
self-consistently in the slowly time-varying approximation. In all the simulations pre-
sented here, one or two TE modes were used in the basis. In order to observe steady
state dynamics, all modes were forced to oscillate at the frequencies obtained from
self-consistent simulations in an iterative adjustment procedure which employs the
slope of the field phase evolution as an estimator. The cavity geometry was defined
with an axial grid step of of 9.8 x 1072 ¢m (1041 points), and with half the conduc-
tivity of ideal copper. We have chosen physical parameters to describe the geometry
and thermal properties of the beam. This includes, for all simulations, pitch angle,
velocity spread, guiding center radius and (where applicable) the spread in guiding
center which were obtained from EGUN simulations presented in Figure 4-9(a) and
(b). We have systematically increased the EGUN-derived velocity spread according
to [110] to account for cathode uniformity, thermal variations, and other effects not
explicitly modeled in EGUN. The simulation geometry also involves a slightly tapered
magnetic field derived from experimental measurement of the axial field profile. The
simulation time step was taken to be 50-150 ps, and we ran the code for 200-2,000

iterations to reach a converged steady state solution.

In simulations of the TE;3; fundamental mode, MAGY qualitatively reproduces
the experimentally observed power distribution (Figure 5-11) but predicts much
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Figure 5-13: Mode competition between the TEq3 and parasitic TEy 3 fundamental
modes.

higher power output than was actually observed. The remaining differences might
arise due to higher ohmic losses in the cavity, diffractive and coupling losses in the
quasi-optical mode converter, and reduced coupling to the output waveguide, which

were not studied in detail in this experiment.

Mode competition

In the region of magnetic field where the TE; 3 manifold of higher order axial modes
co-exists with the TEy3; mode, it is difficult to predict on the basis of linear theory
which modes will be excited. MAGY simulations suggest that there is initial mode
competition between the TEg 3, mode (in the form of a backward-propagating wave
oscillation) and the TEg3; mode, but that the TEg3; mode prevails and supresses
the parasitic mode. This is consistent with experimental observation and is shown in
Fig. 5-13.

5.1.5 Broadband Continuous Frequency Tuning

Broadband continuous frequency tuning was observed as a function of magnetic field
for all fundamental modes. A long cavity design was utilized in order to reduce the
start current for the second harmonic, in order to meet excitation criteria for a low
power gun. In addition to lowering the start current for second harmonic modes, the
length of the cavity permits multiple radiation maxima along the axial length of the
cylindrical waveguide resonator to be excited. That is, in addition to the TE, ;1
modes that we expect to excite, there exist a series of TE,, , , modes where the g is
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larger than one. These higher order axial modes can be excited at magnetic fields just
above those where the TE,, , ; modes are reached. The practical consequence of this is
that continuous frequency tuning on the order of several gigahertz has been observed
for each of the fundamental modes excited in this gyrotron. A continuous bandwidth
of 410 MHz around 31.8 GHz has been previously observed using higher order axial
modes, up to ¢ = 5, in a two-stage gyrotron amplifer experiment at the University of
Maryland [111]. Several experiments in electron paramagnetic resonance (EPR) and
dynamic nuclear polarization (DNP) might be dramatically simplified with a tunable
oscillator that exploits this property.

The experimental gyrotron frequency corresponding to magnetic field tuning in
the range 5.6 — 9.2 T is shown in Figure 5-3(b). The frequency was measured using a
heterodyne receiver system described in Sec. 3.1.1. The data were taken concurrently
with the data from Fig. 5-3 (a), in which the beam current was set near the threshold
of oscillation for each mode. Further, the data in each TE,,, mode were taken at
unique voltages which are labeled on Fig. 5-3 (a). We observe continuous frequency
tuning in each fundamental mode across a range of magnetic fields. The frequency
tuning bandwidth is relatively large, notably with 1.8 GHz tuning at the 246 GHz
TEs 2, modes and 2.34 GHz tuning at the 157 GHz TE,5, modes. Further, the
data show that a significant amount of power can be maintained across the frequency
tuning range of a given mode. This is illustrated for the TEp3, modes in Fig. 5-
11(a), where the power measurements are taken as a function of the magnetic field
and electron beam current. We can conclude that an average power of at least 5 W
can be maintained from 237.9 to 238.6 GHz.

Analysis

Prior to further analysis, we note that the mechanism of frequency tuning is qualita-
tively similar for each fundamental mode. Figure 5-14 is a plot of the experimental
data from the fundamental modes of Figs. 5-3 (2) and (b), normalized to one mag-
netic field axis. That is, the data from each TEpp,, mode family are normalized to
the magnetic field value which yields minimum start current for the mode. The fre-
quency axis in the lower plot is then normalized with respect to the frequency of the
first axial mode at that magnetic field. The start currents and normalized frequency
tuning with respect to magnetic field resemble each other in functional form. For
instance, in the upper plot, the local minima of the start oscillation current curves
fall at approximately the same magnetic field values; in the lower plot, the frequency
tuning rate, df /dB, is identical for each family of modes.

For the following discussion, we therefore focus our attention on the TEs 9 mode,
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which displays broad frequency tuning in isolation from other fundamental and second
harmonic modes. First, using weakly irregular waveguide (so-called “cold cavity”)
theory [65], we can calculate the resonator eigenfrequencies, @ values, and axial field
functions of TE modes by solving a one-dimensional wave equation of the form

dz?

Pz— + kz(z)} f(z)=0, (5.1)

where f is the longitudinal profile function and z is the longitudinal coordinate, with
the boundary conditions of a cutoff wave in the input and propagating wave at the
output. The analysis relies upon the dimensions of the cavity as well as the indices of
the TE,, , mode, but neglects coupling to other modes and the perturbing effects of
the electron beam. Calculated field profiles lose the distinction between consecutive

axial modes, approximating the continuous behavior observed in the experiment.

Second, by inspection of the uncoupled dispersion diagram (Figure 5-15) and
the frequency tuning (Figure 5-16), it is clear that, above a threshold which lies
approximately between the frequencies of the TEs,; and TE; 24 cold cavity modes,
the beam interacts with a backward propagating wave of the resonator. In this
case, the RF frequency lies below the relativistic cyclotron frequency, and the device
functions as a reflection-type gyro-BWO instead of a gyromonotron.

Using this information and the cold cavity frequencies and axial field profiles corre-
sponding to the TE; 5 1-TEs 2 5 modes, we have applied linear theory to approximately
calculate the frequency tuning in the TE; , mode. These five calculated eigenfrequen-
cies are shown in Fig. 5-16 as solid circles, where each eigenfrequency is located at
the magnetic field corresponding to the theoretical minimum starting current of that
eigenmode. This value of magnetic field is selected because, at the minimum starting
current, the effect of dispersion due to the electron beam is negligible and the linear
theory should be valid. Since these data are indeed taken near the threshold of the
starting current, the agreement between theory and experiment is very good. The
starting current data are compared in Fig. 5-17 to theory, and there is a fivefold
discrepancy in agreement.

However, the linear theory alone cannot completely describe the dynamics of
the beam-wave interaction for reasons that have been previously enumerated. For
example, the observation of continuous frequency tuning even between frequencies
corresponding to the discrete axial modes of the cold cavity theory cannot be eas-
ily explained within the framework of linear theory. We therefore again apply the
non-linear, time-dependent theory as implemented in MAGY to model the operating
characteristics of this gyrotron. Using the EGUN-derived beam pitch ratio and the

139



Frequency (GHz)

2507
249F
248}
247f

246

24855

T

Dispersion line

22
’c k. N
= = 4
f 21‘ -f:uloﬁ

500 1000

k. (m™)

Figure 5-15: Dispersion diagram showing the region of interaction between the un-
perturbed TE; » waveguide dispersion curve and the experimentally observed Doppler
shifted beam cyclotron modes. The intersection of the beam cyclotron modes with
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Figure 5-16: Linear theory (solid circles) and MAGY simulation (solid triangles) using
EGUN calculated parameters of the frequency tuning of the TE; >, modes compared
to the experiment (+). The dotted line is the relativistic cyclotron frequency.
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Figure 5-17: Linear theory (lines) using EGUN calculated parameters of the starting
currents of the TEg » ; modes compared to the experimental data (diamonds).

adjusted perpendicular velocity spread to model thermal properties of the electron
beam as previously described, the self-consistent MAGY simulations quantitatively
predict continuous frequency tuning and monochromatic emission in the TEs5 2 mode.
The agreement between experiment and the predictions of MAGY is better than for
the linear theory, even though the former depends on fewer adjustable parameters.

Detailed analysis of the axial field structures predicted by MAGY (Figure 5-18)
reveal a continuous transition from lower to higher order axial modes, and this is
the basis of the observed frequency tuning. The self-consistent axial field structures
resemble those obtained from the cold cavity theory, except that, for frequencies
greater than that of the TE;55; cold cavity mode, the electric field is growing in
the negative direction along the z-axis (c.f. Fig. 5-19). This is consistent with the
observation of coupling to the backwards-propagating wave for higher order axial
modes [112]. Further, we note that, for frequencies above that of the TEs 21 mode,
there is a characteristic spatial oscillation of the power in the TE5 5 mode (c.f. Fig.
5-20) which results from interference of the backward propagating resonator wave
with its non-synchronous reflection from the taper at z=0 [12].

5.2 CW Experiment

The results in this section are adapted from a manuscript: M.K. Hornstein, V.S.
Bajaj. R.G. Griffin, and R.J. Temkin. Continuous-Wave Operation of a Second
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Figure 5-18: Self-consistent axial field and phase profiles for TE5 2., modes with ¢ > 1
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Figure 5-20: Spatial dependence of the power throughout the cavity (in the TEs,
mode) at three magnetic fields. At frequencies greater than that of the TEs 2,1 cold
cavity mode, there is a spatial oscillation pattern which we interpret as the interference
of the backward propagating wave with its non-synchronous reflection [12].

Table 5.3: CW experimental operating parameters

Experimental parameters Min. Max.
Duty cycle (%) - 100
Beam voltage (kV) 0 15

Beam current (mA) 0 140

Main magnetic field 8 9.2
A cathode magnetic field (T) -85 x 1072 8.5 x 1072
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Harmonic Gyrotron Oscillator at 460 GHz [113].

There have been very few CW gyrotron experiments at high frequencies. Table 1.1
shows only six different CW gyrotrons from Univ. Sydney [36], Fukui Univ. [38], IAP
[37, 114], and MIT [1, 40] generating frequencies above 207 GHz at output powers

ranging from a fraction of a Watt to a kilowatt.

While the physics of a gyrotron can be nearly completely characterized in short
pulse (microsecond to millisecond) operation, many engineering issues remain which
must be addressed in the design of a high frequency continuous-wave gyrotron that
are nontrivial. These include passing an extremely energetic electron beam through
an increasingly narrow interaction structure which changes criteria for the selection
process of the design mode, the design of a robust collector that can dissipate high
average power, the magnetic field limitations of a CW magnet, a cooling circuit, and

a very good vacuum pumping conductance throughout the tube.

After the gyrotron’s operation was characterized using short pulses, the Spellman
HV power supply (described in Section 4.3.1) was connected in replacement of the
modulator initially using pulses of millisecond and second lengths. The pulse capa-
bilities of the CW power supply are shown in Fig. 4-12. However, we discovered
that a better method was through the continuous application of low voltage. Due
to the substantial gas load produced in the collector, the tube performance during
this conditioning procedure was carefully monitored, and no arcing or permanent
degradation was observed. This process is akin to activation of the gun, where the
heater temperature is held constant and the emission current increases over time with
increasing cathode voltage at continuous duty, and the collector is outgassed as a re-
sult. Finally, the collector has dissipated in excess of 1.8 kW of electron beam power,
sufficient to achieve the operating parameters of 12.4 kV and over 100 mA, with no

adverse effects.

A parametric study of the second harmonic design mode and neighboring modes
involves variation of the clectron beam voltage and current, main magnetic field, gun
magnetic field, and the alignment of the vacuum tube with respect to the room tem-
perature bore of the superconducting gyrotron magnet. The electron beam voltage
and current were varied up to 15 kV and 140 mA while the main magnetic field was
varied up to 9.2 T and the gun magnet up to £8.5 X 1072 T with respect to the
cathode field. The experimental parameters are summarized in Table 5.3. All mea-
surements were taken at the end of a 2 m long copper waveguide of 2.54 cm inner
diameter, which couples directly to the output window, unless otherwise specified.
The alignment of the tube may be slightly different in this configuration than in the

previous two experiments because the gyrotron tube was removed from the magnet

144



0296 ——
0.29

TE
0.285 TE26 08

N
o

Reflected electrons
" N " " N " 1

Cathode magnetic field (T)

Reflected electrons

0275 L i
8.3 8.4 8.5 8.6

Magnetic field (T)

Figure 5-21: Mode map for the design mode and nearby competing fundamental TE; 3
mode at 12.4 kV and 100 mA for the cavity and cathode magnetic fields.

in the interim. However, tube alignment was never performed in CW mode due to
the potentially disastrous effects of CW interception of the body components, where
a beam power locally of 5 W could overheat a ring in the beam tunnel.

5.2.1 Mode Map

Figure 5-21 is a mode map which was generated during CW operation charting the
regions of parameter space in which the modes in the vicinity of the TEq ¢ design mode
can be excited. Since the design mode is of relatively low order, the modes are spaced
apart and there are few possibilities of simultaneously excited modes in the present
gyrotron. In fact, in the region of interest, there are only two possible second harmonic
modes, the TE;¢ and TEqg, and one competing fundamental mode, the TE; 3. For
the present mode map, we have varied two main parameters, the main magnetic
field and the cathode magnetic field, to determine the operational limits of each
mode. The cavity magnetic field is an obvious parameter choice because the electron
cyclotron frequency is directly proportional to it in addition to the proportionality of
the detuning parameter. The cathode magnetic field, adjustable through varying the
gun coil, affects the magnetic compression which changes the beam radius.
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5.2.2 Second Harmonic

The variation of the output power of the TEgg design mode with beam current is
depicted in Fig. 5-22(a). The power in the operating mode was measured using the
Scientech calorimeter described in Chapter 3. The magnetic field was chosen from
the pulsed results shown in Fig. 5-8 depicting the relative efficiency as a function of
the voltage and magnetic field. After oscillations begin around 77 mA, the power is
linear with current. A maximum CW output power of 8.4 W is achieved at beam
parameters of 135 mA and 12.4 kV, yielding an efficiency of 0.5%. At the time of
this writing and to the author’s knowledge of the state-of-the-art of high power gyro-
devices [115], this is a record CW power for this frequency. While this tube will cease
to be experimental upon the completion of these characterizing experiments and from
that time onward will be wholly dedicated to dynamic nuclear polarization, a decision
was made to not increase the beam power past this point in order to avoid deleterious
effects on the collector, electron gun, and tube performance.

The optimum CW operating voltage was verified in Fig. 5-22(c). The CW result
compares favorably with the pulsed result of Fig. 5-8 yielding an optimum beam
voltage of 12.4 kV. In our diode electron gun, the electron velocity pitch factor (also
known as the alpha) changes rapidly with cathode magnetic field, along with other
factors such as main magnetic field and cathode voltage (c.f. Fig. 4-9). This rapid
change is illustrated in Fig. 5-23. A first-order attempt at holding the alpha constant
was made in the voltage optimization measurement by maintaining a constant body
current signal. The small but nonzero body current is attributed to reflected electrons
originating from an unusually high alpha estimated at 2.4, and is less than 2% of
the total beam current in most cases. Since we do not have an alpha probe in
our experiment, an experimental illustration of the change in alpha with cathode
magnetic field can be inferred from the change in body current and is shown in Fig.
5-22(d). Here, both the power and body current are shown with changing magnetic
field. The body current increases from zero to four milliamperes with decreasing
cathode magnetic field (increasing alpha) while the power increases with decreasing
cathode magnetic field (increasing alpha and increasing beam compression) until a
point where the overall beam quality suffers. A discrepancy between the cathode
magnetic field values in Figs. 5-22(d) and 5-23 may emanate from several factors,
including the accuracy to which the actual cathode magnetic field is known and the
precise location of the gun coil with respect to the cathode.

In Fig. 5-22(b) the experimentally measured continuous duty power of the design
TEq 6,1 mode with varying magnetic field is compared with the theoretical results from
a self-consistent nonlinear theory. In the theoretical model we assumed 30% losses

146



"able 5.4: Frequency dependence on operating parameters

Parameter Sensitivity
Beam current 0.4 MHz/mA
Magnetic field 3.0 GHz/T
Beam voltage 50 MHz/kV

Cathode magnetic field 1.3 GHz/T

in the quasi-optical mode converter. A conductivity one-fifth that of ideal copper is
used based on cavity thermal load measurements (Sec. 5.2.4). From electron gun
simulations, a guiding center spread of 5.5% is derived, in addition to the transverse
velocity spread of 6% and pitch factor of 2.4, which are both consistent with EGUN.
At beam parameters of 100 mA and 12.4 kV, a power of nearly 5 W is recorded.
However, the theory shows a slightly elevated power of 7 W indicating that either the
mode converter is less efficient than previously assumed or that the beam quality is
below that which is expected. There is no present explanation for the difference in
width of the theoretical and experimental curves. The optimal magnetic field agrees
with the result of the pulsed second harmonic experiment, shown in Fig. 5-8.

5.2.3 Frequency Pulling

The dependence of the emission frequency on the operating parameters is an im-
portant metric of the frequency stability of the gyrotron. The dependence of the
emission frequency of the TEq g design mode on the operating parameters such as the
beam current, main magnetic fleld, beam voltage, and cathode magnetic field was
characterized using a heterodyne frequency system. The heterodyne receiver system
is highly accurate due to a phased locked loop which is capable of stabilizing the
local oscillator to 1 Hz. Only a single parameter was varied for each measurement in
order to simulate operation. While the beam voltage is not likely to change during
operation, the control of the output power by feedback will cause the beam current
to vary accordingly. The main magnetic field will drift downward at a specified rate
over long periods of time and the cathode magnetic field may vary due to heating of
the gun coil.

The measured frequency pulling characteristics of the gyrotron are plotted in
Fig. 5-24. The total frequency change observed is within 30 MHz. The frequency
dependence on operating parameters is summarized in Table 5.4. The pulling effects
on frequency by the magnetic field are proportional to w/Q [18]. While the second
harmonic mode has high frequency, it also has a very high quality factor. Comparing
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Figure 5-22: CW output power measured in the TEgg second harmonic mode as a
function of (a) beam current, (b) main magnetic field, (¢) voltage, and (d) cathode
magntic field. Unless otherwise indicated, the experimental parameters are 12.4 kV,
100 mA and 8.384 T.
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the frequency sensitivity from Tables 5.4 and 4.1 we find that the values are more
than twice for the second harmonic at 460 GHz compared to the fundamental at 140
GHz. The dependence of the frequency on the beam current (c.f Fig. 5-24(a)) is
negative, which is opposite to the positive dependence measured by Kreischer et al.
[18].

The frequency pulling effects of the cathode voltage V. and main magnetic field B
in Figs. 5-24(b) and (¢) have opposing slopes. For a given beam current, the observed
shift in emission frequency resulting from changes of either the main magnetic field
or the beam voltage is due to the effect on the cyclotron frequency, w, (= eB/ym.),
where v (= 1+ V,/511) is the relativistic factor, and the cathode voltage V, is in
kilovolts. If the magnetic field alone is varied, the resulting frequency pulling with
have a postitive slope, and if the voltage is varied, the frequency pulling will have a
negative slope. However, coordinated changes in both the magnetic field and cathode
voltage may leave the cyclotron frequency unchanged such that there is no change
in the emission frequency. The same nonlinear theory as was used to simulate the
power as a function of magnetic field yields results for the frequency pulling, which

are compared with experimental data in Fig. 5-24(b) with coinciding slope.

5.2.4 Ohmic Losses

At high frequencies, a significant portion of the power generated in the cavity is not
extracted and is instead deposited in the cavity walls in the form of ohmic heating.
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These ohmic losses are given by the ratio of diffractive to ohmic @ multiplied by the

output power,

Qdiffractive
P, ohmic = Q
ohmic

The method, materials, and process of fabrication of the cavity are the main contri-

Pout- (52)

butions to the experimental value of the ohmic losses. For example, the properties
of the material (in our case copper), in particular the electrical conductivity and sur-
face roughness, as well as machining anomalies such as irises, in essence determine
the ohmic losses. The theoretical ohmic efficiency as a function of the conductivity
of copper for the second harmonic TEyg; mode is shown in Fig. 5-25. The ohmic
efficiency, or the RF efficiency, is the fraction of output power with respect to the
total power generated in the cavity. Starting with an RF efficiency near 40% at the
conductivity of ideal copper (5.8 x 107 S/m), the RF efficiency rapidly decreases as
the quality of copper degrades. For comparison, the RF efficiency as a function of
diffractive @ assuming a conductivity half that of ideal copper is shown in Fig. 5-25.
Here the RF efficiency decreases rapidly with increasing diffractive Q.

A measurement of the ohmic losses in the TEq ¢ second harmonic design mode of
the 460 GHz gyrotron was made possible by the data acquisition capabilities of the
computerized control system. By measuring the flow rate and change in temperature
of the cavity cooling water, the amount of power transferred from the cavity to the
water could be calculated (wet calorimetry). The temperature of the cavity cooling
water was simultaneously measured at both the inlet and outlet of the cavity with
separate thermistors, where the measurement was taken as close to the cavity as
possible to prevent heat transfer between the cooling hose and the ambient. Assuming
that the water is in good thermal contact with the cavity and that the cavity is
thermally isolated from any other source of heat internal or external to the tube
(such as the collector which is isolated by a ceramic insulator), this is equivalent to
measuring the thermal load on the cavity. A period of up to several minutes was
allowed for thermal equilibrium to be reached.

Using wet calorimetry, the ohmic power distribution was measured for gyrotron
output powers up to 4 W. The output microwave power was measured using dry
calorimetry. The results of these measurements are shown in Fig. 5-26 and Table
5.5. The RF efficiency is nearly constant with output power and the cavity thermal
load is linear with output power. The observed RF efficiency of 24% is approximately
8% less than the theoretical value. From Fig. 5-25, the theoretical ohmic efficiency
assuming half the conductivity of ideal copper is shown to be 32%. The electrical
conductivity required to match the experimental results ranges between one-quarter
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Figure 5-25: Theoretical RF efficiency as a function of the conductivity of copper
and diffractive @ for the second harmonic TEyg1 mode. The calculation assumes
alternately a diffractive @ of 31,000 and half the conductivity of ideal copper.

Table 5.5: Measured and theoretical ohmic losses in the gyrotron cavity at 458 GHz

Output  Cavity thermal RF efficiency

power (W) load (W) (%)
0 0 -

2.5 7.9 24.0

3.75 12.1 23.6

4.1 13.5 23.3

Table 5.6: Design and measured parameters from the ohmic loss measurement of the
gyrotron cavity at 458 GHz

Design Measured

Conductivity x(5.8 x 107 S/m) 0.5 0.25
Diffractive ¢ 31,000 47,000
RF efficiency (%) 32 24
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Figure 5-26: Cavity thermal load and RF efficiency as a function of measured output
power using cavity thermal load measurement for the second harmonic TEq ¢ ; mode.
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Figure 5-27: Block diagram of a simple homodyne detector [13].

and one-fifth that of ideal copper. Another possible cause of the excessive cavity
losses is an increased cavity diffractive @ factor, incurred from the implementation of
the shallow output taper. Figure 5-25 shows that an increase in diffractive @ of 1.5
times from 31,000 to 47,000 could account for the additional ohmic losses. The design
and measured values for the ohmic loss measurement are summarized in Table 5.6.
Both the increase in diffractive @ and decrease in conductivity are within reasonable

bounds and in reality it is probably a combination of the two contributing to the
slightly elevated ohmic losses.
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5.2.5 Homodyne Measurements

The 460 GHz time domain signal is an amplitude modulated (AM) signal which can
be demodulated yielding both the linewidth and technical noise of the device. The
homodyne detector, depicted in Fig. 5-27, uses a local oscillator which is synchro-
nized in frequency to the carrier of the signal, essentially reversing the amplitude
modulation process. The output of the modulation of the AM signal z(¢) with a local
oscillator 2 cos 2 f.t of the same frequency can be written as [13]

2z(t)cos2mfit = 2x,(t) cos® 2 fut (5.3)
Tm(t) + Tm(t) cosdm fot (5.4)

I

where the trigonometric identity

1 1
cos’ ¢ = — + - cos 2 (5.5)
2 2
has been applied. The signal z,,(¢) can then be recovered by a lowpass filter. In
this setup, the local oscillator signal must be synchronized in phase with the carrier
signal.

An overmoded horn directed at the gyrotron output beam coupled a sample of
the gyrotron radiation into the homodyne receiver. In our case, the main center
line frequency of the gyrotron acts as a local oscillator; this frequency beats with
any other frequencies that are generated by the gyrotron in the harmonic mixer,
including those generated by spurious or competing gyrotron modes. The receiver is
a simplification of the heterodyne frequency system, consisting of a mixer followed by
three intermediate frequency (IF) amplifiers whose amplification bandwidth is from
approximately 0.1-1,000 MHz, and a low pass filter with 520 MHz cutoff frequency.
Thus, the gyrotron frequencies between 0.1 and 520 MHz are amplified, digitized, and
passed through an FFT. If the mixer is saturated, the truncation will create artifacts.

The results of homodyne measurements on the second harmonic TEy¢ design
mode over 1 kHz, 25 kHz, and 500 MHz bands are shown in Figure 5-28. Since the
amplifiers do not pass DC, these signals are presumed to be well below the gyrotron
center line frequency. The techuical noise in the gyrotron is apparent in the tens of
kilohertz (c.f. Fig. 5-28). The high voltage power supply is a likely source of the
noise in this band. The specifications for the ripple on the power supply are 0.03%
rms below 1 kHz and 0.75% rms above 1 kHz. In addition, the filament output is
at 38 kHz. The gyrotron signal at higher frequencies shows little contamination (c.f.
Fig. 5-28(c)).
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Figure 5-29: CW output power in the TE;3 mode as a function of beam current at
3.5 kV and 8.38 T

5.2.6 Low Voltage Fundamental TE;3 Mode

The nearest mode to the TEqg second harmonic design mode in magnetic field is
the fundamental TE; 3 mode. The studies of the TEqy3 fundamental mode reveal
that the mode can be excited at very low voltage, less than 3.5 kV, with less than
7 W of beam power. The low voltage cannot be explained through simulations of
the electron gun. Measurements of the power show that the mode starts at 2 mA
(c.f. Fig. 5-29). A starting current of 2 mA can be obtained using linear theory with
beam alpha above 1.8. In Fig. 5-30 the experimental start currents are compared with
linear theory using beam alpha 2.5 and 10% velocity spread to good agreement in the
longitudinal mode with a single variation. However, the simulation and experiment
begin to diverge as the number of longitudinal variations increase. The mode also

exhibits a wide frequency tuning range, shown in Fig. 5-31.

Average power measurements were made during the experiment using a laser
calorimeter. Figure 5-32 depicts measured CW power data of the fundamental TEq 3,
modes around 233 GHz as a function of beam current and magnetic field. A calorime-
ter was used to measure the radiation, and the beam voltage was fixed at 3.5 kV.

Over 12 W of average power were recorded with an efficiency in excess of 7%.
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Axial mode competition of the TE,;, modes

It is possible for axial mode competition to occur when the resonance curves of modes
with differing axial indices overlap [116]. The axial mode locking phenomenon has
been studied in detail in a harmonic-multiplying, inverted gyrotwystron at 31 GHz in
the TE, 5, modes [111]. The axial structure of the modes of a cylindrical resonator
along the z axis can be described by

_gin (7

f(z) =sin ( 7 ) (5.6)
where ¢ is the axial index and L is the resonator length. The @ factor of the axial
modes can be estimated as

1
Qq X Z]EQD,min (57)

where Qp, min (= 47 (L/ A)?) is the minimum diffractive @ factor for open cylindrical
cavities. A parameter P defined as the ratio of the sum of halfwidths of resonance

curves of two neighboring axial modes to their frequency separation expresses the
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Figure 5-33: Heterodyne measured frequencies of the axial TE; 3 , fundamental modes
at low voltage as a function of beam current and magnetic field.

Table 5.7: Cold cavity frequencies of the TE; 3, modes

g Frequency (GHz)

1 233.148
2 233.411
3 233.844
4 234.411
) 235.250

overlapping between successive axial modes and is given by [116]

(g+1)*+ ¢
(g+1)2-¢%

1
=1 (5.8)
From (5.8), the overlapping becomes larger as the axial index ¢ increases due to the
broadening of the resonance curves.

Figure 5-33 shows heterodyne frequency data for the TE;3, modes at 3.5 kV
and as a function of beam current up to 100 mA, where the main magnetic field
has been varied from 8.36 to 8.46 T in 0.02 T intervals. As the beam current is
increased, the frequency is continuously pulled until a current threshold where the
frequency discretely drops by an interval that is consistent with excitation of the
g — 1 axial mode. Table 5.7 lists the cold cavity frequencies for the TE, 3, funda-
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Figure 5-34: (a) Experiment (homodyne) compared to (b) MAGY simulation of the
TEy3, fundamental modes at low voltage (3.5 kV) and 8.42 T depicting multiple
frequencies separated by 400 MHz corresponding to consecutive longitudinal modes
(¢) and its corresponding time domain.
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Figure 5-35: Homodyne frequency data for the TEy 5, fundamental modes at low
voltage (3.5 kV) and 8.42 T as a function of beam current.

mental modes. At the transitional current, both axial modes are excited with equal
amplitude, and afterward the gyrotron exhibits nearly single-mode oscillations ac-
companied by low-amplitude oscillations of another axial mode with pulsations of
the phase difference. These low-amplitude oscillations were observed via homodyne
measurements and were verified by MAGY. Figure 5-34(b) is a MAGY simulation of
the TEy 3, fundamental modes at low voltage (3.5 kV) and 8.42 T depicting multiple
frequencies separated by 400 MHz, corresponding to consecutive longitudinal modes.
The results of homodyne measurements at 8.42 T with increasing beam current is
shown in Fig. 5-35 which suggests that a mode mixture is always present, though the
weaker mode is very small in amplitude compared to the dominating mode which is
captured through the heterodyne measurements. In the second harmonic heterodyne
measurements, axial mode competition is not seen through homodyne or heterodyne

frequency measurements.

5.2.7 Hollow Dielectric Waveguide

Overmoded cylindrical hollow dielectric waveguide is an attractive method for low-
loss transmission of Gaussian radiation over long distances. Consisting of a cylinder
of dielectric medium filled with air or vacuum, the dielectric waveguide can couple to
the Gaussian mode as the HE;; mode. For HE,,, modes (where m # 0) in hollow

dielectric waveguide with radius a and refractive index n, the attenuation constant is
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Table 5.8: Measured and theoretical losses in 2.54 cm diameter G10 epoxyglass hollow
dielectric waveguides

Mode Frequency Length Wall thickness — Total Loss  Theoretical loss
(GHz) (cm) (mm) loss (dB) (dB/m) n=1.5 (dB/m)
TEo 6 458 66 1.59 1.0 1.5 0.4
TEo6 458 123 6.35 2.2 1.8 0.4
TEzg 456 66 1.59 1.0 1.5 0.4
TE23 233 66 1.59 4.5 6.8 1.5
100 -
~ 1ol
E F
x
Z
0.4
0'01100 1000100 1000

Frequency (GHz) Frequency (GHz)

(a) (b)

Figure 5-36: Theoretical attenuation (in dB/m) versus frequency of the HE; ; mode
in (a) 1.27 cm, 2.54 cm, 3.81 cm and 5.08 cm diameter dielectric waveguide with
refractive index n = 1.5 (b) 2.54 cm diameter dielectric waveguide with refractive
index of n = 1.01, n = 1.02, n = 1.1, n = 1.2, and n = 2. Measured attenuation in
2.54 em G10 epoxyglass is marked with pluses.

given by [117]

omy = (222)" 22D (), 5.9)

or ) a3 N
where in the Gaussian-like HE,; mode, vmp = vug,, = 2.405. The attenuation
constant is proportial to A?/a®, therefore the losses can be reduced by choosing a
large radius relative to the wavelength.

Table 5.8 shows the measured losses at fundamental and second harmonic frequen-
cies for hollow G10 epoxyglass waveguides with 2.54 cm inner diameter and lengths
varying from 66 to 123 cm. The unit losses are calculating neglecting the coupling
loss and compared with theoretical losses using (5.9) for refractive index of n = 1.5.
The refractive index n = 1.5 is chosen as an average refractive index for dielectrics
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based on [104] and Fig. 5-37, where it can be seen that choosing any refractive index
between 1.4 and 3.0 does not significantly change the attenuation. Using n = 1.5,
the measured losses are higher than the calculated losses. This is also illustrated
in Fig. 5-36(b). This discrepancy could be accounted for by coupling losses, since
the waveguide of 2.54 cm inner diameter is not matched to the beam waist and was
instead chosen to match the size of the window flange. Losses in excess to theory
can additionally either be due to the roughness of the inner surface of the dielectric
waveguide [118] or a bend in the hollow waveguide [117]. The attenuation can be
reduced by choosing a larger radius waveguide (c.f. Figs. 5-36(a) and 5-37) and
implementing a taper from a radius which couples more efficiently to the beam waist.

Measured losses in various 2.54 cm diameter hollow dielectric waveguides at 460
GHz are compared. The dielectric materials G10 (epoxyglass), canvas laminate,
acrylic, acetal, and nylon were chosen for availability, machinability, heavy walls, and
length. Fused quartz and Pyrex tubing were not available at the time of the mea-
surement, are not easily machined, and are not manufactured in sufficient lengths.
Various lengths of hollow dielectric waveguides were used to retrieve the coupling loss
and unit loss. The results are shown in Fig. 5-38 and Table 5.9. Figure 5-38 is a plot
of the losses versus length of the waveguides. The coupling loss and unit loss can be
recovered as the y-intercept and slope of the curves, respectively. The lowest unit loss
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Table 5.9: Measured losses in various 2.54 ¢cm diameter hollow dielectric waveguides

at 460 GHz
Material Wall Loss  Coupling Refractive
thickness loss index
(mm)  (dB/m) (dB) at 300 GHz
Acrylic 3.18 1.0 1.0 1.61 [119]
Canvas laminate 6.35 1.3 0.6 -
G10 (epoxyglass) 6.35 1.4 0.5 -
Acetal 6.35 1.7 0.2 -
Nylon 6.35 2.2 -0.2 1.72 [120]
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Figure 5-38: Plot of the experimental attenuation (in dB) versus length at 460 GHz

in a variety of 2.54 cm diameter hollow dielectric waveguide.
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Figure 5-39: Logarithmic radiation intensity pattern (in normalized dB) of the mode-
converted TEqg mode captured by a pyroelectric camera (a) two dimensional (b) one
dimensional in the horizontal and vertical dimensions at the peak.

measured was 1.0 dB/m for the acrylic tube. The unit losses for the G10 epoxyglass
and canvas laminate were close, at 1.4 and 1.3 dB/m. This is likely because the dom-
inating factor in the material composition and therefore the refractive index is the
epoxy. The coupling losses measured were consistent for each material type, but in-
consistent across the five materials. Futher, the coupling loss for nylon was negative!
It is not known what is the cause of this discrepancy, though it is conjectured that
the effective radius may be different in the various dielectrics. The measurements
were recorded with the waveguide centered on the window, and accordingly another
possibility is that the gyrotron beam is not centered in the window.

Due to the nature of the extrusion of acrylic, it is manufactured with a thinner
wall. The wall thickness for the acrylic waveguide was 3.18 mm, which was half of
the wall thickness of all the other dielectric waveguides. With the 460 GHz freespace
wavelength of 0.65 mm, the wall thickness of 3.18 mm is approximately five wave-
lengths whereas the wall thickness of 6.35 is nearly ten wavelengths. Of course, the
number of wavelengths increases in a dielectric material.
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Fiﬂure 5-40: Linear radiation intensity patterns of the mode-converted (a) TEq¢ (b)
TE34 (¢) TE; 3 and (d) TE2 2 modes captured by a pyroelectric camera.
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Figure 5-41: Linear radiation intensity pattern of the mode-converted TEqg mode
(a) smoothed data captured by a pyroelectric camera (b) Gaussian fit (¢) difference
between experiment and fit.
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Table 5.10: Beam waists of the mode converted radiation fields from Fig. 5-40 as
calculated by the best fit Gaussian

TE,., Frequency T waist y waist Ellipticity Ellipticity
mode  (GHz) (mm) (mm) (y/x) (%)
TEo6 459 4.697 £ 0.038 4.911 £ 0.040 1.045 4.3
TEq¢ 456 6.423 + 0.028 5.630 £ 0.024 0.876 12.3
TEq 3 233 5.246 + 0.020 6.597 £ 0.025 1.257 20.5
TE; 157 2.997 +£0.017 3.814 +£0.022 1.273 214

5.2.8 Radiation Patterns

The transmission of the microwave beam begins with the quasi-optical mode con-
verter. The quasi-optical mode converter consists of a cylindrical waveguide with
a step cut and a cylindrical focussing mirror. The waveguide antenna converts the
higher order transverse electric gyrotron output into a linearly polarized beam and
the focussing mirror collimates it.

Using the Pyrocam described in Section 3.1.3, we measured the output field in-
tensity of several frequencies corresponding to the converted TEqg, TEq6, TEg 3, and
TE22 modes at the mouth of a 2.54 cm inner diameter dielectric epoxyglass waveg-
uide. Figure 5-40 shows the four intensity patterns on a linear scale. The mode
converter works well for TE,,, modes where m < p. In Fig. 5-40, the TEq¢ and
TEy6 modes have been converted fairly well into Gaussian beams, while the TE;;
and TE; 2 modes have not. Table 5.10 shows the beam waists of the four modes as
calculated by a best-fit Gaussian with 95% confidence interval.

The TEp¢ mode-converted beam is displayed in Fig. 5-39 with a normalized
logarithmic scale. At 460 GHz, a Gaussian fit (c.f. Fig. 5-41(b)) determined that the
measured beam is slightly elliptical with a waist size in v of 4.911 4+ 0.040 mm and a
waist size in z of 4.697 £ 0.038 mm, where the beam waist is given by 1/e* from the
maximum intensity or -8.7 dB.

A rectangular grid diffraction pattern is observed on the high frequency (233-460
GHz) intensity patterns (c.f. Figs. 5-40(a)-(c)) that is not observed on a lower (157
GHz) frequency (c.f. Fig. 5-40(d)) intensity pattern. A diffraction pattern was also
observed in a 70 mJ, CO, (10.6 pum) laser beam at CERN using a Spiricon Pyrocam
[121]. The spacing of the elements in the pyroelectric array is 100 pm, which may
cause interference with the wavelengths in the hundreds of microns; the 460 GHz
wavelength is 650 um. Another possibility suggested by Spiricon [90] is the lack of an
anti-reflection coated window on the Pyrocam III. A polyethylene window is used on
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our Pyrocam. The Pyrocam III’s window protects it against foreign objects entering
the camera and thereby destroying the crystal in addition to providing protection
to the sensor from the effects of humidity. The window requires an anti-reflection
coating, else the two surfaces of the window will create interference fringes from a
collimated light source which manifest themselves on the sensor as ripples in the

beam.

5.2.9 Stability

The stability of the TEq¢ second harmonic and TE. 3 fundamental operation of the
460 GHz gyrotron was monitored for a period of one hour during which the gyrotron
ran in complete CW mode. During this period, the power was held constant by
proportional, integral, and derivative adjustments to the filament current. The output
power was monitored by either a diode or laser calorimeter. In the case of the diode,
the output power was referenced at the start and finish of the monitoring period with
a calorimeter. All aspects of the experiment were monitored by the computerized
control system and logged. These parameters include (but are not limited to) the
power, pressure, beam voltage and current, filament current, and gun coil current.

A summary of the TEg ¢ second harmonic results is shown in Fig. 5-42. A statisti-
cal analysis of excursions of the 4568 GHz power signal from its setpoint over the hour
long experiment using a diode for feedback, shown in Fig. 5-44, shows that power
fluctuations are normally distributed and that the tolerances of the DNP experiment
are met by the control system. Notably, the power was stable to 0.4% over the hour
long period using feedback from either a diode or calorimeter. The pressure in both
cases was low, but finally increasing with time. The increase in pressure was directly
related to the increase in beam current required to maintain the constant output
power. An increase in the electron gun ceramic compressed air pressure from 8 to
18 psi between the two separate hour duration stability tests at 460 GHz correlates
with a reduction in the beam power increase over the hour long period from 36% to
23%. A summary of the fundamental TE; 3 results is shown in Fig. 5-43. Notably,
the power was stable to within 0.2% over the hour long period using feedback from
a diode. A summary of all stability results on the 460 GHz gyrotron are shown in
Table 5.11.

In the fundamental case, the unregulated gun parameters, namely the filament
current and beam current, did not change nearly as much as they did in the second
harmonic case. While the rf output powers were comparable for both the fundamental
and second harmonic controlled runs, their beam powers were widely differing by a
factor of 20; where a beam power of 70 W was used for the fundamental, 1.4 kW
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Table 5.11: Stability of the second harmonic TEq¢ and fundamental TE; 3 modes in
the 460 GHz gyrotron

TEoe (diode) TEo¢ (calorimeter)  TEg3 (diode)
Avg. Std. dev. Avg.  Std. dev. Avg. Std. dev.

(%) (%) (%)

Power (W) 3.76 0.35 3.13 0.42 4.69 0.19
Pressure (x1078 Torr) 4.34 3.38 3.80 1.69 1.21 1.75
Beam voltage (kV) 12.40 0.02 12.40 0.02 3.50 0.04
Filament current (A)  2.55 1.03 2.52 0.65 2.36 0.26
Beam current (mA)  118.99 8.61 111.07 6.09 19.66 2.72
Gun coil current (A)  2.54 0.04 2.54 0.07 24.63 0.01

of beam power was used for the second harmonic. It is likely that the increase in
beam current required to maintain a constant second harmonic output power is an
effect due to the overheating of a component in the gyrotron. The temperature of
the cavity was constant over the hour-long period and the frequency was unchanged,
ruling out a thermal expansion of the cavity in a twofold manner. The other obvious
gyrotron component that could be responsible for these effects is the electron gun.
The ceramic break is the only component in the electron gun which is cooled in the
present configuration, and this is achieved with low pressure compressed air. As
noted previously, there was a strong correlation between increasing the air pressure
with increased stability. In addition, while there are provisions for liquid cooling of
the anode, the coolant channel remained unconnected in the present configuration.

5.3 Low Power () Measurements of the 460 GHz
Cavity

Since conditioning a gyrotron can be a lengthy process, in order to minimize changes
to the gyrotron’s structure after fabrication and assembly, testing of all components
before assembly is imperative. Most important of all components in the gyrotron is
the interaction cavity, the structure that defines the generation of the microwaves. In
order to verify that the gyrotron cavity functions as per design, we designed a low
power test to measure the ) of the cavity at a mode which falls in the frequency
range where we have an available broadband source. If the cavity resonates at the

frequency of this mode with the appropriate ), we can extrapolate that the cavity

169



(a)

Power (W)

(b)

Pressure
(x 108 Torr)

4.2t
1242

()

Beam voltage
(kv)
o
»

a
g
D
00

g
)

(d)

N
1)
>

Filament
current (A)

g
<)
[

L 1120

(e) 120{ il {110

Beam current
(mA)

0

Gun coil
current (A)
N
gg
Z
4

— 2.52
10 20 30 40 50 0 10 20 30 40 50 60

Ind
o
5]

Time (min.) Time (min.}

Figure 5-42: Two separate one hour duration stability tests of the (a) power, (b)
pressure, (c) beam voltage, (d) heater current, (e) beam current, and (f) gun coil
current for the TEqg second harmonic mode at 458 GHz using a diode (left) and
calorimeter (right) to monitor the output power.

170



48 - 2.4
g €
(@ § 47 W 236 8 % (d)
g s3
46 . 2,32
13 —— - 22
5 R\\._m ]
2 3 + {20 1
5 - —~ 3
(b) g‘?: 12} M " ?: 8‘ (e)
L E
1.1 . 16
, 382 24.64
g €o
5o 35
(c) Eg 35 H 12462 3 3 )
3 58
o
3.48
D 1o 20 30 40 50 80 70 o 10 20 30 40 50 60 70 24

Time (min.) Time (min.)

Figure 5-43: Stability of the (a) power, (b) pressure, (c) beam voltage, (d) heater
current, (e) beam current, and (f) gun coil current over the period of one hour for
the TE, 3 fundamental mode at 233 GHz using a diode to monitor the output power.
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Figure 5-44: Statistical analysis of power fluctuations from setpoint for the diode
controlled TEq¢ hour long run. The solid line is a Gaussian fit to the data.
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Figure 5-45: Arrangement of equipment for the 460 GHz cavity () measurements.

Table 5.12: Cold test data and cold cavity simulation parameters of the TEg 3, and
TEg2,4 cavity modes.

Cold cavity Experiment
Mode Frequency (GHz) @ | Frequency (GHz) @
TEo2, 164.121 2,600 163.938 1,425
TEo.2.2 164.459 630 - -
TE22.1 156.891 2,320 - -
TEg 929 157.245 590 157.218 786

will also function as per design at 460 GHz.

Figure 5-45 is an illustration of the experimental set-up used for cold test mea-
surements. The backward wave oscillator (Insight Product Company, Model No.
IPG-140-178) has the capability of tuning over a wide band from 113 to 173 GHz
and is described in more detail in Sec. 3.1.8. The BWO output is in the rectangular
TE; o mode. In our configuration, the source is connected to a directional coupler
followed by a Gaussian horn, which converts the radiation into the quasi-Gaussian
HE; ; mode. This is then radiated into freespace in reverse through the cavity setup
at the bounce angle § (= tan~!(ky/k,) = 40°) into the cylindrical focus mirror,
waveguide, and finally into the cavity. The reflected signal from the -3 dB directional
coupler is optically chopped at 100 Hz and recorded through a WR-6 (110-170 GHz)
broadband detector diode (Pacific Millimeter, Model No. DD) and lock-in amplifier
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Figure 5-46: Measurement of a high @ mode around (a) 163.9 GHz (b) 157.2 GHz.

(Stanford Research Systems, Model No. SR830). The frequency is measured with a
wavemeter, which has been calibrated against the frequency system. The frequency
system (similar to the one described in Sec. 3.1.1) utilizes a local oscillator (LO)
that spans 8 — 18 GHz. For these frequency measurements, the tenth harmonic of
the LO is used. The diode signal obtained on the lock-in amplifier is normalized by a
reference signal obtained by reflecting all power of the BWO by placing a metal plate
over the Gaussian horn to filter out drift in the source.

Design and simulations of the 460 GHz gyrotron cavity were performed with the
cold cavity code [65] which solves for the eigenmodes of a cold (beam absent) gyrotron
cavity. The cylindrical interaction cavity is 2 cm long, has a radius of 2 mm, and
ends in three tapers. The simulations were performed for the TEps, and TEs s,
modes around 156 to 165 GHz for ¢ = 1 and 2. The relevant cold cavity simulation
parameters, the frequency and @), are shown in Table 5.12.

Cavity modes measured around 163.9 GHz and 157.2 GHz with the described
setup are depicted in Fig. 5-46. The FWHM of the mode at 157.218 GHz is 200
MHz yielding a total @ (= FWHM/f) equal to 786. The FWHM of the mode at
163.938 GHz is 115 MHz yielding a total @ equal to 1,425. These modes can likely
be identified as the TE;29 and TEg2; modes as seen in Table 5.12. Both the @
measurements and the frequencies of the two cold tested modes match reasonably
well with the cold cavity theory.
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5.4 Discussion

The 460 GHz experiment has successfully demonstrated that a gyrotron can efficiently
produce several watts of average power at the second electron cyclotron harmonic
in submillimeter wavelengths at low voltage. The efficiency of the gyrotron was
verified with measurements of the cavity ohmic losses which also confirmed the ratio
of diffractive to ohmic ). The stability characteristics were studied over the duration
of an hour, and demonstrated that the output power could be maintained to 0.4%
under computer control. The limiting factor in operating at longer periods of time
is likely the overheating of the electron gun. An existing anode cooling channel
which was unused in the present experiments simply needs to be connected to the
output water path of the cavity. Frequency pulling measurements determined that
the stability of the frequency with respect to the beam voltage, beam current, and
magnetic field drift was sufficient for DNP. The feasability of various hollow dielectric
waveguides for use in the transmission line was studied. With the lowest loss at 460
GHz of at least 1.0 dB/m for acrylic tubing, sections of the waveguide would only
be useful over short distances in conjunction with the main transmission occuring in
corrugated waveguide. The radiation pattern of the second harmonic design mode
at 460 GHz shows that the beam is Gaussian with a 4% ellipticity and that the
mode converter works reasonably well for several other observed second harmonic
and fundamental modes.

Continuous broadband frequency tuning of the gyro-oscillator over a range of
2 GHz has been demonstrated in the fundamental modes, and we have presented
non-linear and linear analyses of the results. Due to the inhomogeneous frequency
dispersion of the interactions responsible for dynamic nuclear polarization effects in
paramagnetically doped solids, either the microwave source frequency or the static
magnetic field in the NMR spectrometer must be varied over a broad range to optimize
the DNP experiment. Performing the latter presently requires the modification of
high homogeneity superconducting magnets in the 9-16 T range to incorporate a
magnetic sweep coil. Future gyro-oscillator designs which could exploit the broad
tunability features described here might eliminate this complication of the experiment
and extend applicability of DNP to any NMR spectrometer while still preserving the
advantages of simple, low-voltage, CW operation.

The fundamental TE, 3 mode was excited with ultra low beam power, at an ex-
tremely low voltage below 3.5 kV while oscillations started with 2 mA of beam current.
Axial mode competition was studied in this mode in the CW experiment. Homodyne
measurements, confirmed by nonlinear analyses, demonstrate the presence of simul-
taneous axial modes, while heterodyne measurements show that one mode dominates
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Figure 5-47: MAGY run at 13.1 kV, 100 mA, and 8.39 T showing mode cooperation
between the TEqg and TE, 3 modes effectively lowers the starting current of the TEq 3
fundamental mode due to pre-bunching of the beam by the TEqg second harmonic
mode.

the other by several orders of magnitude.

In initial short pulse experimental studies of the second harmonic TEq¢ design
mode, we observed that the TE; ¢ second harmonic mode was experimentally easier to
quantify due to possible contamination of the TEg ¢ design mode with the fundamental
contrasted with the added isolation of the TE; ¢ mode. However, in this regime, linear
theory predicts a very high starting current for the fundamental TEq3; mode. In
order to explain these results, we used MAGY to simulate the beam-wave dynamics.
First, in agreement with linear theory, MAGY predicts a starting current in single
TE 3 mode simulations which is well above the parameters of our experiment. In
multifrequency, multimode simulations, however, the TE,3 mode always oscillates
with the TEq ¢ second harmonic mode in a manner which suggests that excitation of
the second harmonic mode is lowering the starting current for the fundamental mode.
The calculated time evolution of RF power in the TEq ¢ and TE; 3 modes (c.f. Fig. 5-
47) shows that the TE; 3 mode amplitude is near zero until the second harmonic TEq ¢
mode amplitude nears its steady-state value. Even after the fundamental mode begins
to oscillate, its amplitude is so low that it may be below the threshold of detection.
We believe this may be an example of mode cooperation, which has been treated
theoretically [116, 122] and observed experimentally [109], and arises in this case due
to favorable prebunching of the beam by its interaction at the second harmonic. The
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contamination by the undesirable fundamental mode implies that the TE;¢ second
harmonic mode might be preferred over the design mode. However, previous studies
have concluded that such mode competition effects are sensitive to the beam start-up
scenario, while all our simulations correspond to the sudden start-up case [123]. In
CW operation, competition between the fundamental modes and the second harmonic
design mode was not observed therefore it is likely that the observed effect was not
mode competition but rather excitation of the fundamental mode during the rising

and falling edge of the pulse.
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Chapter 6

250 GHz Gyrotron Experiments

The results in the first two sections of this chapter are adapted from a manuscript:
V.S. Bajaj, M.K. Hornstein, K.E. Kreischer, P.P. Woskov, R.J. Temkin, and R.G.
Griffin. A long-term, stable, CW 250 GHz gyrotron with low second harmonic starting
currents [92].

The 250 GHz gyrotron is the critical component in performing the highest fre-
quency dynamic nuclear polarization (DNP) experiments to date and is used in con-
junction with a 380 MHz NMR spectrometer. The 250 GHz gyrotron was designed by
Kreischer et al. [40] and is more fully described in [124]. Figure 6-1 shows an aerial
photograph of the 250 GHz gyrotron, corrugated transmission system, and 380 MHz
NMR magnet. In the center of the photograph, the beam splitter which allows for
sampling of the power in the overmoded corrugated waveguide is visible. The beam
splitter is shown in more detail in Fig. 6-2 and is discussed in Section 6.3.

Using the gyrotron, enhancements of nuclear spin polarization by dynamic nuclear
polarization in static and spinning solids at a magnetic field strength of 9 T (250 GHz
for g=2 electrons, 380 MHz for 'H) have been achieved [27]. Enhancements in these
experiments can be summarized as follows; 'H enhancements of up to 170£50 in 1-13C-
glycine dispersed in a 60:40 glycerol/water matrix at temperatures of 20 K; significant
enhancements in N spectra of unoriented pf1-bacteriophage; and enhancements on
the order of 17 in two-dimensional ¥C-13C chemical shift correlation spectra of the
amino acid U-13C, N-proline during magic angle spinning (MAS).

The 250 GHz gyrotron was examined in detail for four main purposes; to ascer-
tain its operating characteristics, to observe and control its stability, to find second
harmonic modes, and to increase its efficiency, three of which are important qualities
for DNP. Section 6.1 describes the operating characteristics of the gyrotron and also
details the stability of the gyrotron. Notably, the gyrotron has operated for more
than 10 days under computerized control during DNP experiments. To determine
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Figure 6-1: Aerial photograph of the 250 GHz gyrotron, corrugated transmission
system, and 380 MHz NMR magnet.

Figure 6-2: Photograph of the 250 GHz quasi-optical directional coupler.

the viability of designing a second harmonic gyrotron at 460 GHz, an experiment was
conducted to search for the operating parameters of similar high frequency second
harmonic modes in the 250 GHz gyrotron. Section 6.2 analyzes the low starting cur-
rents observed in the resulting search. In Section 6.3, we describe how we increased
the efficiency of the gyrotron by implementing a corrugated waveguide transmission
system with quasi-optical coupling to monitor the forward and reflected power and
frequency. Due to a steady increase in the gyrotron output power under constant cur-
rent regulation, active monitoring of the power is required as an input to the control

system.

6.1 Characterization of the 250 GHz Gyrotron

While a number of experimental variables can influence the stability of DNP ex-
periments, the stability requirements of the microwave signal for the application of
dynamic nuclear polarization to quantitative measurements of internuclear distances
and torsion angles are at most several percent. Since the stability of the gyrotron
output power under these conditions has never been tested, it is important to bench-
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mark its performance. This section summarizes the operational status and operating
parameters of the 250 GHz DNP gyrotron under a variety of test conditions. The
gyrotron was operated in CW mode for most of the measurements. The tests explore
the output power, frequency, linewidth, intensity pattern, and stability of the output
power over sustained operation. The results demonstrate that the requirements for
DNP can indeed be met and that the gyrotron can be safely operated for times greater
than 10 days, and that the power variation with feedback control can be maintained
to less than 1%.

6.1.1 TEy3; Operating Mode

The 250 GHz gyrotron is normally operated in the TEq 32 mode at 12.2 kV and 21
mA. This can be explained by the simple fact that the NMR frequency is matched
to the gyrotron frequency when the longitudinal mode with two variations is chosen
over the TEg 3 longitudinal mode with one variation (c.f. Fig. 6-3). In addition, it
also has a low start oscillation current and generates a sufficient amount of output
power (c.f. Fig. 6-4) for DNP.

Figure 6-4 depicts the variation of the output power of the TEq 32 operating mode
with beam current, which can be regulated by proportional control implemented
in software. The power in the operating mode was measured using the Scientech
calorimeter described in Chapter 3. The magnetic field value corresponds to the
correct frequency for DNP experiments. At a beam voltage of 12.2 kV, the beam
current was incremented manually in steps of 1 mA in the range from 10-26 mA
through changes in the heater control voltage. The error was set to the average
error of the other measurements. After oscillations begin at 10 mA, the result is an
approximately linear correlation. A maximum CW output power of 7 W is achieved
at beam parameters of 26 mA and 12.2 kV, yielding an efficiency of 2.2%. Even with
the current controlled, the gyrotron output power is not constant over long periods
of time, and so the calibration is strictly valid only in the initial stages of operation.
Direct feedback on the gyrotron output power is discussed later.

In Fig. 6-3 the experimentally measured continuous duty power of the TEg3
operating mode with varying magnetic field is compared with output frequency. The
gyrotron should operate at a frequency of 250.5 GHz which corresponds to a proton
frequency of 380 MHz. The operating magnetic field is determined by the optimum
DNP enhancement which yields a point with a combination of optimal frequency and
power. A sufficient amount of power is generated over a broad magnetic field range
to allow a narrow amount of frequency tuning to be performed.
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magnetic field, (b) the gun magnetic field, and (c) the beam voltage.

6.1.2 Frequency Pulling

Frequency pulling can result from variation in the main or auxiliary magnetic fields,
beam voltage, or beam current. This effect in gyrotrons has been observed and
discussed in [18, 57, 125] and also in Section 5.2.3.

The measured frequency pulling characteristics of the 250 GHz gyrotron using
the heterodyne frequency detection system (described in Sec. 3.1.1) in the operating
TEp 3,2 mode are plotted in Fig. 6-5. The total frequency change observed is over 100
MHz. The frequency dependence on operating parameters is summarized in Table
6.1. Frequency pulling in the operating TEq 3 mode results from changing the main
magnetic field by 0.02 T, the cathode magnetic field by 20 gauss, and the beam voltage
by 250 V. Individually tuning the beam voltage and gun magnetic field resulted in 14
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Table 6.1: Frequency dependence on operating parameters of the 250 GHz gyrotron
in the TEq 3 2 operating mode

Parameter Sensitivity
Magnetic field 5.3 GHz/T
Cathode magnetic field 12.3 GHz/T
Beam voltage 86 MHz/kV

Cavity temperature < 1 MHz/°C

and 25 MHz of frequency tuning, respectively, while the main magnetic field yields
the widest tunability of 118 MHz. This wide tunability is due to the use of the second
longitudinal mode as the operating point. The operating frequency is also affected by
the cavity temperature by less than 1 MHz/°C. A discussion of the frequency pulling
effects at 460 GHz is located in Section 5.2.3.

6.1.3 Radiation Patterns

Radiation pattern measurements are an important diagnostic of a gyrotron. They can
be used to deduce the functionality of internal components, such as a mode converter,
and the measurements can be recorded at several planes to reconstruct the phase
information. A Gaussian mode free of defects is critical to quasi-optical propagation
and minimizing losses to the system. In our case, the beam is launched into free-space
twice; first, the beam is launched into free-space internal to the gyrotron after the
quasi-optical mode converter and second inside the DNP probe where the beam is
focused and reflected into a vertical waveguide before it finally reaches the sample.
At 250 GHz, several techniques of measuring intensity patterns were compared.
In this section, we consider a pyroelectric camera, thermal paper, and a quantitative
technique utilizing liquid crystals that we have developed for millimeter waves. Previ-
ously, measurements of the beam at 250 GHz have been conducted with a mechanized

scanner [124].

Liquid crystal

Liquid crystals can provide sub-micron resolution and temperature accurate to within
a few degrees [126, 127]. In industry, 0.1 °C accuracy is obtainable from narrow-band
(5 °C range) liquid crystals and 0.5 °C or better from broad-band ones. A combination
of different ranges of liquid crystal sensitivity can provide good dynamic range. To

recover the spatial power distribution numerically, the time-dependent change in color
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Figure 6-6: Intensity radiation pattern of the Gaussian output of the gyrotron op-
erating in the TEq 32 mode as recorded by liquid crystal paper for (a) the gyrotron
output and (b) and (c) after lengths of corrugated waveguide.

from the liquid crystal paper must be imaged, yielding the relative power at a given
point. The color value (R,G,B) for each pixel is read as a function of time and
converted to temperature. The results of several measurements in different dynamic
ranges can be combined if necessary. The beam power can then be obtained from
the rate of increase of the pixel temperature and the ambient temperature. Relative
power measurements do not require the latter measurement. Liquid crystals have
been previously used to qualitatively identify gyrotron radiation [128].

Liquid crystal measurements of the mode-converted TEg 32 mode were recorded
over 16 seconds with a digital video camera from (a) the gyrotron output and (b) and
(c) after two lengths of corrugated waveguide in Fig. 6-6. Since the liquid crystal sheet
is nearly transparent to the electromagnetic radiation at 250 GHz, it only samples
the radiation and therefore does not perturb the rf field profile in the waveguide or
unconfined rf field profile. The colors of the liquid crystals change from black at the
coldest through red and green with increasing temperature and finally reach indigo at
the warmest. A unique (R,G,B) color corresponds to each temperature such that the
temperature of the liquid crystals can be recovered through calibration. Continuous
monitoring of the liquid crystal sheet via the digital video camera is essential to the
measurement since the image is dynamic. While the power flow is normal to the
liquid crystal sheet, the conductive heat transfer occurs in the surface of the sheet
such that at steady state, the image will “bleed”. Through continuous monitoring of
the image evolution, a video frame can be selected before steady state is established.

In this measurement, to eliminate reflected light we used an optical polarizing
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(a) (b)

Figure 6-7: Intensity radiation pattern of the Gaussian output of the gyrotron op-
erating TEg 32 mode as recorded by a pyroelectric camera (a) linear (b) logarithmic
(normalized dB).

Table 6.2: Beam waist of the gyrotron output radiation field from the pyroelectric
camera and liquid crystal method

Liquid cystal Pyroelectric  Theory

x waist (mm) 77x£0.15 7.255£0.016 6.99
y waist (mm) 70+£0.1 6.605+0.015  6.99
Ellipticity (y/x) 0.90 0.91 =
Ellipticity (%) 9.0 9.0 -

filter. The liquid crystals change the polarization of incident light. Thus, in a cross-
polarized viewing system in which the incident light source is polarized (4) and there
is a (-) viewing filter on the camera, then the only light that will reach the camera is
that which has been reflected from the liquid crystals. This technique yields several
orders of magnitude less noise and eliminates reflections to the video camera.

In Fig. 6-6(a), the gyrotron radiation is captured unguided, and it can be seen
that the cross bore of the superconducting magnet provides some interference with
the beam. Figures 6-6(b) and (c) show a small sidelobe which is also seen in the

pyroelectric measurements.
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Figure 6-8: Linear radiation intensity pattern of (a) the mode-converted TEg 3 mode
captured by a pyroelectric camera (b) Gaussian fit (¢) difference between experiment
and fit.

Pyroelectric camera

A pyroelectric camera (Spiricon Pyrocamera III, Model No. PY-III-C-B, Serial No.
30507) was used to measure the radiation pattern of the mode-converted TEg 3o
operating mode of the 250 GHz gyrotron with a beam current of 23 mA. Originally
used as a laser beam diagnostic, here we present the first use at millimeter wavelengths
of an array of pyroelectric elements. Such a technique has previously been used at
Jefferson Lab in the terahertz regime [91]. The measurement, taken after a length of
corrugated waveguide, is shown in Fig. 6-7 both in a linear and normalized logarithmic
scale. The plots show a small sidelobe of -2 dB. At 250 GHz, a Gaussian fit (c.f. Fig.
6-8(c)) determined that the measured beam is slightly elliptical with a waist size in y
of 6.605+0.015 mm and a waist size in z of 7.255+0.016 mm, where the beam waist is
given by 1/e? from the maximum intensity or -8.7 dB. These results are summarized
in Table 6.2.

The rectangular grid diffraction pattern observed on the intensity patterns is ex-
plained in Section 5.2.8.

Thermal paper

Thermal paper is described in Section 3.1.3. Intensity patterns recorded with thermal
paper are shown in Table 6.9 in Section 6.3.

185



1.2

12— T — T —r T —r——r—y
L Beam Voltage (kV) |
12.0 ' =
@ = i M AAARMAAANAIAAANAMANMAN s ¢ 3
=~ el Control Input 5
I (norm. units) 409 7
_ 1
112 POREPUPRE S SV PRI S S VR S S SO S S YO | 08
33 T T ' ' ' 14.6
Heater (V 1
14.55
(b) S 325 >
Heater (A) 4.5
32 . .. ol R R T 4.45
e L A e
g Pressure (1 0?® Torr)
© & 35
o
3
250
—~ . o)
@ F 200 T
~ - Frequency (GHz) =
150 L o vy .. 1250.55
0 10 20 30 40 50 60
Time (min.)

Figure 6-9: Stability of the TEg 32 operating mode over an hour of the (a) cathode
voltage and beam current, (b) heater voltage and current, (c) pressure, and (d) power
and frequency.
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Table 6.3: Stability of the 250 GHz operating parameters

Technical Average  Standard (%)
parameter value deviation

Filament voltage (V) 3.274 0.004 0.1
Filament current (A) 4.515 0.008 0.2
Beam voltage (kV) 12.090 0.047 0.4
Pressure (10~° Torr) 3.430 0.019 0.5
Frequency (GHz) 250.559348 0.000359 0.000143
Diode (mV) 929.75 1.94 0.8

6.1.4 CW Long-term Stability and Control

The 250 GHz gyrotron has operated for more than 10 days continuously under com-
puter control. Long-term stability of the gyrotron was monitored during a DNP
experiment, where the gyrotron output power was monitored and controlled through
the beam splitter and the gyrotron control system was modified to automatically
record parameters of operation at regular intervals. A one hour period is representa-
tive of the fluctuations during this long-term operation, and as such is shown in Fig.
6-9. Stability of the operating parameters is summarized in Table 6.3. All parame-
ters are stable to within one percent. Notably, the output power was stable within
0.8% (excluding initial and terminal phases). The frequency stability is discussed in
Section 6.1.5.

Transient response

The output power is directly monitored and regulated by a PID controller which
explicitly compensates for the transient response of the system. Figure 6-10 shows
typical response curves for a sudden positive or negative step in the heater voltage
(from 3.6 V to 3.7 V or vice versa). The pressure following a sudden or controlled
shutdown is shown in Fig. 6-11. From these response curves, the optimal control
parameters for a PID controller can be extracted using a variety of tuning rules. A
Zieglar-Nichols analysis suggests a process dead time of 57 £ 8.5 s and a maximum
change in the detector voltage of (8.43+0.2) x 10~° V/s. Since the diode is operating
in its linear range, the actual process rate is related to the detected rate by a scalar
which can be estimated, on the basis of the calibration data, to be 2.618+0.13 W/uV.
In practice, the parameters will have to be modified slightly to take into account the
sampling rate of the digital controller and the precise integration method by which
the integral correction is obtained. Also, it is clear from inspection of Figure 6-10
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Figure 6-10: Representative transient response of the gyrotron to (a) positive and (b)
negative step in the control voltage. The dashed line is a sigmoidal fit to the data
from which optimal PID parameters were estimated. Note oscillations in the output
power which persist even though the system is not under proportional regulation for
these measurements.

that oscillations in the output signal persist even when the gyrotron is not under
regulation of its output power. Thus, these oscillations do not arise from oscillatory
control as originally suspected, but they must arise from some periodic noise in either
the detection or the gyrotron power supplies. Fortunately, the time scale of these
oscillations is such that it will not impact thermal mixing DNP experiments.

6.1.5 Linewidth

The radiation produced by the gyrotron has a finite linewidth which can be attributed
to both natural and technical sources. The fluctuations of the technical parameters
which dominate over the natural noise sources cause the broadening of the radiation
linewidth in gyrotrons {129, 130]. Among these technical or operating parameters
are the beam voltage, beam current, and external magnetic fields. In our case the
technical noise is caused by the fluctuations of the high voltage, the filament, and the
gun coil power supplies, and the pulsed nature of the recirculating chiller.

Heterodyne

The gyrotron linewidth in the TEq 3 o operating mode was measured using the hetero-
dyne receiver system described in Sec. 3.1.1. The linewidth of the gyrotron averaged
over 32 shots is shown in Fig. 6-12. The linewidth is estimated at 300 kHz.

One of the reasons that the linewidth may be so broad is due to technical noise.
Table 6.3 is a list of the average value, standard deviation, and percent deviation of
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Figure 6-11: Response of the system to (a) sudden and (b) controlled termination
of running power supplies. In (a), a power failure caused the accidental shutdown of
the high voltage and heater supplies following three hours of CW operation, while,
in (b), the high voltage output was gradually reduced over a period of 10-15 s, and
the heater supply voltage was reduced over a period of thirty minutes, both following
thirteen hours of CW operation.
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Figure 6-12: Linewidth measurement of the operating TEg 32 mode using the fre-
quency measurement system.
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Figure 6-13: Homodyne measurement of the operating TEq 32 mode.

the contributing factors. Over the hour long period shown in Fig. 6-9, the standard
deviation of the frequency is 359 kHz. The standard deviation of the beam voltage
and current are 47 V and 8 mA, respectively. The standard deviation of the heater

voltage and current are 4 mV and 8 mA respectively.

Homodyne

The 250 GHz modulated signal is an amplitude modulated (AM) signal which can be
demodulated yielding the linewidth of the device. The homodyne signal is shown in
Fig. 6-13. We measured the instantaneous line width of the 250 GHz oscillator using
a homodyne system and found it to be below the detection limit of a few Hz. There
are sidebands every 60 Hz corresponding to the line modulation and sidebands spaced
at 7 kHz at the switching frequency of the high voltage power supply. All sidebands
are less than 1% in intensity. The previous linewidth measurement of several hundred
kilohertz was limited by either the phase noise of the heterodyne receiver system or
the technical noise.

6.2 Low Second Harmonic Starting Currents

The 250 GHz experiments were performed in pulsed mode with the same equipment
used for the 460 GHz pulsed experiments, which is detailed extensively in Chapter
3, for the purpose of locating the second harmonic modes. The CW gyrotron was
reverted to operation in a short pulse configuration with duration of 1-3 us and
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Table 6.4: Second harmonic modes observed in the 250 GHz gyrotron.

Mode Frequency Magnetic Voltage Start current

(GHz) field (T)  (kV) (mA)
TEss:  323.67 5.84 73 12
TEos;  327.41 5.90 7.8 15
TEss; — 358.42 6.48 8.6 15
TEsss  358.81 6.50 8.6 47
TEis:  365.26 6.60 8.8 .

(a) (b) (c) (d) (e)

Figure 6-14: Intensity patterns of the harmonic modes observed in the 250 GHz
experiment: (a) TEg4, (b) TEay4, (¢) TEs4, (d) TE; 5, and the fundamental waveguide
mode (e) TEg ;.

repetition rate of approximately once per second. In this configuration, the low duty
cycle allowed us to explore the physics of the second harmonic microwave generation
in the gyrotron while avoiding potential damage due to beam interception or RF
heating of internal components.

A parametric study was conducted to determine the operating parameters of sev-
eral second harmonic modes in order to determine the feasability of second harmonic
operation in the 460 GHz experiment. Fundamental modes in the vicinity of the
second harmonic modes or the operating TEq 3 mode were also studied. To this end,
operating parameters including the cavity and gun magnetic fields, beam current,
and voltage were varied to map out the operating characteristics of the modes. The
electron beam voltage and current were varied up to 15 kV and 120 mA while the
main magnetic field was varied up to 9.2 T and the gun magnet up to £8.5 X 1072 T
with respect to the cathode field.

During the course of the experiment, four unique transverse second harmonic
modes were observed from 5.8 to 6.6 T with starting current as low as 12 mA: the
TEo41, TE241, TE34,1 (and TE342), and TE; 51, and these are enumerated in Table
6.4. The theoretical intensity patterns of several of the modes observed in the exper-
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recorded for resonant cavity modes from 5.8 to 9.2 T and up to 120 mA. Open
symbols denote fundamental modes and filled-in symbols denote second harmonic
modes.

iment are pictured in Fig. 6-14. Figure 6-15 summarizes the experimental starting
current data as a function of magnetic field recorded for resonant cavity modes from
5.8 t0 9.2 T and up to 120 mA. Open symbols denote fundamental modes and filled-
in symbols denote second harmonic modes. It is of particular note that the three
harmonic modes detailed in the experiment, the TEs4;, TEg4 1, and TE34, start
oscillating at between 12 and 15 mA and that the TE;3 4 o second axial variation of a

second harmonic mode begins oscillating at 47 mA.

Fig. 6-16 summarizes the experimental frequency tuning data as a function of
magnetic field recorded near the starting current for resonant cavity modes from 5.8
to 9 T. Open symbols denote fundamental modes and filled-in symbols denote second
harmonic modes. Data for the TEq41, TEo41, TE34,1, and TE;3 42 second harmonic
modes is shown in addition to the TE; 5, TEg,, and TE; 3 fundamental modes. Table
6.5 summarizes the frequency tuning of the modes shown in Fig. 6-16, where, notably,
1.8 GHz tuning has been observed in the TE; s mode and 1.4 GHz in the TEg;, and,
comparable to in the 460 GHz experiment, only tens of megahertz of tuning in the
second harmonic modes. The magnetic frequency tuning of the fundamental modes

has been previously analyzed in detail in Section 5.1.5.

The starting currents for the 250 GHz gyrotron calculated using linear theory, in
Table 6.6, are much higher than the experimentally observed starting currents (c.f.
Fig. 6-15). Among the possible explanation for this phenomenon are the electron
beam, cavity shape, and window. An unintentional iris in the cavity resulting from
an artifact of the machining and electroforming could lower the starting current by
trapping the mode thereby raising the ). Depending on the size and shape of the
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Table 6.5: Frequency tuning for the observed modes between 5.8 and 9 T in the 250
GHz gyrotron.

Magnetic field (T)

TE,,,, Harmonic Af
number  (GHz)
TEs41 2 0.05
TE074’1 2 -
TEg24 1 1.77
TEs34, 2 0.02
TE;3 4,2 2 -
TEs 11 1 1.36
TE23, 1 0.77
324 " 3o76)3588 ' 4 [239
TEg 4.1 TEsa2
TEpas 1
24,1 . - ]
N 323.4 327.21358.4 .TE3'4'1 1 246
I s ¥ ' o
Q, v
Py s -
2 v 238
o
& [1e6 v ; °
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(165 pppue” ] Lo
5.8 59 6 X 62 6.3 6.4 6.58.6 87 8.8 8.9

Figure 6-16: Summary of experimental frequency tuning data vs. magnetic field
recorded for resonant cavity modes from 5.8 to 9 T near the starting current. Open
symbols denote fundamental modes and filled-in symbols denote second harmonic
modes.
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Table 6.6: Minimum start current, and magnetic field and frequency for minimum
starting current of ¢ = 1 modes from linear theory [19] vs. experiment

Experiment Theory
TEnpq | Bo Is f By Iy f
(T) (mA) (GHz)| (T) (mA) (GHz)
TE,4: {584 12 323.67 585 272  323.537
TEo4; {590 15 32741592 361 327.301
TE2:1 | 5.93 7 165.00 | 5.95 15  164.889
TE34:1 | 648 15 35842649 226 358.286
TEsy, | 866 17 23719 | 8.66 252 237.062
TE231 | 8.89 5) 245.07 | 8.93 9 244.966
TEop3; | 906 13  250.10 | 9.12 9 249.973

iris, it could either selectively enhance only the high frequency modes or affect all
modes. In the 250 GHz gyrotron, nearly all of the modes including the TEq 4, TEq 4,
and TE3 4 second harmonic modes and the TEg; fundamental mode all have greatly
reduced starting currents. Reflections from the window could also reduce the starting
currents of selected modes by increasing the ). However, this mechanism is not
thought to be active because the effects of window reflections on the cavity operation
which would be manifested as discrete segments in the magnetic frequency tuning
data are not observed [18]. A third possibility is increased beam-wave coupling due
to an off-axis beam.

Off-axis beam

In this section we consider the effects on the starting current due to an off-axis beam.
An off-axis beam could result from either a misaligned tube, a cross-bore that is not
centered to the magnetic field, or from a skewed field resulting from the coupling of
the NMR magnetic field to the gyrotron magnetic field in the region near the electron
gun,

To illustrate this possibility, we have plotted the coupling coeflicients, which are
inversely proportional to the start oscillation current, of the design TEq3 mode and
the TEg; fundamental mode in Fig. 6-17. The design beam radius is 1.018 mm,
which effectively couples the electron beam to the second radial maximum of the
TEo 3 mode. The coupling to the experimentally observed TEsg; whispering gallery
mode should be poor except for interaction with electrons in the vicinity of the cavity
wall. However in practice the mode enjoys a low starting current.
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Figure 6-17: Coupling factor for the TEq 3 operating mode and the co-rotating TEs1

fundamental mode. The operating electron beam radius is 1.018 mm.

Figure 6-18: Electron beam shifted by the distance D (solid line) in the coordinate
system of the resonator. The on-axis electron beam is indicated by the dashed circle.
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The coupling coefficient for the off-axis beam can be determined by transforming
the coordinate space for a shifted electron beam to the on-axis coordinate system
(c.f. Fig. 6-18). Now the off-axis starting current can be addressed as the ratio of the
off- to on-axis coupling coefficients multiplied by the on-axis starting current, which

simplifies to \
J (kLR.)
Io axis — mEn Is ar
i = T2 L kLR(G)

where R, is the beam radius and the beam radius of the off-axis beam transformed

(6.1)

to the on-axis coordinate system is given by

R($) = Dcos¢ + \/R2 — D?sin’ 6. (6.2)

The ratios of off-axis to on-axis starting currents are plotted in Fig. 6-19 for ob-
served (a) fundamental modes and (b) second harmonic modes. The off-axis starting
currents are plotted in Fig. 6-19 for observed (c¢) fundamental modes and (d) second
harmonic modes. The counter-rotating modes are represented by dashed lines. The
consequences of an off-axis shift of the electron beam with respect to the resonator
are clear; even a 0.1 mm shift reduces the start current of the TE; 5 mode to 8% of
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Table 6.7: Thermal load measurements on the 250 GHz gyrotron [20]

Current Voltage Beam power Cavity Collector Calorimeter RF efficiency

(mA) (kV) (W) load (W) load (W) (W) (%)
4 12 48 0 37 0 -
8 12 96 0 85 0 -
12 12 144 11 127 3 21.43
16 12 192 24 150 9.7 19.23
20 12 240 31 189 8.4 21.38
24 12 288 37 221 10.3 21.75
28 12 336 47 260 12 20.34
32 12 384 51 292 13.9 21.37

the original on-axis starting current.

Since the cavity electron beam radius is slightly more than 1 mm and the cavity
radius itself is slightly less than 2 mm, a beam offset of more than 0.9 mm will result in
beam interception in the cavity and an offset of more than 0.6 mm will likely result in
beam scraper interception. While the starting current for the counter-rotating second
harmonic TE; 4 and TE3 4 modes are immediately decreased with a small beam shift,
the starting current for the TEg 4 second harmnic mode is not diminished in the offset
range that results in zero beam interception. Likewise, the TEsg: fundamental mode
requires a beam offset of 0.8 mm to enter the region of low current parameters in our
experiment. In conclusion, there is no singular beam offset that will explain all of the

lowered second harmonic starting current results.

High @ cavity

A high cavity @ is a second possibility for lowered starting currents that we will ex-
plore. From (2.62), the starting current is inversely proportional to the total cavity
®. In simulations, the conductivity of the oxygen-free copper used to electroform
the cavity is assumed to be half that of ideal copper. A design value for the cavity
diffractive @ of 6,000 was recovered from cold cavity simulations. Using these pa-
rameters, the expected RF efficiency for the 250 GHz TEq 3 mode is approximately
62%. In fact, according to the thermal load measurements in Table 6.7, the actual RF
efficiency is closer to 21% [20]. In order to obtain an RF efficiency that is one-third as
large as expected, there are two factors to be considered, as seen previously in Section
5.2.4. In the first scenario, the conductivity of the copper of the electroformed cavity
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Figure 6-21: Cold cavity simulation showing the cavity and RF profile for the 250
GHz gyrotron cavity (a) without and (b) with an iris.
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Figure 6-22: Starting currents for the second harmonic TEj3 4; mode using linear and
non-linear theory and for the case of the design cavity (lines) and with an iris added
before the output uptaper (dotted lines). The percentages indicate the velocity spread
simulated.

should be less than one-fiftieth of the conductivity of ideal copper. In the second
case, the diffractive @) should be seven times higher than the design value. These are
illustrated in Fig. 6-20. The first scenario seems highly unlikely, therefore we will
focus on the second possibility.

The presence of a small iris before the output uptaper of the cavity can signifi-
cantly increase the diffractive @ by the observed factor of seven. This is illustrated
in cold cavity simulations for the TEj3; mode in Fig. 6-21, where the frequency
remains unchanged with or without an iris. An iris is consistent with the machining
of discontinuous radii on the mandrel and can explain the elevated thermal load on
the cavity. Most importantly, a high diffractive @ can significantly lower the starting
currents of all modes. Figure 6-22 shows the starting current results of linear and non-
linear simulations of the second harmonic TEj3,4; mode. The nonlinear simulations
with 10% transverse velocity spread and and iris of the variety depicted in Fig. 6-21
show the best agreement to the experimentally observed low starting current. The
exact nature of the iris is unknown because the cavity cannot be removed from the
gyrotron and this may account for the discrepancy between experiment and theory.
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6.3 Corrugated Waveguide and Directional Cou-
pler Experiment [2]

A 250 GHz corrugated transmission line with a directional coupler for forward and
backward power monitoring has been constructed and tested for use with a 25-watt
CW gyrotron for dynamic nuclear polarization (DNP) experiments. The main corru-
gated line (22 mm internal diameter (i.d.), 2.4 m long) connects the gyrotron output
to the DNP probe input. The directional coupler, inserted approximately midway, is
a 4-port crossed waveguide beamsplitter design. Two beamsplitters, a quartz plate
and 10-wire array, were tested with output coupling of 2.5% (-16 dB) at 250.6 GHz
and 1.6% (-18 dB), respectively. A pair of mirrors in the DNP probe transferred the
gyrotron beam from the 22 mm waveguide to an 8 mm helically corrugated waveguide
for transmission the final 0.58 m distance inside the NMR magnet to the sample. The
transmission line components were all cold tested with a 248 + 4 GHz radiometer.
A total insertion loss of 0.8 dB was achieved for HE; ; mode propagation from the
gyrotron to the sample with only 1% insertion loss for the 22 mm diameter waveguide.
A clean Gaussian gyrotron beam at the waveguide output and reliable forward power

monitoring were achieved for many hours of continuous operation.

6.3.1 Introduction

The recent availability of multiwatt CW power at 250 GHz for dynamic nuclear polar-
ization (DNP) [27] and other diagnostic applications has created a need for efficient,
moderate power transmission line and directional coupler components. Fundamen-
tal mode WR-03 waveguide components (0.86 x 0.43 mm inside dimensions) are not
practical due to high insertion losses of > 8 dB/m. High transmission efficiencies at
250 GHz can be achieved by using overmoded waveguide (cross section dimensions
greater than a wavelength) or optical components. The most efficient overmoded
waveguide mode is the HE; ; mode in corrugated waveguide [131]. This mode also
ideally couples to a free space Gaussian beam, which is optimum for achieving the
smallest possible diffraction limited spot sizes for maximizing power concentration or
spatial resolution in an experiment.

Corrugated waveguide transmission lines are a well-established technology widely
used with gyrotrons at lower frequencies. Some examples are the transmission lines at
110 GHz on the DIII-D tokamak [132], at 140 GHz on the ADSEX-Upgrade tokamak
[133], and at 84 and 168 GHz on the Large Helical Device (LHD) stellarator [134]. In
this report we extend this technology to 250 GHz.
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Figure 6-23: 250 GHz transmission line layout for DNP expereiments.

In addition to efficient transmission, a directional coupler is required in most
experiments to monitor forward and reflected power. In high power gyrotron trans-
mission lines at lower frequencies this is typically accomplished with small coupling
holes in the mirror of a miter bend. Practical considerations due to the high power
levels and requirements for heat dissipation limit the coupling holes to linear arrays
as used in the transmission lines at 110 GHz on DIII-D [135] and at 140 GHz on the
Frascati Tokamak Upgrade [136]. To overcome the power coupling variations of a lin-
ear array when multiple modes are present in the transmission line, experiments with
a two-dimensional array of holes in a copper film on a diamond substrate for heat dis-
sipation have also been carried out [137]. In the work presented here a quartz optical
beam splitter, which is practical at moderate power levels, was implemented inside a
straight section of corrugated transmission line to provide full beam cross section cou-
pling of both forward and reflected power. Thin wires stretched across the waveguide
aperture in place of the quartz were also tested as an alternative beamsplitter.

6.3.2 Component Design

The layout and principal components of the 250 GHz transmission line for DNP
experiments are illustrated in Figure 6-23. From the gyrotron the transmission line
starts with a 22 mm diameter, 2.44 m long corrugated waveguide with a beamsplitter
directional coupler near the middle. At the output of this waveguide a two-mirror
optics unit focuses and directs the gyrotron beam into a smaller 8 mm diameter,
0.58 m long helically tapped corrugated waveguide. The two mirrors consist of a
spherical 50 mm diameter, 50 mm focal length focusing mirror, and a 25 mm square
flat steering mirror. At the sample end of the 8 mm waveguide a flat mirror, 54.7°
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Figure 6-24: Calculated coupling efficiency of an elliptical Gaussian beam of 10.04 x
13.76 mm waist cross section to a circular waveguide HE; ; mode.

mitered waveguide bend directs the beam to the cryogenically cooled sample. A
PTFE (Teflon) window is located in the 8 mm straight waveguide just before the
miter bend. The 8 mm waveguide and sample are inside the bore of the magnet (not
shown) for the DNP experiments. The 8 mm waveguide also serves the dual purpose
of the central conductor of the coaxial line for the 30-300 MHz RF.

Waveguide

The choice of the main waveguide diameter was based on an analysis of the gyrotron
output. An internal Vlasov converter inside the gyrotron transforms the TEy3 mode
to a near Gaussian beam, launching it through a quartz window. Ray tracing anal-
ysis of the Vlasov coupler predicts a slightly elliptical beam waist at the window
with minimum and maximum diameters of 10.04 and 13.72 mm. A calculation of
coupling such an elliptical beam to a circular corrugated waveguide HE; ; mode as
a function of waveguide diameter is shown in Figure 6-24. The coupling efficiency is
optimal with a waveguide diameter of about 18 mm. A somewhat larger waveguide
diameter of 22.2 mm (7/8 inch) was finally chosen after initial gyrotron output power
measurements immediately outside the magnet dewar side bore showed greater power
output coupling using a larger diameter waveguide due to the presence of higher order
modes. The compromise for the calculated coupling to the HE; ; mode at this larger
waveguide diameter is not significant, dropping only from 95% to 91%.
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Corrugated waveguide \l Beamsplitter

Figure 6-25: Design of the directional coupler fabricated from two corrugated waveg-
uide corners that mate along the diagonal to hold the beamsplitter. One corner with
a flat mirror along the diagonal would make a 90° waveguide miter bend.

The 22 mm diameter corrugated waveguide was fabricated from many short alu-
minum tube sections with a wall thickness of 3.2 mm (1/8 inch). The circumferential
wall corrugations were 0.3 mm (0.25 A) deep and wide with a period of 0.4 mm (0.33
A). Two 0.254 m long and fifteen 0.124 m long waveguide sections and one 0.064 m
long directional coupler block were assembled with outer diameter clamps to achieve
the desired waveguide length.

The 8 mm waveguide was fabricated from copper tubing with a short section of
stainless steel tubing welded in the middle to act as a cryogenic thermal break. The
internal corrugations were machined with a rifling tap having a pitch of 2.5 grooves
per mm (3 per A). The triangular groove depth was estimated to be between 1/4 A
and 1/8 A. The total polarization rotation for propagating a 250 GHz beam through
this waveguide due to the helical groove was estimated to be < 3° using equation (2)
in [138]. After machining, internal and external surfaces of this waveguide were flash
coated with silver and then gold to provide good electrical conductivity to the RF

and protection from corrosion.

Directional coupler

The directional coupler design, illustrated in Figure 6-25, uses crossed corrugated
waveguides that are split along a diagonal of the crossed waveguide intersection to
accommodate a beamsplitter. The beamsplitter thickness and index of refraction
determine the degree of reflective coupling from the main waveguide direction to the
side waveguide ports. The reflectivity of a beamsplitter, assuming no absorption, is
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given by the standard formula [139):

4psin? (%)

k= (1 - p)® + 4psin® (g)

(6.3)

where p is the surface reflection given by the Fresnel equations and 4 is the phase
difference between the beamsplitter front and back surfaces given by:

§= gnh cos b, (6.4)
Ao

For the two orthogonal E-field polarizations parallel and perpendicular to the plane
of incidence (the plane of Fig. 6-25):

where in the above equations #; and f; are the angle of incidence and transmission,
respectively at the beamsplitter as related by Snell’ law of refraction (sin §; = nsin 6,),
n is the beamsplitter index of refraction, h is its thickness, and A is the gyrotron

beam wavelength in vacuum.

A low coupling factor is achieved by a beamsplitter minimum in reflectivity. At
250 GHz fused quartz has an index of refraction of 1.955 [104] and for an incidence
angle of 45° has a reflection minimum for a thickness of approximately 1 mm. Com-
mon microscope slides with this thickness and sufficient area (25 x 50 mm) to cover
a 22 mm aperture at 45° are readily available and were used in the present exper-
iments. Another advantage of this beamsplitter is that a visible laser beam can be
introduced through a side port and its reflection off the beamsplitter can be aligned
with the waveguide axis, facilitating downstream alignment of the transmission line
and microwave optics.

A disadvantage of using a dielectric beamsplitter for signal coupling is that it is
narrowband. Narrowband operation is not a limiting factor in this 250 GHz DNP
experiment, since only the narrow gyrotron frequency is transmitted, but stability is
important for monitoring power. Small changes to the beamsplitter parameters, for
example due to thermal changes, could cause the coupling factor to drift. To overcome
this potential limitation, experiments were carried out with thin wires stretched across
the waveguide aperture as an alternative broadband beamsplitter approach.
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Figure 6-26: Scattered radiation patterns (P,/P, x 10*) at 250 GHz by (a) one wire
(36 gauge) and by (b) a ten wire array. The wires are arrayed with a spacing of 1/4\
along the vertical axis of this figure with the wire axis normal to the figure plane.
The incident beam is 45° from normal to the wire array plane with a HE; ; beam
profile corresponding to corrugated waveguide with ka = 58.

Coupler with wires

The power scattered by a wire can be expressed as the product of its scattering cross
section and the incident power density as:

Ps=oPp (6.7)

where ¢ has units of area and Pp has units of power per unit area. In the following
analysis we will only consider the electric field polarization normal to the wire axis
because the scattering cross-section is smaller for this orientation and we desire a
small coupling factor. For an infinitely long, small radius, a, wire such that the
condition k,a < 1 is true the scattering cross-section is given by [140]:

2
m2a cos ¥ {(k‘oa cos ¥)* (% + cos ¢) :'

cos? ¥

(6.8)

g =

where W is the angle between the incident beam and the normal to the wire axis and ¢
is the angle between the direction of the scattered signal and the plane containing the
incident beam and wire. In our present coupler design for a wire stretched across the
waveguide aperture perpendicular to the plane in Figure 6-25, ¥ = 0° and ¢ = 90°.
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Figure 6-27: View of 10-wire, gauge 36 beamsplitter stretched across the diagonal
face of the corrugated 4-port directional coupler block.

A 36 gauge wire with a = 63.5 um has a value 0, = 5.8 x 10~® mm? at 250 GHz
(ko = 5.24 mm™?).

The power density of the HE; ; mode inside a circular waveguide is best expressed
in terms of the electric field density, Ep, as:

1

Pr =
9z,

B (6.9)

where Zy = \/p,/€, is the impedance of free space and the electric field density is

given by [131]:
J, (2.4055
§ - ZPOZO_l_ 2 ( Z) (6 10)
D=\ T A 7 (2.405) ‘

where P, is the power of the gyrotron beam, A is the waveguide radius, r is the radius

coordinate inside the waveguide, and J, and J; are Bessel functions.

According to (6.8), one wire will primarily backscatter the incident radiation (see
the top of Figure 6-26). An array of wires is needed to impart directionality to the
scattered signal away from the backward direction. The sum of the scattered electric
field for an array of wire scatters can be calculated with the aid of the grating equation
(141].

Es = \/o(¢)Ep(r,)e*™ ZED(rj)eij£ (6.11)
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Figure 6-28: The 248 GHz heterodyne receiver used for cold test measurements.

where £ is given by the grating equation as:
& = kod (sin b; + sin @) (6.12)

and d is the spacing of the wires and

d f dd
= {n Or 1. O (6.13)

(n+3)d forn even

The wire spacing needs to be less than the wavelength to minimize the number of side
lobes in the radiation pattern. The radiation pattern for ten wires with a spacing of
0.25 X is shown in the lower part of Figure 6-26. The strongest radiation lobe is at
about 83° to the incident beam with a scattering fraction of 0.0072 (-21.4 dB). The
other strong radiation lobe is in the forward direction and does not contribute to the
output coupling into the side port. The 10-wire side port coupling is not as optimal
as with the quartz beamsplitter due to the slight angular offset, but it would be
broadband. Figure 6-27 shows the 10-wire beamsplitter implemented on the diagonal
face of the split 4-port corrugated block for measurements described below.

6.3.3 Cold Tests

A 248 GHz heterodyne radiometer was used to test the transmission efficiency of the
waveguide components with broadband thermal radiation. The radiometer obtained
from Millitech used a tripled 88.67 GHz Gunn local oscillator (LO) that was frequency
stabilized to a 100 MHz crystal quartz reference. The intermediate frequency (IF)
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Figure 6-30: Calculated quartz (n=1.955) beamsplitter reflectivity for a beam inci-
dence at 45° for the two orthogonal polarization cases and two thicknesses.
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Table 6.8: Cold test insertion loss measurement results with 248 + 4 GHz radiometer

Component Insertion Loss
22 mm waveguide, 2.44 m long 1%
Quartz coupler (6.3% coupling) 6.8%
10-wire coupler (1.6% coupling) 2.6%
4-port block w/o beamsplitter 0.5%
Transfer mirrors and 8 mm 15 + 3%
waveguide

amplifiers covered the 2-4 GHz range. A corrugated horn with an internal semi-
angle of 2.5° and an output aperture of 18 mm provided an HE;; mode field-of-
view that was coupled to a 6.35 cm long 22 mm diameter corrugated waveguide
section by a hollow acrylic plastic conical transition with an internal semi-angle of
4°. A second 12.4 cm long 22 mm diameter waveguide section was fixed relative
to the first with a gap of about 1 cm for insertion of a chopper. A photograph of
this setup is shown in Figure 6-28. The chopper permitted operation as a Dicke
receiver [142] with lock-in amplifier phase sensitive detection. The double sideband
(DSB) noise temperature was measured with a liquid nitrogen cooled thick (30 mm)
pyramidal surfaced Eccosorb black body to be approximately 7, = 11,000 K past
the chopper at the end of the 22 mm diameter waveguide. Though the theoretical
measurement precision with this receiver as given by T,/v/Bt [143] is 0.2°C for one
second integration time (¢ = 1 s) and the full receiver DSB (B = 4 GHz), in practice
it was at least several degrees due to electronics drift.

The transmission efficiency of the 250 GHz corrugated waveguide components was
determined by measuring the increase in receiver noise temperature as the compo-
nents were added to the end of the receiver-chopper assembly. The results for the 22
mm waveguide and the two versions of the directional coupler are shown in Figure
6-29. The top plot (open circles) shows the transmission efficiency of the straight
waveguide sections as they were built up to the full 2.4 m length without any direc-
tional coupler. A small linearly increasing insertion loss was observed that totaled
1% for the complete waveguide. This is probably an upper limit for HE;; mode
transmission efficiency, since it is likely that the receiver beam may have had some
higher order mode content due to the acrylic transition and chopper waveguide gap.

In the next lower trace (solid circles) of Figure 6-29, a directional coupler using
a 10-wire beamsplitter as described above was inserted into the 22 mm waveguide
1.37 m from the receiver assembly. The measured loss of this coupler at the insertion
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location was 2.6%. In the lower trace (open squares) a directional coupler with a
1 mm thick quartz beamsplitter was inserted in the same position and measured a
6.8% insertion loss. Measurements of the noise temperature to the side port of the
coupler for forward power coupling corresponded to 1.6% and 6.3% coupling fraction
for the wire and quartz beamsplitters, respectively. Therefore some of the observed
insertion loss is not coupled out to the monitoring port. A further measurement
was made of the 4-port corrugated waveguide block without a beamsplitter and was
found to have an insertion loss of about 0.5%. Consequently, the difference between
the observed insertion loss and side coupling can be accounted for by the discontinuity
of the crossed waveguide in the 4-port block.

The measured coupling fraction of 1.6% (-18 dB) with the 10-wire beamsplitter is
3 dB larger than the calculation above. This difference may be due to the approximate
nature of the calculation for k,a < 1 where for the present case k,a = 0.33

The results for the coupler with the quartz beamsplitter can be understood with
the aid of the calculations shown in Figure 6-30. The quartz reflectivity is a sensitive
function of frequency and thickness. The beamsplitter thickness was measured to
be 0.94 £ 0.02 mm, one of the cases plotted in Figure 6-30. Integrating the beam-
splitter reflectivity over the detection bands of the receiver results in a reflectivity of
3.8 + 2% for parallel polarization, the upper limit of which is close to the observed
value. Rotating the quartz beamsplitter 90° on the waveguides axis to couple with
the perpendicular polarization increased the measured coupling to 22%, which is also
in agreement with the calculation of 22.2 4+ 3% for a 0.94 mm thick beamsplitter.
For comparison, the case for a beamsplitter with a thickness of exactly 1 mm is also
shown, which has a calculated parallel and perpendicular coupling of 0.24% and 1.7%
respectively. Polishing the quartz beamsplitter to a precise thickness can be used to
achieve almost any desired coupling factor less than -3 dB at a specific frequency.

The insertion loss of the two mirrors that transfer the millimeter-wave beam from
the 22 mm waveguide to the 8 mm waveguide and the 8 mm waveguide was also
measured and found to be 15+3%. It is likely that most of this loss can be accounted
for by non-optimal threaded groove parameters and an elliptical distortion of the
millimeter-wave beam caused by the spherical focusing mirror that is used at about
30° off axis. Table 6.8 summarizes the cold test insertion loss measurements.

6.3.4 Measurements with Gyrotron

The 22 mm diameter corrugated waveguide with the quartz 4-port directional coupler
was tested with the CW gyrotron beam. Power was measured with a Model 362 Sci-
entech calorimeter and mode patterns were obtained with thermal burn paper backed
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Table 6.9: 250 GHz gyrotron beam measurements

Distance from

Burn Pattern Power

Gyrotron (W)
Window (cm)
30 (no waveg- NI -
uide)
—» 18 mm [&—
38 4.5
100 12mm
132 (after .
quartz  cou- ———bl |<——
pler) 7 mm
short long
exposure exp.
o
Ny
244 3mm 4.1
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by a flat sheet of eccosorb to enhance absorption. The power measurements were
not corrected for the actual millimeter-wave absorption by the calorimeter detector
element [144]. Table 6.9 summarizes the results. The gyrotron power output was set
to about 5 watts for these measurements, which is adequate for the DNP experiments
and allows very stable operation for periods of over 10 days. Operation with output
power up to 25 watts is possible when long-term drift is not important.

The top burn pattern was taken without any waveguide immediately outside the
gyrotron magnet side port, about 30 cm from the gyrotron window. The irregular
appearance of the beam indicates the presence of higher order modes. However, the
nonlinear absorption properties of the thermal paper may exaggerate the content of
higher order modes. In the next entry, a 38 cm long section of the 22 mm waveguide
was brought into near contact with the gyrotron window and aligned to maximize
the power output. At this point the beam is significantly distorted and elongated in
the horizontal direction. The next measurement was made after 1 m of waveguide
was added to the output of the gyrotron window. The beam now has evolved to two
vertically separated hot spots. In the next entry, with 132 cm of waveguide including
the directional coupler the beam has become a smaller elliptically elongated spot.
Finally, at the output of the full waveguide we have a single circular spot. Here two
burn paper exposures are shown. The short exposure shows a small circular spot. In
the longer exposure, the small circular spot has been burned from black to a lighter
shade of gray making the outer regions of the beam visible, showing that the beam
is circular over a large dynamic range. This suggests that the higher order gyrotron
modes have been filtered from the beam by the 2.4 m long transmission through the
corrugated waveguide. A power measurement of 4.1 watts was made at the waveguide
output. This corresponds to an 11% loss relative to the first measurement of 4.5 watts
near the gyrotron output.

The forward output coupling of the quartz directional coupler was also tested
with the calorimeter. A coupled fraction of 2.5% was measured. This is lower than
the cold test result because the quartz beamsplitter has a smaller reflectivity at the
250.55 GHz gyrotron frequency versus the two IF bands of the cold test receiver (c.f.
Figure 6-30). The gyrotron frequency was accurately established by harmonically
mixing with a frequency counted and PLL-regulated Gunn oscillator and performing
a Fourier transform measurement of the IF frequency on a digital oscilloscope.

A 3-hour test of the directional coupler was also carried out to determine thermal
stability with the gyrotron beam. A detector diode in WR-3 waveguide was matched
to the forward power monitoring port with a 2.5° corrugated horn from Millitech, a
4° hollow acrylic taper, and a short section of 22 mm dielectric waveguide similar to
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the setup of the 248 GHz radiometer described above. A thick pyramidal surfaced
Eccosorb dump blocked the reflection monitoring port opposite the forward port for
this test. The harmonic frequency measurement receiver was used to simultaneously
monitor the gyrotron power in the main beam after the directional coupler by inter-
cepting a small part of the beam at a distance. Figure 6-31 shows the results. The
measured power levels are shown in Figure 6-31(b) and the normalized ratio of these
signals is plotted in Figure 6-31(a). The coupling factor remains relatively stable over
the three hour period. Drifts in the detection electronics can explain the observed
deviation of 0.8% in the coupling factor.

This directional coupler design will require careful matching of the detector diodes
and/or isolation when both forward and backward detectors are simultaneously im-
plemented because they view each other cross the beamsplitter.

6.3.5 Conclusions

A corrugated waveguide with a full cross-section directional coupler for use with a
moderate power CW 250 GHz gyrotron for DNP experiments has been fabricated and
successfully tested. Precise measurements of small insertion losses and coupling fac-
tors were made possible with the use of a wide bandwidth radiometer, 248 4+ 4 GHz,
for cold testing rather than a coherent source that would have had standing wave
inaccuracies. The total transmission loss for an HE; ; mode from the gyrotron to the
sample was found to be about 0.8 dB over a total distance of 3 m with a directional
coupler, an optical change in waveguide diameter, a Teflon window, and a miter bend.
The actual loss was about 1.1 dB due to the presence of higher order modes in the
gyrotron beam. However, with 5 watts output at the gyrotron 4 watts can be readily
coupled to the sample, more than adequate for the DNP experimental requirements.
Most of the insertion loss of about 0.7 dB occurs in the 0.58 m long, 8 mm diameter
waveguide inside the DNP magnet probe and the associated two mirrors that transfer
the gyrotron beam from the 22 mm diameter waveguide. Future improvements in the
performance of this section of the transmission line system are possible by replac-
ing the spherical mirror with an off axis parabolic mirror and improved corrugation
parameters. The main 22 mm diameter, 2.44 m long waveguide with optimum corru-
gations was found to have an upper limit for HE; ; mode transmission losses of only
1%.

The problem of monitoring forward power was solved with a 4-port crossed cor-
rugated waveguide with a beamsplitter. Two types of beam splitters were tested,
a narrow band thin quartz plate and a broadband 10-wire scattering array. The
quartz plate has the advantage that a visible laser beam can be superimposed on
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the millimeter-wave beam for alignment, but it has a disadvantage that it may be
susceptible to frequency drift of the coupling factor under thermal loading by the
gyrotron beam. The 10-wire scattering array is broadband and the wires are good
thermal conductors, potentially making the 10-wire array coupling factor more stable
at higher power. Both beamsplitters cold tested about as predicted and in the present
5 watt CW gyrotron tests the quartz beamsplitter did not reveal any problem with
thermal drift. This directional coupler design along with the corrugated waveguide
demonstrated here provide an efficient solution to the problem of transmitting and
monitoring millimeter-wave beams at a frequency of 250 GHz.

6.4 Discussion

The 250 GHz gyrotron is situated in a nearly 50 gauss fringe field of a 380 MHz wide
bore NMR magnet. While the center of the gyrotron magnet is shielded by the nature
of its superconducting coils, the region of the electron gun remains unshielded. The
electron beam characteristics are extremely sensitive at the region where the electrons
are emitted and the second magnet may have consequences on the alignment and
quality of the electron beam in the gyrotron tube.

Starting currents for the second harmonic modes of the gyrotron were as low as 12
mA. Two possible causes of the low starting currents in the various second harmonic
and fundamental modes of the gyrotron discussed were an off-axis beam and a high Q
cavity. The argument for an off-axis beam was discarded because there was no single
beam offset that provided a unified solution to all modes without beam interception
on the body. A high cavity @Q, likely due to an iris, is the more reasonable cause of
the low starting currents. This hypothesis is supported by thermal load data for the
cavity which indicates that the ohmic losses are several times in excess of the design
value.

The DNP probe incorporates an optical transmission section, which then couples
to an over-moded waveguide which also serves as the center conductor of the RF coax-
ial transmission line. At the top of this line, a bend is made in over-moded waveguide
to couple microwaves to the sample at the complement of the magic angle. Losses of
approximately 7.5 dB at the top of the probe were measured using the setup previous
to the installation of the corrugated waveguide, incorporating an overmoded smooth-
wall waveguide. These losses were thought to have been incurred from diffraction
losses inside the probe due to the launching into free space of a non-Gaussian beam.
A smooth-wall waveguide does not transmit a mode which couples to a Gaussian.
Instead, it transmits a combination of TE;; and TM; ; radiation where the separate
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modes can beat with each other, and, depending on the length of waveguide used,
the output may not be in phase and will not yield a Gaussian. The TM; ; mode also
attenuates more rapidly than the TE; ; mode. Corrugated waveguide, on the other
hand, supports the HE; 1 mode which couples to a free-space Gaussian. The loss of
power at the sample was reduced to 1.1 dB with the corrugated waveguide.

Under constant beam current regulation, the gyrotron output power steadily in-
creases over time. The corrugated transmission system incorporates a quasi-optical
directional coupler which allows the forward and reverse microwave power to be sam-
pled, with very low insertion loss in the system. The beam splitter makes possible
active monitoring of the power as an input to the control system which is the reason
that the gyrotron output power can be held constant to less than 1% over long periods
of time.
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Chapter 7

Transmission System of a 140 GHz
Gyrotron Oscillator

This chapter describes the mode purity and microwave transmission system of a 140
GHz gyrotron oscillator, the first collaborative effort of the joint series of Francis
Bitter Magnet Laboratory and Plasma Science and Fusion Center DNP gyrotrons
[41, 42]. A detailed analysis of the transmission system was performed in order
to determine the efficiency of transmission and to minimize losses through design
and implementation of several new components. For example, a new TEop,1 to TE; ;
waveguide mode converter was designed and implemented as the result of this effort.

Operating around 12.5 kV and 26 mA in millisecond pulses and approximately 50%
duty, the 140 GHz gyrotron generates approximately 10 W of peak power in the TEo 3.1
mode. The power is transmitted to the DNP probe in the low-loss TE;; waveguide
mode. To complete the process of transformation into the TE;,; transmitted mode,
the TEq s radiation is initially converted into the TEp2 mode via an axisymmetric
waveguide mode converter, followed by a TEg; to TEy; waveguide mode converter,
both of which are located internal to the gyrotron. Also internal to the gyrotron is
a 90° miter mirror to steer the radiation toward the 211 MHz NMR magnet and to
block electrons which have not been deflected to the collector walls from striking the
quartz window. A schematic of the 140 GHz gyrotron oscillator illustrating these
features can be seen in Fig. 7-1.

The gyrotron output window, with a diameter of 1.27 cm, is followed by an exter-
nal TEg; to TE;; waveguide mode converter, a miter bend, a vertical copper pipe, a
second miter bend, a horizontal pipe, and a downtaper to fundamental waveguide, a
circular to rectangular transition, a high-power directional coupler (-36 dB attenua-
tion on both ports), and a 90° fundamental waveguide bend, before entering the NMR
magnet from the top (c.f. Fig. 7-2). The TEq; to TE;; waveguide mode converter,
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Figure 7-1: Schematic of the 140 GHz gyrotron oscillator indicating key components.
The gyrotron tube is parallel to the plane of the floor.

shown in Fig. 7-3, is an asymmetrical periodically perturbed cylindrical waveguide.
The TEq; to TE;; waveguide mode converter, also referred to as the “snake” due to
its serpentine shape, has been fabricated from a section of cylindrical copper waveg-
uide almost a meter long that has been perturbed periodically. In the old snake,
these perturbations are held in place with clamps and can be adjusted manually with
screws. The measured snake parameters are listed in Table 7.1.

In order for the transmission system to have optimum efficiency, the transmitting
mode must have high single mode purity. As a metric of the mode purity, we first
measured the radiation pattern from the output window of the gyrotron. To determine
the snake mode converter efficiency, we also measured the radiation pattern from the
mode converter output and analyzed the result. Based on these efforts, a new snake
mode converter was designed, implemented, and tested. The new mode converter
was the first of a series of iterative modifications that were made to the 140 GHz
transmission system that resulted in significantly higher transmission efficiency.
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Figure 7-2: Schematic of the 140 GHz external transmission system, consisting of a
TEo1-TE;,; snake mode converter, overmoded cylindrical copper waveguide with two
miter bends, a taper to fundamental waveguide, a circular to rectangular transition,
a directional coupler, and a fundamental waveguide bend, terminating at a 211 MHz
(*H)/140 GHz (electron cyclotron) DNP probe.

Figure 7-3: (a) Schematic of the TEp;-TE;; snake mode converter, where a is the
average waveguide radius, ¢ is the perturbation, r(z) = a + 4(z), d is a period, and L
is the total length (b) close-up of one period [14].
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Table 7.1: Measured snake parameters

Length of the snake L (m) | 0.93
Waveguide radius a (mm) | 6.35
Period length d (cm) 13.3
Number of periods N 7

7.1 Two-Dimensional Radiation Pattern Measure-

ments

The data acquisition system based on a mechanized scanner described in Sec. 3.1.3
was used for the field scans of the gyrotron output and snake output [89]. The
attenuation level was adjusted until the diode signal reached a preset level, in our
case, 10 mV. The gyrotron was set at a 2 Hz repetition rate. The slow repetition
rate, along with the delay due to the motorized attenuator adjustments, results in a
long scanning time. At the gyrotron window, a miter bend was placed followed by a
short pipe of 1.27 cm radius. The miter bend was necessary due to the obstruction of
a wall parallel to the gyrotron oscillator. In a second set of scans, the short pipe was
replaced with the TEq; to TE;; waveguide mode converter. The scanner was placed
about 5.08 cm away from the end of the open pipe (or snake). The cutoff waveguide
attached to the diode detector is atuned to a single field polariation, thus each scan
was repeated for both horizontal and vertical polarizations.
Since the relation
k—a2 > 1 (7.1)
2z
holds true, we know that we are operating in the near field, where a is the radius
of the aperture (6.35 mm), z is the distance from the aperture (5.08 cm), and the
frequency f (= ck/2m) is 140 GHz. In this limit, the waveguide radiation fields should

be appropriate for comparison.

7.1.1 Gyrotron Radiation Pattern Measurements

In the first set of scans, two-dimensional radiation patterns from the gyrotron output
were measured using the apparatus described in the previous section in order to verify
the quality of the TEg; mode gyrotron output. The radiation exits the gyrotron
window and is steered 90° with a miter bend in the plane of the floor to a copper pipe
where it is radiated to the scanner over a 5 cm gap. The surface of the scanner not
used to detect the radiation is covered with Eccosorb to prevent reflections. A block
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Figure 7-4: (a) Photograph of the author and the setup for measuring the radiation
mode patterns. The gyrotron is located off-screen to the left, and a miter bend steers
the radiation toward the scanner. The scanner is located to the right and is covered
with Eccosorb to prevent reflections. (b) Block diagram of the setup for measuring
the radiation mode patterns.

Figure 7-5: Liquid crystal recording of the TE; gyrotron output.
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Figure 7-6: (a) Horizontal and (b) vertical polarizations of the gyrotron output at z
= 5.08 cm; (c¢) horizontal and (d) vertical polarizations of TEg; theoretical intensity;
normalized dB contour plot
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x (cm) y (cm)

Figure 7-7: Gyrotron output at z = 5.08 cm, (a) y = 0; (b) x = 0; the solid line
represents the theoretical values, the x’s the vertical polarization, and the +’s the
horizontal polarization

diagram and photograph of the setup are shown in Fig. 7-4.

As an initial test, we irradiated the beam on a sheet of liquid crystal and took
a still photograph with a digital camera (c.f. Fig. 7-5). A TEq;-like pattern can
be seen, however the liquid crystals saturated quickly and were slightly damaged,

potentially accounting for the nonuniform thermal distribution.

We used the scanner to obtain the data plotted in Figs. 7-6(a) and (b). Figures 7-
6(a) and (b) show a two-dimensional scan of the horizontal and vertical polarizations
of the gyrotron output at 5 cm in a normalized dB contour plot, where the maximum
intensity is set to zero. When compared to the theoretical TEq; radiation patterns
in Figs. 7-6(c) and (d), a sidelobe of low intensity is visible in Figs. 7-6(a) and 7-6(b)
in the lower right of the scanned zone. One-dimensional slices taken at the y = 0 and
z = 0 plane and compared to their theoretical TEq; counterparts are shown in Fig.
7-7, where the solid line represent the theoretical values, x the vertical polarization,
and + the horizontal polarization. The vertical polarization in Fig. 7-7(a) and the
horizontal polarization in Fig. 7-7(b) match to theory reasonably well, and less than
-12 dB of the vertical polarization was detected in the £ = 0 plane where there ought
to have been none.
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Figure 7-8: Sum of horizontal and vertical polariations at z = 5.08 cm of (a) gyrotron
output, (b) theoretical TEy; waveguide mode, (c) snake output, and (d) theoretical
TE,; ; waveguide mode in a normalized dB contour plot
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Figure 7-9: (a) Horizontal and (b) vertical polarizations of the snake output at z =
5.08 cm; (c) horizontal and (d) vertical polarizations of TE;; theoretical intensity;
normalized dB contour plot

225



0 l —
l
41 1l ]
J +
o It _
) [
Ll 1L ]
[
x|
16 | < | :
20 T
x (cm) y (cm)

Figure 7-10: Snake output at z = 5.08 cm, (a) y = 0; (b) x = 0; the solid line
represents the theoretical values, the x’s the vertical polarization, and the +’s the
horizontal polarization

7.1.2 Old Mode Converter Radiation Pattern Measurements

In the second set of scans, we measured the radiation pattern from the snake using
the scanning apparatus described previously in order to verify the functionality of
the TEg; to TE;,; mode converter. The radiation exits the gyrotron window and is
steered 90° with a miter bend in the plane of the floor to the snake where it is radiated
to the scanner over a 5 cm gap. The scanner is covered with Eccosorb to prevent
reflections. A block diagram of the setup is shown in Fig. 7-4(b) and a photograph
in Fig. 7-4(a).

We used the scanner to obtain the data plotted in Figs. 7-9(a) and (b) and 7-10.
Figures 7-9(a) and (b) show a two-dimensional scan of the horizontal and vertical
polarizations of the gyrotron output at 5 cm in a normalized dB contour plot, where
the maximum intensity is set to zero. The horizontal polarization in Fig. 7-9(a) is a
poor match to the theoretical TE;; pattern of Fig. 7-9(c) and is more reminiscent
of the horizontal component of the TEO1 mode, seen in Fig. 7-6(c). The vertical
polarization of the snake output in Fig. 7-9(b) is a better match to its theoretical
counterpart in Fig. 7-9(d). One-dimensional slices taken at the y = 0 and z = 0
plane and compared to their theoretical TE;; counterparts are shown in Fig. 7-10,
where the solid line represent the theoretical values, x the vertical polarization, and
+ the horizontal polarization. The vertical polarization in both Figs. 7-10(a) and 7-
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10(b) match to theory in trend, however the horizontal polarization, which should be
nearly absent resembles that of the TE,; mode more than the TE; ; mode, indicating
a probable error with the mode conversion.

Mode converter analysis

To begin the the snake mode converter analysis, we added together the horizontal
and vertical components of the gyrotron radiation patterns, likewise with the snake
radiation patterns, to obtain the composite radiation pattern which is then compared
to the theoretical TEq; or TE;; radiation pattern. These comparisons can be seen
in Fig. 7-8 and they can be said to have the same shape.

Since the horizontally polarized component of the snake radiation pattern, Fig. 7-
9(a), strongly resembles the theoretical horizontal component of the TEy; pattern,
Fig. 7-6(c), instead of the theoretical TE;;, Fig. 7-9(c), we can first assume that
the snake is not converting at 100% efficiency. Secondly we can assume that the
horizontal polarization comes solely from the TEg; mode,

P, = % (7.2)
P,
P, = P1,1+—%’1 (7.3)

where P, is the horizontal power from the snake radiation pattern, P, is the vertical
power component, Fp; is the total power in the TEg; mode, and P;; is the total
power in the TE; ; mode. From this method, we can approximate that the TEg; to
TE;1 ;1 conversion efficiency of the snake is

Pry

—— =0.59. 7.4
P+ Poa (7.4)

Approximate analytical estimation [145] indicates that the snake converter has to
be aligned with an accuracy of £1°. The misalignment angle « (in radians) should
be a factor of 2 to 3 smaller than \/4K/k, where K (= n/(2Nd) = 0.017 cm™?) is the
TE; 1-TEo ; mode coupling coefficient, N (= 7) is the number of periods, d (= 13 cm)
is the period, and k£ (= 2x/A). This angle corresponds to a shift in the tail of the
snake of +1 cm. Assuming that the efficiency of mode conversion is 100% if the mode
converter is perfectly aligned, the efficiency is reduced to 75% for a misalignment of
2°, and further to 20% for 3°.
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Figure 7-11: Statistical analysis of the mode converter radiation pattern assuming two
modes present in the output, the TE; ; and TEq;, and phase difference. Confidence
levels are indicated by solid lines.
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Statistical analysis

Overmoded waveguide can support multiple propagating modes. Since each mode has
a complex propagation coefficient, the intensity at successively sampled planes along
the length of the waveguide will display a spatial interference pattern. The correct
interpretation of mode spectra of waveguides on the basis of intensity measurements
alone therefore requires phase reconstruction, a classic inverse problem for which a
number of solutions have been proposed [|, but for which a solution almost always
involves sampling the intensity at several planes. In this case, there is enough infor-
mation a priori about the mode content of the waveguide (i.e. that it is a mixture
of two modes) for a single plane intensity scan to be informative, provided that each
polarization component is separately measured. The diode detector apparatus is a
polarization-sensitive detector; in combination with a digitally-controlled attenuator,
it also has an extremely high dynamic range. In order to ascertain whether or not
a detector that is insensitive to polarization can provide equivalent information, we
first generated an aggregate data set consisting of a sum of the two intensity scans
recorded from the output of the snake mode converter using the diode detector, each
corresponding to a unique polarization. We then attempted to systematically fit the
data on a grid of TE; ; and TEj; mode content and relative phase. The goodness
of the fit was analyzed using a statistical F-test to obtain confidence intervals for
the measurement. The results of this statistical analysis show the entire fitting sur-
face is enclosed by the 75% confidence contour. Thus, the separate measurement of
each polarization component was critical for this analysis, and a detector measuring
absolute intensity alone should not be expected to give informative results for the

measurement of a single plane.

7.1.3 New Mode Converter Radiation Pattern Measurements

Using the coordinate system defined in Fig. 7-12, the radiation fields from the trans-
verse electric (TE,, ,) wave in hollow pipes of circular cross-section are given in spher-
ical coordinates by [15]

E, =0 (7.5)
_ smlTWH k2 JIm (kasin§) | kR
Ey J °R (1 + . Cos 9) I (kpa) g St meoe (7.6)
, .
Ey = jm“——-—kg‘;e“ (% +cos€) I (kLa) Im (I;asm@) 5 cosmee kR (7.7)
1— (k—sinB
L
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Figure 7-12: Coordinate system for calculating the radiation from a circular hollow
pipe [15].
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Figure 7-13: Setup of the apparatus for the 1D radiation scans.

where v, (= kia) is the p™ root of J/,(z), the coordinates (R, 6, ¢) are defined in
Fig. 7-12, the vertical polarization refers to E, (or the E-field polarized in the y-
direction) and the horizontal polarization refers to Ey (or the E-field polarized in the
%-direction).

This section describes the testing of the mode purity of the new snake (compared
to the old snake) in the transmission line by measuring the one-dimensional radiation
pattern. The pattern is measured by a diode which is rotated through a large angle
in a single plane. This method is used to cold test the new (and old) snake and to
hot test the new snake. The cold tests use the chopper and lock-in amplifier setup
described in Sec. 3.1.7 to reduce the noise floor of the measurement. The cold tests
are performed using the BWO (c.f. Sec. 3.1.8) as the source and the hot tests used
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Table 7.2: Theoretical mode content of the radiation field from a TE; ; to TEg; mode
conversion in the new snake.
Power (%) Mode Phase

938  TEy; -—89°
0.3 TE,; -131°
5.5 TE,, 17°
0.4 TEs1  56°

the 140 GHz gyrotron oscillator. The setup is shown in Fig. 7-13 which also labels
the axes of the coordinate system used. A diode detector and variable attenuator are
mounted onto a labjack which is fixed to an arm which has a pivot. The pivot point
is located directly beneath the aperture of the launching waveguide. The diode and
attenuator unit was incrementally rotated along the polar angle 6 at a fixed radius.
At each angle, the variable attenuator was adjusted to maintain a constant diode
signal. The horn was mounted in the orientation for detecting separately Ey and Ej.
In the cold tests, the signal is chopped before it reaches the detector and read by a
lock-in amplifier for signal enhancement. The radiation was manually measured over

an arc of approximately 60° in 1° increments.

Cold test of new snake

Figure 7-14 shows the far-field radiation scan of the output of the new snake at a
distance of 41 cm using the BWO as the 140 GHz radiation source. The vertical
polarization is represented by x’s, the horizontal polarization by +’s, and the theory
is shown by the solid line. The design simulations (c.f. Sec. 7.2.1) indicate that the
power in the modes present at the exit of the mode converter should be broken down
into the percentages shown in Table 7.2. When comparing one mode to another, their
amplitudes should be normalized such that the integral of the radiation in one mode
is equivalent to the other [146]. The theory matches the data up to -12 dB, below
which there is the unexpected horizontal component, which should not be present. It
may exist if the scan was not taken precisely at y = 0, or rather because the BWO
radiation scan (c.f. Fig. 3-12) does not emit a pure mode and itself has this TEg ;-like
component present. Alternately, it may be a residue from the cross-coupling from the
other polarization. However, it is more than 10 dB below the intensity of the vertical

polarization and is therefore not significant.
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Figure 7-14: Far-field radiation scan of the output of the new snake at 41 cm using the
BWO as the source. The vertical polarization is represented by x’s, the horizontal
polarization by +’s, and the theory is shown by the solid line. The theoretical mode
content of the snake is in the upper right-hand corner.

Table 7.3: Theoretical mode content of the radiation field from a TEq; to TE; ; mode

conversion in the new snake.
Power (%) Mode Phase

03  TEy 58
93.75  TE,; —98°

53  TE,, -—63°

06  TE,, —86°
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Figure 7-15: Far-field radiation scan of the output of the new snake at 41 cm using
the 140 GHz gyrotron as the source. The vertical polarization is represented by x’s,
the horizontal polarization by +’s, and the theory is shown by the solid line. The
theoretical mode content of the snake is in the upper right-hand corner.

Hot test of new snake

Figure 7-15 shows the far-field radiation scan of the output of the new snake at a
distance of 41 cm using the 140 GHz gyrotron as the source. The vertical polarization
is represented by Xx’s, the horizontal polarization by +’s, and the theory is shown by
the solid line. The design simulations (c.f. Sec. 7.2.1) indicate that the output power
of the mode converter should be broken down into the mode percentages and phases
shown in Table 7.3. The theory matches the data up to -15 dB, below which there is
the unexpected horizontal component, which should not be present. The horizontal
component may exist if the scan was not taken precisely at y = 0 or from cross-
coupling in the detector. However, since it is more than -15 dB below the intensity

of the vertical polarization it is therefore not significant.

Cold test of old snake

Figures 7-16 and 7-17 show the far-field radiation scans of the output of the old snake
in the forward and reverse configuration at a distance of 41 cm using the BWO at
140 GHz as the source. The vertical polarization is represented by x’s, the horizontal
polarization by +’s, and the theory is shown by the solid line. Since the TE; ; mode
is launched into the mode converter, it should function oppositely to its expected
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Figure 7-16: Far-field radiation scan of the output of the old snake in the forward
configuration at 41 cm using the BWO as the source. The vertical polarization is
represented by X’s, the horizontal polarization by +’s, and the theory is shown by
the solid line. The mode content of the theory data is in the upper right-hand corner.
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Figure 7-17: Far-field radiation scan of the output of the old snake in the reverse
configuration at 41 cm using the BWO as the source. The vertical polarization is
represented by x’s, the horizontal polarization by +’s, and the theory is shown by
the solid line. The mode content of the theory data is in the upper right-hand corner.
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gyrotron performance and the output radiation should be a pure TEp,; mode. The
mode conversion efficiency in the forward configuration is 93.5% when only examining
the vertical polarization, however the horizontal polarization (which should not be
present) is recorded at -10 dB below the intensity of the vertical polarization. The
output of the old snake in the reverse configuration is extremely poor. The mode
conversion efficiency is 60% if only examining the vertical polarization, however the
horizontal polarization (which should not be present) is recorded at only -5 dB below
the intensity of the vertical polarization. The old snake is clearly malfunctioning in
a reversed configuration. The snake should be symmetric; with an input of the TEy,;
mode the output should be TE, ; and vice versa regardless of the configuration being

in reverse.

7.2 Modifications to the 140 GHz Transmission
System

Several modifications were iteratively applied to the 140 GHz transmission system in
the direction of improving its performance. They include a new snake mode converter,
an overmoded miter bend near the probe, adjustment for the direction of the beam
exiting the window, correction for a beat between two consecutive miter mirrors, and a
corrugated waveguide. The experimental losses were measured in each configuration.

7.2.1 Design of a New TE(;-TE;; Waveguide Mode Con-

verter

Based upon the previous assessment, the snake mode converter is inefficiently con-
verting the TEo; gyrotron output radiation into the TE;; mode for transmission,
causing heavy losses in the taper and fundamental waveguide. The design of a new
TE;,; to TEg,; snake mode converter is presented in this section. Tests on the new
snake mode converter were presented in Section 7.1.3

Two-mode approach

This section contains the design summary of a TEo, to TE;; converter using the
two-mode approach described in [147]. Conversion of a circular TEq; mode to the
TE1,1 mode can be achieved by an asymmetrically periodically pipe, perturbed in one
plane. This serpentine structure is often referred to as a “snake” (c.f. Fig. 7-3). The

235



radius of this snake can be written as
r(z,0) = a+6(2, ) (7.8)

where a is the waveguide radius and § is the perturbation. The perturbation can be

written in terms of a sinusoid,
2
8(z,¢) = aey cos (Fﬂz - go) (7.9)

where 27/d = |k,01 — ka11), kzo1 (= VK2 — V3 /a?) and k.11 (= /k? — v} /a?) are the
propagation constants for the TEq; and TE;; modes, vo; = 3.8317, and v;; = 1.8412.
A coupling coefficient Ko; in the TEq1 to TE;; conversion is defined such that

gl(ka) —_ }'Ll
(kzOIG kzlla')

[

Ko = - + g1 (k.o1a k.110)

} (7.10)

where R is the radius of curvature, k., is the propagation constant, vm, is the pth

zero of J,, and the parameters g; and h; are defined by

n = 2%’/01’/%1(’/%1"1)-%(’/31”/%1)—2 (7-11)
hy = gl(—”—m—g—’ﬂ—). (7.12)

The coupling coeflicient can be rewritten as

2 .92 49
1 VoV /a

Z—-—-—
21 kL ork1/ Vi — g

Considering only the two modes of interest and their respective amplitudes Ag and

K()l = _K;‘O - EqT. (713)

A; we obtain

dAy
i Kun Ay (7.14)
dA .
_a_z_l = —K} Ao (7.15)
and solve for the amplitudes
AQ(Z) = COS |K01|z (716)
Al(Z) = sin 'K()lIZ. (717)
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Table 7.4: Inputs to the two-mode approach

Length of the snake L (m) 0.93
Waveguide radius ¢ (mm) 6.35
Frequency f (GHz) 140

Table 7.5: Optimum two-mode approach snake parameters

Period length d (cm) 13.0
Number of periods N 7.16
Perturbation ag; (mm) 0.3

The length of the period d is

2
d= —++— 7.18
k201 — k211 (7.18)
where N (= L/d) is the number of periods. From
sin(|Kp1|Nd) = 1 7.19)
|Kot|[Nd = g (7.20)
we can finally solve for €4,
7 Vko01ka1V/vi — 1 vpa®
€1 . (7.21)

= 2.3
Nd V6V

With a waveguide radius of 6.35 mm and total snake length of 0.93 m, we find an
optimized period of 13.0 cm and about seven periods. The perturbation ae; is found
to be 0.3 mm. The optimized parameters are listed in Table 7.5.

Multi-mode approach

Since multiple modes are too difficult to keep track of analytically, simulations must
be performed in order to completely analyze the mode conversion [146]. Using a mode
conversion code [148] to analyze multiple modes on our measured snake parameters,
a conversion efficiency of 93% is determined. The other modes present at the end of
the snake are 5% TE, 2, 0.3% TE, 1, and 0.6% TE; ;. The conversion efficiency of the
snake in the multi-mode approach is detailed in Table 7.6. If the number of periods
on the snake are increased from seven to eight, the conversion efficiency will increase

from 93 to 96%.
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Table 7.6: Conversion efficiency of the snake in the multi-mode approach

Mode Efficiency (%)

TE1, 93.8
i o 5.3
TE,, 0.6
TEo, 0.3

Figure 7-18: Photograph of the 140 GHz overmoded miter bend assembly in the
insertion loss test setup. The chopper is on the labjack on the left side and the
receiver is located on the bottom.

Implementation

The wriggles of the new snake mode converter were carved into halves of a block of
solid aluminum and a copper pipe was heated and set into the block, whereupon it

was fastened.

7.2.2 Overmoded Miter Bend Near Probe

An overmoded miter bend assembly was designed by Woskov et al. [149] to replace
the fundamental waveguide bend to the DNP probe, since fundamental waveguide
in general is lossy. The miter bend featured a coupling hole to provide a propor-
tional signal to the microwave power since this component would also replace the
fundamental directional coupler.

The assembly consists of a 28.4 cm section of cylindrical copper waveguide of inner
diameter 1.27 cm, a miter mirror with output coupling hole to provide a -30 dB signal
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proportional to the microwave power, followed by a tapered segment of 7.0 cm length
to a 1.19 cm inner diameter, a WR-42 circular to rectangular transition (Aerowave,
Part No. 01-10(42)) connected to a rectangular WR-42 to WR-8 transition and is
shown in Fig. 7-18. Measurements were taken with a 137 GHz heterodyne receiver
using liquid nitrogen cooled Eccosorb as the source of radiation. The receiver double
side bandwidth covered 135.5 -136.6 GHz and 137.4 - 138.5 GHz. The measurement
approach was to use a single mode receiver with a multimode source rather than
a single mode source with a multimode detector because our BWO is not isolated
and is very sensitive to microwave circuit changes that precluded sensitive insertion
loss measurements. The results show that the fundamental bend assembly had an
insertion loss of -1.21 dB to a pure TE; ; mode compared to -1.64 dB in the overmoded
miter bend assembly.

Hot test results [150] show that the 140 GHz gyrotron system did not benefit
significantly from the change to a new, oversized miter bend, therefore the setup was
reverted to the previous configuration (c.f. Fig. 7-2). While the new miter bend
assembly transmitted more power around the 90° bend, high losses were recorded
after taper. As a result, power reaching the sample is not very different with the
fundamental waveguide bend as compared to the new overmoded miter bend. The
downtaper used after the miter bend was designed for a low frequency band where it
operates in a single mode. Since it was not specifically designed for use with a mode
at 140 GHz, the poor observed result can be accounted for.

7.2.3 Oblique Gyrotron Beam

The gyrotron beam was found to be angling upward with respect to the horizont, at
an angle of more than two degrees. Three options for compensating for the upward
tilt were identified and discussed. The first proposal was to rotate the gyrotron tube
on axis to direct the beam downward by two degrees to achieve radiation propagating
parallel to the plane of the floor. Second, the tilt-table support upon which the
gyrotron rests could be translated to tilt the gyrotron beam downward and readjust
the tube postion to null out body current. The third possibility was to modify the
transmission line to account for the tilt.

The advantages of the first two options are that the transmission line would not
have to be modified. The disadvantage of the first option is the additional strain on
a fragile glass electrical break section and water hoses that would constrain rotation,
with an outside possibility that too much strain on the tube during the rotatation
could cause irreparable damage. The disadvantage of the second option is that in the
stray magnetic field environment it could become a tedious job to reposition the tube
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to null out the body current and still have high power millimeter-wave operation. In
addition, continuous-wave body current could be extremely damaging to the internal
components of the tube.

The third option of modifying the transmission line was the least invasive, there-
fore a short two degree waveguide bend was substituted at the tube output before
the external mode converter, removing the need to move the gyrotron or modify the
bulk of the transmission line after the short piece. In a bent circular waveguide, it
is possible to convert the TEy; mode into the TM; ;. In a cylindrical waveguide of
radius a (= 0.635 cm) and wavelength A (= 0.214 c¢m), since the curvature coupling
coefficient is {146]

é
A()l = COS*Q—OZ =0.99 (722)

where 6, (= 77.6\/a = 26°) is the Jouguet critical angle, the mode conversion is
negligible.
The total measured losses in this configuration were very low, totalling 4.5 dB.

7.2.4 Beat

We identified a beat in the 140 GHz transmission line in the vertical section of the
overmoded cylindrical waveguide. A beat is caused by a mismatch somewhere in the
system causing a reflection and standing wave. In our case, the reflection is between
the miter mirrors, and its path length can be characterized as an integral multiple of

2m
l= P—— For (7.23)
where k.., is the propagation constant for the interfering mode and k1, is the propa-
gation constant for the transmitting TE; ; mode. We detected this issue by meticulous
study of the transmission system in various abbreviated configurations and by noting
that an increase in length of the vertical waveguide corresponded with an increase of
transmitted power. As corrective action, the second miter bend of the transmission

line was re-fabricated and installed.

7.2.5 Corrugated Waveguide

The waveguide ohmic wall loss is proportional to the square of the tangential magnetic
field components at the wall, where in cylindrical waveguide these components are the
axial magnetic field component H, and azimuthal magnetic field component Hy. In
overmoded metallic corrugated waveguide, when both the waveguide radius a becomes
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Figure 7-19: Corrugated waveguide transmission system for the 140 GHz gyrotron by
Thomas Keating, Ltd. [16].

large and the period of corrugations becomes small compared to the wavelength, the
waveguide wall will begin to resemble a surface with an anisotropic reactance [131],

‘E¢‘
Z, = 2| = 7.24
] Hzla 0 ( )
E
Z2, = ==|,~iZZ 2

where Z is a normalized reactance and

Fo= \/%‘ (7.26)

The wall loss will then become small when the wavelength becomes small with respect
to the radius. The mode which is supported in this waveguide configuration is the
HE;; quasi-Gaussian mode which has very low fields at the walls. The HE; ; mode
couples directly to the fundamental free-space Gaussian mode with less than 2% loss.

Figure 7-19 shows a 140 GHz corrugated transmission system that was designed
and built by Thomas Keating, Ltd. as a replacement for the copper smooth-wall
waveguide transmission system. In addition to replacing the overmoded waveguide,
the corrugated system would also replace the fundamental waveguide in the bore of
the 211 MHz NMR magnet. However a requirement to make use of this waveguide
is the construction of a new 211 MHz/140 GHz DNP probe which couples to the
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corrugated transmission line. At the time of this writing, this has not occurred.

7.2.6 Theoretical Transmission Line Losses

Theoretical losses of the transmission system were calculated for comparison with the
experimentally measured losses of various configurations. Both diffraction losses and
ohmic losses were present in the system. Diffraction losses were present in the miter
mirrors while mode propagation through the waveguide resulted in ohmic losses. The
losses in two transverse electric modes are compared to the free-space coupling HE; ;

mode.

Diffraction losses

The miter bends in the transmission line can be modeled as gaps in a multimode
waveguide and can be described by using both waveguide and optical properties.
For the TEq;, TE;,, and HE;; modes, the analytical solution for the total losses
1 — | Ao|?, where Ay is the normalized modal amplitude of the incident mode coupled

to the waveguide, can be expressed as [151]

2 2 L \?
1—1An|2 = 2201 (_~_ ;
| Ao NG (koaz) (7.27)
3
2
2 L
2 1 / L 1 (k)()a )
—_ 2 - —
3
2 V12{E L \?
1-|A 2 = LY 2
e = ) (7.29)

where A,,, is the modal amplitude, ko (= 27 f/c) is the wave number in free space,
a is the waveguide radius, L is the gap length, v,,, is the Bessel function root of a
TEn,» mode, and vyug, , is the root of the characteristic equation of the HE; ; mode.
In our case, the frequency f is 140 GHz, a is 6.35 mm, and L is twice the waveguide
radius, therefore the diffraction losses in the TEq, TE;;, and HE;; modes are 0.8
dB, 0.9 dB, and 0.33 dB, respectively.
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Ohmic losses

The ohmic losses in overmoded waveguide are generally small for our application.
Power flow in a waveguide is of the form

PT = P0€—2az. (730)

In order for energy to be conserved, the rate of decrease of the total power Pr must
equal the time average power loss Pp, per unit length,

p=-UT_9yp, (7.31)
dz

The attenuation constant is defined as the ratio of the power lost per unit length and

twice the power transmitted,

P,

= —= 32
2Pr (7.32)

(04

For transverse electric modes, the power loss per unit length is given by

Pu=3R [ [ [Hunlds (7.33)
2% [ Js

where the magnetic field tangential to the waveguide walls Hyi,, is composed of az-

imuthal and axial components
Hi., = Hy, + H.. (7.34)

The transmitted power is given by

2r  pa
Pr = %Re/ / (ExH*) - Zrdrdg. (7.35)
o Jo

For a cylindrical waveguide of radius a, the attenuation constant for transverse electric

modes is given by [152]
2

Umz% 1
R, k“a + V2 p— 1
a= (7.36)
amo ] 7
B k:Qa,2

where § (= \/1/7 fuoo) is the skin depth and R, (= 1/04) is the surface resistance.
In our case, for a waveguide of radius 6.35 mm at 140 GHz, the ohmic losses for
the TEy,, TE;;, and HE;; modes are 0.015 dB/m, 0.16 dB/m, and 0.008 dB/m,
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Table 7.7: 140 GHz theoretical transmission line losses for transmission of the TEq 1,
TE;,;, and HE;; modes.

Mode Diffraction Ohmic losses Total losses

losses (dB) (dB/m) (dB)
TE,: 08 0.015 -
TE14 0.9 0.16 3.7
HE,,  0.33 0.008 2.6

respectively.

Total theoretical losses

The total theoretical losses of the transmission system until the downtaper can be ob-
tained from the summation of the diffraction and ohmic losses which have previously
been calculated. For the TE;; mode, the total transmission losses are given by;

0.31 dB (snake efficiency)

0.16 dB/m x 1 m (snake ohmic)

0.16 dB/m x 2.5 m (waveguide ohmic)
0.9 dB x 2 (miter bends)

1 dB (downtaper ohmic)

3.7dB

TE,; losses

+ o+ + o+

For the HE; ; mode, the total transmission losses are given by;

0.31 dB (snake efficiency)

0.16 dB/m x 1 m (snake ohmic)

0.5 dB (efficiency of TE,,; — HE1; mode converter)
0.008 dB/m x 2.5 m (waveguide ohmic)

0.33 dB x 2 (miter bends)

i

HE; ; losses

+ o+ 4+ + +

1 dB (downtaper ohmic)
2.6 dB

Table 7.7 summarizes the total theoretical transmission line losses for the TEg;,
TE4,1, and HE; ; modes. The TE;; mode is presently used as the mode of propagation
through the waveguide and miter bends. Conversion to the HE,; ; mode would improve
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Table 7.8: Losses in the 140 GHz transmission line in four configurations.

Measured loss (dB) Theor.

Component [Old [New [Miter ~ [Oblique | loss (dB)
snake] snake] assembly] beam] [TE;,]

7Feb 02 2Jan02 8 Mar 02

Snake mode converter 1.0 1.0 1.0 - 0.47
Waveguide, two miter bends 1.5 1.4 1.4 - 2.2
Downtaper to fundamental w.g. 3.9 3.4 ~ - 1
Circular-rectangular transition 1.7 1.5 - - -
Fundamental w.g. bend 0.6 0.6 - - -
Miter bend assembly - - 6.6 - -
Total 8.7 7.9 9.0 4.5 3.7

the transmission system by more than 1 dB.

7.2.7 Summary of Experimental Losses

Using dry calorimetry, we measured the losses along the transmission system in the
various configurations. This summary is presented in Table 7.8. The losses with the
original configuration amounted to 8.7 dB. We found that the configuration involv-
ing the compensation for the oblique gyrotron beam most significantly reduced the
transmission losses; the losses were reduced to 4.5 dB, which is comparable to the the-
oretical losses of 3.7 dB, since the theoretical losses in the fundamental waveguide are
not considered. The other configurations, including implementation of the new snake
and miter bend assembly, did not significantly reduce the transmission line losses; the
losses with the new snake and the overmoded miter bend assembly resulted in total
losses of 7.9 and 9.0 dB, respectively. The losses in these configurations are likely due
to transmission of an impure mode and are predominantly incurred in the downtaper

to fundamental waveguide.

7.3 Summary and Discussion

In this section, we discussed the transmission line of the 140 GHz gyrotron used
in DNP studies, focusing on improving the losses. As the first stage in the 140 GHz
transmission, we examined the mode purity of the gyrotron output and external mode
converter output through two-dimensional radiation pattern scans. We presented the

245



two-dimensional experimental TEq ; radiation patterns from both polarizations of the
gyrotron in Figs. 7-6(a) and (b). An aggregate radiation pattern was generated from
the combination of both polarizations and is shown in Fig. 7-8(a). We determined
that the proper mode was being emitted from the gyrotron and that the internal mode
converters were functioning properly because the captured radiation fields strongly
resembled the theoretical radiation patterns, where the theoretical composite radi-
ation is given in Fig. 7-8(b) and the theoretical polarizations in Figs. 7-6(c) and
(d).

Similarly, we analyzed the two-dimensional radiation patterns from the TEg ;-
TE;; “snake” external mode converter (c.f. Figs. 7-9(a) and (b)). An aggregate
radiation pattern was generated from the combination of both polarizations and is
shown in Fig. 7-8(c). The composite pattern was compared with the theoretical
radiation pattern in Figs. 7-8(d) and the experimental polarizations were compared
with the theoretical polarizations in Figs. 7-9(c) and (d). We concluded that since
the horizontal polarization of the snake output strongly resembled that of the TEq
mode instead of the TE; ; mode that it must not be functioning at optimum efficiency
and that since this component should be very small in comparison to the vertical
polarization that it must come mostly from the TEy; mode. From this, we calculated
with this hypothesis in (7.2) through (7.4) that the old snake may be operating at as
little as 60% efficiency.

A statistical plot was generated assuming that the composite output of the mode
converter is a combination of the TE;; and TEy; modes at some phase difference.
This analysis ignores the extra polarization information that was available. The fit
resulted in a comparable efficiency to the previous estimate, however the results of the
statistical analysis show the entire fitting surface is enclosed by the 75% confidence
contour. Therefore, the separate measurement of each polarization component was
deemed critical for mode content analysis, while a detector measuring absolute inten-
sity alone should not be expected to give informative results for the measurement in

a single plane.

Increase of the efficiency of the transmission system was accomplished through
the scientific method. A new TEq; to TE,; waveguide mode converter was designed
as the first in a series of iterative modifications to the 140 GHz transmission system
to increase the power transmission efficiency. The design was carried out using both
a two-mode and multi-mode approach yielding similar results. For the two-mode
approach we found that the existing snake design was approximately accurate and
with the multi-mode approach we found that increasing the number of periods from
seven to eight would increase the snake efficiency from 93% to 96%. However, it
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was determined that it was the fabrication of the snake that was lacking; the forced
perturbations of the old snake had relaxed over time such that their amplitudes
became nonuniform. The implementation of the new snake consisted of a serpentine
groove carved into halves of a block of solid aluminum with a cylindrical copper pipe
inserted into the groove. Since there are no clamps to release their hold, the new
snake should retain its shape over extremely long periods of time.

Other configurations of the 140 GHz transmission system included an overmoded
miter bend near the probe to replace the lossy fundamental waveguide bend, com-
pensation for an oblique gyrotron beam, adjustment of the overmoded vertical copper
smooth-wall waveguide to eliminate a beat frequency, and corrugated waveguide. We
found that the configuration involving the compensation for the oblique gyrotron
beam most significantly reduced the transmission losses to 4.5 dB from 9 dB. The
reduced figure is comparable to the theoretical losses predicted of 3.7 dB, where the
theoretical loss figure does not include the losses in the fundamental waveguide com-
ponents and is for this reason almost certainly higher than the quoted figure. If the
output waveguide couples to the gyrotron beam at an oblique angle, the radiation
in the waveguide will spread uniformly throughout the cross-section and essentially
become a “flashlight” beam; this type of beam will convert poorly in the mode con-
verter resulting in higher losses ultimately incurred in the downtaper. The other
configurations, including implementation of the new snake, did not significantly re-
duce the transmission line losses. The losses in these configurations are likely due to
transmission of an impure mode and are predominantly incurred in the downtaper to
fundamental waveguide.

Theoretical transmission line loss calculations show that conversion to and trans-
mission in the HE; ; quasi-Gaussian mode would increase the transmission efficiency
by over 1 dB. Corrugated waveguide would need to be implemented since smooth-wall
waveguide does not support this mode of propagation. A corrugated waveguide was
purchased but, as of this writing, has not yet been installed.
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Chapter 8
Conclusions

A continuous-wave second harmonic gyrotron oscillator at 460 GHz has successfully
been demonstrated during the course of this work, allowing the highest field DNP
experiments to date. The success of experiments on three gyrotron oscillators, at
460, 250, and 140 GHz makes an important contribution to the body of knowledge on
the development of high frequency, CW, second harmonic, and low power gyrotrons.
The 460 GHz gyrotron generates the highest CW power at this frequency to the
author’s knowledge. The 250 GHz gyrotron has been operated continuously for 10
days with good stability of the output power regulated under computerized control.

8.1 460 GHz Second Harmonic Gyrotron Oscilla-

tor

During the course of this work, the highest CW power at 460 GHz has been generated:
over 8 W CW [113]. This achievement is the result of the title of the thesis research: a
design and experimental study of a 460 GHz CW second harmonic gyrotron oscillator.

The gyrotron is a vacuum electron device that produces over 8 W of average power
at the second harmonic of the electron cyclotron frequency through an interaction be-
tween a mildly relativistic electron beam and electromagnetic field in a static magnetic
field. Design at high frequency, second harmonic, and low beam power is challenging
because the latter two involve lower gain than at fundamental modes and all three
necessitate higher @) cavities. However, ohmic loss introduces obstacles in attaining
the high @ values necessary to lower the starting current into the range of the elec-
tron gun. The submillimeter wave regime is lacking in high average power devices,
and this device generates the highest CW power at this frequency to the author’s
knowledge. The gyrotron, exhibiting stability under complete computer control, will
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enable dynamic nuclear polarization, a type of sensitivity enhanced nuclear magnetic
resonance applied to solid state NMR, at 700 MHz ('H).

The gyrotron’s operation was characterized through both short pulses [1] and CW
operation. Ohmic loss measurements at the second harmonic design mode confirmed
the RF efficiency of the device. Nonlinear simulations verified the output power and
overall efficiency.

Diagnostic radiation pattern measurements were performed using an array of pyro-
electric sensors to simultaneously capture the entire beam. This measurement yielded
an rf beam waist that was 4% elliptical for the 460 GHz design.

Hollow dielectric overmoded waveguide was tested at both the second harmonic
and fundamental frequencies for feasibility in a low loss transmission system capable
of delivering power to the NMR sample. Though experimental losses at 460 GHz that
were somewhat higher than their predicted theoretical counterpart, the explanation
likely lies in a combination of degradation due to surface roughness and curvature of
the waveguide.

We demonstrated broadband continuous frequency tuning of the fundamental
modes of the oscillator over a range of more than 2 GHz through variation of the
magnetic field alone [1]. We interpret these results in terms of smooth transitions
between higher order axial modes of the resonator and verified them with nonlinear
and linear simulations.

The detailed studies of a low voltage fundamental TE,3; mode reveal that the
mode can be excited with less than 7 W of beam power at less than 3.5 kV. Using this
mode, a study of axial mode competition was performed revealing that one axial mode
dominated at a parameter set with small but finite contamination of another axial
mode. Discrete transitions between axial modes were evidenced through variation of
the beam current. Results were verified with nonlinear simulation.

8.2 250 GHz Gyrotron Oscillator Experiments

In a related experiment, second harmonic operation of a nominally 250 GHz gyrotron
oscillator was characterized to verify the possibility of second harmonic excitation at
460 GHz. Fundamental operating parameters were also characterized. A computer-
controlled stable CW source, the 250 GHz gyrotron was the first gyro-device specif-
ically designed with the purpose of seamless integration into an NMR spectrometer
[92].

Under complete computer control, the gyrotron’s operation for over 10 days has
been observed, yielding a power stability of better than 1% and frequency stability of
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better than 400 Hz. This advance is due to two factors; first, a corrugated transmis-
sion system was designed and built to replace the smooth-wall waveguide enabling
low loss quasi-Gaussian transmission, thereby extending this well-established tech-
nology to an even higher frequency of 250 GHz. The new corrugated transmission
system incorporates a quasi-optical directional coupler which allows for the forward
and reflected output power to be digitally sampled. Secondly, it was determined that
constant beam current control is insufficient to regulate the gyrotron output power
over long periods of time due to a slow drift in the output power over time. The con-
trol system was modified to allow regulation of the output power which is sampled
directly from the beam splitter feedback.

The mode characterization experiments yielded results of extremely low second
harmonic start oscillation currents, as low as 12 mA for a mode with one axial vari-
ation and as low as 47 mA for a mode with two axial variations. The low starting
currents were attributed to an elevated cavity ¢} which is confirmed by previous cavity
thermal load measurements. While initially an attractive theory, an off-axis beam is
demonstrated to not be responsible for the low start currents.

Radiation intensity patterns were measured using three techniques: thermal pa-
per, liquid crystal paper, and an array of pyroelectric sensors. The liquid crystalline
technique was adapted from a technique employed in temperature measurements in
electronic devices. Originally employed for use in diagnosing laser beams, we demon-
strate the first use of a pyroelectric camera at millimeter frequencies.

8.3 140 GHz Gyrotron Oscillator Experiments

The study of the microwave transmission and mode conversion system of a 140 GHz
gyrotron oscillator was presented. The 140 GHz gyrotron was the first gyro-device
ever used for dynamic nuclear polarization. The losses were characterized under a
succession of iterative configurations for optimization of power transmission. The
iterations included the design and implementation of a new waveguide TEq; to TE; ;
mode converter. The result of this study was a reduction of the total loss of the
transmission system from nearly 9 dB to 4.5 dB, a figure that approaches the the-
oretical loss figure calculated at 3.7 dB. Radiation pattern measurements using a
mechanical scanner recorded for the gyrotron output and for the original waveguide
mode converter and its replacement were used as a diagnostic for the mode converter

design.
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Table 8.1: Frequency dependence on operating parameters

Parameter Sensitivity

460 GHz 250 GHz 140 GHz [18]
second harmonic fundamental fundamental
Beam current 0.4 MHz/mA — 30 kHz/mA
Magnetic field 3.0 GHz/T 5.3 GHz/T 1.1 GHz/T
Beam voltage 50 MHz/kV 86 MHz/kV 10 MHz/kV

Cathode magnetic field 1.3 GHz/T 12.3 GHz/T -
Cavity temperature - < 1MHz/°C 2.2 MHz/°C

8.4 Gyrotron Comparisons

Due to the experimentation in this work on three separate gyrotron oscillators with
frequencies ranging widely from 460 through 140 GHz, it is possible to draw conclu-

sions between the three experiments.

8.4.1 Frequency Pulling

A comparison of the frequency pulling at three frequencies in the second harmonic and
fundamental is presented in Table 8.1. A simple argument tells us that the emission
frequency w is n times the cyclotron frequency w. and that the cyclotron frequency
we (= eB/~ym,) is proportional to the magnetic field B and inversely proportional to
the voltage since the relativistic factor v (= 1 + V,/511) relies on the beam voltage.
Based on this argument, the magnetic and voltage frequency pulling should be twice
as great for the second harmonic as for the fundamental. The 460 GHz frequency
sensitivity to operating parameters is indeed larger for the 460 GHz second harmonic
than for the 140 GHz fundamental. However, the 250 GHz fundamental frequency
sensitivity is larger than either. This can be explained by the use of the longitudinal

mode with two variations as the operating mode.

8.4.2 Radiation Patterns

In the three experiments, radiation intensity patterns were measured using four tech-
niques: a mechanized scanner with digital attenuator, thermal paper, liquid crystal
paper, and an array of pyroelectric sensors. The liquid crystalline technique was used
in the 250 GHz experiments and was adapted from a technique employed in tem-
perature measurements in electronic devices. We present a technique for recovering
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quantitative information applicable to millimeter and submillimeter-waves from these
measurements. Originally employed for use in diagnosing laser beams, in the 250 GHz
experiments we demonstrate the first use of a pyroelectric camera at millimeter-wave
frequencies. The pyroelectric camera was also used with the 460 GHz gyrotron to
image four different frequencies. Thermal paper was used in all three experiments to
take quick permanent images of the beam. Thermal paper was especially useful in
locating the beam axis of propagation.

8.5 Future Work

The studies described in this thesis have laid the groundwork for 700 MHz (1H)/460
GHz DNP. The critical component, the 460 GHz gyrotron oscillator, has been de-
signed, constructed, and successfully operated at continuous duty. However, several
tasks remain in order to perform sensitivity-enhanced NMR through dynamic nuclear
polarization.

Obviously, the gyrotron output power must be transmitted to the DNP probe.
Initial studies have been conducted on the use of hollow dielectric waveguide as the
transmission line. While for a fixed radius the transmission properties of dielectric
waveguide become better with increasing frequency, initial measurements show that
losses using an acrylic waveguide with 2.54 cm diameter at 460 GHz are 1.0 dB/m.
Since the gyrotron needs to be located sufficiently remote (5 m) to the 16.4 T, 700
MHz NMR magnet in order to avoid the fringe field in the region of the electron gun,
this is not a feasible option for a transmission system. A mitigating factor is that
the theoretical losses in dielectric waveguide are significantly reduced by choosing
a larger radius. This is countered by the difficulty of aligning large radius waveg-
uide. Corrugated waveguide, which was successfully implemented at 250 GHz with
very low insertion loss [2], is a likely candidate for the 460 GHz transmission system.
Confined transmission has several advantages over quasi-optical transmission. Specif-
ically for the DNP experiment, the gyrotron output power must couple successfully
to the DNP probe. Since a DNP/NMR probe can be oriented in any direction inside
the superconducting NMR magnet, there is no obvious way to guarantee repeatable
alignment with the rf beam using quasi-optical transmission. Waveguide transmission
has the added benefit of being confined and therefore safer for users than free-space
transmission; a focused free-space rf beam can be extremely dangerous. Additionally,
the alignment of waveguide is more rigid and easier than the alignment of mirrors,
which may relax their position frequently and require an alignment laser to align
the invisible rf beam each use. Finally, both mirrors and corrugated waveguide can
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theoretically transmit the rf beam with low loss.

The gyrotron has only operated under computer control in the second harmonic
design mode for a little over an hour at continuous duty. While this is sufficient
for the most basic of DNP experiments, it is insufficient for the study of complex
biological systems. It is possible that the gyrotron could be shut down intermittently
to recover, however the underlying issue which should directly be confronted is likely
a thermal issue in the electron gun. In the present configuration, the ceramic break
is the only component in the electron gun which is cooled, and this is achieved with
low pressure compressed air. To allow for longer periods of operation, the anode
cooling channel, which presently is unconnected, should be directly connected to the
recirculating chiller or to the output of the cavity cooling channel.

The final task to be completed in order to successfully perform DNP is to change
the cavity radius. The actual gyrotron output frequency of 4568.6 GHz is too far
from the desired frequency of slightly above 460 GHz for the sweep coil in the NMR
magnet to match. The cavity radius should be scaled by the appropriate factor and
electroformed with a higher tolerance on the mandrel.
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