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PREFACE

The work of the present thesis focuses on the beam-wave interaction studies and thermal
studies of the high power gyrotron oscillators. In addition, the beam wave interaction studies of low
power tunable gyrotron device are presented. The thesis aims to develop RF and thermo mechanical
studies on the fixed frequency, high power gyro-vacuum electron device, i.e. gyrotron oscillators to
create a solid theoretical background for future experimental studies. Historical developments of
gyrotrons, in addition to VEDs, is scrutinised to bring out the research gap and problems. A series
of works have been done on the gyrotron oscillator, and the part of these works has been published
in reputed Journals. Further, the aim, introduction and scope of the thesis are briefly discussed

below.

As compared to solid state devices, Vacuum electron devices (VEDs) generate high RF
power to serve the various applications from space exploration to nuclear researches. At higher
frequencies, the fabrication difficulties and operational limitation of conventional microwave tubes,
push the research and development activities towards Gyrotron devices. Gyrotron devices not only
overcome the limitation of transverse dimension limitation for high harmonic but also allow the
beam wave interaction at a half radius from the wall for fundamental harmonic. With high power
generation/ amplification and handling capabilities, gyrotron devices find applications in plasma
heating, ceramic sintering, RADAR and particle accelerator application. Gyrotron oscillator finds
application in plasma heating in popularly known thermonuclear fusion reactors while its amplifier

counterparts are found suitable for RADAR and particle accelerator applications.

For the medium and high power levels, due to the finite conductive nature of interaction
cavity walls, in the process of beam wave interaction, the generated RF power results ohmic losses
in the structure and thereby thermal effects comes into the picture and leads mechanical
deformations. Since, the device is very sensitive to the geometrical perturbations; a proper
incorporation of thermal system for optimized RF performance is needed. As well under practical

XXXiX



considerations, the misalignments and spreads in the beam limit the geometrical tolerances of the
structure. Taking this, the operation of the 95GHz, 100kW gyrotron in a relative high order mode is
investigated and its pros and cons are discussed. In addition, the beam wave interaction studies
with the inclusion of the nonlinear taper regions which are derived by inspecting the axial mode
field profiles, using the time dependent multimode theory are performed. As well the necessary
modifications to the multimode theory for the study of beam wave interaction behaviour under the
practical beam conditions i.e., axial beam shift and tilt are incorporated and compared with the PIC
simulations. Considering the importance of the efficiency, the design and analysis of internal quasi
optical mode launchers has been presented using a self-developed numerical code based on the
coupled mode theory instead of using Commercial Tools like LOT and SURF3D. As well the

design studies of low power tunable source for DNP NMR spectroscopy applications are discussed

x|
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1.1. Introduction

The demonstration of Vacuum Electron Devices (VEDs) were first made in
1883, when Thomas Edison measured an electric current from a heated filament cathode
to a positively- biased plate, or anode, in an evacuated bulb [Sobol et al. (1984)]. By
exploiting this property Fleming developed a valve (diode) in 1904 which was used for
detection of DC current. Later in 1906, Lee defrost introduced a grid to the Fleming’s
valve and developed a triode. These glass vacuum tubes were employed for the radio
communication until the magnetron was invented [Collins et al. (1948)] that generates
significant microwave radiation. The advent of World War Il further served as a catalyst
for the development of microwave tubes. The need for high power microwave signals
used for radar detection systems brought about the 3GHz, 10kW magnetron in 1939
[Boot et al. (1946)], and the klystron, invented by the Varian brothers in 1937 [Bryant et

al. (1886)].

Ever since then, microwave tube community has been rapidly advancing due to
an ever increasing demand for higher powers, greater efficiency, and higher frequencies.
New and varied applications for these devices have allowed the industry to evolve and
thrive. Many nuclear fusion experiments require gyrotrons to provide high power
microwaves over long pulses for heating plasmas to very high temperatures, as will be
discussed. The proposed International Thermonuclear Experimental Reactor (ITER) will
require many of these gyrotrons producing powers which have never been reached
before. Gyrotrons are also being seriously considered for imaging in medical
applications, such as Electron Paramagnetic Resonance (EPR) used in Dynamic Nuclear
Polarization (DNP) spectroscopy. At MIT, a 250 GHz gyrotron has been demonstrated
for use in DNP [Bajaj et al. (2003)], and a 460 GHz second-harmonic gyrotron is being

developed to provide greater resolution [Hornstein et al. (2006)].
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Microwaves are serving our society in almost every prospect of day-to-day life.
Their use is omnipresent, from ground base to the deep space communications, for
civilian as well as defence requirements, space exploration, scientific researches to
medical applications, strategic to industrial applications, generation of thermonuclear
energy, and so on [Amboss et al. (1980), Andronov et al. (1978), Barker et al. (2001),
Chatterjee et al. (1999), Chu et al. (1978), Collin (1966), Curie (1989), Gandhi (1981),
Gaponov et al. (1994), Gilmour (1986), Hirshfield et al. (1977), Liao (1988), Singh et
al. (2011)]. With increasing demand of device operation at higher frequencies for new
applications, the research are now pushed towards the development of millimeter and
sub-millimeter wave sources [Chatterjee (1999), Chu (2004), Edgcombe (1993),
Emerson (1997), Felch et al. (1999), Gaponov et al. (1994), Kartikeyan (2004),
Nusinovich (2004)]. At these frequencies, microwave tubes (vacuum electron beam
devices) are only capable to deliver high power at which their solid-state counterparts

are not able to compete [Chu (2004), Kartikeyan et al. (2004), Liao (1988)].

The microwave tubes find its applications over wide range of areas, such as,
communication systems, radars, electronic warfare weaponry, plasma heating in fusion
research, material processing, medical imaging, advanced particle accelerators, and
many more [Chu (2004), Gold et al. (1997), Kartikeyan et al. (2004), Smith et al.
(1993), Thumm (1996)]. These applications span over variety of technologies, such as,
ground base point-to-point communication, satellite communication, satellite-to-home
communication, thermal reactors (heating of hydrogen isotopes at ignition temperature),
military radars (missile tracking and guidance), civilian radars (remote sensing, weather
detection, highway collision avoidance, airport traffic control, speed detectors, air-
traffic control, mapping of ground terrain), medical applications (hyperthermia, lung

water detection, monitoring of heartbeat), etc. Moreover, microwave tubes operating in
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millimeter wave extends its applications including high resolution radar and high
information  density  communication, deep space and  specialized satellite
communication, advanced high gradient RF linear particle accelerators in high energy
physics, plasma diagnostics and chemistry, waste remediation, laser pumping, electron
cyclotron resonance (ECR) heating of fusion plasmas, radar and imaging in atmospheric
and planetary science, nonlinear spectroscopy, high power microwaves (HPM)
electronic warfare, etc. [Barker et al. (2004), Benford (1992), Chu (2004), Feinstein et
al. (1987), Felch et al. (1999), Flyagin et al. (1988), Gold et al. (1997), Grantstein et al.
(1987), Kartikeyan et al. (2004), Nusinovich (2004), Sakmoto (2006), Singh et al.

(2011), Thumm (2002, 2003, 2010)].

The broad sweep of progress in RF vacuum electronics across a variety of
devices was proposed in terms of the evolution of a “power density” as a figure of merit
by Nergaard in 1960 providing an insightful basis for comparing device types [Parker et
al. (2002)]. The physical significance derives from the fact that the maximum beam or
charge carrier power that can be transported through a device is proportional to the
cross-sectional area of the circuit, i.e., inversely proportional to the operating frequency.
As operating frequency increases, the power handling capacity of device reduces. These
necessities along with the development of superconducting magnet gave birth to a new
class of microwave devices, i.e., the fast wave devices. The fast wave devices includes
gyromonotron, gyro-traveling-wave tube (gyro-TWT), gyroklystron, gyro-BWO, and

gyrotwystron [Baird (1979), Chu (2004), Felch (1999), Nusinovich (2004)].
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Figure 1.1: Comparison of average power versus frequency for various types of

devices.

The gyro-devices and FEL surpassed the conventional slow-wave devices in the
mid-1970 for high power at millimeter and sub-millimeter wave frequency range. A
typical comparison of average power delivered by different devices has been
represented in Fig. 1.1. In fact, microwave tubes faced stiff competition from their solid
state counterpart at some stage since the later was based on the highly developed
semiconductor technology. Afterwards around seventies the technology would be
replaced by the semiconductor technology. However, the scenario has been changed in
eighties with the growth of the microwave tubes in terms of the performance [Baird et
al. (1979), Symons et al. (1986), Kartikeyan et al. (2004), Nusinovich (2004), Thumm
(2010)]. Since, only microwave devices are capable to produce thousand times or more
output power at higher frequency regime compared to the semiconductor based devices.
Miniaturised size of semiconductor devices at higher frequencies limits the power
handling capability whereas in case of vacuum devices, size restriction is not an issue at
the higher frequencies and they can deliver high output power with considerable power

handling capability [Kartikeyan et al. (2004), Nusinovich (2004)].
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1.2. Fast-Wave Gyro-Devices

The performance of quantum-mechanical devices, like, laser degrades in terms
of average output power level with decreasing frequencies and that of conventional
microwave tubes with increasing the frequencies of operation [Edgcombe (1993),
Gilmour (1986), Nusinovich (2004), Thumm et al. (2005)]. These results a
technological gap in the millimeter-wave ranges to achieve substantial device
performances. This happens due to the reduction in energy of each quantum with the
frequency and simultaneously it is difficult to retain the population inversion in a
quantum-mechanical device. On the other hand, with increase in the operating
frequencies, transverse dimension of microwave devices shrinks rapidly, thereby
reducing the power handling capability. Hence, with increasing operating frequency of
conventional microwave tubes, the RF output power decreases due to the various
limiting factors arise such as DC power dissipation, RF losses, electron current density,
material breakdown, etc. This has motivated the search for the new electron beam
devices that fulfills the gap in terms of appreciable power level in the microwave and
millimeter wave regions, for instance, gyrotron devices based on cyclotron resonance
maser (CRM) instability [Baird (1979), Barker (2001), Basu (1996), Edgcombe (1993),

Felch et al. (1999), Gilmour (1986), Nusinovich (2004) ].

In gyro-devices, a hollow gyrating electron beam interacts with the transverse
electric mode supported by a fast-wave-guiding structure, like, a cylindrical waveguide
or cavity. In these devices, basically the electron beam is made periodic rather than the
interaction structure that supports a fast waves. In a gyrotron, transverse Kinetic energy
of electrons is converted into electromagnetic energy rather than axial Kinetic energy (as
in a TWT) or potential energy (as in a magnetron) during the beam-wave interaction

mechanism. The Doppler-shifted frequency is made nearly equal to the cyclotron
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frequency or any of its harmonics for the cyclotron resonance takes place, unlike in a
device like TWT where the electron DC beam wvelocity is made synchronous with the

RF phase velocity.

Similar to the slow-wave devices, transverse dimension of the interaction
structure of fast-wave devices also decreases with the increase of frequency. However,
in gyrotron device operation at the higher-order modes lead to a further increase in the
waveguide transverse dimension [Kartikeyan et al. (2004), Liu (2000), Nusinovich
(1999)]. This increase in transverse dimension of the interaction structure reduces the
power loss density at the cavity or waveguide wall of the devices. Another advantage of
a fast-wave gyro-device structure is that the electron beam can be placed far from the
interaction structure wall to realize larger interaction field. This also reduces the

problem of beam interception caused by the metallic boundaries.

The fast-wave gyro-devices, e.g., gyrotron are based on CRM instability and
electrons bunching is relativistic. The electron bunches are kept in the decelerating RF
phase which yields that most of the electrons interacting with RF waves transfer their
energy to RF instead of taking energy from the later. This can be obtained by slightly
detuning the cyclotron resonance condition while in a slow-wave device, this is done by
sligntly offsetting the synchronism between the DC beam welocity and RF phase
velocity [Basu (1996), Edgcombe (1993), Gilmour (1986), Kartikeyan et al. (2004)].
Further the classification of gyrotron devices are done on the basis of their interaction
mechanism. The synchronism between beam mode line and waveguide mode curve for
beam-wave interaction of different gyrotron devices are discussed through the

dispersion curve in Section 1.2.1.
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1.2.1 Dispersion relation

The operational characteristic of the device is governed by the dispersion
relation and device synchronism condition can be obtained at the grazing intersection
between the beam mode and waveguide mode dispersion curve. In a gyrotron device,
the condition of synchronism between the fast cyclotron wave and electron beam
motion, transverse to a DC magnetic field, leads to a beam-mode dispersion relation of a
gyro-device as described below [Basu (1996), Chu (2004), Edgcombe (1993), Gaponov-
Grekhov et al. (1994), Gilmour (1986), Kartikeyan et al. (2004), Nusinovich (2004),

Thumm (2010)].

1.2.1a Beam-mode dispersion relation

The beam mode dispersion relation can be obtained using the concept that over a
cyclotron period, one or more RF cycles are completed [Basu (1996)]. Considering a
gyrating electron beam that completes its one gyration in time T.. The RF phase of the
electric field component can be given as wt—fz where o is the wave frequency, g the
propagation constant or wavenumber. After one gyration time period, the initial phase
will change and can be given asw(t+T,)—B(z+v,T, )=wt+@T, - fz—pv,T,, where s
is the beam mode or harmonic number, and v, is axial beam velocity. Now, putting

s(27)=(w—-pv,)T,, the initial phase change can be written as wt—fBz+s(27).

Considering,
s(27)=(ew—pv,)T, (1.1)
s(27)IT,=w—pBv, . (1.2)
The cyclotron frequency is @, =27/T,, so (1.2) can be written as

Sw,=w—pv, (1.3)
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w—-pv,-sw,=0 (1.4)

where, w,=€eB,/m, (1.5)

B,is the axial DC magnetic field, eand m, are the magnitude of electron charge and

mass at the rest, respectively. Since, gyro-devices are relativistic devices, so including
relativistic mass factor (y) into equation (1.4), it can be written as:

o—pv,-sw,[y=0. (1.6)

The equation (1.6) is the beam-mode dispersion equation.

1.2.1b Waveguide-mode dispersion relation

Waveguide-mode dispersion relation can be determined by considering a TEmn
mode propagating in axial direction (z-direction) of a cylindrical waveguide. For TEn,
mode, z-component of electric field intensity would be zero, ie., E,=0. The axial
component of magnetic field intensity in the cylindrical waveguide can be given by

[Liao (1988), Kartikeyan et al. (2004)]:
H, =C,, 3, (7, Nexp{j(wt—pBz-mo)} . (1.7)
Here, r, &, z are cylindrical coordinates, m and n are the azimuthal and radial index of

a mode, y, is the radial phase propagation constant, J., is the m'" order ordinary Bessel

function of first kind. Field constant (Cn) can be given by

1
C = 1.8
" Jm(vmn)\/ﬂ-(vrin_mz) ( )

and
12 12
yn=(k02—ﬂ2) =(a)2/02—,82) =2 !l (1.9
where, ko= ( 4, so)l/ 2:a)/c is the free-space propagation constant; ¢ is velocity of

light in free space, w,and &, are permeability and permittivity of the vacuum,

10
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respectively. Now, considering the axial magnetic field intensity H,, at axis of the

guide, ie, r = 0. For the azimuthally symmetric mode (m=0), J,(0)=1.

Consequently,
H,|, o =Cum =H.,. (1.10)
Therefore, (1.7) can be written as
H, =H,J, (. exp{j(ot-pz-mo)} . (1.11)

The azimuthal components of electrical field can be written as

Eez[Jwﬂoszo%(% r)expj(ot—Bz—-mo) . (1.12)

For the perfectly conducting waveguide wall, the azimuthal component of electric field
intensity would be zero at the wall (r=rx,) , i. e,, E,(r=r,)=0. Consequently, Bessel
derivative must be zero. Hence,
Jn(r,n)=0. (1.13)
This yields
= w? -t -2, =0 (1.14)
here, @, =y,C. Equation (1.14) represents the waveguide mode dispersion plot which
is a hyperbola. The intersection of the beam mode line and waveguide mode curve
described by (1.6) and (1.14) provide the synchronism condition. These dispersion

relations for the various gyro devices are given in Fig. 1.2 which provides the

information about their operating conditions.

11
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In Fig. 1.2(a), the beam mode and waveguide mode dispersion relation for the
gyrotron oscillators are given. Gyrotrons operate close to the waveguide cut-off
frequency, at near-zero group Velocity. This makes the beam wvelocity slow enough to
maintain electromagnetic energy in the waveguide resonator cavity for interaction with
the electron beam [Basu (1996), Gilmour (1986), Jain et al. (1994), Kartikeyan et al.

(2004)], Symons et al. (1986)].

In a gyro-TWT amplifier, the grazing situation between the two curves provides
the operating bandwidth of the device (Fig. 1.2 (b)). The broadband operation of gyro-
TWT is desirable for the various applications that can be achieved by tuning the DC
axial magnetic field to the value of grazing magnetic field. At the grazing condition, the
group Vvelocity of the beam mode and RF wave are identical that results in a high gain
amplifier [Agrawal et al. (2001), Basu (1996), Chu et al. (1988), Ferguson et al.

(1981)].

The CARM has attracted interest due to its potential for high efficiency
operation, resulting from the further extended operating region of interaction where the
resonance between the beam and wave is automatically maintained (Fig 1.2(e)). This
favourable frequency shift from the cut-off frequency is caused by a large Doppler shift
term associated with the large axial wave number and axial velocity [Bratman et al.

(1981), Pendergast et al. (1988), Petelin (1974), Wang et al. (1991)].

The gyro-BWO operates at a point where both the phase and group velocities of
the RF waves contain negative values (Fig 1.2(d)). By controlling either the DC axial
magnetic field or the DC beam voltage, frequency tuning over a wide range of operating
frequencies can be achieved in the gyro-BWO [Park et al. (1984), Nusinovich et al.

(1996)].

13
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In a slow wave cyclotron amplifier (SWCA), the axial non-relativistic bunching
takes place. Additionally, the slow waveguide-mode is destabilized in such a way that
the waveguide-mode dispersion characteristics is depressed below the beam-mode
dispersion characteristics (Fig. 1.2(e)) [Baird et al. (1980), Choe et al. (1982), Ganguly

et al. (1990)].

1.2.2 CRM interaction mechanism

The instabilites in a beam-wave system can be of different types. Their
operation is mainly explained the interaction between slow and fast space charge waves
on the electron beam and the electromagnetic waves in an interaction structure. The
process of energy extraction is distinctive in all instabilities. The energy is extracted
from the longitudinal component of the electron welocity in Cherenkov interaction
[Pierce (1965)]. The interaction between a gyrating electron beam and an
electromagnetic wave in the background of DC magnetic field leads to extraction of the
transverse kinetic energy of the electrons. This interaction is known as the CRM
instability [Chu (2004)] which occurs in the gyrotrons. In the CRM interaction, phase
bunching of electrons occurs due to the change in relativistic mass as they lose or gain
energy from the transverse electric field in the circuit. Another instability, which has the
similar operating conditions to CRM interaction but inherently different, is termed as
Weibel instability [Chu et al. (1978)]. In Weibel mechanism, phase bunching of
electrons occurs due to axial movement of the electrons perpendicular to the cyclotron
orbit as it occurs in SWCA (slow wave cyclotron amplifier) [Grantstein et al. (1987)].
Another instability, which is known as peniotron instability, differs significantly from
that of CRM and Weibel instabilities. In peniotron interaction, energy is not extracted
by the phase bunching process rather the drift of the electron guiding center causes the

energy loss from each electron to the transverse electric field. The CRM, Weibel and
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peniotron instabilities do not have limited domains and hence they interact with each
other under certain conditions [Basu et al. (1996)].

The typical arrangement of CRM interaction is revealed in Fig. 1.3. Considering
an annular gyrating electron beam drifting through a waveguide immersed in a

background axial static magnetic field By [Kartikeyan et al. (2004)].

Waveguide
wall

Electron
beamlet

Figure 1.3: TEg, mode RF electric field in a waveguide with electron beamlets.

In the figure, ry is the radius of waveguide and r, is the average beam radius,
which is also the guiding center radius of the beamlets. The field orientation of a TEqn
mode is shown in the figure. The thickness of the beam is equal to twice of the Larmor
radius (r.) defined as

n=cv,/ao, (1.15)
where, Vi is transverse velocity of the electron, w. is the angular cyclotron frequency for
electrons. The relativistic mass factor (y) in terms of axial velocity (v;) and transverse

velocity (vi) of the electron beamis as
y=(1-(vevi)rer) (1.16)

The relativistic cyclotron frequency of the electrons can be specified as
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w,=eBy/(ym,) . (1.17)

The azimuthal component of RF electric field (Eg) interacts with the electrons in
transverse plane. The relativistic cyclotron frequency of electrons is changed due to the
alteration in the relativistic factor in this interaction. The change in cyclotron frequency
established the instability that is known as Cyclotron Resonance Maser (CRM)
instability. Cyclotron frequency of some electrons will increase whereas for some it
decreases causing energy transfer and consequently, results in phase bunching of

electrons [Chu (2004)].

1.2.2a Phase bunching
The phase bunching process can be understood easily assuming zero axial
velocity. To understand this, one of the beamlets is captured to analyze the process of

phase bunching as shown in Fig 1.4(a) where, By is the axial DC magnetic field.

@) (b)

Figure 1.4: lllustration of phase bunching phenomenon in an annular electron beam (a)

random distribution, and (b) phase bunched electrons in their cyclotron

orbits.

The electrons are arranged in annulus circular orbits with radius r., typically r_

<< rp. From Fig. 1.4(a), initially, the phase of the electrons in their cyclotron orbits is
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random. The presence of a transverse RF electric field in TEy,, mode will cause the
electrons to be accelerated or decelerated. Obviously, with the random phasing, there is
no net energy exchange [Basu (1996), Chu (2004), Kartikeyan et al. (2004)]. Bunching
mechanism can be understood by considering two electrons assigning as 1 and 2 in the
Fig. 1.4(a). Due to the azimuthal electric field, electron 1 will be decelerated and lose
energy whereas, electron 2 will be accelerated and hence gain an equal amount of
energy. Since, the cyclotron frequency of an electron is inversely proportional to its
relativistic mass yme. (from 1.17) therefore, electrons gaining energy from the RF field
gyrate slower due to increased mass while the other ones that losing energy gyrate faster
due to decreased mass. As a result, the electrons form a bunch in Larmor radius. This
bunch of electrons transfer energy to RF wave if the wave frequency is slightly larger

than the initial value of the cyclotron frequency as

~>0 . (1.18)
mej/o

Here, subscript O refer initial value and prime denotes the reference frame in which
electron axial velocity vanishes. Since, electron 2 is in the opposite direction to the
electric field, energy will enhance. This causes decrease in cyclotron frequency due to
increase in relativistic mass and hence, this electron moves down farther from
resonance. On the other hand, electron 1, which initially loses energy, experiences an
increasing value of cyclotron frequency and comes closer to exact resonance. Hence,
electron 2 gaining less energy and electron 1 losing an increasing amount of energy on
each successive cycle. With time, instability develops in which the wave energy grows
in time and the electrons bunch in phase within their cyclotron orbits as shown in Fig.
1.4(b). Furthermore, the Larmor radii of faster gyrating electrons decreases, while those
of slower gyrating electrons increases, resulting in a change in the shape of each

beamlet [Chu (2004), Kartikeyan et al. (2004)].
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270 270

t =165 ps t=180ps
Figure 1.5: Time evolution of electrons phase distribution (shown as ©O) in the Larmor
orbit [taken permission from Ashutosh et al. [2012].

18



CHAPTER 1

The phase bunching of the electrons in CRM interaction is shown in Fig. 1.5.
These figures demonstrate the Larmor radii of electrons in the phase space as a function
of time. The number of representative electrons in the beamlet is taken as 64, which are
initially uniformly distributed around a Larmor orbit (Fig. 1.5, at t = 0). The figures
show the transverse position of electrons in the background electric field. The bunch of
electrons follows the azimuthally rotating RF electric field. Obviously, Larmor radius of
each electron altered and a bunch formation takes place. Finally, this bunch slips in

phase to the RF and energy transfer phenomena takes place.

1.2.3 Operating principle

For the beam-wave interaction in all gyro-devices, an electron beam is emitted
from a cathode and helically gyrated towards the RF interaction structure such as an
open-ended cavity, series of cavities, or a long waveguide section in a background DC
magnetic field. As, it has been discussed earlier that the electron beam consists of many
electrons gyrating around the magnetic field lines in a small helical path with a
cyclotron frequency close to the operating frequency of the device as they traverse from
cathode to collector side. With such small helices, called beamlets, form a hollow
annular beam in a specific beam radius. If Larmor radius of the electrons is smaller than
the guiding centre radius, then device is called a small orbit device. On the other hand, if
Larmor radius is greater than or equal to the guiding center radius, the device is called a
large orbit device. Magnetron injection guns (MIG) are used to produce a small orbit
beam. As discussed previously, the energy is extracted from the beam during the beam-
wave interaction through relativistic CRM instability in gyro-devices. Bunches develop
along the interaction length with time evolution. If operating frequency is slightly

higher than the cyclotron frequency of the electrons, bunches slips to the phase of the
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RF field and it falls in decelerating phase, consequently energy transfer takes place from
beam to RF wave [Grantstein et al. (1987)]. In CRM interaction, the transverse energy
of the electron beam is extracted to convert into RF energy. After interaction, electron
beam lose its energy to the RF field in the cavity and is finally collected at a thermally
cooled collector. The output RF radiations are sent through waveguides for the required
application. Gyro-devices, such as, gyro-TWT, gyroklystron, gyrotwystron, gyro-BWO,

and gyrotron oscillator, incorporate different types of the RF interaction structures.

1.3. Gyrotron Oscillator and its sub-assemblies

Gyrotron (gyromonotron) is an efficient high power microwave and millimeter
wave coherent radiation source (oscillator) and based on CRM instability [Chu (2004)].
Gyrotron RF behavior has been extensively investigated through both theory as well as
experiments in the past [Gaponov et al. (1981), Gilmour (1986), Grimm et al. (1993),
Hirshfield et al. (1977), Kartikeyan et al. (2004), Kartikeyan et al. (2008), Kreischer et
al. (1990), Nusinovitch (2004), Spira-Hakkarai et al. (1990), Thumm (2009, 2010)]. A
schematic of gyrotron oscillator with axial and radial output couplings are shown in

Figure. 1.6.
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Figure. 1.6: Schematic of conventional gyrotron with (a) axial output RF coupling and

(b) radial output RF coupling.

As we knew, energy has neither be created nor be destroyed, but only conversion
from one form to other is possible. For this conversion, a collection of various sub-
assemblies are needed. A device performance depends wupon the collective
performances of their sub-assemblies.

The RF source generates RF energy from a DC electron beam source with the
help of a group of sub systems that allows interaction between RF wave and electron
beam. For the RF source, the main goal is to convert the DC electron beam energy into
RF energy with minimum losses and more efficiency. The functions of sub-assemblies
of the RF device are as follows; emission and guiding of the electron beam, beam-wave
interaction, and transmission of RF energy with minimum losses.

Figure. 1.6 shows the schematic diagram of the conventional tapered gyrotrons
with axial and radial output RF coupling that includes its typical sub-assemblies. In the
following paragraphs, the significance of various subassembly in the RF generation
along with its feature are briefly described.

1.3.1 MIG gun and Beam tunnel
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The source for RF generation by any microwave device is the DC electron beam.
The electron beam is a bunch of electrons which are emitted from a component known
as cathode in a system called as electron gun. The electron gun used in a gyrotron is
usually magnetron injection gun (MIG) type. The conical shaped cathode emits gyrating
electron beams with the electrons having small cyclotron orbits under the influence of a
magnetic field, as required for the cyclotron resonance condition [Baird et al. (1986)].

The electrons emitted from the cathode in an electron gun of a microwave tube
forms an electron beam of suitable parameters, namely, beam diameter, beam
perveance, beam density, etc. and pass through the region for interaction with the RF
wave. However, the beam-wave interaction in a gyrotron, the transverse electron energy
is needed and thus the welocity ratio between the transverse velocity and the axial

velocity is another important parameter in a function of a MIG [Baird et al. (1986)].

The beam tunnel is incorporated in between the electron gun and RF interaction
cavity. It assists as a region where the electron beam gets stabilized. The design of the
beam tunnel should be such that it should have some lossy material to absorb RF power

and ensures the no backward wave propagation towards the electron gun.

1.3.2 RF interaction cavity

The RF interaction cavity mainly responsible for the generation of RF quantity with
desired qualities like power and frequency, i. e., at single, step tunable and broadband
frequencies. The RF waves generated in the cavity interact with gyrating electron beam
emitted by MIG gun under external magnetic field. The cavity walls are made of by
metals having finite conductivities. Due to this, the beam wave interaction mechanism
causes ohmic losses based on the amount of RF generation in the structure which leads

to thermal losses and results deformation in the cavity structure. Hence, a proper cooling
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system to be designed for the reliable and longer performance of the RF cavity thereby
device.

Various types of the RF interaction structures, such as, tapered cylindrical cavity
of simple and complex type, coaxial cylindrical cavity, photonic bandgap (PBG) type
and confocal cavity type are the typically used in the millimeter and submillimeter
frequency range for high power as well as low power levels. A brief discussion on the
pros and cons of various interaction cavities are discussed below.

A 2-D axis symmetric model view of conventional tapered cylindrical structure
view is shown in Fig. 3. It consists of three sections, first a down taper section for RF
isolation of length L4, with an angle &, followed by a uniform middle section where
active beam-wave interaction takes place, of length L. and at the end, an up-taper
section where RF standing waves get converted into travelling waves to extract out RF
energy, of length L, with angle 4,. Usually, parabolic smoothing section of lengths Lgs
and L,s at down-taper and up-taper transitions, respectively, are used to minimize the

unwanted mode conversions [Edgcombe (1993)].
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Figure 1.7: A 2D axial symmetric view of tapered cylindrical RF interation cavity.

It is fundamental, simple and conventional type of interaction cavity used for
various power levels generation, i.e., all high power, medium power and low power

level. Considering the high power level generation at high frequency devices, it needs
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to operate in the high order mode that scales the transverse dimensions as well
applying high beam parameters, makes the significant presence of voltage depression
also mode competition which needs a careful design of the system.

In order to ease the mode competition and voltage depression effects, coaxial
resonators type cavities are being considered as the interaction structure. Basically it is a
combination of tapered cylindrical cavity along with a smooth and or corrugated center
conductor. A 140GHz coaxial gyrotron was experimentally demonstrated in 1999 at
MIT Dammertz et al. (2005), and researchers at FZK are planning to use a coaxial
cavity for a 2 MW, 170 GHz gyrotron [Thumm (2004)]. Apart from the lesser mode
competition, considering the practical aspects, it is somewhat challenging to maintain an
off beam optical axis. Beam misalignment with the cavity axis is significant in these
structures that lead to degradation of the performance of the system. A careful design
and machining techniques are required. Photonic Band Gap based interaction cavity, is a
novel methods for mode suppression in gyrotron oscillators and amplifiers are being
investigated at MIT. A photonic bandgap (PBG) structure consisting of an array of
metallic rods has been successfully demonstrated in a 140 GHz gyrotron experiment
[Kartikeyan et al. (2004)]. Even though it supports selected modes but allows more
tunable bandwidth.

Confocal waveguide, a type of quasi-optical open waveguide, performs a much
lower mode density than conventional cylindrical waveguide, so that it could be stably
operated at high-order mode with high frequency and high power. The confocal cavity
utilized in gyrotron was initially proposed by R. J. Temkin et al. , Lindsay (1981), and it
has been successfully used in 140-GHz fundamental gyrotron oscillator and traveling
wave amplifier in MIT [Lindsay (1981), Lindsay (1981), Gaponov et al. (1975),

Flyagin et al. (1977)]. Due to the good mode-selective characteristics, confocal
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waveguide would greatly suppress the mode competition in harmonic gyrotron. A 140
GHz gyro-TWT amplifier using an open-edged confocal cavity to suppress competing
modes has also been recently tested [Barker et al. (2005)]. Complex cavities, formed by
a group of cylindrical tapered sections and the generation of RF power achieved by

operating in two different modes.

1.3.3 Non -linear taper section

A short waveguide propagating section that acts as a connecting module between
RF interaction cavity and collector for axial output coupling, or the QOM converter for
radial output coupling device and allows RF transmission with minimum mode
conversion by providing the proper impedance matching between them. It should allow
the transmission of generated RF power with minimum mode conversion from the RF
cavity end to the collector end which is at different radii thereby matching different
impedances. Various taper designs such as exponential taper, triangular taper,
Chebyshev taper, Klopfenstein taper, and Hecken taper can be employed for matching
purposes. Fligel and Kihn considered modified Dolph-Chebychev tapers for the
analysis and design of circular waveguide tapers [Thumm and Kasparek (2002),
Edgcombe (1993), Benford and Swegel (19920, Kartikeyan et al. (2004), Barker et al.
(2005)]. Out of all, a raised cosine type taper where a uniform profile at the start and
end of the taper and a non-uniform type middle profile provide better agreement with
short length. Ideally, the transmission coefficient of the taper should be maximum and
the reflection coefficient should be minimum with low insertion loss [Edgcombe (1993),
Lawson et al. 1990, Goldstein et al. 1984].

Usually, by scattering matrix calculations, the nonlinear tapers used in the gyro
devices are designed and optimized. CASCADE tool is also used for the analysis and

design of the nonlinear taper. Various Optimization techniques, like, genetic algorithm
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(GA), swarm optimizations, etc. are widely used for the optimization of the taper profile
that leads maximum transmissions while minimum mode conversions among Vvarious

modes.

1.3.4 Quasi optical mode converter

A quasioptical mode (QOM) converter, is a combination of a mode launcher, a
waveguide section with a cut at its end followed by a group of beam shaping and
focusing mirrors, and is incorporated in between nonlinear taper and the collector of the
device to allow the conversion of cavity interaction mode TEn, into a free space
Gaussian beam mode TEMgo that low loss transmission. Incorporation of QOM
converter allows separation of electron beam from the RF wave after interaction, i. e.,
radial output coupling and improves the owverall efficiency of the device [Vlasov et al.
(1975), Denisov et al. (1992), Edgcombe et al. (19993), Kartikeyan et al. (2004)].
Usually, commercially available software, such as, LOT and SURF 3D tools are
popularly used for the design and optimization of QOM converters [Calcabazas creek
reseach, CA] and are very much expensive for the educational institutions. There are
basically two types of quasi optical mode converters are used, namely, Vlasov type and
Denisov type converter. Denisov converter is a modified Vlasov converter due to
improvements in the launcher structure as well improvement in the conversions
efficiency [Thumm and Kasparek (2002), Edgcombe (1993), Benford and Swegel

(1992), Kartikeyan et al. (2004), Barker et al. (2005)].

1.3.5. Collector
After the transfer of the Kkinetic transverse energy to the RF signal through
effective power growth in the RF interaction structure, the spent gyrating electron beam

collides at the collector and safely dissipates the remaining beam energy. In addition,
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the collected beam power can feed to the system as a power supply thereby
enhancement in the efficiency. The owverall device efficiency can be increased by
incorporating depressed collector techniques, and is more suitable in the radial output
couplings gyro devices. In addition, thermal studies of the collector are also important
to analyze and optimize the collector efficiency as well as reliability of the system
through proper cooling system design [Thumm and Kasparek (2002), Edgcombe (1993),

Benford and Swegel (1992), Kartikeyan et al. (2004), Barker et al. (2005)].

1.3.6. RF window

An RF window is another crucial subassembly of the gyrotron, which ensures
maximum transmission of internal generated RF power to the outer transmission. It
provides a vacuum sealing between two pressure differences, typically the two pressures
are 1 atm and 10° mbar (the ultra-high vacuum inside the gyrotron envelope) with low
insertion loss. It should also have the capabilities of handling high peak/average power,
and therefore the window material need to have high thermal conductivity and low RF
loss tangent. In addition, for broadband applications, the impedance matching with rest
of the RF transmission line is needed over a wideband frequencies. The desired features
of an ideal RF window are as follows: low insertion loss, low reflection, wide
bandwidth, high power handling, high mechanical strength, low loss tangent, i. e., low
RF power absorption [Thumm and Kasparek (2002), Edgcombe (1993), Benford and
Swegel (1992), Kartikeyan et al. (2004), Barker et al. (2005)].

Single disc, double disc, Brewster window, chemical vapor deposited diamond
windows are the different variants of the RF window used in various fixed, high power,
tunable gyrotron devices. Boron Nitride (BN), Silicon Nitride composite, diamond,
Sapphire, Beryllia, Cryogenic Sapphire, Au-doped silicon and so on are the most used

window materials for the gyro devices. The recent use of CVD (chemical vapor
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deposition) diamond RF window has significantly increased the RF output power
capability of gyrotrons [30]. The Brewster windows are usually preferred for high
power multi frequency operated devices as well tunable gyrotrons [Thumm and
Kasparek (2002), Edgcombe (1993), Benford and Swegel (19920, Kartikeyan et al.

(2004), Barker et al. (2005)].

1.3.7 External DC magnetic field

In the gyro-devices, the generation of RF with desired quantities, i.e., power and
frequency in the device is attained by providing a synchronous condition between the
electron beam and the RF wave in the interaction cavity. This is accomplished by the
tailoring of external axial DC magnetic field profile B (z) along the device with the peak
at the interaction region. The values of B (z) are primarily depending on the targeted
RF frequency, f and s harmonic operation of the device [Edgcombe (1993), Kartikeyan
et al. (2004), Barker et al. (2005)].

In addition to RF generation, the propagation and the guiding of the spent beam
to collector and transmission of the generated RF wave is depended by the magnetic
profile. The gyration of annular electron beam emitted from the MIG gun, is achieved
by use of an external magnetic field and that leads the electron to oscillate with the
cyclotron frequency. A tapered magnetic field, from the MIG gun to the collector with
peak at the interaction cavity is maintained for guiding the electron beam and
controlling the interaction with the RF wave. Cryogenic magnets, super conducting
magnets as well permanent magnets are used for the facilitation of external magnetic
fields required by the gyrotron. By allowing the operation of the device at second or
higher harmonic frequencies, a less magnetic field is used that allows the usage of

permanent magnet instead of bulky super conducting magnet with the cost of efficiency
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of the device [Thumm and Kasparek (2002), Edgcombe (1993), Benford and Swegel

(19920, Kartikeyan et al. (2004), Barker et al. (2005)].

1.4. Applications

Gyrotron oscillators are capable of generating CW, long pulse and pulse power
from few watts to few megawatts in the frequency range of millimeter, sub millimeter
and THz wave at single, step tunable as well as broadband frequencies, respectively.
Based on the range of power levels as well as operating frequencies and tunable
frequency bands, gyrotron oscillators are suitable to use in  several applications, like,
plasma fusion, material processing, industrial heating, spectroscopic, medical sciences,
communications (at the atmospheric window) and security application, like, in active
denial systems, electronic warfare systems.

Since the ability of gyrotron to generate various ranges of CW and Pulse power
at single, step tunable and continuous tunable frequencies makes its suable for use in
wide variety of systems applications. A brief note on some of the areas where gyrotrons

are used as the potential RF sources discussed as follows.

1.4.1 Plasma heating for fusion

The radio frequency electromagnetic waves are used for plasma heating. One
kind of plasma heating method is Electron Cyclotron Resonance Heating (ECRH)
which requires the sources in the frequency range of 100-200 GHz. At present, gyrotron
oscillators are successively used as high power sources for ECRH applications and for
plasma diagnosis of magnetically confined plasmas in controlled thermonuclear fusion
research. The latest and ambitious international joint effort in the field of energy
production by the controlled nuclear fusion is started in the form of ITER project with

an aim to solve the problem of future energy generation to a great extent. ITER is the
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biggest plasma fusion machine under construction. 170 GHz gyrotron with 1 MW of
output power would be used in the ITER for ECRH and ECDD (Electron Cyclotron
Current Drive). High efficiency, high output power and long pulse width are the key
requirements for the development of fusion gyrotrons [Kumar et al. (2011), Gaponov et

al. (1994), Kasugai et al. (2008)].

1.4.2 Industrial heating

Development of the gyrotrons exposes new possibilities of the potential
technologies for industrial material processing [Edgcombe (1993)]. Microwave or
millimeter wave heating is a kind of dielectric heating in which the radiations between
the frequencies ranges from 300 MHz to 300 GHz are used [Kumar et al. (2012)]. The
utilization of microwave has been taken on in the numerous industrial heating
applications, like, rubber technology, ceramic sintering, chemical processing, composite
fabrication, food processing, etc. In addition to the heating and sintering of the
ceramics, the millimeter wave heating is used for surface hardening, drying, removal of
the organic binders and moistures from the surface, growth of nanostructure ceramics,
etc. [Idehara et al. (2006), Abe et al. (2005)]. Mostly gyrotrons of the frequency range
20 GHz to 35 GHz are used in the millimeter wave industrial applications [Bykov et al.
(2004), Litvak et al. (2012)]. Microwave heating mechanism energy coupling directly
depends on the frequency of the radiation. By taking this aspect into consideration, the

low frequency gyrotrons are suitable for heating purpose.

1.4.3 Communication, Security and atmospheric science

The presence of narrow frequency band of atmospheric windows centered at 35
GHz and 95 GHz motivates the design and development of various RF sources used in
the (millimeter wave radar) communication, security and the detection applications

[Kumar et al. (2011), Liebe et al. (1989)]. The advantage of having small skin depth at
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95 GHz frequency compared to the other commercial microwave frequencies like 2.45
GHz or 915 MHz [Kumar et al. (2012)], allows design RF source based active denial
system (ADS) for security applications.

The radiation can reach upto 1/64'" inch in the human skin and create burning
sensation. The blood vessels and nerve system are located beneath this skin depth and
thus the radiation is not harmful. An Active Denial System (ADS) developed by
Raytheon for the US Air Force Research Labs is a non-lethal, counter-personnel,
directed energy weapon system which can be used against human targets at a distance
beyond the effective range of small arms. The ADS launches a focused millimeter wave
energy beam which induces unbearable heating sensation on an challenger's skin so that
individual might be resisted without injury [Bratman et al. (2009), Kumar et al. (2012),
LeVine et al. (2009)]. 95 GHz millimeter-wave radiation in the ADS also helps because
of the natural atmospheric window at this frequency causing less atmospheric
attenuation [Liebe et al. (2009), Neilson et al. (2009)]. This system can focus the 95
GHz millimeter wave effectually upto few kilometers. The 95 GHz gyrotron with the
output power of 100 kKW or more is an effective source of millimeter wave for ADS
system [Hermitte et al. (1988)]. The radiation is non-ionizing and has small photonic
energy to affect the cellular structure. Though, 95 GHz radiation creates some harmful
effect on human eyes [Baird et al. (1986)]. The heating sensation of 95 GHz is intense
but not burning because the heating sensation ends when the exposure to the radiation
ends.

The facility of generation of high power at millimeter wave sources open the
technological possibilities for the various kinds of atmospheric diagnosis such as

measurement of humidity, turbulence structure determination, cloud monitoring, etc. 94
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GHz radar system is used in the atmospheric diagnosis because of the natural
atmospheric propagation window at this frequency [Mead et al. (1994)].

It was suggested by Manheimer Braz et al. (1997) that the gyrotron oscillator of
183 GHz can be effectively used in humidity detection because the water absorption rate
is maximum at this frequency. The air turbulence is the major cause of air accidents.
The radar system of 35 GHz as well as 94 GHz frequency can be used for air turbulence
detection. The use of high power millimeter wave has also been proposed for the ozone
conservation by the Wong et al. [Liao (2001)] and Askaryan et al. [Singh et al. (1998)].
The millimeter wave energy is capable to break the C-X bond, where X is the halogen in
the upper part of the atmosphere. To paint the whole sky by the millimeter wave,
thousands of gigawatt of RF energy would be required and thus hundreds of antenna
station would be built on the earth. This is very expensive and huge geo-engineering

project and still in research proposals.

1.4.4 Spectroscopy and medical science

One of the most significant properties of THz radiation also called submillimeter
wave radiation (300 GHz to 3 THz) is its penetration through the several kinds of non-
polar and non-conducting materials, like, papers, cloth, wood, etc. and can be used in
the security systems [Litvak et al. (2012), Hornstein et al. (2005), Kartikeyan et al.
(2007)]. The THz frequency fall in the spectral range of subatomic particle (like,
electron spin system) and useful to characterize the materials via subatomic particles
resonance [Bratman et al. (2009), Idehara et al. (2008)]. It is non-ionizing radiation (due
to small energy of photon) and does not damage the tissues and DNA unlike X-ray. THz
radiation shows unique spectral properties for several materials and used in the form of
time domain spectroscopy [Bratman et al. (2009)]. In the medical science and structural

biology, a THz radiation source emerged as a key component in the form of DNP /
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NMR / ESR spectroscopy [Bratman et al. (2009), Kumar et al. (2011), Tatsukawa et al.
(2005)]. The major areas of applications of THz gyrotrons are ESR and solid state NMR

spectroscopy [Mehdi et al. (2004)].

Rather than the applications discussed above, the gyrotron is being explored for
use in various new applications on the laboratory scale. Japanese groups are using
gyrotron as a high power sources in the microwave rocket experiments [Piosczyk et al.
(1996)]. G.S. Nusinovich has reported the radioactive material detection by using the
THz gyrotron [Litvak et al. (2011)]. Gyrotrons are emerging as novel devices in various

applications requiring high power RF sources.

1.5. Motivation and Objective

Observing the several advantages and emerging applications of the gyrotron
oscillators over conventional microwave sources (i. e., slow-wave microwave tubes) as
well as the possibilities of the stable high-power RF radiation in the millimetre and sub-
millimetre wave regime, we focussed to pursue the our research in the gyrotron area.
Considering the crucial role of gyrotrons in the area of, security domain as well as the
spectroscopies, in the present work, we investigated the design studies of the gyrotrons
that generates medium power level as well low power in the fixed and tunable

frequency, respectively.

In addition, witnessing various advantages of radial output couplings of
gyrotrons,  like, enhancement of overall efficiency of the device, generation of practical
low-loss Gaussian-like output beam modes and elimination of the long transmission line
system; the design and analysis of the QOM launchers are also kept in the present

research interest.
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Since, the radiation of the RF energy results from the electron-beam and RF-
wave interaction process which takes place in the interaction structure of the device
which is a tapered cylindrical metallic cavity region. Due to finite electrical
conductivity of the metallic walls of the cavity, there is ohmic losses that leads to
thermo-mechanical effects on the cavity stricture and often cause structure
deformations, if due care is not taken in its design. Since, the RF radiation is highly
depends on cavity geometrical parameter and such ohmic losses will lead to degradation
of the RF performance as well as shift in oscillation of the device. Hence its needs
proper thermo-mechanical investigation and to mitigate the thermal issues, as required,
an optimized cooling system has to be designed. Hence, the study of thermo-mechanical
effects due to the RF power generation as well design of the optimized thermal system

is essential to investigate for the gyrotron oscillators.

After the successful generation of RF power inside the device, its post-cavity
subassembly, NLT section as well as the QOM launcher and RF Window transmit this
RF power to the external RF transmission line. To achieve this process with minimum
mode conversion and low attenuation losses; it is necessary to properly design and

analyze performance of these components.

Time dependent multimode nonlinear analysis, as reported by Fliflet et al.
(1991), is a widely accepted theory for observing the temporal growth of the RF power
in the presence of various modes in the uniform section of the cylindrical cavity
structure of gyrotrons. But, to guarantee the stable operation of the device, the after-
cavity interactions are also need to observed. As well as the beam wave interactions
under practical device considerations, like, velocity spread and the beam misalignments

in the beam axis has not been explored using Fliflet et al. (1991) as of our knowledge.
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The design of the nonlinear taper (NLT) section can be confirmed with the help
of scattering matrix analysis in the structure by calculating the transmission and
reflection coefficients versus frequency of the interaction cavity modes. A
Commercially available CASCADE tool has been used for this purpose in general In
addition, due to the irregularities in the dimpled mode launchers, the main interaction
mode coming from the cavity is coupled to several modes and the optimized dimpled
launcher results a Gaussian beam like mode on the launcher cut with a Gaussian content
factor (GCF) of more than 99%. Now a days, people are using the commercially
available LOT and SURF 3D tools from Calcabazas Creek Research, CA which is an
expensive for the educational purpose. Hence, design and optimization of the QOM

launchers through analysis is still a challenge.

Since, the determination of probable interaction cavity dimensions are
determined from the cold cavity analysis by solving the single mode Vliasov
approximation. As well, the parameters are optimized through beam wave interactions
with the use of Gaussian field profiles in the case of single axial mode variation.
Considering these two, we can design the NLT section by inspecting the field profile at
the beam absent condition through the Vlasov approximation theory and the design in
confirmed by incorporating calculated field profile in the beam wave interaction studies.
As well, by developing a numerical code based on the coupled mode theories and using
the wave equations in the launcher domain, the study of Denisov launchers are planned

to be carried out.

1.6. Plan and Scope

Gyrotron oscillator is a well-established compact, stable and efficient fast-wave

device, radiating high-power in the millimetre and sub millimetre frequency regime and
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have numerous potential applications. In the present dissertation, its design
methodology and analytical & simulation investigations of the single frequency as well
as tunable frequency gyrotrons are planned to be carried out. Design studies of the
gyrotrons using tapered cylindrical cavity type RF interaction structures operating for
the single frequency, generating medium power level gyrotrons, operating in whispering
gallery mode and volumetric mode are investigated. The device design methodology,
RF and beam parameter selection, electron-beam and RF-wave interaction behaviour as
well as thermo-mechanical performance are to be studied through rigorous analysis and

to be verified through simulation studies.

For the first time, we have used single simulation tool for the gyrotron beam
wave interaction and thermal studies. We have also suggested modified device design to
mitigate the thermo-mechanical effect and its effect on the device RF performance are
investigated. ~ Followed by, the design and analysis of the post interaction cavity
components, like, the nonlinear taper (NLT) section, quasi optical mode (QOM)
launcher and the output RF windows for transmission of the generated power in the
interaction cavity to the external transmission line are described. An afetrcavity
interaction study for single frequency gyrotron oscillator is also carried by considering
uniform axial DC magnetic field profiles. In addition, the design and frequency tuning
studies of low power, tunable frequency gyrotrons for DNP enhanced NMR
spectroscopies with electrical and magnetic tunings are described. Necessary steps
required for the device parameters selection, tapered cavity RF interaction structure
design of the tunable frequency gyrotrons are discussed. Further, the RF window used

for the tunable frequency RF extraction is also presented.

In Chapter 1, with the introduction of gyro-devices evolution and literature

review of high and low power gyrotrons operating in the single frequency and tunable
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frequency, respectively. Operating principle, and sub-assemblies of the gyrotron
oscillators are presented. Thereafter, various output couplings used in the gyrotrons and
their advantages as well challenges are briefly described. The applications of various
power level gyrotrons generating RF radiation at single and tunable frequency are
discussed. The motivation of the present research and the organization of the thesis are

drawn at the end of this chapter.

In Chapter 2, the post interaction components, ie., quasi optical mode (QOM)
converters that are responsible the radial coupling output for the device are investigated
for its design and performance study. The basic theory and the design equations for the
conventional Vlasov and Denisov types of QOM launcher are presented. The design
parameters of the Vlasov launchers for the 95GHz, 100kW TEs, and TEjo4 modes
gyrotrons, a single frequency medium power level rating, to be presented in the Chapter
3 and 4 of this thesis are determined. Then observing the practical limitations and
design considerations of Vlasov type converters, in the present work, Denisov type
launchers are designed. A brief notes on the coupled mode theory used for the analysis
of Denisov type launchers are also described. Usually, the QOM converters are
designed and optimized by widely accepted commercial software’s LOT and SURF3D
developed Calabaza’s Creek. Considering its unavailability with respect to cost with
researcher, we developed our own numerical code in the Matlab domain based on the
theoretical concepts. Developed code validation as well as the optimization of the
Denisov’s launchers for the TEjp4, 95GHz 100kW by inspecting the mode variation
profiles  along the launcher section followed by wall field intensity profiles are
described in this chapter. Further, the analysis and design of single disc type output RF

windows for various type of operating modes, i. €., TEnn,, TMmn and TEMgo are
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discussed followed by the design of the RF windows for the proposed structure are

presented.

In Chapter 3, design methodology, analysis and simulation of a tapered
cylindrical cavity 100kW gyrotron oscillator operating in TEg, at 95GHz is presented.
The basic theory, design constraints, methodology and the analysis used for design of
fixed frequency tapered interaction cavity are described. Non-linear, time dependent,
multimode theory proposed by Fliflet et al. [1991] are used to develop indigenous code
and used for the analysis of the designed gyrotron device. By investigating the electron-
beam and RF-wave interaction behaviour using this analytical code is got verified by
comparing the results with those obtained through PIC simulation reconfiguring a
Commercial PIC code “CST Studio Suite”. The device design is further optimized at a
uniform axial DC magnetic field profile. The device performance is further investigated
under practical considerations, namely, velocity spread and beam misalignments. The
thermo-mechanical analysis of the designed RF cavity structure is also carried out. Also,
the design of an optimized cooling system is presented and the system performance got

verified through simulation using “COMSOL Multiphysics” commercial code.

Considering the challenges and issues related to deformations and
misalignments caused due to thermo-mechanical effect, in Chapter 4, we designed,
analyzed and simulated the same rating gyrotron device (100kW, TEg, mode, 95GHz)
as discussed in Chapter 3 is now proposed to investigate while working at a relatively
higher order mode TEjos- which would allow a larger transverse dimensions thereby
more relaxation regarding thermal issues as well as it could also be upgraded to higher
power levels too. After the RF interaction cavity structure design, to ensure stable
device operation, the beam wave interaction studies of the cavity structure by adding a

raised cosine type non-linear taper (NLT) is carried-out for an axial uniform DC
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magnetic profile. Since, the time dependent multimode analysis is used so far
considering the uniform section of the cavity with ideal gaussian type field profile. In
the present work, we have now extended studies till NLT end section by incorporating
the actual field profiles calculated by solving the Vlasov approximation equation to the
combined RF cavity and NLT geometry. The beam wave interaction studies, as well as
the effect of beam misalignments on the beam coupling to the TEm, mode and the effect
off offset in the beam axis with respect to the cavity axis are studies. Instead of
performing the thermo-mechanical behaviour simulation using a now code, COMSOL
Multiphysics, for the present case, the thermo-mechanical analysis is also simulated
using the same code used for beam-wave interaction simulation. For the first time we
have used a single commercial code “CST Studio Suite” and its Steady state thermal

solver as well Mechanical solver tool sucessfully applied for the gyrotron.

In Chapter 5, the design and analysis of low power tunable gyrotrons for the
DNP enhanced NMR applications are presented. Various tuning techniques used in
gyrotrons are discussed. In the present work, we have described the design methodology
and designed an RF interaction structure that is able to generate a minimum RF power
of 20W over a band of 2.4GHz for TEs 3, 263GHz gyrotron for the 400MHz DNP NMR
spectroscopy applications. Here also, by allowing the actual field profiles calculated for
the RF interaction cavity geometry from the Vlasov approximation for the high order
axial modes, the time dependent multimode analysis is carried out at several beam
currents via electrical and magnetic tunings and the RF power output are described.
Then considering a SiO», as window material, the design of single disc type RF window

is also presented.

With acquired knowledge from Chapter 5, that longer integration cavities lower

the start oscillation current of mode excitation as well as it also allows the excitation of
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high order axial modes. In Chapter 6, an experimentally demonstrated low power
tunable gyrotron operating in TEp3 at 140 GHz is revisited and the reported RF
interaction cavity tailored such that excitation of the higher order mode via magnetic
tuning leads to device frequency tunability. The enhancement in the tuning bandwidth

of modified device is also demonstrated.

In the last chapter, Chapter 7, the work embodied in the present thesis are
summarized and the significant conclusions are drawn from the major findings. The

limitations of the present study are discussed pointing out the scope for the future work.

2o XXX -
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2.1. Introduction

One of the main advantages of the gyrotron oscillators is ability to operate the
device in the higher order TEmnq modes, thereby accruing the advantages of wide
transverse dimension and generation of higher power levels at the high frequencies.
However, the higher order mode interaction is not suitable due to long path
transmission, plasma heating, etc. For the effective transport and controlled heating, the
radiation must be converted to suitable low order waveguide modes TEgy, linearly

polarized HE;; mode, Gaussian modes in free space i.e., TEMqo.

Conversion of higher order modes using conventional waveguide converters is
complex and lossy due to several stages of intermediated mode conversion are
involved that leads longer transmission lines as well generation of the unwanted modes.
In addition, these conventional mode converters are external to the device that makes
the design of the collector complex; since it has to collect the spent electron beam as
well as to guide the generated RF power to RF window through it. Hence, the overall
efficiency of the device limited in case of high order interaction cavity modes which can
be improved. This limitation causes the incorporation of axial output coupling,

discussed in the Chapter 1.

In 1975, Vlasov et al. proposed a novel mode conversion technique that uses an
internal waveguide section followed by a cut and a group of curved mirrors for the

conversion of interaction mode into a small, Gaussian focused free space mode TEMyo.

The component collectively called as quasi optical mode converter.
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TEM
Mirror 1 %0

TE,

Launcher \

Mirror 2

Figure 2.1: A schematic view of quasi optical mode converter system.

A Schematic view of conventional QOM Converter as shown in Figure 2.1, consists of
two sections, the prime section is a Launcher, a kind of cylindrical waveguide followed
by a spiral cut at its end used for launching the interaction cavity modes as a paraxial
beam of radiation, and the subsequent section is mirror system used for beam focussing
and shaping the launched beam into a beam of desired characteristics at the output RF

window.

There are basically two types of converters which are differentiated based on the type
of launcher profile, namely, Vlasov type converter, is the basic and fundamental quasi
optical mode converter presented by Vlasov et al. and Denisov type is a modified

Vlasov type converter and presented by Denisov et al.

Due to compactness of QOM converter over conventional mode converters,
permits the incorporation of mode converter in the device and allows the separation of

RF wave towards RF window and electron beam towards collector thereby
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improvement of the owverall efficiency of the device by depressed collector technique.
An experimental investigations of the original device in which the transformation of
TEj0,1 cylindrical waveguide mode to a narrow beam in free space mode was achieved
with a modest power transfer efficiency of 80% using the Vlasov converter [Viasov et

al. (1975)].

The fundamental designs of the launcher and reflector, proposed by Vlasov et al.
in 1975, are rooted in the geometric optics approximation. Using this theory, the
propagation of the TEn, mode is represented into group of rays and thereby calculation
of the launcher parameters for the suitable radiation into mirrors. As well using, a
rigorous vector diffraction theory was developed to calculate the radiated fields onto
mirrors as well optimization of reflector/mirror surface parameters has done by the

determination of Stratton Chu integrals.

Considering the conversion efficiency and the practical issues with mirror
surface designs for high order TEn, modes, in 1992, Denisov et al. proposed a pre-
bunching or pre-shaping or dimpled or rippled or Denisov converter by modifying the
launcher section of the Vlasov converters. By allowing a very small irregularities (far
less than the mean radius of the launcher) on the launcher walls, the cylindrical
waveguide mode coming from the cavity section is couples its power to several modes
whose modes mixture gives an almost a small and Gaussian focussed beam at the
launcher itself. Hence, it allows the beam shaping and focussing issues of mirrors
simple and reduces the losses in the launcher section thereby more conversion

efficiency.

The rippled wall waveguide is usually optimized using coupled mode theory,

and the analysis used for it is described in the following sections. Various theories that
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help for design, analysis of Vlasov and Denisov launchers and mirror sections are
reported in the literature. AS well Launcher Optimization Tool (LOT) and SURF3D
tools by J Neilson Calabazas Creek Res., Saratoga, CA, USA 1[2004] are the computer
codes been developed for analysis and optimization of QO launchers used in high power

gyrotrons and are commercially available.

Accompanied by mode conversion, the inclusions of QOMC give numerous

advantages and are follows:

l. Incorporation of depressed collector technique thereby increase in the owverall

efficiency of the device

I. Collection of radial output coupling, that makes collector design exclusively.

. Reliability and protection of the device from the back propagation of RF by

Vacuum RF window.

IV. Directly connect to the transmission line and reduces large dimensional transmission

line system.

In the present work, with the help of the geometric optics and the coupled mode
theory, the launchers used for the mode conversion of 95GHz 100kW gyrotron
operating in high order TEjps4- mode is designed and design and analysis of RF
structures described in Chapter 4 of this thesis. The launchers are studied using coupled
mode theory however its mirror section design is not kept within the scope of the work
embodied in the present thesis. As well followed by QOMC, an RF window which is
responsible for the transmission of generated power in the RF device to the transmission
line is designed for the various popular window materials. Even though, the mirror is

not designed here, since the design of RF window mainly dependents on the window
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disc thickness and the dielectric properties of the material, using the available literature,

the RF window design is attempted for a few window materials, as a tutorial exercise.

Chapter 2 is organized as follows: Starts with the importance of the quasi-optical
mode converters, the analysis used for the design of Vlasov launcher is presented. Then
the coupled mode theory is used for the design of the dimpled wall launcher and the
theory required for the calculations of mode contents in various modes along with
theory used for wall field intensities is presented briefly. Followed by the design and
analysis of the Denisov launchers for TEjos4 mode for 95GHz, 100kW is discussed.
Then, the analysis and design of the RF window for the present gyrotron designs

reported in the Chapters to follow are presented.

2.2. Vlasov Type Mode Launcher

For the design and analysis of quasi optical mode converters, the study of wave
propagation inside an overmoded waveguide are explored by using a ray model (Fig.
2.2) that results from geometrical optics theory. We give a summary of the geometric
optical parameters, a more detailed derivation can be found in [Drumm (2002), Michel

(1998), and Wien 1995].

2.2.1. Geometric-optical field representation in cylindrical waveguides
We can use the scalar potential from equation to describe the wave propagation. By
separating the Bessel function in into the Hankel functions of first and second kind with

order m, we represent the standing wave in radial direction with two traveling waves.

Jm(x):%(H:n(x)m;(x)), 2.1)
y=yp® +y® :%[Hr(nl)(kpp)+Hr(ﬂ2)(kpp)Je:imw pFikz (2.2)
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Furthermore, we take an adapted form of the approximation from [Morse et al. (1953)]
for the two Hankel functions, that is valid forx=y, >m and large arguments x and

hence valid on the waveguide wall:

H® (x) ~ \/ 2 eij(\/xz_mZ_m.cos’l(%j—%] 2.3)

X2 —m? ’

where the upper sign belongs to superscript (1) and the lower sign belongs to superscript

(2).

By using,
HY (0=(H2 (4)) - 29

If we now take the gradient of the phase function of the radially outgoing wave (2) and
use (2.3), we get an equation that is similar to the Eikonal equation found in [Born et al.
(2009)]. This gradient vector R is perpendicular to the phase front and represents the
direction of the rays. For a wave propagating in positive z-direction and in positivep -

direction this results in:

R=V (arg(y*(R,,0.2)))

:V(—J(kpp)2 —m? +mcos™ [kﬂJ+%—m¢—kzzj

(2.5)
P

K,0=%mn
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@ (b)

Figure 2.2: Geometric optical description of a wave beam in a cylindrical waveguide

(@) Side view; (b) top view.
Considering figure 2.2 and projecting this rayR onto€,, we get the so-called Brillouin

angle, 6;
k
COSH; = ?Z . (2.6)

The wave-number along the ray R is the free space wavenumber k. The distance the ray

Rtravels in z-direction is called Brillouin length Lg shown in the left part of figure 2.2.

This distance can be calculated from the TE mode’s parameters as follows
Ly =2R,sinacotd, . (2.7

The projection in the transverse plane onto €, yields the spread angle as

m
COSa=——=

R
— 28
Im R (28)
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where R. is the so called caustic radius [Weinstein (1969)] and the corresponding

distance travelled in transverse direction, L, is defined a

Lyans =2Ry SN (2.9)

Along the circumference of the waveguide this length corresponds to:

L, =2R, @ (2.10)

The wave propagation can be described as follows: An outgoing ray represented by (2)
traveling towards the waveguide wall gets reflected from the metal surface and
transforms into an ingoing ray represented by (1). The ingoing ray experiences a phase
jump, when reaching the caustic at R¢. This can be regarded as “transformation” of the
ingoing ray into the outgoing ray, then the ray gets reflected again and so on. In this
way the ray travels forward through the waveguide. To describe the whole field, we
have to consider all rays traveling inside the waveguide.

DRy A~

QHRD

Radiating Aperture

~
Cd

F4

Figure 2.3: The unrolled waveguide surface at a constant radius Ro and the Vlasov

launcher cuts are highlighted.
Figure 2.3 shows the unrolled waveguide surface at a constant radius Ry. Here,

we can see that all rays starting on the same helical line end on that line. So the ray
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starting at point 1 travels to point 2, then to point 3, then to point 4=4' and so on. It
can be shown [Wien (1995)], that all rays touch the area contained within the
parallelogram 2, 3, 5, 6, with size L, x2aR, once. This area is called Brillouin zone. If
we cut the waveguide open at a constant angle of > with length Lc, we radiate all rays as

was stated before and therefore radiate all electromagnetic energy from the waveguide.

As can be seen from [Wien (1995)], the cut length of a waveguide antenna in order to

radiate all rays can be calculated as

_2zR,
cut
tan
° (2.11)
—272R, 2% cotg,
(04
with
tan r:ZRO % : (2.12)

B

The waveguide antenna with this type of cut achieves the separation of the electron
beam from the electromagnetic wave. Thus the design of the collector of the gyrotron

can be made independent of the RF output system, which is important when going to

megawatt power levels.

In the geometrical optic limit, the flow of energy in a cylindrical waveguide

mode can be represented by a set of rays travelling tangent to a caustic surface with an

azimuthal bounce angle, « and a helical pitch angle, ;.
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Figure 2.4: Vlasov launcher with a spiral cut of length L.

The Stratton Chu vector diffraction theory was used to calculate the near field
pattern on a plane perpendicular to the propagation direction of the launched beam. This
near field pattern is determined by using the aperture fields calculated by the coupled

mode theory, as the source terms in the Stratton Chu formula.

In the present Chapter, the design and analysis of converters are limited to the
launcher sections only. The design and analysis of the launcher parameters for the case
of single frequency gyrotron operating at 95GHz TEjo4- mode for 100kW gyrotrons are
dorne. In the following section, the Vlasov launcher design parameters for the current

gyrotron are calculated with the help of above theories.

2.2.2. Calculations of Vlasov Launcher parameters

A Vlasov type converter is generally used for the whispering gallery interaction
mode case where the radial variations of the field are upto 2. Even the role of the
reflector section is very huge in this case for the beam shaping and conditioning towards
the desirable beam generation. For whispering gallery modes the Vlasov type converter
with a geometric optics reflector design is practical and can achieve conversion
efficiencies in excess of 80%.
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In the present work, the gyrotron designs are performed for TEs,, 95GHz,
100kW as well TEjp4, 95GHz, 100kW which are discussed in Chapters 3 and 4,
respectively. As well a low power tunable gyrotron operating in TEs3q at 263 GHz
presented in Chapter 6. The Vlasov launcher parameters are evaluated from the above
theory and the parameters are tabulated in the Table 2.1. The dimensions of the Vlasov

type launcher for the high power gyrotrons considered in the present work are tabulated

in the following table.

Table 2.1: Vlasov launcher parameters

Parameter TEs,2 TE10,4
Launcher radius (mm) 10 13.134
Bounce length Lg (mm) 36.1395 10.913
Bounce angle 0 (°) 36.1395 | 65.3932

Minimum Launcher Cut length L¢(mm) | 71.363 30.154
Caustic radius Rer(mm) 5.113 5.528
Azimuthal expansion angle 2a (*) 118.4955 | 130.2186

With the above launcher parameters the TEn, mode coming from the interaction cavity
is radiated as a paraxial beam on to the mirror section by providing the Vlasov cut of
length Lo« with a azimuthal expansion angle of « . Then launched beam is guided and
focussed by using the reflector section that subtend a minimum of 2« degrees, for the
better conversion and focussing. In the present work, we limited our study upto launcher

dimension only, not for the reflector part.

It is observed that Vlasov type converter has inherent properties that make it
undesirable for converting certain classes of modes. Since the reflector must subtend a
minimum of 2a degrees, the mirror for volume mode Vlasov type converters is large.

Another limitation is the substantial diffraction from the Vlasov type launcher. Since,
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the strong field near the cut leads larger diffraction losses and hence lowers the
conversion efficiency. Even though, this smooth wall type launcher is suitable for
whispering gallery mode (m>n,n=1,2), but considering the larger reflector
dimensions as well lower conversion efficiency, the research has been shifted/focuses
for the modified Vlasov launcher that can deliver a better conversion efficiency as well
minimum diffraction losses. The modified launcher design and analysis are discussed

in the following section.

2.3. Denisov Launchers

As discussed, in the Viasov type converter, the fields are needed to radiate from
the cut for the beam shaping and propagation towards reflector surfaces. But the strong
fields near the cut leads severe diffraction losses and results a limited mode conversion
thereby degradation of the efficiency and so not suitable for higher power sources where
the efficiency matters. In addition, the requirement of the reflector surface increased as
the bounce angle of the beam increases that leads the complexity and large dimensional
surfaces that makes the realisation impractical. Thus, Vlasov launchers find limited use
as well not potential for the conversion of high order volumetric modes. The fields
along the helical cut and straight edges are very strong in Vlasov converter and that
leads to strong diffraction losses there by reduction in the overall efficiency. One key
idea to increase the conversion efficiency as well some decrement in the reflector
dimensions is by modifying or reshaping the mode into desired mode before radiating
from the cute that has very low field nearby cut in the launcher itself. Later on, by using
reflector section, the radiated beam is shaped into desired form. In 1992, Denisov have
proposed a technique to reduce the fields along the helical and straight cut edges by

deforming the waveguide walls. The deformations of the waveguide walls allow the
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coupling of the main mode energy into several modes and the interference of these
modes on the launcher walls allows Gaussian bundles mixture formation since the
Gaussian bundles have less or almost no fields at the edges of Brillouin regions and

causes less or no diffraction achieves maximum conversion efficiency.

An ideal TEn, mode converted into a perfect Gaussian beam mode through a profiled
launcher by allowing the mixture of several modes in desired proportions of power as

tabulated in the Table 2.2 at the launcher end.

Table 2.2: Ideal proportions of satellite mode mixture of a dimpled launcher

TEmszn1 (3%) | TEmsana (11%) | TEmsan1 (3%)

TEm-1.n (11%) TEmn (44%) TEme1n (11%)

TEm-4,n+1 (3%) TEm-3,n+1 (11%) TEm-Z,n+l (3%)

The interference of the nine wave guide modes creates an RF field bunching in the
longitudinal and azimuthal directions. Selection of these modes are depends on the
caustic radii, interference length of modes close to the cut length Lcy and similar Bessel

zeros close to the interaction cavity mode TEp .

Followings are the most common used Denisov launcher profiles for the

reshaping of the cavity mode into Gaussian beam mode in the launcher itself.

R(4,2) =R, +a z+,(z)cos(AB,z—Lg) +0,(z)cos(Ap,z— L,p) (2.13)
R(¢,2) =R, + o 2+ 0,(z)cos(ABz + Lp) + 5,(z) cos(AB,z + L,p) (2.14)
R(¢,2) =R, +a, 2+ 95,(z)sin(Afz— L @) +0,(z)sin(AS,z - L,9) . (2.15)
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Here the parameters AB, and L;, are dependents on the selection satellite modes that
are responsible for the Gaussian mode formation by azimuthal and radial bunching of
the modes [Kartikeyan et al. (2004)]. Values of a,5,(z) ,J,(z) are chosen such that the
desired proportions of couplings between the modes are achieved with minimum
lengths and ¢« is the small taper angle added to the radius of the launcher profile to

avoid counterfeit oscillations in the launcher.

The overall bunching of Gaussian beam formed by superposition of azimuthal bunching
, caused by the satellite modes that have equal caustic radii (Re) and similar Bessel
zeros (x,,,) and longitudinal bunching by the satellite modes that have equal caustic
radii (R;r) and an interference length close to the Launcher cut length Lcy, along the
launcher section. L; and L, are the differences in the azimuthal indices of the main and

satellite modes [Blank (1994)].

Practically, it is difficult to achieve the above said mode mixture with accuracy, but
keeping it as our target, the profile has been optimized such that it results a Gaussian
content at the cut of more than 99%. The theory required for mode variations and
calculations of Gaussian content factor due to a dimpled mode waveguide sections are

discussed below.

The parameters of several Denisov launcher profiles used and implemented in the

literature are mentioned in Table 2.3 [Flamm (2012)].
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Table 2.3: Various dimpled profiles [Flamm (2012), Blank (1994)]

f
Ly
Ro/L
(GH2) ° a. Tvp /L 01(z),mm 0,(2),mm
: (mm) e
mode 2
0t00.05, 0<z<10 0t00.05, 10<z<20
e 0.05, 10<z<80 0.05, 20<z<90
’ 2 i
Ty, | 201200 € 213 0.05t00, 80<z<90| |[0.05 to0, 90<z<100
-3 3 0, else 0, else
110, 20/152 | 0 | 2.14 v 0.0399 0.0399
TE,z6 3
0t00.041, 0<z<10| (0t00.041, 17<z<27
140 . .
| 2195 | 26 Y 0.041, 10<z<60] | 0.041, 27 <z2<77
TEzse 0 4| %13] 5| |005t00, 60<z<70| |0.041to 0, 77 <z <87
0, else 0, else

2.3.1. Analysis of the dimpled launcher

Since the launcher waveguide walls have deformations that allow the coupling
between modes, so cannot represent the energy through one normal mode. The study of
coupling of energy between modes in these waveguides can be handled well with the
help of coupled mode theory which gives the variations of the modes along the direction
of the propagation. It is the goal of the pre bunching waveguide section to improve the
radiation characteristics of the launched beam by illummnating the launching region (B’)
with a Gaussian ray distribution rather than a uniform distribution. The fields radiated
into free space are coming from the Brillouin region just before the Brillouin region
removed for launching the beam. Radiating aperture is the portion of the waveguide

that is responsible for launching the beam. Hence, with the help of fields on the
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Brillouin region just before the cut, the radiated fields at an observation point can be
studied. Hence, in the study of the launchers, need to achieve good Gaussian content

factors at two successive Brillouin regions for efficient conversion.

Hence, now days almost all the gyrotron device incorporate Denisov type
converter as an internal part considering high order operating mods as well requirement

of no power loss in the mode conversion.

Generally, the profile of Denisov launcher is a deformed one. Since the wall
shapes are changing continuously, the fields in the waveguide cannot be represented
through one normal mode and the deformations allows coupling of energy between
different normal modes of the waveguide. This peculiar situation can be handled with
the help of coupled mode theory which calculates the coupling coefficients of mode due
to deformations in the structure. Coupled mode theory tells the coupling among the
modes due to variations in the structure. If the amount of perturbation is very small
compared to the mean radius of the waveguide, then can neglect the backward wave

propagation.

In general, the coupling between forward travelling modes are given by the

following expressions:

ddA :_ikziAJr _'_ZciuA:r +ZCiVA\I+7 (216)
z u v

dA; : + + +

d_zl=_'kszj + 2 CuA D G A (2.17)

where the subscripts i and u deals for TE modes and the subscripts j and v for TM

modes. A is the complex amplitude of the mode. For weak waveguide deformations of
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the formR(¢,z) =R, + (¢, z) previously reported methods [Blank et al. (1994)] can be
used determine the coupling coefficients for mild perturbations. The coupling

coefficients, c,,c,,C;,, and c;, can be represented as follows:

iu? ¥iv?

Ciu = l|:(?iu 2L + Riu %:l ! (218)

c,==S, —2 (2.19)

iv 2 ivC ,_kzikzv !

1 /kz 1 kzu C
Cju :E|:Tjuc k—Z:+UjuE k_zj+vju;ﬂ’kzjkzu:| s (220)

1 K, ws
and C. —[W. 2 4+ X : (2.21)
1\ 2 I k 1\ k k ]
v '\’ Zj “zv

The term c,,, gives the coupling coefficient from the n'" mode of, TE or TM type to m'"

mode of TE or TM type.

For a small amplitude perturbation of first order, &(¢,z), the eight unknowns in

coupling coefficient expressions, (2.18) to (2.21) can studied with the help of [Doane

(1985), Doane (1986) and Garin et al. (1987)]. Here, considering , the subscripts i, u, j,

and v, refer to mode i, u, j, and v, where mode i is the TE_, , mode u is the TE, , ,

mode i is the TMm; and mode v is the TM . The unknowns in equations. (2.18) to

bl

(2.21) are determined from the following expressions:
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Y 2
|( mzpz] - .
Ro T|_ime™  55(¢,2) .
- I[\/ ; Ry +5(¢,2)e™ V2, —m? |e"™’dg

Qiu =
Ronwy\/vrizpz —m; o | \[Vep —M
(2.22)
R, = MM, j gmsg-me 00 2) 4 4 2.23)
R”\/lepl—m \/vmp -m? 9 oz
_ 85(¢ 2)
S,, ememt 20 2 g (2.24)
R o7y [lep j oz
2
&)
R s 05(8,2) . ;

T, = 0 {e'”‘l"’—+|mle'"‘l"’5(¢, 2) le"™dg (2.25)

J Ryt Vrizpz -m; E[ o '

m Hoas 2T il f

U e 2 my Py e|ml¢e—'mz¢é‘(¢, Z)d¢ (226)

"R ﬁwgﬂfvrizpz —mzz( Ro ]'([
j gimidg-ims ZOMH 2 00(9.2) dg (2.27)

’ mzp _m oz
w, =i2feimi¢e‘m%¢ quﬁ (2.28)

" Ry For4
i Moo 28

X, = DR | e™e ™S5 (g, 2)d 2.29
" Romg{ R Jj (¢,2)dg (2.29)

Here Ry is the mean radius of the waveguide, #,and Vv, are the p" zero of J_(X) and

J1(x), respectively.
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The set of equations from 2.16 -2.29, gives the complete study of mode coupling caused
by the irregularities whose amplitudes are of the order o << R; successfully. Though, in

the gyrotrons the oscillation of TMpy, modes are not feasible in the interaction as well
considering the amount of dimples, only coupling between TEmn are happens. Hence,
using equation 2.16, 2.18, 2.22, and 2.23 together, the mode variations along the

dimpled launcher can be determined successtully.

Observing the mode variation profiles the probable set of dimple launcher can be
selected and will be confirmed by calculating the correlation coefficient of the Gaussian

content of the wall field intensity near cut. The necessary theories are presented below.
2.3.2. Calculation of waveguide field components

The energy in the waveguide cannot sufficiently represent by single normal
mode field components if the waveguide walls are changing continuously, i. e.,
nonuniform waveguide. Because of non-uniformity, there is always coupling of energy
among several modes. If the amount of perturbations are mild, i. e., very small
compared to mean radius of the waveguide, then the coupling between different kind of
modes can be neglected, i. e., between TE and TM modes. Since, our Denisov type
converter is used as an internal component of the gyrotrons which generates power in
the TEmp cavity modes. Hence, the calculation of TM mode effects is irrelevant here.
Because of small non-uniformities, the overall field components can be calculated as a
superposition of the forward traveling modes which assume propagate in the
waveguide. The owverall E and H fields in deformed waveguide walls are calculated
with the following expression [Zhang et al. (2015)]:

z
—jj.ﬁizldz

H:ZN(z)hie > (2.30)
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z
—jjﬁizldz

E=YA@ee * (2:31)
and, [[.&xh; ds =3, (2.32)

where A" amplitude of the TEnp, and it carries attenuation term with it but does not

have the oscillation term. e; and h; are the orthogonal fields in the circle waveguide, s

—j.[/i’izldz
is the cross section andd;is Dirac’s delta finction. And the term e ° is the

oscillation term and it is z dependent because the waveguide radius under consideration

is varying with the z.

When the amplitude of the deformation is very smaller compared to mean radius
of the waveguide, the TE,, components in the circular waveguide for right hand

rotating wave can be written as:

T = K ZmprJe‘”w . (2.33)

1 Jm(
S 22 =10 30 (1) \ R

Here k is free space wavenumber, r and ¢ are the radial and azimuthal coordinates, Ry is

the mean waveguide radius, S is the transverse wavenumber, . is the n" root of the

Bessel function, Jr'n(;(mp)zo. With the help of T;, the orthogonal fields can be

expressed as follows:

! 234
r r
_ _ m?T,
\/,ua) or r o¢ k®Ry
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Here a; a, and a, are the orthogonal unit vectors in radial, azimuthal and axial
directions. With the help of equations (2.30) to (2.35), the fields on the deformed
waveguide walls can be determined if the amplitudes of the modes are known. Hence,
by the combination of coupled mode theory and super position concepts, the mode
variation profiles along the axial direction as well as the field components of the

deformed waveguide walls can be studied.

The following section is dedicated to the derivation of the required theory, necessary to

describe the wave propagation in launchers.

Since the goal is to radiate the electromagnetic wave from the waveguide cut in
the form of a Gaussian beam (Section 2.2), we need to obtain a mixture of different
modes to form the Gaussian field profile. Consequently the electromagnetic wave will
not consist of one single electromagnetic mode, but a linear combination of different
modes. This can be achieved by summing over the azimuthal indices m and integrating

over the longitudinal wave numbers Kk, see [Harrington (1961)]:
(p0.0= 3 [ Au (k)3 (JF K ple™ e e dk,.  (236)
m kz

The previous derivations were made for TE as well as TM modes. However in the
following only TE modes will be considered. The only source for TM modes is mode

conversion, which will be neglected due to the smooth change in the waveguide surface.

The quality of launcher performance is analyzed by calculating the Gaussian beam
content at the launcher cut. The generated Gaussian beam is compared with an ideal

Gaussian beam and the content factor is measured and is given by
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(sisos|

= , 2.37
nscalar J-J-|u1|2dSJ-J~|u2|2dS ( )
S S

2

Huj.uz ds

S

77V€C0r =
‘ mulrds. jj|u2|2ds
S S

(2.38)

where S is the aperture surface that contains the radiated Gaussian beam. Equation 2.36

compares the amplitudes of two field components u,and U, with respect to power,

whereas equation 2.37 includes the phase of the field component in the comparison.

With the sufficient knowledge of the coupled mode theory and the concepts
required for the calculation of the wall field intensities, the analysis and design of the
dimpled mode launchers for the proposed gyrotron TEjg4- 95 GHz and 100kW designs

are carried out by developing a numerical code in the Matlab domain.
2.4. Field Computations, Results and Discussion of Denisov launchers

As per the coupled mode theory presented above, we developed a numerical code for
calculation of the mode variation profiles as well wall field intensities on the launcher

walls.

2.4.1. Validation of Dimpled Launcher design for TEz2 ¢ mode at 110GHz

In the present work, starts with the reported values given by Blank (1994), for a
Denisov launcher at 110 GHz TEz;;s mode, the mode variation profiles and the
corresponding wall field intensities are determined. It was reported that, the author has

shown the mode variation calculation by considering a 4 satellite modes for the launcher
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profile calculation and left the consideration second category satellite modes (TE m-4.n+1
. TEm-a, n-1, TEm-an+1, and TEm-2n+1) though these modes generates in the launcher section
and participates in the mode coupling. As well it is advised to consider more number of

modes for better accuracy and optimized design.

The profile details are taken from Blank (1994) are also tabulated in Table 2.3,
the mode variation profile for 4 satellite modes are done initialy. Due to the
irregularities in the launcher also allows coupling with the second order satellite modes,

mode coupling in the structure is determined by considering more satellite modes.

As mentioned in the several occasions that LOT and SURF3D tools are used for
the design and optimization of converters which are commercially available and
financially expensive. In the present work, using the above mentioned theories, i.e.,
coupled mode theories and fied calculations in the waveguide launchers, we developed
a numerical code using Matlab tool, that calculates the mode couplings across the
dimpled launchers for wvarious deformed profiles and using this mode coupling
coefficients, the wall field intestines are calculated. Followed by calculation of the
Gaussian content available at the launcher cut has been done for the optimization of the
launcher profile. The decision on the optimization deformed surface has been taken by
observing the amount of mode couplings at the end of the structure as well the Gaussian
content factor at the launcher cut. All the analysis has been done by a self-numerical

code in the Matlab environment.

After a successful understanding of the theories and by developing numerical
code, a reported dimpled launcher profile for TE;; ¢ 110GHz given by Blank (1994) has

been validated.
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2.4.1a. With four satellite modes

It has been observed that the mode variation profiles and the wall field
intensities calculations along the launcher wall had been shown for the four primary
satellite modes i.e., TE1g7, TEzss, TE216,and TEz36. At first, using self-developed code,
the calculated results are plotted in Figure 2.5 and 2.6 and the results are found in good

agreement with almost 100% match with the reported results.

100 = . . . . . —
ook . === TExngs |
i T m— TEzs5 |
80 | s . === TE1g7
I = ]
70 } N 236 ]
i N === TE2ze

% of Power in various modes

0 2 4 6 8 10 12 14 15.2
Axial distance of the launcher section z (cm)

Figure 2.5: Mode variations profile along the length of the TE;»s mode at 110GHz
launcher for eight satellite modes.

Wall field intensity of dimpled launcher TE , . 110 GHz with 4 satellite modes

o

=

Azimuthal angle (radians)

Axial distance of Launcher Z (mm)

Figure 2.6: Wall field intensities on the dimple launcher of TE,, s mode at 110GHz for

four satellite modes.
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2.4.1b. With Eight satellite modes

Since, the amplitude of the deformation profiles are based on the primary
satellite modes and the chosen 4 satellite modes certainly helps the growth of several
modes and specially other four satellite modes (TEzss, TEz45, TEzszz,and TEig7) as

mentioned in Table 2.2.

We have re-calculated the mode variation profiles and the wall field intensities
allowing other 4 satellite modes for more accurate study and are plotted in figures 2.7

and 2.8.
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Figure 2.7: Mode variations profile along the length of the TE22,6 mode at 110GHz

launcher for eight satellite modes.
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Wall Field Intensity on the dimpled launcher TE22 6 110GHz

Azimuthal angle (radians)

Axial distance of launcher Z(mm)
Figure 2.8: Wall field intensities on the dimple launcher of TE,, s mode at 110GHz for

eight satellite modes.

It is observed that allowing more satellite modes in the calculations gives a
different variation profile than earlier one but both cases leads to a good Gaussian beam
formation at the launcher cut ( on Brillouin regions). All the variations have been show

pictorially.

It is perceived from figures 2.5 - 2.8 that due to second order satellite modes
consideration, the amount of power in the various modes are differed significantly
specially, main mode has a mode content of ~31% over 18% in the initial calculations.
As well, a clear Gaussian beam can be observed in the latter case. Though, the design
was the optimized and most suitable, but consideration of more satellite modes in the
optimization of launcher profiles improves more accuracy and visualization of mode

coupling that results a good Gaussian beam.

Further from figures 2.5 and 2.7, that even though ideal mode mixture content
do not results but the optimized profiles gives a good Gaussian content near the cut.
Though, it was reported that the author has allowed more satellite mods while

optimizing surface but mode variations has been shown for 4 satellite modes case.
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Though ideal combination of mode mixture is not realizable all the time but close to it

for the optimized performance is sufficient.

2.4.2. Dimpled Launcher design for TEjo 4 mode at 95GHz

For our present design, a Denisov mode launcher design for the 95GHz, TEjp 4
mode is performed manually changing the launcher profile and confirming by observing
the mode variation profile and Gaussian content at the launcher cut, since we do not
have access to LOT code. Instead applying the constant dimples throughout launcher, an
individual deformation profiles that results azimuthal and longitudinal bunching along

with a small taper angle o is also, thereby Gaussian beam like mode at the launcher

surface are considered for the present design. As well, the profiles are optimized by
observing the mode coupling contents at the end of the launcher followed by wall field

intensities. The optimized deformation profiles are plotted in figure 2.9.

The optimized dimpled profile is of nature represented by 2.13, with «, =0.0015

and the deformed surfaces are shown in figure 2.9.
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Figure 2.9: Wall Deformation profiles for the TE;o 4 mode at 95GHz launcher.
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The mode variation profiles as well wall field intensities for the optimized

launcher are plotted in figure 2.10-2.11.

% of power in various modes

Figure 2.10:

Table 2.4: Dimpled Launcher parameters for 95GHz, TE1g 4

Parameter Value
Operating mode TE10.4
Frequency 95GHz
Launcher Radius Ro 13.134 mm
Taper angle o, 0.0015
Axial length of launcher 115.2 mm
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Mode variations profile along the length of the TEio4
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Wall field intensity of TE,, 4 launcher
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Figure 2.11: Wall field intensities on the dimple launcher of TE;g4 mode at 95GHz.

The optimized launcher results a scalar Gaussian of more than 99% and with launcher

cut has been highlighted in the figure 2.11.

2.5. Analysis and Design of Output RF Window

The RF window is an essential component of the output system of the gyrotrons
and serves as a barrier between the vacuum side of the device and the external
transmission line system. The desired features of an RF window are high power
handling capability, high thermal conductivity and good mechanical strengths, as well
large bandwidth, low reflection loss, etc.

Therefore, a proper window material with suitable geometrical and material
properties is crucial for a gyrotron oscillators operating at high power and high
frequencies.  Usually, a low loss tangent (tan ¢), high thermal conductivity, moderate
mechanical strength are preferred.

In the high power Gyrotrons, materials, such as, Sapphire, Chemical vapor
deposited (CVD) diamond, Silicon nitride composite, BeO, Au-doped silicon etc., are
commonly used for window applications. The CVD diamond is the foremost choice for

the MW power levels due to its excellent dielectric and mechanical properties. Coming
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to the types of RF windows based on the construction, Disc type and Diamond windows
for single and step tunable frequencies whereas Brewster windows for broadband
frequencies.

In the present work, taking several materials individually, the RF window
parameters are determined for the TEMgo mode, which is coming from the Denisov
launcher that converts the TEjo4 mode at 95GHz for 100kW power levels. The basic
analytical concept used for the optimization of RF window for fixed frequency based on
scattering matrix for disc type windows id briefly described here followed by the
numerical calculations of the reflection and transmission characteristics for window
discs of many thicknesses [Nickel et al. (1995)]. These results are discussed in the

results and discussion section at the end of this current section.

2.5.1. Disc Type Windows
An RF window of disc type is usually characterized by disc thickness, loss

tangent, disc diameter, and spacing between disc for multi disc type windows. For the

disk type window, the thickness dy is obtained byd, =ni/2(s,)"?.

Figure 2.12: Schematic diagram of single disc type window of thickness d.

Figure 2.12 shows a homogeneous waveguide of arbitrary cross section with
ideal conductive walls of section of the plane-parallel window of thickness d. The

window surfaces are transverse to the waveguide axis and the disk edge is flush with the
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waveguide wall. The disc is considered as it consists of one lossy homogeneous and
isotropic dielectric material ~ with  the complex relative permittivity
g =¢ —je =€ (1-jtans) and complex relative permeability 4, =1. Nowadays, multi
disc type windows where the dielectric materials are separated by a space sq are used for
the broadband applications.

Analysis of the disc type waveguide windows for gyrotrons is developed on the
scattering matrix formulation and described in terms of the incident, reflected and

transmitted waves. The basic formalism for disc type windows explained as follows:

a g b,
21
p—{)
S‘TT 822
<4 <
b1 812 a

Figure 2.13: Equivalent Two port scattering matrix network.

Figure 2.13 shows an single disc waveguide window with its equivalent two-port
scattering matrix network representation illustrating the incident and reflected waves a
and by (k = 1, 2), respectively. The incident and reflected waves at the window plane are

represented by a set of equations in matrix form as

El b
a,=0 =0
[S]= u o Se|_ |4 % (2.39)
Su Sy E & .
a1 a,=0 az a =0

b1 = Sllai + SlZaZ

. (2.40)
bz = S21a1 + Szzaz
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The reflection, transmission and absorption coefficients in terms of the S-parameters of

the network are related as:

|Sll| |bl|2 |a2 = Fl)reﬂ Pyin=0 (2.41)
Lin
b rans
|521| ||a1|2 |a2 IZ:: |P2’in0 (2.42)
1,in
Pin_Pre _P rans Pas
A:1_|811|2 —|821|2 _ 1,Pf| 2t |P21in=0: P_b |szin=0 : (2.43)

Lin 1,in

The scattering matrix [S] of a dielectric region filled by material of length d,, and

permittivity £'is given by:

1— 270y 1— p? —Valw
[S] 212 pv( 2e ) d) ( pv)_e2 . ’ (244)
L-ple ™t W= phe ™ p,(-e )

where, the propagation constanty,, =a,, + jB., =k —&kZ, the complex permittivity

is given bye =¢ — je =&, (1- jtand).

2
11 g 'tano tand<<l
kie '—k2 . |=+=, || ——— | +1 =~ kZ& '—k? 2.45
Ogr oV \/2 2\/[6} I_(kcvlko)zj Ogr oV ( )

kie 'tans i<t kg 'tand

agv = ~
20, 2«/5 '~ (k2 1k,)*

The complex reflection coefficient due to the wave impedance discontinuity at

(2.46)

the single dielectric transition plane for TEm,, TMmn, and TEMge modes are given by

(kg Tke)? =g, — (kg Tk,)

2.47
U TR) e, — (ke T k) (247
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e = (kg 1) =51 (K, 1K) (2.48)

J&, = (K, 1K)+, 1= (K, 1Ky)?

1 s,
1+\/Z'

(2.49)

Py =

With the help of above equations, one can obtain transmission, reflection and absorption

coefficients for the disc type window as follows:

_ T,(1-2R,cos(2®) + R?)
1-2R,T,cos(24.d, —2¢) +RT?

(2.50)

_ Ry@-2T,co0s(28.,d,)+Ty)
1-2R,T,cos(2/3,,d,, — 2¢) + RZT

(2.51)

_1-Ry— Ty — Ry = RTy + RTy — 2R, Ty (cos(28,,d,, — 2P) — cos(23,,d,,) — cos(20)) |

A
1-2R,T, cos(2p3.,d,, — 2¢) + RZT;

(2.52)
Here, R,=|a, [, ®=argp, T,=e?*" By using the above mentioned analysis, one
can easily design an RF window operating at the single or multiple frequencies for any
of the incoming modes, either TE/TM or TEMgy mode. In some cases, multi dielectric

regions are used for improvement in the performance, for such cases, the net scattering

matrix of the system is obtained by cascading the individual matrixes.

2.5.2. Results and Discussion

In the present work, considering various window materials, the RF window is
designed. In all the designs, a single disc of dielectric material is considered as well the
incident mode is chosen as Gaussian beam mode, ie., TEMgo. Since, for the TEMgo
mode, the radius of window does not affect the window characteristics, hence a window

of radius 32 mm is selected. The material properties are tabulated in Table.2.5. The
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reflection and transmission characteristics versus frequency for various disc thicknesses

d are determined and plotted in Figures. 2.14 -2.16.

Table2.5: Material properties used for RF window design [Link et al. (1993)]

Material Frequency Permittivity Loss tangent
Born nitride (BN) 95GHz 47 115x107°
Sapphire 95GHz 9.4 20107
CVD 95GHz 5.67 2x107

BN window BN window
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Figure2.14: (@) Reflection characteristics versus frequency (b) Transmission

characteristics versus frequency for BN Window at various disc

thicknesses dy,.
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Figure2.15: (a) Reflection characteristics versus frequency (b) Transmission

characteristics versus frequency for Sapphire Window at various disc
thicknesses dy,.
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CVD window CVD window
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Figure2.16: (a) Reflection characteristics versus frequency (b) Transmission
characteristics versus frequency for CVD Window at various disc

thicknesses dy.

It can be observed that, in all the designs, as the thickness of the window d increases,
the amount of reflection increases as well as the frequency range of maximum
transmission coefficient also reduces that leads to the increment of the absorption
coefficient. Though, all the designs show good reflection and transmission
characteristics but depends on the range of power levels and optimum cost, the window
material has to be selected. By studying the thermo mechanical behaviour of these
windows, the final call can be taken based on the values of heat load (due to RF power
absorption) and deflection, and higher tensile stress. Though this is kept out of the scope

of the present study.

2.6. Conclusions

In the present chapter, Chapter 2, the advantages of an internal quasi-optical
mode converter at high power high frequency gyrotrons are discussed. The basic theory
used for the design, analysis of Viasov mode launchers is described. Then, using the
presented theory, the Vlasov type quasioptical mode launcher design parameters for the
95GHz TEs, and 95GHz, TEj;p4 mode are calculated. Considering the presence of

strong fields near the Vlasov cut, it has been shown that this leads to the severe
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diffraction losses which in turn effects the conversion efficiency as well as the
requirement of larger reflector geometries, limits the usage of Vlasov launcher to the
whispering gallery modes. Then, design and analysis of modified Vlasov launcher, ie.,
Denisov launcher has been also presented. The coupled mode theory used for the
calculations of mode couplings due to irregularities as well the calculations of wall field

intensities has been presented.

Using the analytical method proposed by Blank et al. (1994) the performance of
the 110GHz, TE;;s mode gyrotron QOM launcher performance has been studied by
considering four and eight satelliite modes. It is found that consideration of more
satellite modes gives better view of mode couplings due to dimples/irregularities in the
launcher. Then, a computer code using MATLAB has been developed using the
analytical approach developed here for the dimpled launcher. For the TEjps 95GHz
gyrotron, Denisov mode launcher design is performed manually using this code and by
changing the launcher profile and confirming by observing the mode variation profile
and Gaussian content at the launcher cut, since we do not have access to the popular
LOT code generally used for this purpose. And the wall field’s intensity profiles show a

good Gaussian beam on the launcher cut has been observed.

Furthermore, the analysis and design of the disc type output windows used in
gyrotrons are presented. Using the standard analytical approach and expressions,
considering various window materials, the reflection and transmission versus frequency
characteristics have been determined for the various cavity thicknesses. It has been
found that as the thickness increases the amount of refection and the transmission
coefficients are going against to the desired qualities of a window. Based on the amount

of input power, the thickness of the material is needs to be chosen so that it can with
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stand for the heat load generated by the RF power. However, thermo mechanical

analysis of the windows has been kept out of the scope of the present work.
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3.1. Introduction

As discussed in the Chapter 1, gyrotron oscillators are potential RF sources in
several applications based on its power level and spectrum of generated frequencies. In
the present work, we aimed to study the design of the medium power level gyrotrons
used for security applications in the W band regime. As a part, we have selected the
design goals of an RF source that able to generates an RF power of more than 100kW
power, with efficiency >35% at 95GHz frequency, the beam parameters are taken from
the a datasheet of the CPI gyrotron labelled with VGB8095 so in the rest of the work, it

is referred by [VGB8095].

In the literature, various gyrotrons of 100kW, 95 GHz operated in TEs 2., TE7 3-
and TEjo4- are reported [VGB8095, Kumar et al. (2013), and Krishna et al. (2011)].
Out of which, TEs,- based gyrotrons have designed and tested experimentally reported
by CPI, TE7 3. mode based gyrotron has been reported by [Kumar et al. (2013)] and the
initial studies mode selection of TEp 4- operated device has been reported by [Krishna et
al. (2011)] whereas the complete design studies that includes the beam wave interaction
RF behaviour and thermal studies and the post RF interaction cavity component design

are not presented.

As a first step towards our present research work in the field of gyrotron
oscillators, considering the operating specifications and design goals of 95 GHz, 100
kW, TEs, mode gyrotron by Communication and Power industries [ VGB8095], the RF
interaction cavity design, analysis and the beam wave interaction mechanisms are
studied using the linear and non-linear theories reported in the literature. In addition, 3D
PIC simulations for the beam present conditions are performed reconfiguring a

commercial code “CST studio suite”. Later, considering practical values of the electron
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beam wvelocity spreads, the design is investigated for the various beam parameters. Also,
the effect of misalignments condition in the beam source on the gyrotron performance is
studied. After an intensive RF study of the gyrotron interaction structure, the thermal
effects due to the RF power generation in the RF interaction cavity are explored. Design
of the required thermal system and its needed suitable optimization to achieve the
desired performance of the RF interaction structure is presented. We have further
explored and validated our thermal system design using a commercial PIC tool, which is
so far not reported in the published literature approachable to the authors. We have used
commercial tool “COMSOL Multiphysics” for this purpose and analysed the designed,

optimized cooling system for the gyrotron.

The present chapter, Chapter 3 is organized as follows. A brief introduction
about various design constraints and the limiting factors required of the gyrotron design
are presented. Then by the cavity design using linear theory along with study of beam
wave interaction mechanisms under various modes in gyrotrons using precise theory of
nonlinear, time dependent, multimode analysis developed by [Fliflet et al. (1991)] are
presented. Then, the gyrotron RF interaction structure (tapered cylindrical cavity) model
is simulated in the commercial CST Studio suite environment, using PIC simulation
code the beam wave interaction mechanisms are also investigated. Followed by the
thermo-mechanical studies that are essential due to the ohmic losses which leads
deformations in the cavity thus degradation of device performance is studied. Using the
commerciall COMSOL Multiphysics, the optimized cooling system design for the

present gyrotron is investigated in depth.
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3.2. Design constraints and operating mode selection of Gyrotron

As we know, for any device design, it has to obey certain design requirements as
well constraints. Similarly, for the gyrotron oscillators, it has to obey parameters, like,
voltage depression (Vgep), limiting current (I.), ohmic losses (dP/dA), fresnel parameter
(Cg), etc. Gyrotrons operates at near cut-off frequency of the RF interaction cavity and
radiate desired power at the targeted frequencies in TEm, modes where m and p
represents number of full wave and half wave variations in the azimuthal and radial
directions. Based on the values of m and p values, in gyrotrons, the modes are classified
as axisymmetric modes (m = 0), whispering gallery modes (where m >> n, p = 1, 2),
volumetric modes (where m >> n, p > 2) [Edgcombe (1993), and Kartikeyan et al.

(2013)].

Based on the operating mode and frequency of operation, the probable

interaction cavity radius R.and electron beam radius R, are given by [Nusinovich

(2004)]:

A c
R, = £me” :—Zm"f and R,

¢ 2T 2z

— ;(mis,iRc — Zmis,iﬂ’ — Zmirs,ic (31)
o 2 2r f,

c

where X, is the p™ root of m™ order Bessel function of the first kind Jn(X)=0, cis the

velocity of light in free space, fcis the frequency of operation and where s is the
harmonic number and i indicates the number maximum position of the field where the
beam is to be launched in the interaction structure. The above stated relations give a
probable radius values and sometimes needs a mid variations for optimized

performance of the design.

Selection of suitable operating mode followed by optimization of interaction
cavity dimension and beam parameter for achieving the design goal is two major steps
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for the device design. The design goal and technical constraints of the present design are

tabulated in the following Table 3.1.

Table 3.1: Design goal and technical constraint values

Parameter Value
Frequency f 95+0.1 GHz
Output power Pyt > 100 kW
Diffractive quality factor Qi 800-900
Beam current SA
Beam voltage Vy 50 kV
Magnetic field atthe cavity B 3.60£0.3T
Pitch factor a 1.4-15
Harmonic number, s 1
Interaction efficiency # >35%
Wall losses dPjoss/dA < 2 kw/cnt

Gyro-devices have to satisfy the design constraints while reaching the targeted
goal for longer life as well reliable operation. Likewise, gyrotron oscillator has to obey
design constraints under a limit like voltage depression Vgep, limiting current 1, ohmic
losses dPjoss/dA, along with significant frequency separation of operating mode from the
competing modes [Edgcombe (1993), and Kartikeyan et al. (2013)]. In the following
sub-sections, a brief description of the major design constraints and its role on the

gyrotrons performance are presented.
3.2.1. Voltage Depression (Vgep)

Owing to the space charge in the beam, the potential within the beam is reduced
with respect to the wall potential. This phenomenon is called the voltage depression.
The depression in the potential produces spread in the electron beam causes poor beam

quality as well as reduction in efficiency. Lower values of voltage depression Vgep is
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always desirable and in the cylindrical interaction cavity of gyrotrons, it is given by

[Edgcombe (1993), and Kartikeyan et al. (2013)].

\Y

dep

|
z60;bln(RC IR,), (3.2)

z

where R. Ry lp, f, are the interaction cavity radius, beam radius, beam current,

normalized axial velocity of electrons, respectively.
3.2.2. Limiting Current (I.)

The limiting current 1. is defined as the current beyond which the voltage
depression becomes so large that the axial beam velocity tends to zero and the beam no
longer propagates but is reflected [ Edgcombe (1993), and Kartikeyan et al. (2013) ].

The limiting current I_ can be given by:

) 13 3/2
27e,mc?| 7o (1_(1_ﬂ20) ) qV,
= where y, =1+—=-
d. In(R, /R,) m.C

e

(3.3)

IL

Here Vy, is the beam wvoltage, Qe is the charge of the electron, m. is the mass of the
electron, yo is the Lorentz factor or relativistic mass factor of the electron. Generally

limiting current should be at least twice as large as the operating current of the device.

3.2.3. Ohmic Wall losses (dPjoss/dA)

The finite conductive nature of the interaction cavity walls of the device results
losses in the cavity region in terms of ohmic losses. These losses are related by amount
of targeted power Poyut, quality factor Quirr, operating mode and the dimensions of the
structure. Ohmic losses plays critical role in the stable operation of the device due to

thermo-mechanical dependency of the cavity materials that causes deviations in the RF
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behaviour. The peak of the ohmic losses in the gyrotron oscillator can be given as

[Edgcombe (1993), and Kartikeyan et al. (2013)]:

(dploss) ~ 1 fS/ZPothdiff 1 34
dA )., V300 | c*L, 2 —m’ 34

where Zo = 377 Q is the intrinsic impedance for the vacuum, effective length of the

interaction cavity L., o is electrical conductivity of the cavity material. It is a limiting
factor and generally should be kept below 2 KW/cm?® for high power devices. Lower
ohmic losses are desirable for stable frequency of operation and longer device life, and

yields simple, efficient thermal management system design.

Since gyrotron operates in the high order mode that leads to presence of dense
mode spectrum, hence, in addition to the above design constraints, knowledge of the
frequency separations between the main operating mode and the competing modes also
becomes important. The frequency of separation should be as wide as possible to avoid
mode competition. For a TEm,, mode, the most competing modes are TEm-1), and TEqm.
3)p+1) and theoretically the frequency separation from these modes are determined by

[Kumar et al. (2014)]:

Ao ~Znio 100 and Af, (%)= Zme—Ensed g0 (35)
Zm,p Zm,p

Af, (%) =
Considering the design constraints and requirements of the device, a suitable
operating mode selection is required for the achievement of the targeted goals.

Sometimes, it is not feasible for modes to maintain all the design constraint within the

limits and a trade-off among constraints needs to be considered. In the present chapter,
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we have taken the operating mode and beam parameters from the CPI-VGB 8095, so no

need of mentioning a detailed procedure to choose the operating mode. Hence, we

moved with design, analysis and simulation of the RF structure that is able to meet the

targeted goals.

calculated for the beam parameters listed in Table 3.2.

Considering several compete modes, the design constraints have been

Considering effective length of

the interaction cavity as 20 mm, at the design parameters listed in Table 3.1, using

expressions 3.1-3.5, the design constraints for various modes are calculated and

tabulated in the Table 3.2.

Table 3.2: Design constraints values for different modes

T X (nF:rCn) (rl::n) (:\d/) L) ?:\;3//2:13; MXme | A | AP
1| 4 |11.704d 58828 | 1.9256 | 1.4059 | 22443 | 0.1639 | 0.0854 | 13.8210 | 39.653
1 |4~ |11.704d 5.8828 | 15348 | 1.6915 | 18.654 | 0.1639 | 0.0854 | 13.8210 | 39.653
2 | 4 [13.1697 6.6187 | 0.9252 | 2.4771| 12.738 | 0.1316 | 0.1518 | 11.1193 | 12.856
2 |2~ [13.169] 6.6187 | 2.1113 | 1.4385 | 21.9358 | 0.1316 | 0.1518 | 11.1193 | 12.856
3| 3 | 11.345] 5.7019 | 1.5348 | 1.6522 | 19.098 | 01862 | 0.2644 | 12.1323 | 17.431
3 | 3% | 11.345] 5.7019 | 2.6723 | 0.9541 | 33.072 | 01862 | 0.2644 | 12.1323 | 17.431
2 | 2 [0.28171] 4.6649 | 2.1113| 0.9980 | 31.615 | 03179 | 0.4309 | 13.6517 | 8.0398
2 | 2% [0.28171] 4.6649 | 3.2242 | 0.4650 | 67.854 | 03179 | 0.4309 | 13.6517 | 8.0398
2 | 3 [12.6809 6.3733 | 2.1113 | 1.3909 | 22.686 | 0.1540 | 0.3154 | 10.5350 | 7.6970
2 | 3% [12.6809 6.3733 | 3.2242| 0.8579 | 36.781 | 0.1540 | 0.3154 | 10.5350 | 7.6970
5 | 2 |10.5191] 5.2868 | 2.6723 | 0.8589 | 36.736 | 02603 | 0.4753 | 11.7635 | 5.2338
5 | 2* [10.5191] 5.2868 | 3.7698 | 0.4257 | 74.112 | 02603 | 0.4753 | 11.7635 | 5.2338
6 | 2 |11.7341] 58975 | 3.2242 | 0.7602 | 41.5076 | 0.2193 | 0.5113 | 10.3546 | 3.3165
6 | 2~ |11.7341] 5.8975 | 4.3109 | 0.3945 | 79.978 | 02193 | 05113 | 10.3546 | 3.3165
6 | 3 |15.267] 7.6731 | 3.2242 | 1.0915 | 28.907 | 0.1131 |0.39300 | 8.3902 | 4.4703
6 | 3~ [15.2671] 7.6731 | 4.3109 | 0.7259 | 434698 | 0.1131 | 0.3930 | 8.3902 | 4.4703
10| 1 |11.7704 5.9156 | 5.3832 | 0.1187 | 265.737| 05786 | 0.8496 | 9.0006 | 9.8668
10| 1~ [11.7707 5.9156 | 6.4461] 0.1081 | 291.82 | 05786 | 0.8496 | 9.0006 | 9.8668

89




CHAPTER 3

Inspecting the design constraints of various mode, it is found that TEg, is
possessing desired qualities at the given parameter. The limiting current I and voltage
depression Vgep curves for the TEs,. mode over a range of normalized beam radius

values are calculated for beam parameters listed in Table 3.1 and plotted in Figure 3.1

3 r ' ' ‘ 250 . ‘ T ‘
) '
x
g 28] \ 1 = 200}
s =
c B -
£ \ § 150}
E 15} §
s = 100 |
g 1| \ g
o ‘é /
o
£ o5} ~ { = %0 -
2 0 \ 0 - ‘ . J
0 0.2 0.4 0.6 0.8 1 0 0.2 0.4 0.6 0.8 1
(a) Normalized beam radius Ry (b) Normalized beam radius Ry,

Figure 3.1: (a) Voltage depression Vgep (KV) versus normalized beam radius

R,(=R,/R.), and (b) Limiting current 1. (A) versus normalized beam
radius R (=R, /R,) for TEs .- mode.

The RF interaction cavity that provides space for the beam wave interaction is to
be designed. The role of the interaction structure is to allow the growth of the operating
mode at desired frequency of oscillation while suppressing the mode conversion when
subjected to the beam parameters. The background analysis required for the RF cavity
design and the selection of the cavity dimensions are presented in the following

subsection.

3.3. Design of RF Interaction structure

A conventional tapered cylindrical structure as RF interaction cavity is taken in
the present design and its 2-D axis symmetric model view is shown in Figure 3.2. It
consists of three sections, first a down taper section for RF isolation of length Ly, with

an angle &, followed by a uniform middle section where active beam-wave interaction
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takes place, of length L. and at the end, an up-taper section where RF standing waves
get converted into travelling waves to extract out RF energy, of length L, with angle &,p.
Usually, parabolic smoothing section of lengths Lgs and L,s at down-taper and up-taper
transitions, respectively, are used to minimize the mode conversions [Edgcombe (1993),

Kartikeyan et al. (2013)].

Figure 3.2: 2-D axis symmetric view of the tapered RF interaction cavity of the

gyrotron.

Design of interaction cavity requires knowledge of axial RF field profile Vip(2),
resonating frequencies fres, and its quality factor Qgirr.  If the taper angles are small (<
10°), it is appropriate to use the single mode Vlasov approximation in which only single
TEm,, mode is retained in the expansion of coupled equations and coupling due to the
other modes due to cavity tapers can be neglected. Thus, in single mode approximation,
the RF field profile Vmp(z) in the interaction structure can be given by [Edgcombe

(1993)]:

(3.6)

dv > )
W7 P4+ (? — knﬁp (z)]Vmp ~+iwd,,,
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RC
where Jmpz_[ d¢,[ Re,,.JdR. is the source term, the complex RF frequency
0

O = Wy (1+i/2Qdiﬁ), wres resonant frequency and the transverse wave number

Kop(2) = Xy / R(2)- The functions Vimp(z) must satisfy radiation boundary conditions at

the ends of the interaction cavity and can be written as:

= _ikz(zout Vmp(zout)' (3'7)

out

dv dv
—® =ik (z. V. (z ), and —™
dZ z( |n) mp( m) dZ

Z,

in Z

Here, k; is the axial wave number and given by k,(z) :\/(co/c)2 —k2o(2), zin and Zou

are the down taper and up taper axial ends of the interaction structure. The solution of
expression (3.6) using the boundary conditions (3.7) is best carried out with the
Numerov algorithm when the source term is set as: Jnp=0 [Numerov (1927)]. With a
systematic cavity design procedure calculations are performed for various cavity
geometry combinations. The suitable combinations and the corresponding cavity

parameters in the cold condition (beam absent) i.e., Jmp= 0 are tabulated in Table 3.3.

Table 3.3: RF cavity parameter for various cavity combinations

Parj;net Set#l | Set#2 | sews
Lg (mm) 13 13 13
Lc (mm) 20 20 20
Lup(mm) 23 23 23
4 2.2° 2.2° 2.2°
Qup 2.8 2.8° 2.8°
Las (mm) 0 4 6
Lus(mm) 0 4 6
fes(GHz) | 95.004 | 95.01 | 95.033
Quif 1110 924 735
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Figure 3.3: Normalized axial RF field amplitude profiles for various smoothing
transition combinations at 0 mm, 4 mm, 6mm of lengths: Ly = 13 mm,

Lc =20 mm and Ly, =26 mm.

The normalized axial RF field amplitude profiles for various parabolic
smoothing transition combinations for fixed cavity lengths (Lg, Lc and Lyp) are plotted in
Figure 3.3. It is observed that for increasing smoothing transitions, leads lower

diffractive quality factor along with slight rise of reflection in the up taper region.

Table 3.4: Optimized tapered RF cavity dimensions

Parameter Value
Cavity radius R 5.90 mm
Down taper length Lg 13 mm

Middle section Length L 20 mm

Up taper length L, 23 mm
Parabolic smoothing Lgs 4 mm
Parabolic Smoothing Lys 4 mm

Down taper angle 6q 2.2°

Up Taper angle 6yp 2.8"

Resonant Frequency fres 95.01 GHz
Diffractive quality factor Qs 924

Following the determination of probable RF cavity dimensions, the designed

beam parameters need to be optimized such that accomplishment of desired operation
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with the minimum mode competition is achieved.  The optimum radius and possible
operating modes are determined by the calculations of the beam coupling coefficient as
well the start oscillations currents of the several modes. A brief theory and its

calculations for the current design are presented below.
3.3.1. Coupling Coefficient (Cpp)

The optimum beam radius that results high beam wave coupling is estimated by
coupling coefficient Crp curves and can be obtained using the following expression

[Edgcombe (1993), and Kartikeyan et al. (2013)]:

‘]rflis (;(mpr / Rc)
(erm h mz)Jri (Zmp)

2
Cop = (3.8)
These curves are mode dependent and provide the amount of beam wave coupling value
with respect to normalized beam radius for the uniform cavity radius R.. The optimum
beam radius is taken, such that, achieving maximum coupling and have significant
distance away from both the walls as well axis of the structure. Considering various

modes, the coupling coefficient Cnp curves for various modes with respect to
normalized beam radius R, = R, /R, are shown in Figure 3.4. It can be observed that the

maximum coupling for the desired mode TEg - occurs at normalized beam radius R_b=

0.545, accordingly electron beam radius is selected as 3.224 mm. It can be observed that
the coupling coefficient for TEs3- mode is high compared to operating mode, but its

stays to far from the cavity.
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Figure 3.4: Beam wave coupling factor Crmp curves versus normalized beam radius(R_b )

for various modes

3.3.2. Start Oscillation Current (lsoc)

Though, the present design is for TEg ., It IS very important to determine the
nearby and compete modes that can resists the mode growing. In high order operating
mode devices, the competition from the nearby modes is inevitable and draws
significant power from the electron beam causes power loss as well as reduction in
device efficiency. Hence, identification of the competing modes is necessary and
determined by the start oscillation current lsc curves. It is defined as the minimum
amount of current that allows the mode to oscillate significant and starts growing. The
start oscillation current Is,c are calculated using linearized single-mode gyrotron theory

and can be given as [Edgcombe (1993), and Kartikeyan et al. (2013)]:

I start

2 /8 2(3-s
(A, 1) =8.56x10" exf ((/:A) )L°7 : t°(2 )J (3.9)
Y7, (,u A—4S) Qi C,,

where Cpp is the coupling coefficient and given by expression (3.9), and p is normalized
length of the interaction cavity, A is frequency mismatch or detuning parameter which

are defined as [Edgcombe (1993), and Kartikeyan et al. (2013)]:
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_ B ang p= 2 (1—%j . (3.10)
BoA /BtO w

Here, s is the harmonic number, Sy is the normalized transverse velocity at the entrance

of the interaction region, @, is the non-relativistic cyclotron frequency [Kartikeyan et

al. (2013)]. Considering the beam parameter as mentioned in Table 3.1 and for the
cavity parameter as per Table 3.2, by varying the background DC magnetic field from
3.4 T to 3.7T, the start oscillation current ls,c values for various modes are calculated
and plotted in Figure 3.5. In the Is calculation we considered the modes whose Eigen

values are in the range of difference 3 from the desired mode Eigen value, i e., ymp * 3.
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Figure 3.5: Start oscillation current Isoc (A) versus DC magnetic field B in (T) plots
for different operating modes.

From the start oscillation current ls,c curves, it can be observed that TE3 3+ and TEj 4+
are some potential competing modes, however a suitable selection of DC magnetic field
can reduce its significance. The role and significance of compete modes at various beam
parameters in the beam wave interaction analysis and simulation are discussed in the

following sections.
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3.4. Beam-wave interaction study

Taking the probable set of beam parameters and cavity dimension as obtained
from Section 3.2, by studying the electron beam and RF wave interaction mechanism
for operating mode along with competing modes, the design is to be confirmed with the
optimized parameters. In the present section the beam wave interaction mechanism is
studied analytically using time dependent multimode analysis as well as the interaction
cavity is simulated using commercial CST studio suite. The time dependent theory and
the procedure for simulations in the CST studio suite environment is described in the

coming sections.
3.4.1. Time-Dependent Multimode Theory

A self-consistent time-dependent multimode nonlinear analysis developed by
Fliflet et al. (1991) is widely accepted for the study of the electron-beam and RF-wave
interaction mechanism in the gyro devices. This theory is implemented in our work to
study beam wave interaction behaviour of the gyrotron device. Space charge effects are
neglected. A brief theory about the various set of coupled differential equations that
governs the calculations of electron trajectories in the interaction structure as well the

temporal behaviour of several modes are presented below.

In a highly overmoded gyrotron cavities, the mode spectrum is very dense and
electron is likely to interact several modes in the cavities which leads to unstable the
device and lower the efficiencies. Hence, for a high efficiency gyrotron, it is a
challenging task to avoid the mode competition. Mode interaction theory has been
presented by many of authors in the past [Bondeson et al. (1983), Kreischer et al.
(1984)]. However, the single mode operation is indeed possible if the design of

interaction structure is appropriate and the start oscillation current criteria are properly
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analysed for the designed cavity. To study the performance of the overmoded cavities in
the presence of several nodes, a multimode theory is presented here based on the

formulation done by [Fliflet et al. (1991)].

In the analysis, a thin gyrating beam of electrons is considered. The arrangement
of gyrating electron beam in a cylindrical cavity with all its coordinates is shown in
Figure 3.6. Electrons move on a helical path gyrating about the guiding centre radius rp.
It is considered that electron beam interacts with the one or more competing modes

closely spaced in the cavity.

I'c

(o)

e}
o

o : * X

Figure 3.6:  Arrangement of the gyrating electrons in Larmor orbit in the Cartesian as

well as cylindrical coordinate systems.

The Lorentz’s force equation governing motion of electrons in the presence of

perturbing RF fields is given by

dP e __ 1 piBy=a
Ejty—merBo_ le[(E + ~ PxB)=a : (3.11)

e
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where, By is the applied magnetic field (B, =B,Z), P is the momentum of the electron,

E and B are the electric and magnetic fields, and y is the relativistic mass factor defined

1/2

asy =[1+ p*/(m,e)’]

Electrons interaction with RF fields result in perturbations in their momentum
and phase, i. e., their momentum and phase deviate from the normal values they would
have possessed if there were no interaction. To facilitate tracking of changes in the
momentum and phase of electrons and with an observation on the most suitable co-

ordinate system, the cylindrical co-ordinate system in this context is considered. Hence,

the representing transverse momentum can be written in the form
p, +ip, =ip.expli(w7 +9)] (3.12)

where, p: and ¢ are slow time scale magnitude and phase of transverse momentum.

The term slow time scale indicates those temporal derivatives of the two, momentum

and phase, are quiet less than operating frequency (wg) or the reference cyclotron

frequency (wc). Before interaction, the above equation (3.12) can be written as
p, +ip, =ip expli(w.r +@,)] (3.13)

where ,, and p; are constants, the initial gyro-phase of an electron in a beam let and

[ b} +p |, respectively.

Hence, finally one can get the expressions for the momentum and phase of the particles

[Fliflet et al. (1991)] as,

dp, 7 N ¢ (0 = P, dh | (A, (m-s)e,)
L= fJ (kT )Req|h+i—2— e
iz =, Lo s () ﬂ e (3.14)
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d—A:w’0|:1— ch:|_s_72N f \]s(kntFL)Re{|:h+l pz @_ wrfoptz h:|ei(A+(//n+(mnS)®0)}

wo7/ pz pt =t lzntrl_ 7/(?)0 dz chwd/

(3.15)

dp P, N e |: dh —i( A+, +(m,—5)© )}
L =—" fnd (k7 JReji—e e : 3.16
iz p,a, Lo ( " L) dz (3.16)

where, yis updated as
The linearized mode phase parameter can be given as l/7n(Z)=l//n(t0)+% zlv,.
)

Variables with bar are the normalized and are given as

N

F=-=L =
L 1 (o
I‘co (o

v,

= _ 7 _ o _ .

Ko =K, I, Z =r—,a)0 T“’ and the slow time variations of
co

azimuthal momentum phase with respect to the reference wave is given by,

A =(ay—sw,)r+at,—sp—(m, -S)b,.

The normalized RF field amplitude and phase can be obtained from (3.17) and (3.18) as

[Fliflet et al. (1991)] :

df f — L N RN ¢ _
L———0 || dzh(Z)(J.(k,T, )—cos(A+y, +(m —5S)O
dz_ 2Qn n_[o ( )< S( nt L) pz ( l//n ( n ) 0)>A0,®0 (317)
dy X W I S AR N _
n_—_ 0 0y dzh(Z)( J. (k. F, )—=sin(A+y. +(m —s)®
dZ’ 2Qn fn .[0 ()< s( nt L) pz ( l//n ( n ) O)>AO’(ao
(3.18)
where f,and I, are given by equation (3.19) and (3.20).
-l e e (b) (3.19)
n m Cz n~n%m,-s nt'b n\"0/’ '
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| _ |e|Zo_ ‘]rin,s(kntrb)

n 2
m.c’w m? R
¢ ° 7[(1—2”]\]; (szl )W
X n n'n

Myl

, (3.20)

For co-rotating modes, m, > 0, and for counter rotating modes, m, < 0. Therefore, the

time-dependent output power in the mode n can be obtained as,

_ 7rm004 (1_ mg/xﬁnm )‘an1n (Xrlnnln)

_ ARG 3.21
220|e|2 \]rinis (kaO) wO | n(T)| ( )

P.(7)

and the total interaction efficiency can be obtained by the energy distribution of all the

particles as

77:7/0_<7(ZZ L)>A0'®O , (3.22)

7o—1

where, < > . o denotes the average over all the initial phase of all the particles.

3.4.2. Computational results and discussion

Using this multimode theory, the beam-wave interaction behaviour in the interaction
cavity region, considering several modes can be studied on the time basis. The
calculation is starts by assigning a small amplitudes and random phases to a set of
modes. Then, solving the coupled, nonlinear, differential equations describing the
electron momentum and phase equations along with the coupled time-dependent
equations describing the mode amplitude and phase equations at each time step, the time
varying behaviour of various modes are determined. Consequently, with the help of
mode amplitudes and phases, the temporal growth of power levels in the modes and the

electronic efficiency are calculated.
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In the present study, considering a uniform background DC magnetic field
profile along the interaction length, the coupled equations are numerically integrated
using fourth order Runge-Kutta method. Considering a ramp type of DC beam voltage
source from 35 kV to 50 kV with a period of rise time 200 ns is taken and a 5amps of
DC currents is assigned to an electron beam that are generated with a pitch factor 1.414.
The generated electron beam is injected into interaction region and is guided by external
uniform DC magnetic field. In the calculation, the electrons are uniformly distributed
gyrating with 32 beamlets with 32 electrons in each beamlets. With the space step size
of 0.1 mm (< A/30) as well a time step size of 5ps, the time dependent multimode
analysis are done. For the operating and its neighboring modes, like, TEz 3+, TEss-,
TE10,1+, TE101-, TEs2-, and TEg 2+ beam-wave interaction behaviour are observed and its
temporal power growth Py, are determined versus simulation time and are plotted in the

Figure 3.7. Efficiency of the device is shown in Figure 3.8.
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Figure 3.7: Temporal growth of output RF powers Py, (kW) in various modes through

time dependent multimode analysis.
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Figure 3.8: Interaction efficiency # versus time (ns).

It can be observed here that initially TE3 3+ mode dominates and after 300 ns it
the desired operating mode TEg - starts growing up to a stable RF power of ~123 kW,
while all the competing modes reaches to a minimal value after 320 ns. An electronic
efficiency of 40% is achieved at DC magnetic field of 3.60 T. Further, a parametric

study is also performed analytically for range of applied DC magnetic fields and is

discussed at the end.

3.5. 3D Particle in Cell (PIC) Simulation Studies

Various particles-in-Cell (PIC) codes are available for the study of beam wave
interactions in high power microwave sources, like, MAGIC and CST Studio Suite are
familiar. Since using MAGIC the beam wave interaction analysis is carried out by
assigning a single mode means investigation under more than single mode is not
possible. Whereas, using Commercial “CST Studio Suite”, the beam wave interaction
behaviour of the RF device can be investigated under more than one mode also. Various
works [Swati et al. (2015), and Singh et al. (2013)] are reported in the field of
microwave sources that uses CST studio suite for the investigations of beam wave

interaction behaviour use in the devices.
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In the present work, a 3D Particle in Cell simulation of the electron-beam and
RF-wave interaction region of the device is performed reconfiguring a commercial code
“CST Studio Suite.” In the present study, taking OFHC copper as the cavity material
with conductivity of 5.8x10” S/m, the RF interaction structure of the device is modeled.
A particle circular source is taken for forming the gyrating electron beam with designed
beam parameters with rise time of 1ns, that allows to run the simulation for less time
than in the analysis, and an external axial magnetic field profile B(z) is applied. To
observe the temporal behaviour of modes, various 2D and 3D field monitors are placed

with suitable boundary conditions.

-k

o

Normalized hot axial RF field amplitude
| Vinp(2) |

11.5 23 34.5 46 56
Axial distance of Interaction cavity z(mm)

o

Figure 3.9: PIC simulation results: Normalized axial RF field amplitude profiles hot

conditions along with vector field distribution.

3.5.1. Device performance under ideal condition

After the RF interaction cavity design, the desired axial electric field profile and
mode excitation inside the cavity in the cold condition (absence of the electron beam) is
ensured. Thereafter, by introducing the electron beam, the beam wave interaction
behaviour is investigated. The simulated interaction cavity axial RF electric field profile
versus axial cavity position in hot (beam present) conditions, and the as vector plot of

field pattern of operating mode is shown in Figure 3.9. The time varying field
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amplitudes of various modes are monitored using 3D E-field monitors and the
significant mode amplitudes of the interaction are plotted in Figure 3.10. The operating
TEs - mode and the main competing modes TEs s+ and TEjoi-, at magnetic field B =
3.60T. Here, one can observe that for TEg,- operating mode RF signal growth
stabilizes in 200 ns and competing TE3 3+ mode ad TEjg:-decay to a minimal value in ~
210 ns. The ‘+* and ‘-’ assigned to the modes are confirmed by the orientation of field at
particular location in the CST. If the mode rotates in clockwise wise then it is ‘“+’ and

else it is “-’.
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Figure 3.10: Temporal growth of operating and competing mode amplitudes Ay (V/m)
from PIC Simulation study.

By post processing the results, the oscillation frequency as well RF power
developed across various modes are determined. The temporal power growth is
performed for the TE3 3+, TE10.1- and TEg 2- modes. The frequency response of the modes
is determined by performing Fourier Transform (FFT) action on the mode amplitude
signals and the resultant frequency response for the modes are shown in the Figures
3.11 and 3.12. It is observed that the FFT responses of the main mode TEg .. is at
94.987 GHz = As well from the peaks of the amplitudes of the FFT signals confirms that

the TEs - is dominant. The temporal power growth in the gyrotron device for TE3 3+ and
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TEs - modes are shown in Figure 3.12, where one can readily observe that power
transfer from the electron-beam to the RF-wave in different modes with time during

device operation.
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Figure 3.11: Frequency response of the operating and competing modes from PIC

simulation study.
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Figure 3.12: CST PIC simulation results- Temporal growth of RF powers in the

operating and competing modes.
Around 107 kW stable RF power is generated at oscillation frequency 94.987
GHz in at the desired operating TEs2- mode, while RF power generated in all the
competing modes is less than a percent. To strengthen the design study, a parametric
analysis of device operation is also carried out for a range of the applied DC magnetic

field. The RF output power generated versus applied DC magnetic field is performed
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both analytically and also compared for its validation with PIC simulated values as
shown in Figure 3.13. As magnetic field increases the RF power levels in the main
mode are decreases in both analytical and simulated resulted results. Furthermore, an
agreement within 7% is observed between the analytical and PIC simulation results. The
discrepancy in the comparisons is because of the consideration of several assumptions
in the analysis. Starts with ideal Gaussian type cavity axial E-field profile h (z), zero
velocity spreads in the beam and the calculations are limited to uniform section only.
Conversely in the PIC simulations, the calculations are performed by including the

uptaper section and a practical cavity axial E-field profile h (z) (shown in Figure 3.9).
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Figure 3.13: Comparisons of output RF powers in the main mode TEg - by multimode

analysis and PIC simulations for magnetic fields .
3.5.2. Device performance under practical conditions

So far, the beam wave interaction studies are carried out by using time
dependent multimode theory as well CST studio suite under ideal conditions of beam
parameters, i.e., no beam spread in terms of velocity as well beam alignment axis. But,
the device performance is often required to be evaluated under non-ideal, ie., in
practical situations like at the presence of beam spreads and due to asymmetry of the

beam axis with respect to the cavity axis. Though, these two situations arises from the
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MIG gun part, but our study is considered only for interaction cavity, considering some
possible spread values and misalignment situations, the beam wave interaction studies

have been done using CST studio suite.

Velocity spread in the gyrating electron beam is usually present in the electron-
beam devices and causes deviations of the beam characteristics and affects device
performance [Dumbrajs et al.(2013) and Singh et al.(2014]. Even though, in present
days, the device fabrication and beam launching technologies as well facilities are
considerably improved that results a smaller variations in the quality of beam. The
amount of velocity spreads and the misalignments are very small but certain amounts
are always present in the practical devices. In our study considering velocity spreads of
0%, 5% and 8%, the device performance is analyzed and also evaluated through PIC
simulation.  Now, for misalignments of beam axis, there is no updated analysis with
time dependent multimode theory [Fliflet et al. (1991)] and hence, the effects are
investigated by simulation CST Studio Suite. The RF power and frequency of
oscillations are calculated and tabulated in the Table 3.5 for velocity spreads. It is
observed that the velocity spread effects much on the power level but its effect on

oscillation frequency deviation is mild.

Table 3.5: RF power and frequencies for different velocity spreads

Velocity spread | RF power (kW) | Frequency (GH2)
0% 107 94.987
5% 102.4 94.988
8% 97.8 94.984

With a parallel shift of beam axis from the cavity axis of the interaction
structure, in CST Studio suite environment, the design performance has been carried
out. The calculated power levels and frequencies of the operating modes are done

through PIC simulation. The possibility of beam misalignment happens at the time of
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device fabrication and machining the beam source. Since, the complete analysis has
been made by assuming the concentric relation between beam and cavity axis geometry.
Even though, with the advancements of device machining and fabrication technologies,
still there is a mild chance of misalignment can occurs. The effects have been studied in
the simulation domain by taking a parallel shift of beam axis from cavity axis with
steps, like, d = 0.1 mm, 0.2 mm and 0.3 mm. Similarly, the beam tilt is considered of at
most 1° in steps of 0.2°. The RF powers and the oscillation frequency of the device in
the TEs- mode at various beam shifts and tilts are simulated and tabulated in Table 3.6

and Table 3.7.

Table 3.6: RF power and frequencies for different beam shifts

Beamshift d | RF power (kW) | Frequency (GHz)
0.1 mm 107 94.987
0.2 mm 101.3 94.985
0.3mm 96.8 94.984

Table 3.7: RF power and frequencies for different beam tilts

Beamttilt | RF power (kW) | Frequency (GHz)
0.2° 101.3 94.973
0.4° 97.6 94.973
0.6" 94.7 94.971
0.8" 94.3 94.97
1.0° 92.1 94.97

By this, the RF behaviour of interaction cavity designed for 95 GHz, 100kwW
operating TEs» mode is studied under ideal beam and various practical conditions . In
addition to velocity spreads, accounting misalignment of beam axis with respect to the
cavity geometry, the RF behaviour under various modes is done through CST Studio
suite. In the high power high frequency RF sources, the ohmic losses generated in the

cavity due to metallic nature of walls leads to structural deformation in the cavities
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thereby degradation of the system performance. Since, for any RF source the desired
characteristics are RF power and its operating frequency. Meanwhile, the microwave
devices are majorly dependent on the cavity dimensions, so variations in it causes
variations in the RF behaviour and its needs to be e analysed. This leads to study of
thermos mechanical effects due to ohmic losses for RF sources are mandatory. In the
next section, the calculations of ohmic profile in the gyrotron cavity as well the effect of
cavity deformation on the RF performance are discussed in detail. Consequently, a
thermal system has been designed by using various extended heat surface elements, i. e.,
fins.  After considering all, the thermo-mechanical behaviour is investigated by using

commercial PIC code “COMSOL Multiphysics”.

3.6. Thermo-Mechanical Analysis and Optimized Cooling System

Design

In gyrotron devices, apart from beam parameters, the RF structure dimension
and its material properties also plays crucial role in the RF behaviour of the device. Any
changes in structural dimension and material property of the RF interaction cavity not
only causes deviation in its oscillation frequency but also degrades the RF output power
as well as efficiency of the device apart from additional heating of the device structure.
In the beam-wave interaction process, due to the finite electrical conductivity of the
cavity walls, some part of the RF waves gets dissipated as the ohmic loss [Edgcombe
(1993), and Kartikeyan et al. (2013)]. This leads to structure heating which may results
in the RF cavity deformations, thereby changes in the oscillation frequency as well as
decrease in the RF power output. Hence, an efficient thermal management system needs
to be designed and ensured for stable operation of the gyrotron device [Edgcombe

(1993), Kartikeyan et al. (2013), and Nusinovich et al. (2014)]. Thermo-mechanical
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studies and its effect on RF behaviour of 1 MW power gyrotrons at 140 GHz, 170 GHz
and 240 GHz are investigated using computational fluid domain softwares, like,
ANSYS, STAR CCM and COMSOL Multi-physics in [Kumar et al. (2012), Liu et al.
(2018), Q. Liu, Y. Liu, Z. Chen, X. Niu, H. Li, and J. Xu (2018), and Koner et al.
(2009)] have carried out thermal analysis of RF interaction cavity of a 200kW CW,
42GHz gyrotron using ANSYS code for different coolant flow rate with the axial fins
provided on its outer surface. Kumar et al. (2012) extended this work for 170 GHz
gyrotron with axial as well as radial cooling fins. Q Liu et al. (2018) also carried out
heat transfer analysis of the RF interaction cavity for the 140 GHz and 240 GHz
gyrotrons using ANSYS code and shown the effect of cavity deformations on the multi-
mode beam-wave interaction of the device. However, cooling fins and thermal system
design and its optimization for the RF cavity of the device is not reported in the

published literature accessible with us using COMSOL Multiphysics.

In the present work, the thermal and structural analysis of a tapered cylindrical
RF interaction cavity of the gyrotron is carried out. With the help of design
relationships, radial cooling fins design on the outer jacket of the middle section of the
RF interaction cavity is presented. An optimum thermal system is designed and
simulated using “COMSOL Multiphysics” code. Implementation of commercial code
“COMSOL Multiphysics” is simpler than those used in previously reported work
though equally accurate for this purpose and not explored earlier [Salvi et al. (2010)].
For the designed cooling system with different convective heat transfer coefficients,
deformations in cavity profile are obtained through this simulation. Nonlinear time-
dependent multimode theory is used further to obtain the RF output behaviour of the
gyrotrons [Kartikeyan et al. (2013), Danly et al. (1986), Fliflet et al. (1991), and Singh et

al. (2012)]. An optimum thermal system design thus obtained with maximum possible
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deformation in the inner dimension of the RF cavity ensures the gyrotron oscillator RF

frequency and power output variations within the specified tolerance limit of the device.

The thermal work is organized as follows: starts with evaluation of the effects of
the RF cavity deformations on the resonant frequency of the device, the ohmic loss
analysis of tapered interaction cavity that acts as wall load, radial cooling fins design,
and role of cooling fins in the heat transfer enhancement and the heat transfer
mechanisms of RF structure are presented. The thermo-mechanical analysis simulation
set-up without fins and with radial fins using commercial code COMSOL Multiphysics
are explained. Later, the simulated results of the RF structure for various convective
heat transfer coefficients for different fin groups under optimized values of thermal
system parameters are presented followed by its effects on the RF performance of the
device due to changed scenario of the electron beam and RF wave interaction are also

presented.

3.6.1. Analysis: Calculation of Ohmic Losses and Fin Design

As discussed in Sections 3.1 and 3.2, the RF fields are mainly confined in the
middle section of cavity of radius R.. The heat loading of the cavity walls are
differential as per cavity RF field profile. Hence, for stable frequency radiation from
gyrotron, we have to provide an efficient cooling system so that its deformation remains
minimum so as to keep the oscillation frequency, RF output power and efficiency

deviation remains within the tolerance limit of the device.

3.6.1a Effects of radial deformation on resonant frequency

Gyrotron oscillators operate near to cut-off region of its RF interaction cavity.

The cavity radius plays a crucial role in governing the radiation frequency of the RF
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wave. Using expression (3.1), the dependence of cavity cutoff frequency fc with the

variations in cavity radius is plotted in Figure 3.14.

0.6

0.4

0.2} 5, -0.08035 1

0 B
0.2 .5 0.080481
0.4}

Deviations in f; (GHz)

-0.6 i
25 15 5 5 15 25
Deviations in cavity radius R; (um)

Figure 3.14: Variations in the cavity cut-off frequency fc due to changes in the RF

cavity radius R.
We can observe from this plot that there is a change in the RF cavity radius,
which will result in a significant change in the cavity cutoff frequency thereby will
cause significant change in the gyrotrons oscillation frequency. Typically, a 5 pm

change in cavity radius results in 80 MHz shift in the device oscillation frequency.

3.6.1.b Wall loss calculation

The Ohmic loss generated in the structure acts as a wall load or heat flux on the
structure, and may cause structural deformations. The Ohmic wall losses Pg are
connected to the Ohmic quality factor Qq of the interaction structure by the well-known

relation [Edgcombe (1993)]:

, (3.23)

with frequency f and stored energy W. A similar expression can be obtained for the

diffraction loss Pgits as well:

113



CHAPTER 3

%ﬁ=2”ﬂN- (3.24)
Qdiff

Combining equations (3.22) and (3.23), one obtains an expression for the Ohmic loss as

a function of the output power P, = P as:

P. O,
PQ — dlfodlff . (3.25)
Qq
Under the condition of normal skin effect, one gets:
< (7mfuo) P,
PQ ~ leff ( Hy ) diff ’ (326)

1_(m/75mp)2 R,

where, o is the electrical conductivity of the cavity material, m is the azimuthal mode
index and o is the permeability of free space. Dividing equation (3.25) by the surface
area A, gives the power loss density of the middle cavity section as [Nusinovich et al.

(2014)];

d I:)Ioss 1 f ¥ Pothdiff 1
A \30o| L | 2w (3:27)
C mp

The above wall load expression (3.26) is for a uniform profile and limited to the middle
cavity section of length L. only. Practically, the power loss density in the cavity is of
non-uniform nature and also exists at the up-taper section as well. Thus, the ohmic loss

profile along the interaction structure can be written as [Kartikeyan et al. (2013)]:

‘ 2 |av, [
Bl (0 A [y [ Nl ]
dA Arpgo )| Zmp —M° || R™(2) R°(2)

dz
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Here, m is azimuthal mode index, R(z) is the cavity radius at axial position z, Vi is the
axial electric field profile of the interaction structure resulted from beam wave

interaction analysis and ¢ is the skin depth. The surface roughness effects of interaction

cavity can be accounted by replacing o with 04 ~20 [Kartikeyan et al. (2013)].

3.6.1c. Cooling Fins Design

For gyrotrons, due to thermal dependency of the materials, efficient heat transfer
from the structure is always desired. Generally heat transfer rate can be increased by
increasing the temperature gradient between the object and the environment, or by
increasing the convection heat transfer coefficient or by increasing the surface area of
the object. Here, the concept of increasing the surface area is achieved by incorporating

fin surfaces.

Ju

B

Figure 3.15: Schematic diagram of typical radial cooling fins on a cylindrical surface

:2:21:2:

5

(f, = fin height, fy =fin width and s; = spacing between fins).
Cooling fins provide an extended surface from the object intended to enhance
the heat transfer rate to or from the environment through convection by increasing
surface area of the object. In the present study, radial fins type as shown in Figure 3, is

considered for the thermal system design.
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With radial fins in place, the heat transfer rate q;, is given by [Incropera et al.

(2013)]:

NA
qt:hA[l—f(l—nf)]Qb , (3.29)

A
where, h is the convective heat transfer coefficient, A:; is the total surface area
associated with the fins and the object, N is the fins number, each fin surface area As ,
single fin efficiency #; , and 6, is the temperature gradient between outer surface of the

object and environment.

Keeping the goal as less fin area for optimum heat transfer rate; by varying fin
geometries, such as, width fy, height f,, number of fins N with spacing between fins s; is

achieved, as shown in Figure 3.15.

3.6.1d. Heat Transfer Modes in the RF cavity

Heat transfer, defined as the transmission of thermal energy from one region to
another as a result of the temperature gradient. It generally takes place by three different
modes: Conduction, convection and radiation. The modes of heat transfer are quantified

by the appropriate rate equations which give the heat transfer per unit area.

In the present problem, heat transfer through the conduction and forced
convection modes are chosen to analyze the system. For heat transfer by conduction,
the rate equation is known as Fourier's law, and the convective heat transfer process is
described by the rate equation known as Newton's law of cooling [Incropera et
al.(2013)]. The heat transfer from the inner surface to the outer surface of the cavity
occurs in the conduction mode and from there on by convection mode to the fluid. The

effects of the heat transfer on the cavity due to wall loading can be assessed in terms of
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surface temperature and radial deformation at the inner and outer walls of the cavity.
Heat transfer and structural analyses can be performed using computational fluid
domain simulation software, like, ANSYS, STAR-CCM and COMSOL. In the present
work, the thermal and structural analysis of the tapered cylindrical RF interaction cavity
is carried out adapting a commercial code “COMSOL Multiphysics” whose GUI is
more users friendly and simpler to implement than those of ANSYS, used in previously

reported work, though is equally accurate [Salvi et al. (2010)].

3.6.2. Heat Transfer Analysis Using “COMSOL MULTIPHYSICS”

A commercial code “COMSOL Multiphysics” is adapted here for the structure
thermo-mechanical effect investigation. This code is a cross-platform finite element
analysis solver and multi-physics simulation software. It allows conventional physics-
based user interfaces and coupled systems of partial differential equations. In the
present study, the heat transfer module and solid mechanics module in COMSOL is

chosen for the thermo-mechanical analysis of the interaction structure.

3.6.2.a COMSOL Multiphysics simulation modeling

In general the investigation process of a problem in COMSOL simulation
domain process consists of four steps: 1) modeling of the geometry and assigning
materials with given electrical and thermal properties; 2) based on problem
investigations, selection of suitable physics modules, assigning the same to the
geometry by updating it with the given input conditions, like, type of domain, type of
boundaries and initial values, etc.; 3) initializing the study step: by selecting type of
study either steady state or time dependent, and coupling between physics modules if
necessary; and then 4) Define the mesh distribution by setting sequence type and type

of element used for calculations.
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In the present problem, considering the symmetry nature of the interaction cavity,
for geometry realization 2D axis symmetric model in COMSOL is selected and
interaction cavity is modeled as per the parameters listed in Table 3.4. From the material
library, the OFHC copper with various material properties at 293.5 K as listed in Table
3.8 are assigned. In the work for both RF and Thermal calculations, the electrical
conductivity of the cavity material has been chosen as 5.8e7 S/m. The modeled
interaction cavity structures without and with radial fins in the COMSOL Multiphysics

are shown in the Figure 3.16.

Table 3.8: Interaction cavity material properties at 293.5 K

Material properties Value (units)
Cavity Material (OFHC/OF) copper
Density 8939 (kg / m°)
Electrical conductivity 5.8%10" S/m
Thermal conductivity 401 (W/ (m. K))
Specific heat 3837/ (kg. K)
Elasticity modulus 126 (GPa)
Coefficient of Thermal expansion | 1.6719*107 (1/K)
Poisson ratio 0.3351
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Figure 3.16: 2D axis symmetric interaction cavity models (a) without and (b) with
radial fins simulated in COMSOL (fh = fin height, f, = fin width and s¢
= spacing between fins).

Heat transfer in solids and solid mechanics physics modules have been selected for the
thermal and structural investigations of the interaction structure respectively and both
physics are coupled. Coming to the assigning of boundary conditions, in the heat
transfer in solids physics module, the wall loading profile (ohmic power loss density)
calculated from expression (3.27) and shown in Figure 3.17, is loaded as the heat flux at

the inner wall surface of the structure which causes the thermal effects and leads to

structural deformations.
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Figure 3.17: Wall loading profile (ohmic power loss density) for operating TEs 2 mode
of the gyrotron(electrical conductivity o = 5.8x107 S/m).
Since our goal is to study the thermal effects and thereby designing the optimized
cooling system, so the heat flux at the outer cavity walls is chosen in convective heat

flux mode that transfers heat from inside to outside surface and thereby restricts the

structural deformations, and is explained as:

% = h(Text —T ) ' (3.29)

o0
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where Tex Is the outer surface temperature of the structure and T. is the ambient
temperature. Since, the heat transfer takes from high temperature to low temperature so
in the present problem it occurs from inner surface to outer surface that allows surface
deformation from inner to outer surface [Incropera et al. (2013)]. In the present study,
by fixing ambient temperature T, at 293.5 K, for various convective heat transfer
coefficient h (W/m?.K) values the simulations are carried out. The axial end surfaces of

the interaction cavity not subjected to heat flux are thermally insulated for the study.

The temperature distribution of the interaction cavity resulted from the heat
transfer in solids physics module is coupled to the solid mechanics physics module as
thermal load for the deformations study. Maintained fixed constraints on the axial end
surfaces and free to move constraints on the radial surfaces of the interaction cavity, the
structural deformations have been calculated. A steady-state, with coupling between
physics modules study and sequence type of physics controlled mesh with extremely

fine element type is selected for the simulations.

Firstly, the thermo-mechanical analysis using COMSOL Multiphysics code is
performed by considering various thickness values of the interaction cavity from the
middle section, R = 3 mm to 7 mm at different values of heat transfer coefficient h of
the coolant under no fins condition. Then, by considering radial fins over the middle
section with various fin width f, fin height f, spacing between fins s, and different
number of fins N, the thermo-mechanical analyses on interaction cavity are also carried

out.

In the present work, considering radial fins along the middle section of the
cavity (L¢), the thermal system is optimized by maintain the temperature of coolant at

room temperature. The allowed tolerances of radial deformations (increase) at the inner
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cavity radius is upto 6 pm such that oscillation frequency shifts at maximum upto 0.1
GHz [Kartikeyan et al. (2013)] with average outer surface cavity temperature ~ 300 K.
For this purpose, different convective heat transfer coefficient h values are chosen
which solely describe the fluid dynamics parameters [Incropera et al. (2013)], such as,
flud flow rates, hydraulic diameter, etc. Generally, in forced convection mode, for
liquids, heat transfer coefficient h lies in the range between 100-20000 (W/m?.K) and
for convection with phase change boiling or condensation; the heat transfer coefficient h
lies in the range of 2500-100000 (W/m?.K) [Incropera et al. (2013)]. In the present
problem, the  study is limited with heat transfer coefficient h from 4000 to 20000
(W/m?.K), means no boiling or condensation of the fluid in the cooling system design is

allowed.

The impact of thermal system parameters on the RF interaction cavity under the
ohmic wall loss are assessed in terms of cavity outer surface temperatures by thermal
analysis and radial deformations at cavity inner surfaces by structural analysis and are
discussed in detail. Subsequently, the thermo-mechanical effects on the RF behaviour of
the interaction cavity at optimized cooling system parameters are investigated using the

nonlinear time-dependent multimode theory [Fliflet et al. (1991)].
3.6.3 Result and Discussion

The thermo-mechanical effect of ohmic loss generated due to the microwave
power radiated in the tapered cylindrical interaction cavity of the gyrotron has got
investigated. The structure is modeled and simulated using commercial code
“COMSOL Multiphysics”. Considering various cavity thickness JoR values at different
convective heat transfer coefficient h values, for without fins and with radial fins groups

are studied. Initially, investigations are carried out for structure without fins, labeled as
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“WOG” group. As described in above, the effects are measured in terms of radial

deformations (increase) ARraq at inner and temperatures T, at outer surface of the

interaction cavity.
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Figure 3.18: Radial deformation ARq at the cavity inner surface for various heat
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Since, due to the non-uniform nature of the heat flux, for the initial study, both the

average and maximum values of inner ARpq and Toy: at inner and outer surfaces are

plotted as Figures 3.18 -3.19, respectively.
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As expected, it can be easily observed from the Figures 3.19-3.20 that for higher
values of convective heat transfer coefficient h, the amount of radial deformations
(increase) and the temperature values of the cavity are decreasing monotonically with
increasing of cavity thickness oR means increment in the heat transfer rate. In order to
restrict the magnitudes of radial deformations (increase) ARrag and the cavity
temperatures Tou: under the desired values, radial type fins have been introduced on the
outer surface of the interaction cavity. From the preliminary studies without fins (WOG
group), the probable range of convective heat transfer coefficient h and cavity thickness
OR are suitable for the optimum thermal system design of cavity structure are selected.
Secondly, there is a nominal variation in the average and maximum levels of radial
deformations ARraq at the inner surface, as well as considering the temperatures at the
outer surface the average surface T,y are of important for the optimization of the
thermal design. Thus, the variations of maximum inner radial deformations (increase)
ARvag and average outer surface temperatures T,y for the fin groups are shown in the rest

of the analysis.

For achieving the desired performance of the thermal system with minimum fins
area is always desired and, the fins area is increased by varying the fins geometrical
parameters in a systematic way and simultaneously observing the maximum radial
deformations (increase) and average temperature values of the interaction cavity by
using COMSOL Multiphysics. Considering moderate power levels in the interaction
cavity, the radial fin groups labeled as RG1, RG2, RG3, and RG4 are placed in the
middle part region (L) on the outer surface of the RF interaction cavity. Different
geometrical parameters of the fin groups are listed in Table 3.9 with uniform spacing s =

1 mm between the fins.

123



Table 3.9: Dimension of various radial fin groups
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Fin group | Fin width f, (mm) | Fin height f, (mm) Number of fins N
WOG 0 0 0
RG1 2 1 10
RG2 2.5 1 10
RG3 3 1 10
RG4 3.5 1 10

The thermo-mechanical simulations are carried out with the various fins groups for the

range of convective heat transfer coefficient h from 8000 to 16000 (W/m*.K), and

cavity thickness 6R=3 mm to 5 mm.

Maximum inner radial deformation (increase)

ARrag and average cavity outer surface temperatures Toy: for the fin groups are tabulated

in Table 3.10 and Table 3.11.

Table 3.10: Maximum values of radial deformations (increase) ARaq at cavity
inner surface for various radial fin groups (RG1, RG2, RG3, RG4) at various heat
transfer coefficient h and thickness OR values.

Heat transfer SR, WOG RG1 RG2 RG3 RG4
coefficient, h AR aqg AR a4 AR a4 AR aqg AR aq
witk)y [T em | e | em | em | em)
8000 3 15.752 6.920 6.070 5.424 4.907
8000 4 13.384 6.186 5.084 4.554 4.135
8000 5 11.672 5.608 4.416 3.967 3.614
10000 3 13.211 5.774 5.474 4,921 4.483
10000 4 11.205 5.164 4.584 4.137 3.782
10000 5 9.742 4.682 3.986 3.609 3.311
12000 3 11.465 5.000 5.011 4.582 4.297
12000 4 9.717 4.476 4.200 3.853 3.625
12000 5 8.433 4.061 3.657 3.365 3.174
14000 3 10.182 4.441 4.807 4.405 4.151
14000 4 8.629 3.980 4.010 3.716 3.521
14000 5 7.479 3.614 3.484 3.254 3.097
16000 3 9.193 4.016 4.653 4.248 4.016
16000 4 7.794 3.605 3.900 3.599 3.421
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16000

6.751

3.277

3.402

3.163

3.020

Table 3.11:

Average cavity outer surface temperatures of various radial fin
groups (RG1, RG2, RG3, RG4) at various convective heat transfer coefficient h
and cavity thickness JR values.

Heat transfer SR WOG RG1 RG2 RG3 RG4
coefficient h m Tout Tout Tout Tout Tout
(W/m2.K) (K) (K) (K) (K) (K)
8000 3 404.2 339.9 333.3 328.1 323.9
8000 4 387.8 334.4 328.8 324.3 320.6
8000 5 375.7 330.1 325.1 321.2 318.0
10000 3 385.8 331.0 325.5 321.2 317.8
10000 4 372.0 326.5 321.8 318.1 315.2
10000 5 361.7 323.0 318.9 315.6 313.0
12000 3 373.0 325.0 320.3 316.7 313.8
12000 4 361.1 321.2 317.2 314.0 3115
12000 5 352.2 318.2 314.7 311.9 309.7
14000 3 363.6 320.6 316.5 313.4 310.8
14000 4 353.0 317.3 313.8 3111 308.9
14000 5 345.1 314.7 311.7 309.3 307.3
16000 3 356.3 317.3 313.7 310.9 308.7
16000 4 346.8 3144 311.3 308.9 307.0
16000 5 339.7 312.1 309.4 307.3 305.6

For the radial fin groups RG3 and RG4, the range of h from 14000 to 16000 with 6R = 5
mm, the maximum inner radial increase is less than 3.25 pm which is of our design

constraint and the average cavity outer surface temperature is at 310 K.

For the optimum range of heat transfer coefficient h values, considering water as
a coolant with Truig at 293.15 K, the range of various thermal system parameters, like,
hydraulic diameters (D) through which the coolant is flown, at different water flow

rates are calculated and are shown in the Figure 3.20 [Incropera et al. (2013)].
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Figure 3.20: Range of hydraulic diameter Dy, and water flow rates of the thermal system

for the optimized convective heat transfer coefficient h values.
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Figure 3.21: 3D view of the radial deformation distribution for heat transfer coefficient
h=15000 (W/m2.K) and 6R=5 mm of RG3 group.
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Figure 3.22: 3D view of temperature distribution for heat transfer coefficient h=15000
(W/m2.K) and cavity 6R= 5 mm of RG3 group.

126



CHAPTER 3

The 3D view of temperature distribution and the radial deformation (increase)
distribution of interaction cavity for optimized heat transfer coefficient h as 15000
(W/mP.K) and cavity thickness 0R = 5 mm, for RG3 fins group, are shown in Figures

3.21 and 3.22.

It can be observed that the average value of cavity outer surface temperature Toyt
is around 308K and the maximum radial increase ARyq at the inner surface of the cavity
is ~3.2um that is within tolerable limits of the targeted design parameters. The
deformations occurring around the outer surface is of maximum 6 pm, a collective one
from inner to outer surface. Comparatively, the surface deformation at the inner walls is
more because of the presence of heat source which causes larger temperature rise than
the coolant temperature. Due to the coolant, the heat transfers faster to the outer surface
thereby maintaining desired operation. The cavity radius profiles of initial and the
deformed cavity with in tolerable limits at the optimized cooling system parameters are

shown in Figure 3.23.
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Figure 3.23: Initial (red colour) and deformed cavity (blue colour) due to ohmic loss

at optimized thermal system parameters.

127



CHAPTER 3

Now, the study is further extended to investigate thermo-mechanical effects on
the RF behaviour of the deformed cavity with tolerable limits at initial and final (steady
state) conditions. RF behaviour of the device under both conditions, cold (in absence of
electron beam) as well as hot (in presence of electron beam) are investigated. At cold
condition, the axial RF field profile and the resonant frequency and quality factors of
the cavity are calculated by solving the wave equation in the cavity at radiation
boundary conditions that leads minimum reflection mentioned in Section 3.2. The
comparisons of cavity field amplitudes with resonance frequency and quality factors of
both initial and deformed conditions (with RG3 fins, h =15000 W/m?.K, SR = 5 mm) are
plotted in Figure 3.24. It can be observed that with designed cooling system, maximum
reduction in the resonant frequency frs IS 48 MHz and a decrement of 20 in the

diffractive quality factor Qgir occurred from the initial cavity values (cold condition).
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Figure 3.24: Cold cavity field amplitude profiles for the initial and deformed cavity.
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Figure 3.25: Hot cavity electric field profiles of initial and deformed cavity.
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Figure 3.26: Comparisons of power levels in the TEg , for initial and deformed cavity.
To study the effect of cavity deformation under hot (in presence of electron
beam) condition, we have revisited the non-linear, time dependent, multimode theory of
the gyrotrons presented in Section 3.5. Maintaining the same beam parameters with
zero \elocity spread, gyrotron device performance with the deformed RF interaction
cavity is obtained. The field amplitude profile and power levels in various modes are
calculated. Comparisons of hot cavity field amplitude profiles and the output power
levels in the operating modes TEg, for initial and deformed cavity with tolerable limits
are plotted in Figures 3.25 and 3.26. It can easily be noted a reduction of ~ 2 kW in RF

output power in the case for the deformed cavity from the initial cavity gyrotron device.
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3.7. Conclusions

In the present chapter, the design, analysis and PIC simulations of RF interaction
cavity of gyrotron operating TEs, mode at 95GHZ for generation of 100kW of RF
power has been presented. Considering the velocity spreads and misalignments of the
beam axis with respect to the cavity axis, the structures have been simulated in the
Commercial “CST studio suite”. In addition, the effect of ohmic losses due to RF
generation has been evaluated by the thermal studies with the help of a commercial PIC
tool “COMSOL Multiphysics”. It is observed that, the beam axis shift and tilt are
affecting majority on RF power level and mildly on the operating frequency. Secondly,
for small transverse dimensions structures, the thermal losses are significant and needs
an efficient cooling system for longer life and reliable operation. Though, TEgs, is one of
suitable mode in the 95GHz regime for gyrotrons, but observing the effects of
misalignments and thermal losses on the frequency of operation, the interest has been
raised to see the use of volumetric modes as the operating mode and its effects on the
RF performance and thermal studies under some practical considerations like beam

shift. Beam tilt and velocity spreads.

After the beam-wave interaction behaviour study of the gyrotron, the thermo-
mechanical study of the RF interaction cavity, its effects on the RF power generation
have been carried out for a TEs 2, 95 GHz, 100 kW gyrotron. Thermal system design has
been validated using a commercial PIC tool, which was not found in the published
literature to the authors, wusing “COMSOL Multiphysics” commercial tool.
Implementation of this code has been found simpler than those previously reported
though equally accurate.  For stable device operation, with the help of the design
relationships, radial cooling fins design for the cavity has been presented. Further,

describing the approach, an optimum thermal system has been designed and

130



CHAPTER 3

performance got simulated. Thermo-mechanical behaviour of the interaction cavity
structure for various cavity thicknesses, and convective heat transfer coefficient values
under without fins and with radial fins conditions have also been investigated.
Considering water as coolant at room temperature ~293 K, the range of hydraulic
diameter and flow rates have been determined for the optimum convective heat transfer
coefficient values from 14000 - 16000 W/m2.K. An optimized simple cooling system
thus designed keeps the maximum RF cavity radius deformation (increase) ~ 3.2 pm
maintaining the average cavity outer surface temperature of 308 K. Furthermore, a
nonlinear time-dependent multimode analysis has also been carried out to observe the
RF output behaviour of the gyrotron under such condition. A decrease in its resonance
frequency of 48 MHz and a decrement of 20 in the diffractive quality factor of the RF
interaction cavity with the reduction of 2 kW of RF output power have been observed in
the case for the deformed cavity from those of the initial cavity gyrotron device, which
are within the tolerance limit of such devices. We hope that the thermo-mechanical
analysis, radial cooling fins and cooling system design, its optimization as well as
description of simpler simulation technique using commercial code “COMSOL
Multiphysics” for the gyrotron RF interaction cavity carried out here would be useful

not only to the tube designers but also to the high power microwave system developers.

Keeping above mentioned points for the gyrotron in our mind and in order to
mitigate the thermo-mechanical issues; in the upcoming Chapter, Chapter 4, the same
rating gyrotron device operating at a relatively high order mode will be investigated. As
we know that the RF structure of the device operating at the higher order mode will be
larger. Hence it is expected that here thermo-mechanical issues will get relaxed. Such
gyrotron device design, its RF analysis that includes nonlinear section including thermo-

mechanical analysis will be carried out and presented in Chapter 4.
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4.1. Introduction

In Chapter 3, the gyrotron device design constraints, linear theory and nonlinear
theory used for the design and analysis of the cylindrical tapered interaction cavity
gyrotrons have been described and demonstrated. As well as, the RF simulation study
using commercial 3D PIC code “CST studio suite” and thermal studies using
commercial PIC code “COMSOL Multiphysics” have been presented. It has been
observed that, the thermal effects due to ohmic losses limits the margins of cavity
dimensions tolerances and that necessitates the presence of cooling maintenance system
for the high power devices. As well as, the shifts in the beam sources, i e.,
misalignment of the beam axis with respect to cavity axis, are also found to limit the
operation. Since, the dimensional and beam radius variations are also get scales with
operating modes, so lower order mode gives small margin of tolerances, even though
mode like, TEs» is widely used at 95GHz frequency for 100 kW gyrotron, but observing
these effects, we wants to investigate the advantages as well as challenges by operating
this specification gyrotron device in the higher order volumetric modes, which is so far

not fully explored and reported in the published literature, at least not accessible to us.

Considering the challenges and issues related to thermal and misalignments, in
this chapter, Chapter 4, we designed, analyzed and simulated an RF interaction cavity
for the same rating device that operates in a relatively high order mode TEip 4. that
allows a wide transverse dimensions thereby more relaxation regarding thermal issues
as well can be upgraded to high power levels too. In the literature, Krishna et al. (2011),
have started the mode selection and the analysis of RF interaction cavity in the absence
of electron beam but not much details about the beam wave interaction studies that
includes RF analysis and thermal analysis as well the post interaction components, like,

nonlinear taper, and RF window designs were not reported. Considering this gap,
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additionally the goals mentioned in the Chapter 3, in the present work, the design,
analysis and simulated the interaction cavity that gives the desired power in the
operating mode TEjp4- and larger dimension relaxes the thermal issues is presented.
After the design of interaction cavity by adding the nonlinear taper section, the beam
wave interaction studies are revisited using time dependent multimode theory with
uniform profile of magnetic field. The detailed design methodology, beam wave

interaction studies are described in this chapter.

With the help of the theories presented in Chapter 3, the design constraints
values for the various modes of the design beam parameters, the mode selection and the
identification of the compete modes are determined as per the beam parameters Later

on, using Vlasov approximation the RF cavity dimension was got determined.

In addition, the nonlinear taper that acts as impedance matching unit between
interaction structure and the collector circuits and allows the transmission of generated
RF power to the RF window with minimum mode conversion, is presented. In the
present design, the NLT is designed such that quasi-optical mode converters can be used
for transmitting interaction cavity mode TEq, into free space Gaussian beam mode

TEMoo.

Like the beam wave interaction studies in the interaction cavity region presented
in Chapter 3, for the current design, by adding the nonlinear taper region, the beam
wave interaction studies are performed. As well, the beam misalignment effects are
incorporated into the time dependent multimode theory, the structures are analyzed. The
NLT is confirmed through Vlasov approximation as well beam wave interaction studies

allowing a constant uniform magnetic field profile. For the same, the 3D PIC
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simulations, both for RF interaction as well as thermo-mechanical analysis are also

performed integratedly here using a single tool “CST Studio Suite”.

The Chapter has been organized as follows. Starts with the calculations of
design constraints and the RF cavity dimensions using linear theories presented in
Chapter 3, the beam wave interaction studies are performed using both analysis and 3D
PIC simulation. The misalignment effects are added in the time dependent theory and
the analysis is carried out for various beam widths. Followed by the design and analysis
of the nonlinear taper (NLT) section and the beam wave interaction studies including
NLT are presented. For the optimized cavity and NLT section, and the thermo-

mechanical studies are reported.
4.2 Design Constraints and Mode Selection of Gyrotron

In Table 4.1, the design goals and constraints for the 95GHz, 100kW is outlined.
Starting with the calculation of design constraints mentioned in Chapter 3, the suitable

operating mode selection is carried out.

Table 4.1: Design goal and technical constraint values

Parameter Value
Frequency f 95+0.1 GHz
Output power Pyt > 100 kW
Diffractive quality factor Qi ~2000
Beam current 1 5A
Beam voltage Vyp 58 kV
Magnetic field atthe cavity B 3.65+0.3 T
Pitch factor « 1.3-1.5
Harmonic number, s 1
Interaction efficiency # >35%
Wall losses dPjoss/dA < 2 kw/cm’
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Considering such design constraints and requirements of the device, a suitable
operating mode selection is required for the achievement of the targeted goals.
Sometimes, it is not feasible for modes to maintain all the design constraint within the

limits and trade-off among constraints needs to be considered

In the present design, we are intending for the larger transverse dimension that relaxes
the mode converter design as well further reduces ohmic losses that relaxes the need of
the thermal management system thereby assurance of reliable device operation over

longer period.

Table 4.2: Design constraints values for different modes

mn (r:r;) (r::n) (:\d/) LA ZE?ngwgﬁf% X | Af | Af:
O 11| 10256 | 0.9252 | 0.8198 | 49.841 6.188 o | 519 |1001
2 | 1] 15348 [0.9252 [ 05662 | 72.17 17.056 0.654 | 39.719 | 74.56
4 [2] 46649 | 2.1113 | 0.8868 | 46.08 1.295 0.430 | 13.651 | 8.039
5 |2 52868 | 26723 | 0.7631 | 53.54 1.060 0.475 | 11.763 | 5.23
6 | 2| 5.8075 | 3.2242 | 0.6754 | 60.49 0.893 0511 | 10.354 | 3.31
6 [3] 7.6731 | 3.2242 [ 0.9698 | 42.13 0.460 0.303 | 8390 | 4.47
7 | 2| 6.4993 | 3.7698 | 0.6002 | 67.07 0.768 0541 | 9.259 | 1.93
7 |3 ] 83070 | 3.7698 | 0.8837 | 46.23 0.405 0.423 | 7.630 | 3.42
8 2| 7.0039 | 43100 | 0.5571 | 73.34 0.671 0.566 | 8.382 | 0.910
8 | 3] 89325 | 4.3100 | 0.8149 | 50.14 0.360 0.450 | 7.002 | 2.595
8 | 4| 10.6689 | 4.3100 | 1.0136 | 40.31 0.234 0.376 | 6.063 | 3.07
9 | 2| 7.6825 | 4.8484 | 0.5148 | 79.36 0.595 0.588 | 7.661 | 0.122
9 | 3] 95510 | 4.8484 | 0.7584 | 53.88 0.324 0.473 | 6.475 | 1.932
9 |4 11.3083 | 4.8484 [ 0.9473 | 43.13 0.213 0.400 | 5.654 | 2.532
10 | 2| 82661 [5.3832 | 0.4797 | 85.17 0.532 0.608 | 7.059 | 0.494
10 | 3| 10.1633 [ 5.3832 | 0.7208 | 57.48 0.294 0.494 | 6.025 | 1.301
10 4| 11.9412] 5.3832 [ 0.8012 | 45.85 0.195 0.420 | 5.30 | 2.074
10 | 5 | 13.6607 | 5.3832 | 1.0417 | 39.22 0.142 0.367 | 4.748 | 2.344
10 | 6 | 15.3455 [ 5.3832 | L.1718 | 34.87 0.109 0.327 | 4.309 | 2.436
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A systematic procedure for suitable mode selection is adapted by considering a
group of modes where azimuthal and radial indexes modes of up to 10. Considering
effective length of the interaction cavity as 30.00 mm, at the design parameters listed in
the above Table 4.1, using expressions (3.1) - (3.5) from Chapter 3, the design

constraints for various modes are calculated and tabulated in Table 4.2.

Observing design constraints values for different modes, TEo 1, and TE; 1 modes
can be eliminated owing to their smaller dimensions whose diameters are in the order of
operating wavelengths, excessive Ohmic losses, respectively. There are several lower
and higher order modes that can be suitable as an operating mode for the present design.
But as stated above, in order to investigate the advantages of the larger transverse
dimension of the RF interaction cavity structure on the RF performance, the asymmetric
volume modes are suitable as the operating modes for the present problem. Considering
low ohmic losses, larger transverse dimension and possibility of the implementation of
the internal mode converters for the radial RF output coupling, TE1o4- mode is chosen
as operating mode for the present study/design, where ‘-’ and ‘+’ indicates co-rotating

and counter-rotating modes.

The limiting current I, and voltage depression Vgep curves for the TEig 4. mode
over a range of normalized beam radius  values are calculated for the beam parameter

listed in Table 4.1 and is plotted as Figure 4.1.
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Figure 4.1: (a) Voltage depression Vgep (KV) versus normalized beam radius

ﬂ(: R,/R.), and (b) Limiting current 1. (A) versus normalized beam
radius R,(=R,/R.) for TE1.4. mode.

After the selection of operating mode, the RF interaction cavity that provides
space for the beam wave interaction has to be designed. The role of the interaction
structure is to allow the growth of the operating mode at desired frequency of oscillation
while suppressing the mode conversion when subjected to the beam parameters. The
background analysis required for the RF cavity design and the selection of the cavity

dimensions are presented in the following subsection.

4.3. Design of RF Interaction Cavity

As considered in Chapter 3.2, in the present design also, a conventional tapered
cylindrical structure as RF interaction cavity is taken .The design of interaction cavity
requires knowledge of axial RF field profile Vmp(z), resonating frequencies fres, and its
quality factor Quitr.

By solving the Vlasov approximation equation using Numerov’s

methods, the

interaction cavity geometries have been determined for several

combinations.
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Table 4.3: RF cavity parameter for various cavity combinations

Parameter | Set#l Set#2 Set#3
Lg (mm) 15 15 15
Lc (mm) 28 30 32
Lup(mm) | 10/15/20 | 10/15/20 | 10/15/20
B4 2" 2" 2"
Oup 1.8° 1.8° 1.8°
Lgs (Mmm) 4 4 4
Lus(mm) 4 4 4
fres (GHz) | 95.035 95.01 94.985
Quiff 1580 2250 2620

-

Normalized axial RF field amplitude
[Ving |

o

0 13 26 39 52 65
Axial distance of the interaction cavity z (mm)
Figure 4.2: Normalized axial RF field amplitude profiles for various uniform section
lengths: L= 28.00 mm (solid light), 30.00 mm (solid) and 32.00 mm

(dashed light)
As described in Chapter 3, using a systematic cavity design procedure [Kalaria et
al. (2016)], calculations is performed for various cavity geometry combinations. The
suitable combinations and the corresponding cavity parameters in the cold condition

(beam absent) i.e., Jmp= 0 are tabulated in Table 4.3.

The normalized axial RF field amplitude profiles for various uniform section
lengths (L;) are plotted in Figure 4.2. Longer cavity length provides longer interaction
region, requiring lower beam current, however it results in larger quality factor Qgis.

Considering the advantages of lower beam current of operation and longer interaction
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space over larger Quirr Values, the optimized interaction cavity dimensions are listed in

Table 4.4.

Table 4.4: Optimized tapered RF cavity dimensions

Parameter Value
Cavity radius R; 11.94 mm
Down taper length Lg 15 mm

Middle section Length L. 30 mm

Up taper length L, 20 mm
Parabolic smoothing Lgs 4 mm
Parabolic Smoothing Lys 4 mm

Down taper angle 6q 2V

Up Taper angle Oyp 1.8"

Resonant Frequency fres 95.01 GHz
Diffractive quality factor Qs 2250

Following the determination procedure of probable RF cavity dimension, the
designed beam parameter needs to be optimized such that accomplishment of desired
operation with the minimum mode competition is achieved. Using the coupling
coefficient and the start oscillations curves, the optimum beam radius and the possible

compete modes are suitably identified. The values are calculated using the expressions

(3.8) — (3.10), from Chapter 3 and the corresponding values are mentioned below.

The optimum beam radius is taken, such that, achieving maximum coupling and
have significant distance away from both the walls as well axis of the structure.

Considering various modes, the Coupling coefficient Cmp curves for various modes with
respect to normalized beam radius R, =R,/R, are shown in Figure 4.3. It can be
observed that the maximum coupling for the desired mode TEjo4- occurs at normalized

beam radiusR_b: 0.451, accordingly electron beam radius is selected as 5.38 mm.
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Figure 4.3: Beam wave coupling factor Cpp curves versus normalized beam radius (R_b)

for various modes.
Considering the beam parameter as mentioned in Table 4.1, the start oscillations
curves for various modes for a range of magnetic fields from expressions (3.4) to (3.10)

are calculated and are plotted in Figure 4.4.

10

1.5}

Start osillation current /5o (A)
o

3.4 3.55 3.7 3.85
DC magnetic field B (T)

Figure 4.4: Start oscillation current lsoc (in amperes) versus DC magnetic field B in

(Tesla) plots for different operating modes.
From the start oscillation current Is,c curves, it can be observed that TE7 s+ is one
of the main competing mode for the TEjp4., however a suitable selection of DC

magnetic field can reduce its significance and are further examined during electron-

beam and RF-wave interaction studies.
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After determining the probable interaction cavity dimensions, the next step is to
perform the beam wave interaction analysis that confirms whether the cavity is suitable
and able to generate the desired power with suitable frequency. In the following section,
using the time dependent multimode analysis mentioned in Chapter 3, the beam wave
interaction analysis has been carried out and are explained in detail in the following

section.

4.4, Beam-Wave Interaction Study

Taking the probable set of beam parameter and cavity dimension as obtained
from Section 4.2, by studying the electron beam and RF wave interaction mechanism
for operating mode along with competing modes, the design is to be confirmed with the
optimized parameters. In the present section the beam wave interaction mechanism has
been studied analytically using time dependent multimode analysis as well as through

PIC simulation by CST studio suite.
4.4.1. Time-dependent multimode analysis with misalignment effects

In Chapter 3, the self-consistent time-dependent multimode nonlinear analysis
developed by Fliflet et al. (1991) used for the study of the electron-beam and RF-wave
interaction mechanism in the gyro devices is presented in detailed. In the theory the
whole analysis has been carried out by considering axial symmetric gyrotrons i.e. both
the beam and interaction cavity axis are sharing the same axis of symmetry as well are
concentric to each other ie., same centers. Practically, there might be situation where
the concentricity does not meet, means beam axis either shifts or tilts with respect to the
cavity frame. Hence, the beam wave interaction has to be studied considering these

factors too for an efficient design. As in Chapter 3, these effects are investigated by 3D
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PIC simulation but analytically using time dependent multimode theory has not been

investigated.

The linear theory of the gyrotron with marginal shift of the beam axis with
respect to cavity axis was developed and then generalized to coaxial cavities by
Nusinovich et al. (2004), and Dumbrajs et al. (1995). Later, considering the beam tilt
case, the theory was updated by Dumbrajs et al. (2013), and has discussed the effects
with the help of self-consistent theory. With the help of this, we have
updated/incorporated the addition factor that resulted due to the beam misalignments in
the nonlinear, time dependent multimode theory developed by Fliflet et al. (1991), and
the beam wave interaction studies are carried out. Secondly, the theory presented in
Chapter 3 for multimode behaviour study in the interaction cavity, in the present
chapter, by extending it to Nonlinear taper section, the after cavity interactions are by
incorporating the original h(z) profile function derived by solving the Vlasov

approximation equation.

The RF generations in the high power microwave sources, are strongly
influenced by the coupling between electron beam and the rotating TEmpq Waves. For
the strong synchronization, both the electron beam optical system axis and the
microwave circuit axis, i. e., interaction cavity axis are in concentric to each other and
any misalignments severely effects on the RF performance. In the present section, the
role of misalignments on the beam wave coupling are studies and later these factors are

incorporated in the time dependent multimode theory presented in the Chapter 3.

In axially symmetric gyrotrons, the coupling of electrons gyrating about a
guiding center with a radial coordinate R, to rotating TEmw, waves can be determined by

the Ls and given by
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L, =3, (kR)e" ™ (4.1)

Here, R, is the radial coordinate of the guiding center in the cavity frame and v is the
guiding angles of the beam. As describe in the Figure 3.7, the coordinates of the
electron guiding centres in the cavity frame (Rp, w) and in the beam frame (Ro, wo) in
case of electron beam axis displacement of d with respect to cavity radius and are

related as

90

2= d=0 mm
45 =8 d=0.5 mm

270

Figure 4.5: Beam misalignments effects: Location of beam lets for d = 0 mm and d =

0.5 mm.

RZ =R2-2dR, cosy +d” . (4.2)

The coupling of the beam with TEq , wave in the case of displaced beam is given by:

L = Z Jma(de)Jm_s_ma(kLRb)efi(m—sfma)W . (4.3)

m,=—0

In the case of the parallel shift of the beam axis, the value of d is constant and
independent of axial coordinate z. As well, assuming that the distance between two axes
is always smaller than a wavelength, we can take account in the equation 4.3 only a
limited number of terms, i. e., m, value limits to few integer. In case of tilt in the beam

axis, d varies with axial coordinate z and is given by :
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d= \/(xoo +ztana,)? + (Vg + 2tana, )’ : (4.4)

where Xgo and Yoo are the transverse coordinates of the beam frame origin with respect to
the origin of the resonator frame at the entrance and the angles ax, are the tilt angles in
corresponding directions. Since x and y axes can be chosen arbitrarily, we can assume

without a loss of generality that the beam is tilted in any one direction.

Hence, to describe the beam wave interaction in gyrotrons with a titted beam by
equations similar to those for a symmetric gyrotron, it is sufficient to introduce just one
new function, which is the ratio of the beam coupling in a gyrotron with misaligned
beam to that in a gyrotron with a concentric beam in the resonator mid-plane [Dumbrajs

et al. (2013)]

T(2y) = I, [k (DA@)P e, [K(DR(D)]E™) /I, (KioR) (4.5)

Rc BO,max
"R(2) | By(2)

and kt(Z)RO(Z) = kLOR , (4.6)

where Ry (z) is the beam radius in case of the misalignment and Rgo is the beam radius

under no misalignment.

By revisiting the Chapter 3 from, the electron trajectory equations (3.14) —
(3.16) and the mode field phase and amplitude equations (3.17) — (3.19), the beam wave

coupling factor f, is updated with the new term resulted by equations (4.5) and (4.6).

Now, considering the misalignment effects, the normalized mode amplitude is
updated by:
el .
fo = C, s (k) (0T @) @)

m.,C

e
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and the phase terms in the equations (3.14) — (3.16) gets an additional term /T (z,y).

4.4.1a Multimode analysis with ideal beam conditions

As mentioned in Chapter 3, the coupled equations are numerically integrated
using fourth order Runge-Kutta method. Considering a ramp type of DC beam voltage
source from 35 kV to 58 kV with rise time duration of 150 ns is taken. DC beam voltage
is applied to a uniformly distributed gyrating electron beam having 32 beamlets with 32
electrons in each beamlets. For the operating and its neighboring modes, like, TE7 s+,
TE75-, TEg 4+, TEg4-, TE104-, and TEjo 4+ beam-wave interaction behaviour is observed
and its temporal power growth P, are determined (plotted as Figure 4.6). It can
observed here that initially TE;s+ mode dominates and after 300 ns it dies out
completely whereas the desired operating mode TEjg4- Starts growing upto a stable RF
power of ~123 kW, while all the competing modes reaches to a minimal value after 320
ns. An electronic efficiency of 40% is achieved at DC magnetic field of 3.65 T. Further,
a parametric study is also performed analytically for range of applied DC magnetic

fields and is discussed at the end of the section.
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Figure 4.6: Temporal growth of output RF powers Py, (kW) in various modes through

time dependent multimode analysis.
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4.4.2. 3D Particle in cell (PIC) simulation

In addition, 3D Particle in Cell (PIC) simulation of the electron-beam and RF-
wave interaction region of the device is performed reconfiguring a commercial code
“CST Studio Suite”. In the present study, taking OFHC copper as the cavity material
with conductivity of 5.8x10° S/m, the RF interaction structure of the device is modeled.
The lower conductivities yields more ohmic losses thereby challenges in the thermal
system design which are discussed in detail in the thermal analysis section at the end of
this Chapter. Like Chapter 3, A particle circular source is taken for forming the gyrating
electron beam with designed beam parameters, and an external axial magnetic field
profile B(z) is applied. To observe the temporal behaviour of modes, various 2D and 3D

field monitors are placed with suitable boundary conditions.
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Figure 4.7: PIC simulation results: Comparisons of Normalized axial RF field
amplitude profiles in the cold and hot conditions along with vector field
distribution.

After the RF interaction cavity design, the desired axial electric field profile and

mode excitation inside the cavity in the cold condition (absence of the electron beam) is

ensured. Thereafter, by introducing the electron beam, the beam wave interaction
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behaviour is investigated. The simulated interaction cavity axial RF electric field profile
versus axial cavity position, for the cold (beam absent) and the hot (beam present)
conditions, as vector plot is shown in Figure 4.7. It can be observed that here the field
profile gets slight upward shift due to the beam loading. The time varying field
amplitudes of various modes is also observed using 3D E-field monitors. Out of all the
modes, the only significant amplitudes of the operating TEjp4- mode and the main
competing mode TE; s+, at magnetic field B = 3.65 T are plotted in Figure 4.8. Here,
one can observe that for TEjo4- operating mode RF signal growth stabilizes in 400 ns

and competing TE7 5+ mode decay to a minimal value in ~ 450 ns.
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Figure 4.8: 3D PIC Simulation results- Temporal growth of operating and competing
mode amplitudes Ay, (V/m) from PIC Simulation study (b). Frequency

response of the operating and compete modes.
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In the next step, the post processing of the temporal power growth is performed
for the TE;s+ and TEjp4- modes and correspondingly their frequency responses are
observed. The frequency response of the modes is determined by performing Fast
Fourier Transform (FFT) action on the mode amplitude signals and the resultant
response for the modes are shown in the Figure 4.8. It is observed that the FFT
responses of the main mode TEjo4- and compete mode TEys. are significantly different
both w.rto to frequency as well amplitude levels. The oscillation frequency of the
competing mode TE7s: is significantly away from desired frequency of operation. A
2.0 GHz frequency separation from the main operating mode is observed and that
confirms the mode competition is reduced through proper selection of the background
DC magnretic field. As well from the peaks of the amplitudes of the FFT signals

confirms that the TEjp 4- is dominant.

The temporal power growth in the gyrotron device for TE; 5+ and TEjp 4- modes
are shown in Figure 4.9, where one can readily observe that power transfer from the
electron-beam to the RF-wave in different modes with time during device operation.
Around 117 kW stable RF power is generated at oscillation frequency 94.98 GHz in at
the desired operating TEjp4- mode, while RF power generated in all the competing
modes is less than a percent. A better view of the energy exchange from the electron
beam to the RF wave can be observed from the wave particle power transfer with
respect to time, as shown in Figure 4.10, which indicates the transfer of electron beam

power to the RF wave in the time axis.
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Figure 4.9: 3D PIC Simulation results-(a)Temporal growth of RF powers in the
operating and competing modes Pn resulted from PIC simulation (b)

Wave particle power transfer (kW) versus time (ns).

It can be further observed that from the start of simulation onwards, the electron
beam loses its net power to the RF wave due to beam wave interaction continuously
and reaches to a saturation level of more than >120 kW power to the RF wave after 400
ns. By correlating Figures 4.7 and 4.9, one can also observe that initially the beam
losses its majority of the power/energy to the compete mode of the design, i. e., to
TE75+ time interval in between 100 ns to 300 ns until, the main mode TEjg 4+ IS in the
silent state. While in the transition period from 300 ns to 400 ns, the electron beam
starts losing much more power to the RF wave growth simultaneously the mode TE7 s+
also starts decaying where as the main mode starts growing and reaches to a stabilized

value after 400ns. In order to show the stability as well less mode conversion of the
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design, the beam wave interaction mechanisms through PIC simulation is carried out till

800 ns and found device saturated RF power as 117 KW.

4.4.3 Effect of the electrons velocity spread

The device performance is often required to be evaluated under non-ideal but in
practical situations. Velocity spread in the electron beam is always present in the
electron-beam devices and causes deviations in the beam characteristics and affects
device performance. Even though, in present days, the device fabrication and beam
launching technologies as well as facilities are considerably improved, which has
reduced the amount of velocity spread but certain percentage of beam velocity spread is
always present in the practical devices. In our study considering velocity spreads of
0%, 5% and 8%, its effect on the device performance is also evaluated. Using PIC
simulation, the RF power and frequency of oscillations are calculated and tabulated in
the Table 4.5. It is observed that the velocity spread effects much on the power level but

its effect on oscillation frequency deviation is mild.

Table 4.5: RF power and frequencies for different velocity spreads
Velocity spread | RF power (kW) | Frequency (GHz2)

0% 117 94.98
5% 112 94.968
8% 94.8 94.954

To strengthen the design study, a parametric analysis of device operation is also
carried out for a range of the applied DC magnetic field. The RF output power
generated versus applied DC magnetic field is performed both analytically and also
compared for its validation with PIC simulated values (Figure 4.10). As magnetic field

increases the RF power levels in the main mode are decreases in both analytical and

153



CHAPTER 4

simulated results. Furthermore, an agreement within 7% is observed between the

analytical and PIC simulation results.
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Figure 4.10: Comparisons of output RF powers in the main mode TEjgs- through

multimode analysis and PIC simulation study.

By this, the RF cavity designed for the generation of 95 GHz, 100kW operating TE1¢.4-

mode has been studied under ideal beam and velocity spread conditions.

In this chapter, the beam wave interaction studies for the proposed RF cavity
with TEjps., 95 GHz gyrotron are carried out for no misalignment and with
misalignment by analytical approach as well PIC simulations with a uniform magnetic

field profile along the interaction cavity.

With the help of the analysis mentioned in Section 4.4.1, the beam wave
interaction studies in the presence of misalignment of beam axis with respect to cavity
axis is performed by updating the time dependent multimode analysis as well as through
simulations using 3D PIC commercial code.

The misalignment of beam axis from 0.00 mm to 0.50 mm with 0.25 mm are
induced and the beam wave interactions behaviour got studied using analytical

expressions and the observed figures in the main mode are calculated and tabulated in
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Table 4.6. It’s been observed that as the shift of the misalignment increases from 0.00
mm to 0.50 mm, the RF power in the desired mode reduces in a big way as well the

efficiency too.

Table 4.6: RF power in the main with various beam misalignments

Beam shift RF power RF power
d (mm) Analytical PIC code
0 123kwW 109 kW
0.25 117 kW 115kW
0.5 106.5 kW 104 kW

4.5 Design and Analysis with the Nonlinear Taper

After the design and analysis of RF interaction structure, the generated RF
power is carried to outside via nonlinear taper (NLT), quasi optical mode converter
(radial output coupling) and RF window while the spent electron beam is collected by
using a collector. Usually, for the preliminary design study of gyrotron oscillators,
typical resonator geometry is being used that contains a down taper followed by a
uniform mid-section and a linear uptaper. But to guarantee stable operation of the
device, NLT should also be included in the calculations as an integral part of the
resonator cavity and the NLT part should be designed carefully to minimize the mode
conversion. Since, the QOMC converter follows the NLT section, and the launcher

radius is usually related to mid-section radius by 1.07R; to 1.1R. times.

Coming to the design of nonlinear taper section used in gyrotrons, a raised
cosine type of nonlinear section, with input radius a;, end radius a, of length Lyt and

shape factor s, are used in gyrotron oscillators and is given by
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R(z):a1+@ —1+2(i}h+lsin£n[—1+2[ijhﬂ +(a2—a1) .
2 Ly T Lt 2

(4.8)

In the present work, by fixing the end radius of nonlinear taper as Ryt = 13.134
mm, i. e., 1.1R;, and applying the Vlasov approximation theory presented in Chapter 3,
on the combination of interaction cavity and the NLT, for various combinations of
shape factors and NLT section lengths, the cold cavity field profiles and the
corresponding cavity features i.e., resonant frequency and diffractive quality factors are
calculated. Even, the uptaper lengths determined from the above section are varied so

that achieving the energy conversion with optimum dimensions in less time.

By using the time dependent multimode theory reported in Chapter 3, for the RF
cavity and NLT combinations, the beam wave interactions behaviour that is after cavity
interactions are investigated analytically as well through 3D PIC simulation code. The
calculations have been performed by allowing the radius profile as well complete cold

cavity field profile h (z) with uniform magnetic field profile B (2).

By solving the Vlasov approximation equation, we determined few
combinations of RF cavity and raised cosine type NLT profiles that can results the
desired operation and are tabulated in Table.4.6.The time dependent multimode theory
has been used for the after cavity interaction studies considering various compete
modes. As well, it has been observed that the three cavities are resulting almost same

diffractive quality factor and cold cavity resonating frequency combinations.
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Figure 4.11: Normalized axial cold cavity field profiles and the corresponding radius

profiles that include NLT section vs axial distance of the device.

Table 4.7: RF interaction cavity and NLT specifications

Parameter Values
Rc (mm) 11.94
Lg (mm) 15
Lc (mm) 30
0 (°) 1 Oup (°) 2/1.8
Ly (mm) 20 15 10
Lt (mm) 25 30 35
Shape factor, sp, 0.58 0.58 0.46
RnLT(mm) 13.134
Quifr/ fres (GH2) 2250 /95.054

The beam wave interaction analysis has been carried out for the above three
profiles that looks suitable for the corresponding design. The RF power develop in the
main mode along with the optimum radius profile based on the power growth and the
less mode competition, the uptaper length has been chosen as 10 mm and are shown in

Figure 4.12.
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Figure 4.12: Analytical results: (a) normalized axial cold cavity field profiles and the
corresponding radius profiles that include NLT section vs axial distance

of the device (b) RF power versus time.

The 3D PIC simulation studies using Commercial CST Studio Suite after
inclusion of NLT section to the RF interaction cavity with uniform magnetic profile are
presented below. It has been observed that with uptaper of 10 mm and Lyt = 35.00
mm, the beam wave interaction mechanism shows a quick growth in the desired mode
as well a less time of compete mode presence in the simulation duration. The hot
(electron beam present) cavity axial E field profile along with the vector field plot of the

TE10,4- mode is shown in Figure 4.13.
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Figure 4.14: 3D PIC Simulation results- temporal growth of amplitudes across various
modes Amn(V/m) (a) : TEzs+ overrides TEjg4- (while plotting) (b) vice

versa.

It is observed that the desire mode oscillating with frequency of 94.99GHz as
well the oscillating frequency of compete mode is far of more than 2GHz from
operating frequency. The temporal growth of mode amplitudes and the corresponding
RF power developed across various modes with respect to time has been calculated by

post processing the results and are plotted in Figures 4.14 and 4.15.
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Figure 4.15: 3D PIC Simulation results- (a) temporal growth of mode powers and (b)

wave particle power transfer versus time.

4.6. Thermo-Mechanical Analysis

As reported in Chapter 3 that thermo-mechanical analysis was simulated
separately using commercial code “COMSOL Multiphysics”. However, the thermo-
mechanical analysis for the present case of the TEjps- 100kW gyrotron including
nonlinear taper section is performed using a single code “CST Studio Suite”. With the
experience of the Chapter 3, the analysis is carried out here also for two different
electrical conductivities by considering two different electrical conductivities of the
cavity material i.e., for 5.8e7 S/m and 2.9e7 S/m. The analysis is started by calculating
the ohmic loss profile that acts as heat load of the structure by using the design
parameters mentioned in Table 4.6, using equations (3.27). In the present design, the
thermal effects are studied. Since, the value of the ohmic loss magnitude are varies as
per the conductive nature of the cavity material, the present structure has been analysed
for the both values. As per equation (3.27), the wall loading profiles along the

interaction structure are plotted below Figure 4.16.
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Later on, by considering the cavity material with the properties as mention in

Table 3.7, Chapter 3, the RF structure has been modelled. Initially, the structure has

been subjected by various convective heat transfer coefficient h values and different

cavity thickness dR values for determining the optimum combinations of h and dR

values. Unlike in the Chapter 3, since for the measure of thermal effects the maximum

inner radial deformations and outer surface temperatures are sufficient. Thereby, in the

current analysis the effects are measured in terms of maximum values. Without much in

detailed description like done in the Chapter 3, here, the thermal effects are calculated

by modelling, suitable selection of boundary conditions.
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Figure 4.18: Outer maximum radial cavity temperatures T,y (K) Versus convective heat
transfer coefficient h at various cavity thickness O6R;yq at electrical
conductivities (a) 5.8e7 S/m (b) 2.9e7 S/m.

The Maximum deformations AR, at the inner surface and the temperatures Ty

rad
at the outer surfaces for various combinations of convective heat transfer coefficient h
and cavity thickness SR values for the electrical conductivities ¢ = 5.8e7 S/m and 2.9e7
S/m are plotted in Figures 4.17 and 4.18. It can be observed from these figures that
with h > 1000 and for any combination of SR Vvalue, the maximum radial deformation
for both conductivities is near by 5 micrometres as well the maximum outer surface
temperature is 310°K whose values are quite promising as compared to TEg, mode
gyrotron, as discussed in Chapter 3. Since, in the present design, a max of 0.1 GHz
frequency shift happens for the radial deformation of ~13 micrometres, keeping in mind
about the nonlinear section module, the optimum cavity thickness is chosen as
minimum of 4.5micrometers as well the optimum h is chosen around 2000 that results a
maximum temperature of ~302 K and 2.5micrometers of inner deformations which are

in tolerable limits.
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Figure 4.19: 3D view of surface displacements and surface temperatures for heat
transfer coefficient h=2000 (W/m?K) and cavity 8R=4.5 mm.

Comparing with the TEs,- mode, 95 GHz gyrotron, the TEjo4- mode operated
gyrotron has less thermal effects on the system performance as well a very simple
cooling system design requirements which even managed without any extended heat
surfaces called Fins. With minimum/low values of thermal system parameters, the
cooling system can be provide for reliable device performance which can reduce the
complexity as well cost of the thermal system. Since, the thermal effects are very much
under desire limits that’s why its effects on the RF behaviour after optimized cooling

system has not been discussed.

4.7. Conclusion
Keeping the goal of design and analysis of the gyrotron oscillator that able to
generate 100kW at 95GHz that operates in the high order volumetric mode and does not

require additional cooling system for its thermal management. The device is designed
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for its operation at a higher order mode so as its RF interaction cavity structure
dimension becomes larger and heat loading problem get relaxed. The operating mode
selection has been carried out by inspecting the various design constraints. Later, using
Vlasov approximation, the RF interaction cavity has been determined such that it able to
provide desired sustainable growth of RF signals. Using time dependent multimode
theory and simulations using PIC codes for the beam wave interaction studies has been
carried out and able to observe that the desired performance at the end of the interaction
cavity. To determine the optimum interaction cavity dimension as well the quasi optical
mode launcher design, the cavity has been extended by adding a raised cosine type NLT
section that acts as impedance matching unit between the RF cavity and the quasi
optical mode converter and allows the RF transmission with minimum mode
conversion.

The Vlasov approximation analysis of single mode has been used for the
determination of the NLT profile. The same profile has been confirmed using after
cavity beam wave interaction studies by extending the time dependent multimode
theory of Fillet et al (1991), while taking the complete h(z) profile calculated resulted
from the Vlasov approximations analysis.

For the same radius profile, using PIC simulation, the after cavities interactions
with uniform magnetic profile are carried out and results have been in good agreement
with the analytical values. Later, the misalignment of beam axis with respect to cavity
axis has also been analyzed by updating the time dependent theory with the modified
beam wave coupling term and also simulated using PIC code. Then the thermal
behaviour of the current design is studied and the optimum cooling parameters are
determined now using an integrated tool, CST Studio suite. Further, it has also been

observed that by operating the device in high order mode, the sensitivity of the device
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for misalignments has been reduced. As well the impact of ohmic losses has been
reduced significantly thereby requirement and challenges of cooling system.

With this complete design, analysis and simulations for beam wave interaction
behaviour, it has been established that the designed 100kW, 95GHz gyrotron operating
at the TEjp4- mode does not require external cooling system. In other side, the structure
IS needed to be investigated with the non-uniform magnetic profile. As well, efficiency

of the device is found ~35%.
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5.1. Introduction

As discussed in Chapter 1 of this thesis, gyrotron oscillators are the potential RF sources
for various applications that require RF power at either single frequency or tunable
frequency range. The inclusion of Dynamic Nuclear Polarization (DNP) mechanism
makes the use of Nuclear Magnetic Resonance (NMR) spectroscopy very wide by
enhancing the sensitivity of the signal. But the DNP driven NMR spectroscopy requires
either a tunable NMR magnet or a tunable RF source. Comparatively, the design,
development and maintenance of a tunable RF source have large and many benefits,
like, simple and reliable over tunable NMR magnet systems. Gyrotron oscillators are
capable of generating a low power over a band frequency tuning range and enhance the
sensitivity and the realization of DNP-NMR spectroscopy more effectively.

Dynamic Nuclear polarization is a key techniqgue which transfers unpaired
electrons spin polarization into nuclear spins and is used for the enhancements of
sensitivity of NMR spectroscopy study that enables faster data acquisitions in various
sample characterization. For the enhanced sensitivity study of DNP-NMR spectroscopy,
a RF source is required at the NMR frequencies. In addition to this, a DNP NMR
spectroscopy requires either a super conducting NMR magnet with sweep coils or a
tunable RF source for the study of various samples. Due to the complexities involved in
the arrangements of a tunable NMR magnet, now the researches are also focussed on
the development of various tunable RF microwave sources at various NMR frequencies.

Gyrotron is the most suitable RF source for this application. The gyrotron
research is now getting focussed to play its role in DNP-NMR spectroscopy where a
few watts to several tens of watts of CW RF power required over a tunable bandwidth.

Several gyrotron oscillators for the DNP-NMR applications have been analyzed,
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designed and experimentally investigated at electron frequencies 132 GHz, 260 GHz,
330 GHz, 460 GHz, etc[ Hornstein,(2001)].

In this Chapter, the design of a tapered cavity RF interaction structure of
gyrotron for 263 GHz for a 400 MHz NMR spectroscopy system is investigated. The
operating mode is considered as TEssq with a target of more than 2 GHz tunable
bandwidth. The tunability of the device is studied by magnetic tuning as well as
electrical tuning methods.

The presented chapter is organized as follows. Section 5.2 contains the various
tunable techniques used in gyro-devices for achieving a tunability. In Section 5.3, the
design of tapered cavity interaction structure along with its cold cavity analysis is
presented. The beam wave interaction analysis using time dependent multimode theory
given by Fliflet et al. (1991) for the proposed design is presented in Section 5.4 at

various magnetic and beam voltage variations.

5.2. Tuning Techniques Used for the DNP Gyrotrons

The main aim of any tunable RF source is to provide desired amount of RF power over
a wide range of frequencies. Generally, shift in the frequencies and power levels are
achieved by varying the beam parameters. In the case of gyrotron oscillators, since the
device is based on the CRM instability principle, where the exchange of power between
RF wave and electron beam depends on the frequency of oscillation of the mode as well
as the cyclotron frequency of oscillation. The operating frequency of gyrotron mainly
depends on the resonating frequency of the RF interaction cavity and the cyclotron
frequency of the electrons that are interacting with the RF fields generated by the noise
inside the interaction structure. Hence, by allowing the variations in either resonating
frequency of the interaction cavity mode or cyclotron frequency of the electrons, the

tunability of the device can be achieved.
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There are several techniques used in general for achieving the tunability of the
device in gyrotrons, namely, mechanical and thermal tuning methods which affect the
dimensions of the interaction cavity thereby resonating frequency of the mode, and by
electrical and magnetic tuning methods which yields the variations in the cyclotron
frequency of the electrons thereby shift in the operating frequency of the device. A brief
description of these tuning techniques used in the gyrotrons is presented as follows

[Dumbrajs et al. (2011)].

5.2.1.  Mechanical Tuning

As the name indicates, in the mechanical tuning, the frequency tuning is achieved by
inducing changes in the cavity dimension mechanically and simultaneously adjusting
the strength of the magnetic field B(z) as well as the beam parameters. The DC
magnetic field along the cavity is adjusted here in order to maintain the synchronism
between the interaction mode and the electrons. Since, the variations in the cavity
dimension directly effects the oscillating frequency of the mode thereby shifts in the
operating frequency.

For a rigid cavity type, it is unattainable to change the transverse dimensions
because of lack of provisions for altering the cavity dimensions and results in
implementation of mechanical tuning impossible. However, an effective transverse
dimension alteration can be made with a split cavity structure. Here, frequency tuning is
achieved by sliding the wedge shaped pieces pneumatically, so that the two halves are
moved apart or closer by the necessary amount to affect the transverse dimensions
thereby the frequency of operation. But the presence of gap in the cavity restricts the
operation of the device to azimuthally non-symmetric modes [Dumbrajs et al. (2011)].
Apart from limited modes of operation, the major challenge with the mechanical tuning

is the handling of cooling system which is responsible for longer life of the RF cavity.
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In high power gyrotrons, the resonators must be rigorously cooled so as to limit any
uncontrollable changes of their dimensions due to overheating. It is difficult to maintain
the mechanical changes of the cavity along with the cooling system. Due to this, the
mechanical tuning method is limited to low power; and short pulse gyrotrons only
where the role of cooling is minimal. In spite of this, implementation of mechanical
tuning is easy in the quasi optical gyrotron where the distance between the mirrors to be
modified which makes the Fabry-Perot resonator. So this type of tuning is most suitable
for quasioptical gyrotrons and unfeasible for a tapered cavity and coaxial cavity

gyrotrons.

5.2.2. Thermal Tuning
In thermal tuning method, the variations in the operating frequencies are achieved by
allowing the variations in temperatures of the coolant along the interaction structure and
thereby controlling the impact of the ohmic losses in the interaction cavity due to RF
power generation that leads to mechanical deformations of the cavity, as discussed, in
Chapter 3 and Chapter 4.

Alteration in temperature of the coolant, results in variation in the temperature of
the interaction structure wall due to variable amount of heat exchange in the system.
According to the property of thermal coefficient of expansion of the cavity material,
there is contraction or expansion of the walls as per the temperature variations. These
changes in the cavity dimensions result variation in the resonating frequency of the
mode of the structure which in turn results in variation in the operating frequency of the
device. The amount of tuning achieved via thermal technique mainly depends on the
cavity material properties. Considering the tolerances in the cavity dimensions, the

amount of frequency shift is very small.
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It has been reported that a 4 MHz /° C of frequency shift is obtained in the low
power gyrotrons operating at 263 GHz [Glyavin et al. (2015)]. In the case of moderate
lengths interaction structure, this technique is found suitable for tuning since, operation
on high order axial modes are limited. For 140 GHz gyrotron reported by Joye et al.
(2006) mentioned that they achieved frequency tuning via thermal variations. The
thermal and mechanical tuning techniques directly affects the resonating frequencies of

the mode and do not affect the cyclotron frequencies of the electrons.

5.2.3. Electrical Tuning

In electrical tuning, the DC wvoltage of the electron beams varied thus the cyclotron
frequency of the electrons are get altered that results shift in the frequency of energy
exchange, i. e., the operating frequency of the device. It is one of the most widely used
techniques for achieving the frequency tenability in the gyrotrons. The variations in the

beam accelerating potential leads to the changes in the relativistic factor, y, and is given

by as follows [Edgcombe (1993)]:

V
=1+ —, 5.1
/4 e (5.1)

where Vy, is the beam voltage, me is the rest mass of electron and c is velocity of light in
free space. The variations in the relativistic mass factor y effects the cyclotron

frequency of the electrons and is known by

=B _ogsBolTlig (5.2)
y

me70

where s is the harmonic number, By is the external DC magnetic field. From the above
equations (5.1) and (5.2), it is obvious that the variation in the accelerating voltage
result the variations in relativistic factor there by the variations in the cyclotron

frequency. As the energy exchange depends on the synchronous condition between
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cyclotron frequency of the electron beam and the resonating frequency of the mode,
these variations affects the operating frequency.
Percentage Vvariation in the relativistic factor with the variations in DC beam

voltage is determined by

97 100~ —Y 100 | (5.3)

7o 511+V,,
Here, yo and Vpo are the initial relativistic mass factor and beam voltages. The
percentage of variation in cyclotron frequency for the variations in beam voltage is
given by

99 1000——M% 100 | (5.4)

Q, 5114V,

Here, Qo is the initial cyclotron frequency of electrons and negative sign in equation
(5.4) indicates the increase in beam voltages yields reduction in cyclotron frequency.
Equations (5.3) and (5.4) specifies that the amount of variations in the cyclotron
frequency is not only depends on the amount of variation in the beam voltages but also
on the starting values of beam voltage.

Figure 5.1 shows the effect of the beam voltage variations on the relativistic
factor and cyclotron frequency of the device with the start value of beam voltage is 15
KV (random value). It is observed that typically for this case, 1 kV change of beam
voltage nearly yields a 0.175% change in both cyclotron frequency as well as relativistic
factor keeping the rest of beam parameters as constant. Since the intensity of electric
fields can be changed very rapidly which results smaller switching times means that
faster electrical tuning. But it requires a very sensitive and expensive power supplies
which makes the realization of frequency tunability through the electrical tuning

complex.
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Figure 5.1: Dependence of relativistic factor and cyclotron frequency with respect to

beam voltage.
5.2.4. Magnetic tuning
Similar to electrical tuning, the magnetic tuning also vyields variation in cyclotron
frequency of electrons thereby variations in the operating frequency of the device by
altering the magnetic field B along the interaction structure.

Equation (1.2), indicates that the variations in cyclotron frequency are directly
proportional to the variations in magnetic field. Thus, magnetic tuning is simple and
more effective to achieve higher tunable frequency because of the ease of varying
magnetic field though having the longer switching times between different magnetic
field values. The percentage of variation in cyclotron frequency for the variations in

beam voltage is given by

dQ dB
—x100=—x100 . 55
o 3 (5.5)

0 0
Here, By means the starting value of B from which the variations starts. The equation

(5.5), indicates that the amount of variations in the cyclotron frequency is not only
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depends on the amount of variation in the magnetic field but also on the starting values
of beam voltage.

The percentage variation in the cyclotron frequency with the magnetic field is
shown in figure 5.2. It can be observed that 1% of change in cyclotron frequency is
produced with the change of magnetic field of 0.01 Tesla with the reference value of By

= 1T, which has a strong effect on frequency compared to the beam voltage.
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Figure 5.2: Percentage change of cyclotron frequency versus magnetic field B (T).

In this Chapter, a tapered cylindrical RF cavity is designed for achieving a continuous
tunable bandwidth using both the magnetic and electrical tuning for a 400MHz NMR

spectroscopy applications.

5.3. Design Constraints and Mode Selection for the Tunable
Frequency Gyrotrons

Like in the high power gyrotrons discussed in Chapter 3 and Chapter 4, for the low

power tunable gyrotron purposes also, a cylindrical tapered RF section has been

considered as the interaction structure of the gyrotron. In the continuous tunable

gyrotrons, tunability has been achieved by incorporating different tunable techniques as
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discussed above, through exciting device in the high order axial mode indices with fixed
azimuthal and radial variations. For the generation of high order axial modes, long

interaction cavity sections needed usually, of the order of few tens of operating wave
length. As well, the diffraction losses that results the RF power reduces as the axial
mode index increases and which needs a proper selection of beam parameters along
with suitable cavity geometry.

In the Chapter, the design and analysis of the RF interaction cavity structure for
the 400MHz DNP enhanced NMR spectroscopy applications presented. The TEs3q
mode, at the 263 GHz operating frequency along with beam parameters have been taken
from the experimental data [Glayvin et al. (2015)], here q indicates the number of axial
variations in the field across interaction cavity. The design investigation is carried out
with the aim of a tunable bandwidth greater than 2 GHz via magnetic, electrical tuning.

In this Chapter, as mentioned above, the operating mode is chosen as TEs3q
[Glayvin et al. (2015)]. With the help of coupling coefficient curves, the optimum

beam radius that allows maximum coupling between beam and RF wave has been

chosen and are plotted in figure 5.3 for various normalized beam radiusR, =R, /R..
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Figure 5.3: Beam wave coupling factor Crn versus normalized beam radius E =R, /R,
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Observing beam wave coupling dependence of the mode, the beam radius is
taken as 0.96 mm which is at the first radial maximum and will be optimized by the

inspection of beam wave interaction studies in the following sections.

5.3.1. Design of Tunable RF Cavity Structure

The design parameters are taken from the Glyavin et al. (2015) and are tabulated in
Table 5.1. The optimization of axial RF cavity dimensions are calculated by solving the
single mode Vlasov approximation equation for various cavity dimensions as discussed
in Chapter 3. Dimensions of the tapered cylindrical RF cavity are optimized for TEs 34
choosing cavity interaction length 22.49 mm (~20 L), and the optimized dimensions are

tabulated in Table 5.2.

Table 5.1: Design constraints Table 5.2: RF Interaction parameters
Parameter Value Parameter Value
Frequency 263 Down taper angle g4 () 2
Tunable bandwidth | >2GHz Uptaper angle yp () 0.8
Pitch factor 1.5 Down taper length, Lg (mm) 15
Beam voltage 10-15kV Uptaper length, Lyp (Mmm) 25
Beam current 20-50 mA Middle section length L (mm) 22.49
Magnetic field 9.6-9.7 Cavity radius (mm) 2.54
Beam radius 0.96 mm

Table 5.3: Quifrand fres for various axial mode indices q of TEs3q

Axial Frequency, | Q diff
Mode index, q GHz factor
1 262.9780 | 14500

2 263.182 3510

3 263.527 1660

4 264.005 950

5 264.621 605

6 265.377 436
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The normalized axial field profiles for various high order q along the interaction
structure are plotted in Figure 5.4. The corresponding Qgir and resonating frequencies
fres are determined and tabulated in Table 5.3. It is observed that as the q increases, the

value Quifr,q reduces as well the oscillating frequency of the mode increasing.
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Figure 5.4: Axial mode profiles at beam absent conditions for various g of proposed RF

interaction cavity.

5.3.2. Start Oscillation Currents for the Higher-Order Axial Mode Indices

Now, like in the previous chapters, the start oscillation curves used for determining
compete modes as well the minimum currents needed for the growth of several modes at
various magnetic fields are determined. Unlike, single axial mode index i.e., g = 1, the
Isoc curves are determined using (3.9) and (3.10) equations, but for the present work, the
device should operate in various axial mode indices for tunability. Hence, the field
profile used for deriving equations (3.9) and (3.10) are need to modify that results
calculation of I, for g >1 values. According to Torrezan et al. (2010), the I for
various high order axial mode indices g are determined by using the following

expressions.
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where, s gives harmonic number, Cp, is the coupling coefficient, and the rest of the
parameters are already defined in Chapter 3 of this thesis; h (z) indicates the axial field
profile in the interaction cavity. By providing the h (z) profiles evaluated from Vlasov
approximation equations, the lsc curves are determined for the various axial mode
indices. The diffractive quality factor Q values are also updated as for the g. The start
oscillation current lsoc are calculated for the beam parameters mentioned in Table 5.4 by
varying magnetic fields 9.5 to 9.9 T and are plotted in Figure 5.5. It has been detected
that the operated mode is significantly differ from various compete mode and shows a
promise for more tunability with respect to magnetic tuning. As well, it is observed
that a minimum beam current of 20 mA, will excites the axial modes g = 1 to 6. All the
modes are distinguished curves with respect to magnetic field that gives the

confirmation about the oscillation of various modes along the interaction structure.
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Figure 5.5: Start Oscillation currents for TEs 34 mode g =1to 6 versus magnetic field.
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Later, the voltage depression Vqep for various beam currents is determined and
the % percentage of Vgep With respect to the beam voltages Vy, is plotted in Figure 5.6. It
is observed that as the beam current increases the amount of voltage depression also

increase though all are in very much lower to the maximum allowed limit.

From the design and analysis of RF cavity, it has been observed that the
proposed RF cavity can be operated over a various axial modes and allows a tuning
bandwidth of 2.4 GHz. Though, the proposed RF cavity supports growth of various
axial mode indices, but it is the responsibility of the beam parameters (especially Vp)
and magnetic fields (B(z)) to make it possible. In the present work, by incorporating the
electrical tuning, magnetic tuning as well the hybrid tuning, the proposed cavity has
been investigated for various input parameters (combinations of beam voltage, magnetic
field as well both) . Since, considering the limitations of time and complexities with
computational resources available, for the present work, the beam wave interaction

studies are carried out with help of the time dependent multimode theory and are

discussed in detail in the following section.

_Ib=100 mA
—--Ib=200 mA
1 —--Ib=300 mA
b=400 mA
- .Ib=500 mA
=600 mA

5¥1.5

% of Votage depression

12 13 14 15 16 17
Beam Voltage \I'b kv

Figure 5.6: % of voltage depression versus beam voltages for the various beam current

values.
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5.4. Analytical Studies of the Beam-Wave Interaction

The cold cavity analysis in the former section confirms that the interaction
structure is suitable for generating the high order axial mode profiles of g = 1 to 6. The
mode profile of various axial variations with the resonating frequencies mentioned in
table that allows a possible tunable bandwidth of > 2.3 GHz. In the present work, the
beam wave interaction studies for the proposed cavity have been performed using the
nonlinear time dependent multimode theory discussed in Chapter 3. For the beam
interaction studies, considering the field profile h (z) at various ¢, the multimode
analysis theory has been carried out performed for various beam parameters. With beam
current of 400 mA, the initial beam wave interaction studies are done and later on the
beam current have been reduced in the steps and finally the beam currents are settled to

20 mA.

5.4.1. Investigations via Magnetic Tuning

Like presented in chapter 3 and Chapter 4, the beam wave interaction studies are
carried out by considering 32 beamlets and 32 electrons for each beam let. The
investigation are started by providing beam currents, I, = 0.4 A, the tunability of
proposed RF interaction of gyrotron are investigated by magnetic as well as electrical
tuning for 400 MHz DNP-NMR spectroscopies.

Considering the magnetic tuning first, the magnetic fields along the interaction
structure is varied in order to tune the mode of operation at different frequencies. The
output power developed in the interaction mode, TEs 34 for q =1 to 6 for the interaction
structure tabulated in Table 5.2 are performed. In Figure 5.7, in addition to RF output
power level, the oscillation frequencies of various axial modes are also shown with
respect to the magnetic field. Initially, considering I, = 400 mA, the beam wave

interactions are carried out. Later, the beam currents are reduce in steps and the RF
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power levels and corresponding frequencies at beam current 20 mA are calculated and

are plotted in Figure 5.8.

Table 5.4: Magnetic tuning parameters at I, = 400 mA

Axial Frequency | Magnetic Beam RF Output Quiff,q
Variation, q (GH2) Field (T) | Voltage (kV) | Power (kW) | Quality factor
1 262.9780 9.6050 15 1.0516 14500
2 263.1817 9.6120 15 1.001 3510
3 263.523 9.6255 15 0.9891 1560
4 264 9.64159 15 0.9871 890
5 264.620 9.6675 15 0.881 562
6 265.370 9.7005 15 0.490 412
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Magnetic Field B (T)
Figure 5.7: Operating frequencies and RF power levels for various axial variations, q

=1 to 6 in magnetic tuning at I, = 400mA.
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Figure 5.8: Operating frequencies and RF power levels for various axial variations, q =

1to 6 in magnetic tuning at I, =20 mA.
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5.4.2. Investigations via Electrical Tuning

Secondly, the tunability of the proposed design is studied for beam voltage
variations namely electrical tuning. As per the beam voltage variations, the RF power
developed in interaction cavity mode TEs3q, from q = 1 to 6, is tabulated in Table 5.5,
which gives the various RF power levels for different axial variation modes at various

oscillating frequencies.

Table 5.5: Electrical tuning parameters

Axial | Frequency | Magnetic Beam RF Output Quiff
Mode q (GH2) Field (T) | Voltage (kV) | Power (kW) | Quality factor
1 262.9780 9.605 15 1.0516 14500
2 263.1817 9.605 14.590285 0.9862 3510
3 263.523 9.605 13.904195 0.9732 1560
4 264 9.605 12.9538 0.9079 890
5 264.620 9.605 11.734129 0.8085 562
6 265.370 9.605 10.244976 0.7039 412

It can be observed from Figures 5.9 and 5.10 that variations in the RF power
output as well as oscillating frequencies with respect to the variations in the beam

voltage at I, =400 mA as well 1, =25 mA.

#4# RF power
1.05 <+ Frequency 2656

-4 265.2
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- 264
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263.6
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262.8

10 105 11 115 12 125 13 135 14 145 15
Beam voltages V(kV)

Figure 5.9: Resonant frequencies and RF power levels for various axial variations, Q

=11to 6 in electrical tuning at I,= 400 mA.
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It can be further observed that, the magnetic tuning results good amount of
power over electrical tuning even though both tuning mechanisms resulting a significant

amount power more than 490 W at I, = 400 mA as well around 50W threshold power at

I, = 0.02A.
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Figure 5.10: Resonant frequencies and RF power levels for various axial variations, ¢
=110 6 in electrical tuning at Ib =20 mA.

55. Output RF Window

For the present work too, a single disc type RF window has been chosen for transmitting
the generated RF power in the device to the output transmission line. Considering the
broadband tunability nature of RF output, the design has been carried for several disc
thicknesses dw. As well, since the generated RF power does not cause any thermal
deformations so no cooling has been necessary. For the present case, a SiO, Corning
7980 UV has been chose as a window material. The material properties have been

tabulated in Table 5.6 [Mandal et al. (2015) and Gray et al. (2008)].

Table 5.6: SiO, Window for TEs 3 o mode

Window . )
. . . do, disk thick
Material radius Pe rmittivity Loss tangent ness at N=1
Rwin
SiO, 25.75 mm 3.9 115%107° 0.2888 mm
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By means of the analysis presented in Chapter 2, the transmission T(dB) and
reflection characteristics R (dB) of output RF window versus frequencies at various disc
thicknesses dy has been investigated .

The disc thickness is given by

d, = where d, —L (5.7)

o J_ AN
where N is an integer and varies, 1, 2, 3, 4, ... etc
In the present work, N has been has been varied from 1 to 8 for identification of
suitable disc thickness. The window has been designed by assuming the generated RF
power is in TEMgo mode at the RF window. The radius of the window is chosen as
25.75 mm, even though the radius of the RF window does not effect in case of TEMgo

mode.

The resulted reflection and transmission characteristics versus frequency for

various thicknesses are plotted in Figures 5.11 and 5.12.
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Figure 5.11: Reflection characteristics R (dB) versus frequency (GHz) at various disc

thickness dy = N* dgp of window radius thickness.
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Transmission coefficient T (dB)
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Figure 5.12: Transmission characteristics T (dB) wversus frequency (GHz) at various
disc thickness dw = N*do.

It can be observed that the variation in the disc thickness are effecting the
transmission characteristics of maximum variation of 0.25dB per do variation multiple
whereas the reflection characteristics all are having minimum value at 263 GHz and the
amount of reflection increases with the disc thickness. By observing, the window

thickness has been chosen for N = 4, i. e., dy = 1.155 mm for the window radius of

25.75 mm.

5.6. Conclusions

The design constraints, design and analysis of RF interaction cavity structure of the
tunable gyrotrons for the DNP-NMR spectroscopy applications are presented. Initially,
for the operated mode TEs3q the RF interaction structure has been determined by
solving single mode Vlasov approximation for various cavity geometries and are
optimized. Later, for identifying the minimum beam currents and various competing

modes, the linear theory of gyrotrons has been used and the corresponding parameters
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for various axial mode indices of the operating mode are determined. As of now, the
time dependent multimode theory has been used for deciding the working modes with
single axial mode index, i. e.,, g = 1. By amending necessary changes to the time
dependent multimode theory, i. e., updating Gaussian profiles to the actual h(z) profiles
for various axial mode, variations of the beam wave interactions are carried out. The
magnetic and electrical tuning techniques have been implemented for achieving the
broadband tunability. In case of magnetic tuning, by varying a B(z) from 9.6005 T to
9.7005 T, a continuous frequency band of 2.4 GHz has been observed. For the case of
electrical tuning technique, by down shifting the beam wvoltage from 15 kV to 10.245
kV, a continuous tunability of 2.4 GHz has been achieved with threshold of output
power >20 W. All the analysis has been carried out considering zero spread in the beam
as well no misalignments in between the beam optical axis and microwave circuit axis.
Since, the generated output power is very less that it does not cause severe deformations
in the structure by ohmic losses so the thermal analysis has not been performed.

As well as, the output RF window that acts as shielding between the vacuumed
and outside transmission system has been designed using SiO, Corning 7980 UV as
material. For various cavity thicknesses, the reflection and transmission characteristics
of the window wversus frequency have been performed and the optimized window

parameters are determined.
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6.1. Introduction

As discussed in Chapter 5, Dynamic Nuclear polarization (DNP) enhanced NMR
spectroscopy desires to have a wide tunable RF source for better sensitivity required for
material characterization. Keeping this as our goal, using the knowledge acquired in
Chapter 5, in the current Chapter, we have revisited an experimental reported gyrotron
device that operates on TEp 3 mode at 140GHz for 212MHz DNP-NMR applications by
Joyce et al. 2006. It has been reported that the tunability of the RF source had been
achieved by magnetic as well thermal tuning techniques. In addition, it was observed
that, the gun is able to generate the maximum beam current of 25mA as well the device
has been operated upto second order axial mode g = 2 mode in the ideal condition. For
low power tunable gyrotrons, the device can be operated in the axial mode index q from
1 to 6, that able to generate a minimum threshold power over a wide continuous
frequency range without variation of m and p indices of the mode. For this, one possible
way is to design longer interaction cavities thereby achieving magnetic as well electrical
tuning techniques.

In this Chapter, an experimentally demonstrated low power gyrotron operating
with beam wvoltage 12.3 kV and current 25mA at 140GHz for 212 MHz DNP NMR
spectroscopy reported by Joyce et al. 2006 is revisited and its RF cavity design is
suitably modified to enhance device tunable bandwidth by magnetic tuning. By the help
of the concepts described in Chapter 5 of this thesis, for the reported RF cavity
geometry with the beam parameters, the cold cavity RF characteristics and the beam
wave interaction behaviour is studied as well as through PIC simulation studies are also
performed using a commercial PIC code “CST Studio Suite”.

As the reported gyrotron has a limited tunable bandwidth via magnetic tuning

and only thermal tuning is used. From the knowledge of the Chapter 5 about lengthy
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interaction space, with the aim of achieving wider device tunable bandwidth, the tapered
cylindrical RF interaction cavity is suitably modified such that in addition to thermal
tuning, the magnetic tuning can also be achieved by operating the device in the high
order axial operating modes using the same beam parameters. The operating mode is
considered here as TEoz3q With a target of more tunable bandwidth through magnetic
tuning as well. With the modified RF cavity, the cold cavity analysis and its electron-
beam and RF-wave interaction behaviour studies through analysis as well as PIC
simulations at various beam currents and magnetic fields are carried out.

Chapter 6; is organized as follows: for confirmation about the possible axial
operating modes q, the cold cavity analysis and the start oscillation current Is,c curves
that provide information for the state of the mode oscillation at various magnetic fields
are done. Followed by the determination of RF field profiles, diffractive quality factors
and resonant frequency calculations under beam absent conditions for the reported
cavity and the modified cavity. The beam wave interaction mechanism in the RF
cavities for various modes are studied using time dependent, non-linear, multimode
theory and the same the beam wave interaction mechanisms are simulated through PIC
simulation code of Commercially CST and presented. A conclusion that summarizes the

current chapter is presented at the end.

6.2. RF Interaction Cavity Design Modification

An RF source generates the RF energy by interacting with DC electron beam. Suitable
environments are required for the successful and sustainable RF radiations with desired
characteristics conditions that include selection of appropriate beam parameters, and the
space that allows the interaction between electron beam and RF wave, i.e., Interaction

region.
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A conventional, tapered cylindrical RF interaction cavity is taken as the
interaction structure in the present design. As discussed in Chapter 5, the design and
optimization of an RF interaction cavity requires the knowledge of axial RF field
profiles Vmp(z), resonating frequencies fres, and its diffractive quality factor Quirr that
gives the information about the amount of RF power diffracted from cavity.

For broadband tunable gyrotrons, it is advantageous to design the RF cavity
which operates in the mode over a range of frequency, i.e., TEmpq Where the axial
mode index q changes usually from 1, 2, 3 etc. This kind of implementation eases the
design of the post RF interaction cavity components, i.e., nonlinear taper, collector and
the RF window for the collecting and guiding the generated RF power simpler since the
mode has same azimuthal and radial variations. Usually a longer interaction cavity
section is chosen with Lc is of few tens of wavelengths for the smooth transitions over
axial mode indices as frequency varies. Longer interaction cavities yield higher Q
values. The diffractive quality factor Quitrq for the various axial mode indices are related

to fundamental Quirr1 as [Hornstein et al. (2004)]

Quitr -
Qdiff,q ~ dcf;éq = (6.1)

As the axial mode indices increases, the corresponding diffractive quality factor
reduces by a factor of ~q® and it indicates about the amount of power generation is
reduces too that makes the generation of stable power over tunable band of frequencies
challenging. In the present work, as stated above, the RF interaction cavity designed for
the 212 MHz DNP-NMR spectroscopy applications is considered; the beam and
geometrical parameters are given in Tables 6.1 and 6.2. The axial RF field profiles

Vmp(2), resonating frequencies and corresponding diffractive quality factors Qgirr, under

193



CHAPTER 6

beam absent conditions are determined by solving Vlasov approximation equations like

done so far.

Table 6.1: Design beam parameters of Joye et al. (2006)

Parameter Value
Frequency f 139.65 GHz
Output power Poyt >10W
Beam voltage Vp 12.3 kV
Magnetic field atthe cavity By 506-512T
Pitch factor a 1.6
Harmonic number, s 1
Beam current Iy 25 mA

Table 6.2: RF Interaction cavity dimensions of Joye et al. (2006)

Parameter Value
Cavity radius R; 3.48 mm
Down taper length Lg 5.5 mm
Down taper angle 64 1"
Up taper length L, 36.25 mm
Up Taper angle 6Oyp 2°
Middle section Length L. 28.25 mm
Resonant Frequency fres 139.65 GHz
Diffractive quality factor Qjfs 6950

The normalized axial RF field profiles, for various possible axial modes of the

reported parameters, g = 1, 2, and 3 with resonant frequencies along radius profile R(z)

194



CHAPTER 6

are shown in Figure 6.1. The calculated and reported resonant frequencies fres as well

diffractive quality factors

Quiff

for various axial mode indices are tabulated in Table

6.3. Even though there was no mention about the existence of the axial mode index 3

but we observed the existence of it through our calculation and the corresponding

details are tabulated too.

Table 6.3: Tailored RF cavity parameters

Reported | Calculated | Reported | Calculated
Mode
fres (GHZ) | fres (GH2) Quitf Quitf
TEosz1 | 139.650 139.647 6950 6950
TEos2 | 139.870 139.841 1750 1750
TEps3 | Notstated | 140.241 | Not stated 810
6 1.2
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Figure 6.1: Normalized cold cavity axial RF field amplitude profiles for various axial

mode indices TEp3q, Where g =1, 2, 3 of Joye et al. (2006).

The possibility of oscillation of various modes in the cavity with respect to

magnetic fields, subjected to the given beam parameters are assessed by calculating the

start oscillation current curves

ISOC-

By varying the background DC magnetic field from

5 T to 5.2 T, the start oscillation current curves Isoc values for the operating mode TEg 3 q
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at various axial indices q are calculated and are plotted in Figure. 6.2. It can be observed
that the minimum current required for oscillation of the TEg3q, at @ = 1 and q = 2, is less
than 20 mA, whereas for the @ = 3 mode is above 35 mA. Since, the electron gun under
consideration is limited to supply the beam current of maximum 25 mA so it confirms
the oscillation and growth of the high order axial modes are unattainable of mode TEj 3
with g = 3 due to magnetic tuning and even for the excitation of g = 2 mode is also
challenging with given dimensions and beam parameters. Due to this limitation, the
tuning of the device was achieved by varying the temperature of the coolant at the outer
walls of the cavity thereby changes in the radius profile of the structure R (z) and that
affects the operating frequency, ie., via thermal tuning. It was mentioned that

0.2MHz/K is observed as per thermal cooling technique for the present design.
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Figure 6.2: Start oscillation current ls,c (MA) versus DC magnetic field B (T) plots of
TEo 3, for different axial mode indices q of Joye et al.(2006).

But if we are able to operate the device even in high order axial modes (q > 2),
the tunable bandwidth of the device can be improved. Targeting the enhancement of the
tunable bandwidth as the priority, the dimensions of the RF interaction cavity can be
modified keeping the same beam parameters, such that the device is able to operate in
high order axial mode indices further. Considering the fact of longer cavities allows
device to operate with low beam currents as well scope for exciting the high order axial
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modes by with the surrendering the longer Q values. Since, the electron gun is limited
of beam woltage 12.3 kV and beam current up to 25mA, the tailoring the cavity
dimensions such that the device is able to operate for low beam currents I, as well high

axial mode operation.

The RF interaction cavity analysis using Single mode Vlasov approximation in
the absence of beam is carried by considering various cavity geometrical combinations
and the optimized modified dimensions are listed in Table 6.4. The corresponding RF
characteristics, namely, fres, Quirr Of the various axial modes are tabulated in Table 6.5

and compared with the cold cavity characteristics reported by Joye et al. (2006).

Table 6.4: Modified RF interaction cavity parameters

Parameters Value
Cavity radius R; 3.48 mm
Down taper length Lg 10.5 mm
Down taper angle 6q 1°
Up taper length L, 36.25 mm
Up taper angle 6yp 1°
Middle section length L. 35.25 mm
Resonant frequency fres 139.62 GHz
Magnetic field B 505-520T
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Table 6.5: Resonating frequency fresand diffractive quality factor Qgis of modified

cavity
Reported fs | Calculated

Mode

(GH2) Quiff
TEo31 139.62 10100
TEo32 139.771 2570
TEo33 140.0207 1152
TEo34 140.368 652

The cold cavity axial RF field profiles Vmp(z) along with radius profile R(z) of

the modified cavity geometry are shown in Figure 6.3.

Assigning the same beam

parameters, for the modified interaction cavity, the start oscillation current curves lsoc

are calculated over a range of magnetic fields B and are plotted in Figure. 6.4. It can be

observed from the analysis that the minimum current required for the oscillation of the

axial mode indices for g = 1, 2 and 3 is less than 20mA whereas for the axial mode q =

4,1t is at the verge of 25mA.
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Figure 6.3: Normalized cold cavity axial RF field amplitude profiles of modified

cavities for various axial mode indices TEg3q, for =1, 2, 3, and 4.
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Figure 6.4: Start oscillation current Isoc (A) versus DC magnetic field B in (T) plots for
different axial operating modes of TEgzq for modified RF cavity

dimensions.

From the curves, it can be observed that the minimum values of I, are reduced
as compared with those reported by Joye et al.(2006), as well the excitation of axial
mode index up to g = 3 is achievable since the minimum current required is well less
than 25 mA. The longer interaction cavities allow more interaction space thereby
chances of more electron beam and RF wave interaction results higher output power
with proper tailoring of the cavity dimensions. These are examined by studying the
beam wave interaction behaviour that gives information about the temporal growth of
the RF power using time dependent multimode theory as well obtained through 3D PIC
simulation codes. A commercially available code “CST studio suite” is reconfigured
and used for this purpose. The details of the electron beam-wave interaction studies for
both the interaction cavities are carried and presented in in the following section.
Though, the uptaper angle is less than the reported cavity, but the generated RF power
from the RF cavity is transmitted by choosing a suitable NLT section, QOMC sections

and is kept out of the scope of the present research work.
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6.3. Beam-Wave Interaction Exploration

As discussed in the previous chapters about the beam wave interaction importance and
the procedure to calculate it, using the same theory and way the beam wave interaction
analysis and PIC simulations are carried out for both the reported and the modified
cavity dimensions with the same beam parameters. The main details of our finding are

discussed as follows.

6.3.1. Time-dependent multimode analysis

In the present study, selecting a uniform background DC magnetic field profile
B(z) along the interaction length, the coupled equations are numerically integrated using
fourth order Runge-Kutta method. A 12.3 kV DC voltage is applied to a uniformly
distributed gyrating electron beam carrying a current of 25mA having 16 beamlets with
16 electrons in each beamlets. For the operating and its neighbouring modes, like, TE; 3,
TEp», the beam-wave interaction calculations are done. Taking various magnetic field
values, the temporal growth of RF powers in the output mode for both the designs with
respect to the time has been determined. The temporal growth of RF power in the main
mode TEp 31 for both the cavities are determined analytically and plotted in Figure.6.5.
The RF powers of the operating modes for various magnetic fields are calculated while
providing the various axial mode index profiles with the corresponding frequencies for
both the designs and are plotted in Figure. 6.5. For both cavities designs, the analytical

calculations are carried out by taking the beam current 25mA.
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Figure 6.5: Comparisons of RF power (a) versus time using multimode analysis and (b)
with respect to magnetic fields for cavities of Joye et al. (2006) and

modified design.

6.3.2. PIC simulation of the gyrotron

In addition to the non-linear multimode analysis, like in the Chapter 3 and 4, using
3D particle in cell solver, simulation of the electron beam and RF-wave interaction
mechanisms of the device is performed reconfiguring a commercial code “CST Studio
Suite” for both the cavity geometries. In the present study, the modelled is designed in
CST studio suite selecting OFHC copper as the cavity material with conductivity of
2.9x10" S/m by assigning suitable boundary conditions. A DC particle source is taken
for forming the gyrating electron beam with assigned parameters, and a uniform
magnetic field profile is applied along the device structure axis.

For observing the time varying behaviour of modes, various 3D E-field and H-
field monitors are placed with suitable boundary conditions. The PIC simulation has run
for 1000 ns and after the simulation time, by performing post processing steps, the

necessary information for confirmation of the device design has been carried out.

201



CHAPTER 6

1 — -
1
2 (a) ) (b) - )
B 09 Joye et al. (2006) £ 09 Modified cavity
5 =
% 0.8 = TEos31, fres=139.632GHz 1 ::' 0.8 | = TEg31,fres=139.615GHz |
2 o7 2 o7}
E 06| £ o6
© ©
E 05 % 0.5
w 04} s !
IE = 0.4
2 0.3 3 0.3 |
= N
E 0.2 g 0.2 |
s 0.1 5 0.1
2 2
0 10 20 30 40 50 60 70 0 10 20 30 40 50 60 70 80 90
Axial distance of interaction cavity z(mm) Axial distnace of interaction cavity z(mm)
9E-7 : : . . . 1.2E-6 @ T . .
o) — Joye et al. (2006) 1.1E6 | _f Mf;i;ge; ;g:tv
. T7.5E7 fr0s=139.632GHz = 1E6] res=T135 z
T I 9T
o :
g 6E-7 | £ 8E-7 |
= 2 T7ET}
[
3 45ET7 | T BET7[
2 ‘-;1 5E-7 |
E 3E7} E 4E7}
E E 3E-7 |
1.5E-7 | 2E-7 |
1E-7 |
0 0
130 135 140 145 150 130 135 140 145 150
Frequency (GHz) Frequency (GHz)

Figure 6.6: PIC Simulation results - (a-b) hot axial RF field profiles (c-d) frequency
response of the operating mode TEp 34 with axial index g = 1 for cavities

of Joye et al.(2006) and modified designs, respectively.

The PIC simulated results for both the designs at beam current I = 25 mA and
magnetic field 5.08 T are shown in Figures 6.9 and 6.7. The axial RF field profile in the
presence of the electron beam along with the fast Fourier transform of the mode is
shown in Figure 6.6. The temporal growth of mode amplitudes and the peak power

generated in the mode TEp 31 mode is shown in Figure 6.7.

It is found that the operating mode oscillates at 139.63 GHz for the reported
cavity dimensions and able to generate power of ~ 23W whereas for the modified cavity
it has been observed that a stable RF power of more than ~ 27W oscillating at 139.59

GHz in the fundamental axial mode of TEps1 for a beam current of 25 mA at magnetic
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field 5.08 T. The results are shown for the external magnetic field of a 5.08 T uniform

magnetic field along the interaction structure.
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Figure 6.7: PIC Simulation results - Temporal growth of mode TEpsi1 (@ - b)
amplitudes (c - d) power values for cavities reported design by Joye et al.

(2006) and as per our modified design, respectively.

Even an amount of more than 15W power is observed in the second axial mode
index of TEp 3, oscillating at 139.76 GHz for beam current of 25 mA at magnetic field
of 5.11 T. By operating the device in the high order axial modes, through magnetic

tuning, the operating bandwidth found to be enhanced.

6.4. Conclusions

A low power, tunable gyrotron operating in a TEg3q mode for 140 GHz DNP NMR
spectroscopy applications is explored to facilitate wider bandwidth with magnetic
tuning. The RF interaction cavity design has been tailored such that it can operate in the
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high order axial modes. The beam absent as well as beam present RF wave behaviour,
both analytical and Particle-in-Cell (PIC) simulation studies have been presented.
Gyrotron beam-wave interaction behaviour explored using time dependent non-linear
multi-mode analysis for various beam currents and magnetic fields and more than >15W
of RF power over a tunable bandwidth of 400MHz has been achieved through magnetic
field tuning for the tailored the interaction cavity. More than 15W RF power output over
a band of 400 MHz through magnetic tuning has been attained solely apart from thermal
tuning at beam currents of around 25 mA. The thermal tuning behaviour for the
modified cavity is kept beyond the scope of the present research. In addition, a 3D PIC
simulation for fundamental modes TEgs1, at beam currents 25mA for both the designs
have been carried out and it was found that the modified design gives more power
compared with reported design due to lengthy interaction space. Further, it was also
observed that, the time required for the growth of RF power gets reduced for the
modified cavity. This tunable bandwidth gyrotron design provides important application
for the enhancement of sensitivity of the DNP NMR spectroscopy.

Though, the cavity has been tailored for enhancement of bandwidth, but the
suitable after cavity components are also need to be designed such that the generated RF
quantity and is to carried to the output transmission system. Due to the tunability nature
of the RF quantity, the design of nonlinear taper, Quasi-optical mode converter as well
RF window becomes little bit complex and these are not kept within the scope of the

present research work.
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SUMMARY, CONCLUSION, AND FUTURE SCOPE

7.1. Summary and Conclusion

7.2. Limitations of the Present Work and Scope for Further Studies
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7.1. Summary and Conclusion

In the present dissertation, the design and analytical investigations of single frequency
as well tunable frequency gyrotron oscillators, a kind of fast wave device, operating in the
millimeter and sub millimeter frequency regime, have been carried out. Design study of the
gyrotron using tapered cylindrical type RF interaction structures operating for the single
frequency, medium power level gyrotrons operating in whispering gallery mode and
volumetric mode have been presented. The device designs for its electron-bean and RF-wave
interaction performance as well as thermal effects have been studies through analysis and
simulation.  For the first time, we have used single simulation tool for the gyrotron beam
wave interaction and thermal studies. We have also suggested modified device design to
mitigate the thermo-mechanical effect and its effect on the device RF performance are
investigated. ~ Followed by, the design and analysis of post interaction cavity components,
like, the nonlinear taper section, quasi optical mode launcher and the output RF windows for
transmission of the generated power in the interaction cavity to output transmission system
have been described. An afetrcavity interaction study for single frequency gyrotron oscillator
has also been carried by considering uniform axial magnetic field profiles. In addition, the
design and frequency tuning studies of low power, tunable frequency gyrotrons for DNP
enhanced NMR spectroscopies with electrical and magnetic tunings have been described in
detail. Necessary steps required for the device parameters selection, tapered cavity RF
interaction structure design of the tunable frequency gyrotrons have been presented. Further,

the RF window used for the tunable frequency RF extraction has also been discussed.

In Chapter 1, with the introduction of gyro-devices evolution and literature review of
high and low power gyrotrons operating in the single frequency and tunable frequency,

respectively.  Operating principle, and sub-assemblies of the gyrotron oscillators have been
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presented. Thereafter, various output couplings used in the gyrotrons and their advantages as
well challenges have been presented. The applications of various power level gyrotrons
generating RF radiation at single and tunable frequencies are discussed. The motivation of the

present research and the organization of the thesis are drawn at the end.

With the knowledge of the implementation of the radial output type couplings in high
power, high frequency gyrotron oscillators, in Chapter 2, the components, i.e., quasi optical
mode converters that are responsible down converting interaction mode into low free space
Gaussian like mode TEMgo for radial output couplings have been presented. Starts with the
brief theory for the representation of interaction cavity mode TEq, into group of rays used for
the design of the quasi optical launcher, a part of mode converter followed by various types
of QOM converters, i.e., Vlasov type and Denisov type are discussed. The dimensions of the
Vlasov launchers for the 95GHz, 100kW TEg, and TEjp 4 modes gyrotrons, a single frequency
medium power level rating, to be presented in the Chapter 3 and 4 of this thesis are
determined. Observing the limitations and design considerations of Vlasov type converters,
in the present work, Denisov type launchers have been chosen for radial output couplings. A
brief notes on the coupled mode theory used for the analysis of Denisov type launchers have

also been presented.

Usually, the quasi optical mode converters used for the radial output couplings are
designed and optimized by widely accepted commercial software’s LOT and SURF3D
developed Calabaza’s Creek. Considering its unavailability with respect to cost with
researcher, we developed our own numerical code in the Matlab domain based on the theories
available in various literatures for the study of quasi optical launchers as of now. The code
has been validated by calculating the mode variation profiles and the wall intensity field for
the TE,, 6, 110GHz gyrotron developed by Blank (1994). Thereafter, the optimization of the

Denisov launchers for the TEjg4, 95GHz 100kW by inspecting the mode variation profiles
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along the launcher followed by wall field intensity profiles have been performed successfully,

with ~ 99% accuracy.

Further in this Chapter 2, the analysis and design of single disc type output RF
windows for various type of operating modes, i. e., TEmn, TMmn and TEMgo have been
presented in detail. Then, considering several window materials, the RF window for TEjg 4.,
95GHz has been designed by inspecting the transmission and reflection characteristics versus

frequency at various disc thicknesses.

By knowing the role of gyrotron oscillators in security applications as a potential RF
source for active denial system applications that operates in W-band; in Chapter 3, design and
analysis of a tapered cylindrical cavity gyrotron oscillator has been presented. Considering
the operating mode TEs» as well as beam parameters by VGB 8095 gyrotron, given by CPI,
USA, the design and analysis of RF interaction structure has been presented. By solving the
single mode Vlasov approximation equation, the suitable interaction cavity dimensions are
obtained and verified with published data. Thereafter, for the interaction cavity combinations,
using non-linear, time dependent mulimode analysis reported by Fliflet et al., widely
accepted theory for the beam wave interaction studies of gyrotrons, a self-consistent code has
been indigenously developed and used for the analytical study of the designed gyrotron. For
the same beam and cavity combinations, using PIC solver code of Commercial “CST Studio
Suite”, the gyrotron model has been designed. The beam wave interactions are investigated
for different combinations of input parameters by considering a uniform axial magnetic field
profile. The generated RF power and efficiency curves of the designed interaction cavity are
found in good agreement. In practical circumstances, the occurrence of velocity spreads in
the beam as well beam misalignments are inevitable though in small amounts. Considering
this, the beam wave interaction studies are carried out using 3D PIC simulation. It has also

been observed that a small shift in the beam optical axis affects severally on the performance
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of the system and limits the margin of dimensional tolerances. By RF studies, the interaction
cavity dimensions that are responsible for the growth of RF power with desire qualities of
100kW at 95GHz are determined and optimized. But, due to metallic nature of the cavity
walls, the generated RF power leads ohmic losses in the structure that acts as heat load there
by thermal effects that causes mechanical deformations of structure which plays critical role
in the RF performance of device. Therefore, for the present medium power level, the thermo-
mechanical effects and its effect on the RF performance are investigated considering the
cavity material conductivity as 5.8e7 S/m (an ideal value). The thermo mechanical effects
and design of optimized cooling system parameters are determined by COMSOL
Multiphysics by providing the generated ohmic losses as heat load. For the present work,
instead of allowing coolant with different velocities and temperatures on the outer walls, by
varying convective heat transfer coefficient, and providing extended heat surfaces called fins
over the middle section the cavity, the cooling system has been optimized. The required
coolant parameters for achieving the optimized heat transfer coefficient are determined. The
RF studies of interaction cavity after taking the optimized thermal system effects are studied

and the variations in the RF performance are under tolerable limits of the design.

In Chapter 3, the RF simulation study using commercial 3D PIC code “CST Studio
Suite” and thermo-mechanical studies using commercial PIC code “COMSOL Multiphysics”
have been carried out. It has been observed that, the thermal effects due to ohmic losses limits
the margins of cavity dimensions tolerances and that necessitates the presence of cooling
maintenance system for the high power devices. As well as, the shifts in the electron beam,
I. e., misalignment of the beam axis with respect to cavity axis, have also been found to limit
the device performance. Since, the dimensional and beam radius variations are also get scales
with operating modes, so lower order mode gives small margin of tolerances, even though

mode like, TEs, is widely used at 95GHz frequency for 100 kW gyrotron, but observing
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these effects, we wants to investigate the advantages as well as challenges by operating this
specification gyrotron device in the higher order volumetric modes, which is so far not fully

explored and reported in the published literature, at least not accessible to us.

Considering the challenges and issues related to thermo-mechanical deformations and
misalignments, in Chapter 4, we designed, analyzed and simulated the same rating gyrotron
device that operates in a relatively higher order mode TEjg4- that allows a wide transverse
dimensions thereby more relaxation regarding thermal issues as well as it could also be
upgraded to higher power levels too. In the literature, Krishna et al. (2011), have started the
mode selection and the analysis of RF interaction cavity in the absence of electron beam
though not dealt with the beam-wave interaction studies that includes RF analysis and
thermo-mechanical analysis as well the post interaction components, like, nonlinear taper,
and RF window designs were not reported. Considering this gap, as well as the goals
mentioned in Chapter 3, in the present work, the design, analysis and simulated the device
and its RF interaction cavity that gives the desired power in the operating mode TEjp4 and

larger dimension relaxes the thermo-mechanical issues are presented.

After the RF interaction cavity design, to ensure stable device operation at the desired
oscillation frequency, the beam wave interaction studies of the cavity by adding a raised
cosine type non-linear taper (NLT) has been carried-out for the axial uniform magnetic
profile. By extending the single mode Vlasov approximation equation, the suitable nonlinear
taper section has been determined by inspecting the cold cavity RF field profile (in the beam
absent condition). Then, the RF cavity and NLT section has been optimized through the beam
wave interaction studies. Since, the time dependent multimode theory proposed by the Fliflet
et al., have been used so far considering the uniform section of the cavity with ideal Gaussian
beam. In the present work, we extended it by incorporating the actual field profile and is

calculated by solving the Vlasov approximation equation to the combined RF cavity and NLT
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geometry. For the same, using the PIC code of Commercial CST Studio Suite, the beam
wave interaction simulations are carried out with uniform DC magnetic field profile. The
analytical results calculated from the updated time dependent theory as well from the
simulations are found in good agreement. Observing the beam wave interaction calculations
after adding the NLT section, it is found that a less uptaper with longer NLT section results
early growth of RF power. In addition, observing the effect of beam misalignments on the
beam coupling to the TEn, mode, the additional coupling term has been incorporated to the
time dependent multimode theory that allows successfully, the effect of misalignments on the
beam wave interactions. The analytical and the simulated results for various offset in the
beam axis with respect to the cavity axis are calculated and both results are found in good
agreement. And it was found that for TEjo4 mode, the effect of beam widths on the RF
performance are very much less compared to that for the TEg, 95GHz gyrotron design.
Instead of performing the thermo-mechanical calculations using the code COMSOL
Multiphysics, for the present case, the thermo-mechanical analysis has been carried using
Steady state thermal solver as well Mechanical solver using single code, i.e., available in the
CST Studio Suite. As we targeted at the start of this chapter, Chapter 4, it was found the
amount of ohmic losses are very much less than that for the TEs> mode design though the
calculations are done by considering two different conductivities, and as well the design of
thermal system requires heat transfer coefficient value of 2000 with cavity thickness of 5 mm
with no cooling fins present, which can be achieved very easily. It has been found that the
frequency deviation in the gyrotron oscillation frequency without any cooling system in the
case of TEjp4 mode gyrotron operation are within the operational limit of the device. Though
to achieve the targeted power in the higher order mode, one needs to sacrifice with the device
efficiency to some extent. However, in future, by upgrading the design to high power levels

the compensation for the efficiency can be mitigated by no additional need of a thermal
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cooling system as well as less sensitivity to the electron beam misalignments and more

geometrical tolerances.

With the knowledge of studies made and reported Chapters 3 and 4 of this
dissertation, we shifted our research focus towards the design of low power tunable gyrotrons
for the DNP enhanced NMR applications by operating the device in the higher order axial
modes and are presented here in Chapter 5. Various tuning techniques used in gyrotrons are
discussed. In the present work, we have described the design methodology and designed an
RF interaction structure that is able to generate a minimum RF power of 20W over a band of
2.4GHz for TEs3, 263GHz gyrotron for the 400MHz DNP NMR spectroscopy applications.
In order to operate the device in higher order axial mode, a longer length interaction cavity
section are required that results a high quality factors at the same lowers the starts oscillation
currents of the modes. Considering the operating mode TEssq from the literature and the
design and analysis of RF interaction cavity are presented. In this Chapter too, by allowing
the actual field profiles calculated for the RF interaction cavity geometry from the Vlasov
approximation for the high order axial modes, the time dependent multimode theory has been
carried out at two beam currents 400mA and 20mA via electrical and magnetic tunings. It
was found that the designed cavity is able to generate the RF power levels of >20 W over a
band of 2.4GHz centered at 263GHz. Then considering a SiO2, as window material, a single
disc type RF window for the tunable frequency range has been designed by allowing various
disc thicknesses. Further. It was found that smaller disc thickness results good transmission
and reflection characteristics versus frequencies, however in the present case disc thickness

of 1.155 mm.

It has been seen and presented in Chapter 5 that longer integration cavities lower the
start oscillation current of mode excitation as well allows the excitation of high order axial

modes. An experimentally demonstrated low power tunable gyrotron operating in TEp 3 at
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140GHz, has been revisited and reported in Chapter 6 of this dissertation. Here, for this
device, its beam wave interaction studies by time dependent analysis as well as simulation
using PIC code of Commercial CST studio suite have been carried out. Later, keeping the
same beam parameters, and tailoring the reported RF interaction cavity such that excitation of
the higher order mode via magnetic tuning that results increment in the tuning bandwidth has
been demonstrated. It was found that an increment of 400MHz of bandwidth via magnetic

tuning can easily be achieved through such modifications in the device RF interaction cavity.

In the last chapter, Chapter 7, the work embodied in the present thesis are summarized
and the significant conclusions are drawn from the major findings. The limitations of the

present study are discussed pointing out the scope for the future work.

7.2. Limitations of the Present Work and Scope for Further Studies

In the present work, the mirror section of the quasi optical mode converter is not
studied analytically even though several theories are available to explore. But, one key way is
by solving the Stratton Chu integrals for the calculation of radiated fields from the launcher
on the mirrors, with the suitable numerical methods for fast and accurate calculations.
Though the RF window has been designed, the cavity thickness and type of window material
can be optimized furthermore by investigating the thermo mechanical behavior of the RF
windows due to the losses resulted from the generated RF power propagation. However the
time dependent multimode theory has been given for the tapered magnetic field type for the
interaction cavity, since, we have extended it for the after cavity interaction studies by taking
a uniform magnetic field profile, incorporating a magnetic field profile more accurate beam
wave interactions can be achieved. As well, instead of single tuning techniques, the design

can be investigated by allowing a hybrid tuning for the enhancement of tunable bandwidth.
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As well by incorporating the PBG type interaction actions, the tunability of the device can be

increased.
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