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Quasi-Optische Modenkonverter flur Gyrotrons
mit koaxialem Resonator

Zusammenfassung

Megawatt Gyrotrons werden in volumetrischen Moden hoher Ordnung betrieben.
Also ist es notwendig, quasi-optische Modenwandler zur Transformation der
Resonatormode in einen fundamentalen Gauf3’schen Strahl fiir die Transmission zur
Anwendung einzusetzen. Die vorliegende Arbeit beschéftigt sich mit der Synthese
von quasi-optischen Modenwandlern fiir das 170GHz, TE3419-Mode, 2MW, CW
Gyrotron mit koaxialem Resonator, das am Forschungszentrum Karlsruhe (FZK)
entwickelt wird. Diese Forschungsarbeit ist Teil des EFDA-Projekts (TW5-THHE-
CCGDS2) fiir den Internationalen Thermonuklearen Experimentalen Reaktor
(ITER).

Ein quasi-optischer Modenwandler ist die Kombination aus einer offenen
Hohlleiterantenne (Launcher) und einem Spiegelsystem. Die Verbesserung der
generellen Methode fiir das Design des Launchers mit Wandstorung zur Wandlung
in die fundamentale Gauf3’sche Mode wird beschrieben. Durch die verbesserte
Methode konnen kiirzere Launcher mit angepassten Amplituden der Stérung
ausgelegt werden. Diese Methode wird mit dem Design eines Launchers fiir die
TE226-Mode bei 118 GHz verifiziert.

Da bei der TEs419-Mode das Verhiltnis von Kaustikradius zu Resonatorradius 0.323
betrdgt, erhdlt man bei Darstellung der Mode in geometrischer Optik kein
geschlossenes oder fast geschlossenes Polygon im Querschnitt des Hohlleiters. In
diesem Fall liefert die generelle Methode zur Auslegung von Launchern keinen
reinen fundamentalen Gaul3’schen Strahl. Die Synthese von quasi-optischen
Modenwandlern fiir Gyrotrons wird hierbei sehr schwierig und es ist eine grof3e
Herausforderung einen Launcher mit einem reinen Gaul3’schen Strahl, hoher
Effektivitit der Konvertierung und geringen Verlusten auszulegen. Es wird eine
Phasenregel als Qualitétskriterium bei der Optimierung und die Wahl der Parameter
bei quasi-optischen Modenwandlern vorgeschlagen.

Fiir dieses Gyrotron werden Storungen hoherer Ordnung in der Wand des Launchers
vorgeschlagen. Der Launcher wird numerisch optimiert, die Felder an den Kanten
werden unterdriickt. Die Felder im Launcher werden gut durch die Reprisentation
der Moden wiedergegeben, das abgestrahlte Feld wird mittels des skalaren
Beugungsintergrals berechnet. Es bietet einen einfachen Weg fiir die Simulation der
Feldverteilung in einer Hohlleiterantenne mit offenem Ende und fiir die Berechnung



des abgestrahlten Feldes einer Hohlleiterantenne mit offenem Ende und geringen
Feldern an den Kanten.

Die Prozedur fiir die numerische Optimierung des Spiegelsystems ist verbessert
worden, die Toleranzbedingung von phasenkorrigierenden Spiegeln wurde
untersucht. Eine Effektivitit der Konversion von 95,8% in die fundamentale
Gaufl’sche Mode mit 20 mm Strahltaille und einer Leistungstransmission von 90%
wurden mit dem optimierten quasi-optischen Modenkonverter in der Ebene des
Fensters erreicht. Die Methoden zur Verbesserung der Anfangsbedingungen von
phasenkorrigierenden Spiegeln werden erforscht. Basierend auf den verbesserten
Anfangsbedingungen wurde das Spiegelsystem verbessert. Es wird erwartet, dass
damit die Leistungstransmission mehr als 95% in der Fensterebene ist.

il



Abstract

Megawatt gyrotrons operate in high-order volume cavity modes. Thus it is necessary
to use a quasi-optical mode converter to transform the operating mode into a
fundamental Gaussian beam for transmission and application of the generated high-
power millimeter waves. This work concentrates on the synthesis of the quasi-
optical mode converter for the 170GHz, TE3419-mode, 2MW, CW coaxial-cavity
gyrotron at Forchungszentrum Karlsruhe (FZK). The investigations are part of an
EFDA project (TWS5-THHE-CCGDS2) for the International Thermonuclear
Experimental Reactor (ITER).

A quasi-optical mode converter is the combination of an open waveguide antenna
(launcher) and a mirror system. The improvement of the general method for the
design of so-call dimpled-wall launcher to provide a good Gaussian mode content is
described. By means of the improved method, very shorter perturbation lengths can
be obtained with matched perturbation amplitudes. This method is verified through
the design of a launcher operating in the TE2, ¢ mode at 118 GHz.

For coaxial-cavity gyrotrons operating in very high-order cavity modes such as the
TEs419 mode, due to the ratio of caustic to cavity radius of 0.323, the ray-
representation of the TEss ;9 mode cannot form a closed or even almost closed
polygon in the cross-section of the launcher. In this case, the general method fails to
provide a dimpled-wall launcher to transform the high-order cavity mode into a
nearly Gaussian distribution. The synthesis of the quasi-optical mode converter for
this gyrotron becomes very difficult and is a great challenge to obtain a high quality
RF beam with high conversion efficiency and low power losses. The setting of
parameters used in the quasi-optical mode converter for this gyrotron is very critical.
A phase rule is proposed as a quality criterion for monitoring the optimization and
the choices of parameters of the quasi-optical mode converter.

High-order harmonics introduced to the launcher wall deformations are proposed for
this gyrotron. The launcher is numerically optimized, the fields on the cut edges are
suppressed. The fields in the launcher are well approximated by the waveguide
modes, the radiated fields are calculated using the scalar diffraction integral. It
provides a simple way for the simulation of the field distribution in an opened-end
waveguide antenna and for the calculation of the radiated field from the opened-end
waveguide antenna with low fields on the opened-end edges.

The procedure for the numerical optimization of the mirror system is improved, the

tolerance conditions of the phase correcting mirrors are investigated. A conversion
efficiency of 95.8% to the circular fundamental Gaussian distribution with 20mm

il



beam waist and power transmission of 90% are achieved in the window plane using
the optimized quasi-optical mode converter. The methods to ameliorate the initial
conditions of the phase correcting mirrors are explored. Based on the ameliorated
initial conditions, the mirror system can be improved and is anticipated to enhance
the power transmission to more than 95% in the window plane.

Index Terms: Gyrotron, quasi-optical (QO) mode converter, phase-correction,
mode conversion.

v
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Chapter 1 Introduction

Chapter 1 Introduction

In the electromagnetic spectrum, millimeter waves in the 30~300 GHz frequency
band occupy a somewhat unique position since there are very few types of sources
which can operate at high power. High power millimeter wave sources are
conventionally realized with vacuum electronics tubes and lasers. Lasers are
generally not capable of efficient operation beyond mid-infrared wavelengths, and
conventional RF sources also face serious handicaps due to the inverse frequency
scaling of their components. For klystrons, Traveling Wave Tubes (TWTs),
Backward Wave Oscillators (BWOs), and other slow-wave devices, since the sizes
of their interaction structures are in the order of the operating wavelength, it
becomes more and more difficult to manufacture and align the fragile components
as the operating wavelength decreases. At millimeter wavelengths these tubes
produce only a small output power due to the small interaction circuit volume. More
importantly, their small size results in the inability to handle high power levels or
current densities because ohmic heating and/or arcing result in the failure of the
device. As a result, such slow-wave sources are limited to frequencies of less than
100 GHz. Solid-state devices can generate power at microwave and millimeter-wave
region; however, the power of these devices is several orders of magnitude lower
than that of vacuum tubes. A comparison of the available output power from
vacuum tubes with the output power available from solid-state devices is shown in
Fig.1.1 [1]. Contrary to these tubes the resonance condition of the gyrotron is
defined by a magnetic field which allows a free choice of the resonator diameter.
Therefore gyrotrons can operate with low-loss higher-order volume modes.
Gyrotrons can produce electromagnetic radiation in the part of the electromagnetic
spectrum known as millimeter-submillimeter waves, near-millimeter waves or far-
infrared, and have the advantage that the output power is very high as shown in
Fig.1.1. Gyrotrons, or electron cyclotron masers, are able to produce continuous
millimeter waves in the MW-range and bridge the power gap between slow-wave
devices and lasers. They are capable of producing very high output power with
theoretical efficiencies of forty percent, thus being important sources for the
millimeter wave regime [2, 3].

1.1 Gyrotron

The cyclotron resonance masers (CRM) (the gyrotron family including the high
harmonic gyrotron, the gyroklystron, the gyroTWT, and the gyroBWO; the CARM
and the magnicon) were introduced in 1964 [4]. In CRMs the relativistic dependence
of the cyclotron frequency of electrons on their energy leads to coherent radiation of
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fast waves by the electrons gyrating in the external homogeneous magnetic field.
This effect (under certain conditions) may be very important even for subrelativistic
beams with 20-100 keV energy electrons. The gyrotron is the most practically
attractive variety of CRM. In 1967, the gyrotron was invented at IAP Nizhny
Novgorod by A.V. Gaponov-Grekhov, A.L. Goldenberg, V.A. Flyagin, and B.K.
Yulpatov, which delivered low output power of 6W [5].

107 —
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100 — CFA Gyrotron
10° |-
Gridded-tube,
helical TWT
3104 —  PPM focused
R helix TWT
]
z 100 _
3 Si BJT _
S Solenoid-
s \ focused
310 T iconintencimion CC-TWT
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1 E—
Vacuum devices —
-1
107 Solid-state devices —
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10-2 | | | |
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transit time diode
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high-electron-mobility transistor

BJT=bipolar junction transistor

CC-TWT=constant-current
traveling-wave tube

CFA=crossed-field amplifier PPM=periodic permanent-magnet

Figure 1.1: Continues power handling capacity from many solid state and tube devices as a function
of frequency [1].

Actually, the gyrotron is a CRM-monotron with specific electron-optical and
electrodynamic systems (see Fig.1.2). Since early 1970s, the output powers of
gyrotrons have been improved by Russian scientists by means of employing
magnetron injection guns and tapered, open-ended waveguide cavities that
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maximize the efficiency by tailoring the electric field distribution in the resonator
[5-13]. A magnetron-type electron gun which forms an annular electron beam was
suggested as the basic element of the electron-optical system. In such a system
electrons are emitted from the cathode under the action of the electric field produced
by the voltage applied between the cathode and the anode and move in the gradually
increasing magnetic field towards the interaction space. In this motion the electron
beam is adiabatically compressed. Part of the energy of the electron motion along
the lines of magnetic force is transformed into gyration energy which grows

according to the adiabatic invariant pgzym / B = const (Pyr is the orbital momentum

of particles), while the spread in transverse energies is minimized. As a result, a
substantial part of the kinetic energy of the electron beam at the input to the
interaction space placed in the region of a nearly homogeneous magnetic field is
related to the gyration of the particles and under appropriate conditions can be
consumed by the RF field. The intense magnetic field oriented along the beam axis
in the interaction cavity field causes the electrons to gyrate in small orbits around
their original path, producing a net helical trajectory (see Fig.1.3).

As a result of this helical motion, the electrons emit radiation. If the magnetic field
and the cavity are properly matched to the beam parameters, this radiation will
couple into a resonant cavity TE mode which is amplified. With sufficiently good
coupling and proper design, large amounts of monochromatic radiation can then be
extracted. The transmission quality of an electron beam in the beam-wave
interaction was investigated in [14-16], a method to enhance the efficiency of
gyrotrons by tapering the magnetic field was proposed in [16]. Since for such a fast-
wave device there is no requirement to couple into the fundamental waveguide
mode, the interaction cavity can be significantly larger than the wavelength of the
output radiation, thus avoiding the frequency-scaling problem associated with slow-
wave devices. The electrons leaving the interaction space can be collected for
energy recovery by a depressed collector.

For the first time the gyrotron was used to create plasmas in 1973, in Nizhny
Novgorod [17]. Historically, gyrotron research has been driven by a need for
electron cyclotron resonance heating (ECRH) of fusion plasmas. The use of high
wave heating power requires strong microwave tubes in the MW-range. Practically
every year, gyrotron developers showed higher and higher gyrotron operating
modes. Ten years ago the TE;s, mode (fifteen azimuth and four radial variations)
seemed to be a very high gyrotron mode [18]. Several years ago the TE;;¢ mode
was a favorite mode for gyrotron developers [19]. In the last years extremely high-
order modes like TEs; 17 were successfully used in gyrotrons [20]. Currently, the
development of gyrotrons is proceeding in two directions. One is the development of
high power, millimeter wavelength gyrotrons as power sources for ECRH of plasma,
electron-cyclotron current drive (ECCD), stability control and diagnostics of
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magnetically confined plasmas for generation of energy by controlled thermonuclear
fusion in tokamaks and stellarators as well as for industrial technologies such as
sintering of advanced ceramics. The second direction is the development of high-
frequency, medium-power gyrotrons used, for example, as millimeter-to-
submillimeter wavelength sources for plasma scattering diagnostics measurements
and electron spin resonance (ESR) experiments [21].

Nuclear fusion represents a most promising option for an independent, sustainable,
inherently safe and clean source for future global energy supply. ECRH and ECCD
have proven to be well-established heating and current drive methods for both
tokamaks [22-28] and stellarators [28-37]. Long pulse and continuous wave (CW)
gyrotron oscillators delivering output powers of 100-960 kW at frequencies between
28 and 170 GHz have been used very successfully in the thermonuclear fusion
research for plasma ionization and startup, ECRH and local current density profile
control by non-inductive ECCD at system power levels up to 4.5 MW [38].

Gyrotrons are widely used as microwave sources for ECRH in stellarators, such as
in Wendelstein 7-AS and Wendelstein 7-X (Germany), NCSX and HSX (USA),
LHD (Japan), H-1 (Australia), etc. ECRH and ECCD are important tools for plasma
devices especially for stellarators, as they provide both net current free plasma start
up from the neutral filling gas and efficient heating of the plasma to the high
temperatures required for thermonuclear fusion [39,40]. The development of ECRH
is closely linked to the development of stellarators, and one of the key issues for
stellarators is the development and demonstration of high-power gyrotrons with CW
capability. A TEsss mode, 140 GHz gyrotron with 1 MW output power for
continuous-wave operation (30min) has been developed at FZK for the stellarator
Wendelstein 7-X at IPP Greifswald [41].

Fast-frequency tunable gyrotrons are of interest for controlling instabilities in
magnetically confined plasmas in large fusion reactors. The confining magnetic field
depends on the radial position in tokamaks and stellarators. Hence, the electron
cyclotron resonance interaction between the RF wave and the plasma electrons
occurs only in a small plasma layer where the resonance condition is approximately
fulfilled. Other plasma flux surfaces can be reached by a change of the gyrotron
frequency or by mechanically steerable mirrors in the plasma vessel making use of
the Doppler shift. Since it is difficult to find a mounting for such mirrors that can
withstand the torque during a plasma disruption and since a reduction of the number
of movable parts (flexible cooling pipes) inside the plasma vessel is desired, the first
solution is more advantageous [42]. A step-tunable 105-140 GHz, 1 MW, 10s
gyrotron is under development at IAP Nizhny Novgorod/Gycon with collaboration
of FZK for the ASDEX-Upgrade tokamak at IPP Greifswald [43].
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Fig.1.2 Schematic drawing of gyrotron with different output coupling system.

Fig.1.3 Principle of the field-electron interaction in the resonator of gyrotron.
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Table 1.1 Present experimental development status of short pulse
(3 ps - 15 ps) coaxial-cavity gyrotron oscillators.

Institution Frequency Mode Power Efficiency Corrug.Cavity
[GHz] cavity output [MW] [%] inner outer
FZK Karlsruhe 137.78 TE27,16 TE27,16 1.03 243 yes no
Pulse length < 100 ms 139.96 TEos,16 TE2s,16 1.17 272 yes no
TEMgo 0.95 20 yes no
0.95 29(SDC)
(dual beam output)
142.02 TEx9,16 TEx9,16 1.04 24.4 yes no
138.70 TE»7,14 TEM, 1.14 26.1 yes no
146.70 TEos,15 TEMyo 1.13 25.6 yes no
156.90 TE30,16 TEM, 1.24 254 yes no
164.98 TEs1,17 TEs1,17 1.17 26.7 yes no
TEMyo 2.2 28 yes no
(single-beam output)
1.5 30 yes no
1.5 48(SDC) yes no
167.14 TEs2,17 TEMgo 1.22 25.6 yes no
170 TE34,19 TEM, 1.2 20 yes no
IAP, Nizhny Novgorod 45 TEs, TEs, 1.25 43 no no
Pulse length < 0.1 ms 100 TE2i 18 TE2i 18 1.0 35 yes no
0.5 20 no no
100 TEjs,13 TEjs,13 2.1 30 no no
1.6 38 no no
103 TEx,13 TEx,13 1.0 40 yes
0.7 30 yes
0.3 14 no
110 TE 7, TE7, 0.7 25 no
110 TE20,13 TEx0,13 1.15 35 yes
110 TE2i 13 TE2i 13 1.0 35 yes
140 TEos,16 TE2s,16 1.5 33.5 yes
1.15 50(SDC) yes
TE76, 1.17 352 yes
TEMgo 1.1 30 yes
(dual-beam output)
224 (2Q,) TEs38 TEs38 0.1 11 yes no
IAP, FZK Karlsruhe 133 TE»7.15 TE27,15 1.3 29 no no
Pulse length 30 us 140 TEos,16 TE2s,16 1.0 23 no no
MIT, Cambridge 137 TEzs 11 TEMyo 0.5 7.5 no no
Pulse length 3 us 139.6 TEz6.11 TEMgo 0.9 13 no no
142.2 TEz711 TEM, 1.0 14.5 no no
140 TE2 13 TEMyo 0.5 7.5 no no
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The tokamak experiment International Thermonuclear Experimental Reactor (ITER)
is the next step towards a fusion reactor. Reactor-relevant plasmas require
microwave systems in a frequency range of 100-170 GHz with 25-50 MW total
output power for heating, current drive and magnetohydrodynamic (MHD) control.
It is foreseen to inject 20 MW-CW at 170 GHz using gyrotrons as electromagnetic
wave sources. Obviously, a higher unit power (~ 2 MW/gyrotron) is highly desirable
since such a tube would strongly reduce the total cost and result in a simpler system,
the output power per gyrotron should be as high as possible in stationary operation.
Gyrotrons, with coaxial cavities are able to generate power in the 2MW level [20].

At FZK the development work on coaxial-cavity gyrotrons started in 1992, the
principal feasibility and the basic operating problems of coaxial gyrotrons were
investigated, theoretical design tools have been developed, and later specific
problems related to the coaxial arrangement have been studied in detail [20, 44-48].
Coaxial-cavity gyrotrons have the potential to generate a microwave power in the
multi-megawatt range in continuous wave (CW) operation at frequencies around
170 GHz since very high-order volume modes can be utilized. The use of very high-
order volume modes is possible because the presence of the coaxial insert practically
eliminates the restrictions of voltage depression and limiting current and in addition,
the problem of mode competition is reduced by a selective influence of the
diffractive quality factor of the competing modes [49,50]. The increase of the RF
output power per unit would result in a reduction of the installation costs of the
electron cyclotron wave (ECW) system at ITER and it would allow, if necessary, to
enhance the amount of microwave power injected in total into the plasma. As a
result, the feasibility of manufacturing a 2 MW, CW coaxial gyrotron operating at
170 GHz has been demonstrated and all information necessary for a technical design
and industrial manufacturing has been obtained. The present experimental
development status of short-pulse coaxial-cavity gyrotron oscillators is shown in
Table 1.1 [see Ref. 36 and the references therein]. Based on these results, a 2MW,
170GHz, TEss19 coaxial-cavity gyrotron is under development in cooperation
between European Research institutes (FZK Karlsruhe, CRPP Lausanne, HUT
Helsinki) and European tube industry (TED, Velizy, France), which is foreseen to be
used for electron cyclotron resonance heating (ECRH) and stability control of
magnetically confined plasmas in the ITER [51]. The structure of the coaxial-cavity
gyrotron is shown in Fig.1.4.

A short summary of the experimental results of a short-pulse pre-prototype at FZK
are given here [52]:

e The performance of the electron gun is according to the design. A stable
electron beam up to a current of 80 A without any instabilities has been
obtained. No limitations in high voltage operation due to built-up of a
Penning discharge have been observed. Parasitic low frequency oscillations
have been successfully suppressed.
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e The TE34,19 mode, which is the nominal mode of the 2 MW, CW prototype,
has been excited at 170 GHz over a reasonably wide parameter range. At a
magnetic field of 6.716 T, limited by the available SC-magnet at FZK, a
maximum RF output power of about 1.15 MW has been measured. The
oscillation range of the nominal mode, however, is somewhat reduced by a
more severe mode competition compared to theoretical predictions. As a
consequence, a denser mode spectrum has been excited in the experiment
than expected from simulations. The reason for that is under investigation.

e The g.0. system has been tested both at low power ("cold") and in the
gyrotron ("hot"). Both, the results from the "cold" and "hot" measurements
show significant disagreement in comparison with the design calculations. In
very recent simulations it has been found that a wrong field pattern radiated
from the launcher has been taken for designing the mirrors. With the correct
field pattern of the launcher a good agreement is obtained between
measurements and simulation. This confirms the confidence into the
numerical design tools. Measurements of the stray radiation losses have been
performed. An internal load has been found to be an efficient absorber for
the stray radiation.

Table 1.2 Design parameters of the 170 GHz, 2 MW, CW coaxial-cavity gyrotron.

operating cavity mode TE34.19
frequency, GHz 170 GHz
RF output power, Py 2 MW
generated RF power (~10% internal losses) 2.2 MW
Beam current, I, 75 A
accelerating beam voltage, U, 90 kV
retarding collector voltage, U,y ~-34kV
output efficiency, Moy > 45 %
cavity magnetic field, B,y 6.87T
velocity ratio, o 1.3
Beam radius in the cavity, Ry 10.0 mm
Beam width (guiding centers), AR, 0.25 mm

In the experiment, the stray radiation losses inside the tube are about 8 %, which
does not satisfy the requirement of more than 95% power transmission inside the
gyrotron. The stray radiation is too large for stable operation and leads to heating the
structure of the gyrotron, so the g.o. mode converter should be improved. This work
concentrates on improving the q.0. mode converter to achieve a high conversion
efficiency, to obtain a nearly Gaussian wave beam with a Gaussain content of more
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than 95%, and to suppress the stray radiation losses to less than 5% in the 170GHz,
TEs4.19-mode, coaxial-cavity gyrotron.

1.2 Quasi-Optical Mode Converter

High power gyrotrons operate in low-loss volume modes with a high-order mode
index. These gyrotron cavity modes are not suitable for power transmission in free
space due to their strong diffraction and polarization losses. For long-pulse high-
power gyrotrons the implementation of an output coupler is required that separates
the spent electron beam from the outgoing RF power in order to increase the
electron beam interception area of the collector. It is the short-wavelength, high
output power and rotating asymmetric high-order cavity mode of such tubes which
have led to the need for novel mode conversion concepts. The preferred output
mode of the gyrotron is the fundamental Gaussian beam TEMy,. The down-
conversion of these high-order cavity modes with complicated field structure by
using conventional waveguide mode transducers with highly oversized waveguide
diameter is practically impossible due to the extreme waveguide mode competition
involved. Therefore, a mode conversion from the cavity mode to the eigenwave of
the transmission line is required. The adaptation can be made inside the gyrotron
with a special quasi-optical (q.0.) mode converter.

The higher the operating mode is, the more it is appropriate to employ an asymptotic
procedure for its description, namely the method of geometrical optics (g.0.) (see
e.g. [53,54]). In the frame of this method the initial mode is represented as a system
of rays successively reflected from the waveguide walls (Brillouin-Keller concept).
To directly convert the complicated field structure of rotating high-order asymmetric
gyrotron cavity modes into a linearly polarized Gaussian beam, i.e. to modify the
configuration of rays, one can use q.0. devices, a proper combination of a specific
mode converting waveguide slot radiator (launcher) together with a few curved
mirrors [55,56], often called Vlasov converter.

The q.0. mode converter is a part of the internal electrodynamic system of the
gyrotron like the cavity and the uptaper (see Fig.1.2) which reduces the ohmic loss
of the resonant gyrotron mode and allows a low loss transport of the microwave
radiation out of the resonator. Radial output coupling of the RF power into the
fundamental Gaussian (TEMyy) free-space mode has three significant advantages
for high-power operation:

e  Firstly, the linearly polarized TEMyy mode is directly usable for low-loss

transmission as well as for effective antenna feeding and no further mode
converters are needed. Therefore, q.0. mode converters are also used for

10
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relatively modestly overmoded systems when a very compact mode converter to
the TEM mode is required [57,58].

e Secondly, the converter separates the electron beam from the RF-wave path
(Fig.1.2b), so that the electron collector is no longer part of the output
waveguide as in the case of a tube with an axial output (Fig.1.2a). Hence, the
collector can be designed especially for handling the high electron-beam power.
In addition, energy recovery with a depressed collector becomes possible.

e  Thirdly, the harmful effects of RF power reflected from the output window are
expected to be significantly reduced especially if the window disk is slightly
tilted.

3rd Mirror

2nd Mirror

1st Mirror

launcher

Fig.1.4  Schematic of quasi-optical mode converter.

Currently, all long-pulse high-power gyrotrons for nuclear plasma fusion
applications employ a q.0. mode converter to transform the rotating high-order
cavity modes into a linearly polarized fundamental Gaussian beam [59-63]. A g.o.
mode converter transforms a high-order operating mode into a paraxial wave beam
with linear polarization and separates the electron and wave beams. The electron

11
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beam goes to the collector and the wave beam usually comes out of the tube in the
direction perpendicular to the magnet axis. This separation gives the possibility to
solve collector and window problems practically independently. The mode converter
consists of a special irregular cut ending waveguide up-taper from the cavity, quasi-
parabolic or quasi-elliptical reflector and one or two specially shaped mirrors.
Sometimes more mirrors are applied to transmit the wave beam inside the gyrotron
magnet bore hole cylinder. The converter forms an optimal spatial field structure
over the window surface: the flattened distribution for long pulse gyrotrons with
ceramics (BN) windows, where thermal conductivity of window material is
relatively low, or Gaussian distribution (optimal for wave beam transmission) for
diamond windows. Fig.1.4 shows the g.0. mode converter used in the TE34 ;9 mode
coaxial cavity gyrotron at FZK, where the first mirror is a quasi-elliptical mirror.

This dissertation is organized in the following manner. Analysis and synthesis
methods for the launcher are presented in Chapter 2. Chapter 3 describes the
synthesis of mirror systems. Chapter 4 focuses on the design and experimental
investigation of the pre-prototype of the q.0. mode converter for the TEs49-mode
coaxial-cavity gyrotron. Chapter 5 presents the improvement of the g.o. mode
converter for the TEs419-mode coaxial-cavity gyrotron, the tolerance conditions of
the converter and the quality of the corrected beam wave are discussed. Finally,
Chapter 6 contains the summary as well as some concluding remarks.

12
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Chapter 2 Cylindrical Waveguide Antenna

An internal q.0. mode converter is actually a kind of open mirror line, which consists
of a launcher and a few curved mirrors (see Fig.1.4), so it will produce diffraction
losses inside the gyrotron. In megawatt gyrotrons the acceptable level of stray
radiation losses in the tube is less than 5% for stable operation and to avoid heating
the structure of the gyrotron. The cylindrical waveguide antenna of the q.0. mode
converter is an opened-end launcher where fields on the edges of cuts would
produce diffraction losses. In order to achieve low diffraction losses from the
launcher cuts, the wave beam in a launcher should be pre-shaped to reach low fields
on the edges of the cuts and to provide high Gaussian contents in the radiated fields.
For a high quality outgoing wave beam, a simple mirror system consisting of quasi-
optical reflector and toroidal mirrors can be used to couple the wave beam out of the
tube [63]. In this chapter, the method to deform the launcher wall in order to achieve
low fields on the cuts is introduced and the method for the analysis of the fields in
the launcher is presented.

2.1 Geometric Optical Description

In high order mode gyrotrons, the diameter of the cylindrical launcher is usually 15
times larger than the free-space
wavelength, so that the wave beam in the
launcher can be described in terms of
geometric optics. For a TE;,;,-mode

)

B gyrotron, the field u(r,¢,z) in the
K €z cylindrical launcher can be given as (in a
Ea g cylindrical coordinate system shown in
X3 Fig.2.1):
e, N
€x u(r,,z) = 4,J,, (k,rye”" e (2.1
X
kr — mn
a
v I (Xom) =0 2)
|

k. =k} -k

where 4, is a constant which represents
the amplitude of the field, z and r are the longitudinal and radial position, ¢ is

Fig.2.1 Cylindrical coordinate system.
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azimuthal angle, J,, and J, represent the m-order Bessel function and its derivative,
Xun 18 the n-th zero of the m-order Bessel function (or derivative), a is the radius of
the launcher, 4, and £, are the radial and longitudinal wave numbers, ky is the free-
space wave number. In equation (2.1), the field distribution in the radial direction (in
Fig.2.1, direction e, ) is actually a standing wave. A standing wave can be
decomposed into two traveling waves: the incoming and outgoing traveling wave.
Bessel function can be described as the sum of the first kind of Hankel function
H'"(z) and the second kind of Hankel function H'”(z).

H,’ (k) +H,” (k,r)

J, (kr)= 5

(2.3)

m

u(r,g,z) = AyJ,, (k,r)e’" e = %(H,ﬁ? (k,r)+ HO (k)™ e (2.4)
with the incoming traveling wave:
u"(r,¢,z) = %H,ﬁj) (k,r)e "’ e (2.5)
and the outgoing traveling wave:
u™(r,p,z) = %Hf) (k,r)e " e (2.6)
H'"(z) and H'”(z) are conjugate complexes
HY ()= (1 () @7)

3T 32

The superscript “*” represents the complex conjugate. In the case of z>m, H ' (x)

can be approximated as

2 _j(—\/zz —m? +m arccosﬂJrz)
z 4

H?(2) = \/—e (2.8)

2 2
NZ —mm

The phase of the outgoing traveling wave is
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arg(u””t(r,¢,z))z —Jkir? —m® + marccoskﬂ+%—m¢—kzz (2.9)

r

r

The wavefront with a constant phase c satisfies
c—argw™)=0 (2.10)

In the geometric optics (g.0.) limit, plane wavefronts can be represented by rays [64,
65], so that a rotating wave of a circular waveguide is a continuous flow of rays. The
direction of the ray is along the gradient of the wavefront

N(r,¢,z) = V(c—arg(u"”t (r, ¢, z))) (2.11)
m*> 1 -
zkr l—ﬁe,.—lr;meq, +kzez (212)

I3

Accordingly, the direction of the ray representation of the incoming traveling wave
can be obtained

2
m

=—k, [1- +1me¢+ke (2.13)

kzzr r

For a rotating mode only one outgoing and one incoming traveling waves contribute
to the field structure in the observation point as shown in Fig.2.2 (a). The incoming
traveling wave can be regarded as the reflected ray of the outgoing traveling wave
on the waveguide wall surface in the frame of g.o. shown in Fig.2.2(b).

outgoing
_— incoming — __
observatlon point

Fig.2.2 Ray representations of the outgoing and incoming traveling waves in a circular waveguide: (a) at an
observation point, (b) reflection on the waveguide wall.
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Such ray representations describe with sufficient accuracy the fields of higher-order
modes (n>>1) over the entire cross section of the waveguide except for the domain
near the caustic. On the launcher wall, the outgoing direction becomes

. Xfm —m? 1 . _
N(a,¢p,z)» —————e¢, +—me, +k_e. (2.14)
a a

The ray propagates at the Brillouin angle y relative to the waveguide axis

—

cosy = q'fz = k, :k—z, Sinl//zﬂ (2.15)
Ne.] k2 +k2 Ko ko

In the transverse plane, the projection of the ray is in the direction N ,

P-mt 1
N, =Y T e, (2.16)
a a

!

The angle between the vector N, and the vector & ; can be calculated as

N, -e
cosf =% -

‘Nt )|

m
— 2.17
an ( )

If the point of interest is located at the waveguide wall the ray has the distance R,
from the waveguide axis

R
cosd=—-=R, =acosf=a
a

(2.18)

mn

Hence if all plane waves are presented by g.o. rays they form a caustic at the radius
R, (see Fig.2.3). All the rays move tangentially to the caustic position. In the g.o. the
field is assumed to disappear inside of the caustic radius which is not true for the
real waveguide mode. In an unperturbed circular waveguide the density of the rays
along the caustic is uniform [54].
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(2) (b)

Fig.2.3  Geometric optical description of a wave beam in a cylindrical waveguide:
(a) side view; (b) top view

2.2 Vlasov launcher

For many applications it is preferable to propagate millimeter- and submillimeter-
wave radiation in the form of a quasi-optical wave beam with a linear polarization of
the electric field and a Gaussian radial profile of the intensity. For transformation of
whispering gallery modes into such wave beams q.0. mode converters were first
suggested in [55,56].

The principle schemes of the q.0. mode converter for (a) rotating asymmetric modes
and (b) for circular symmetric modes are shown in Fig. 2.4. As already shown, TE-
and TM-modes in a circular waveguide can be decomposed into a series of plane
waves that can be represented as a set of rays that fill the region between the
waveguide wall and the caustic. The requirement of a zero azimuthal electric field at
the waveguide wall defines their relative phases. The transverse locations of the rays
are defined by the requirement that at a particular point of interest the ray direction
must coincide with the Poynting vector direction of the original TE- or TM-mode
field distribution. In Fig.2.4, a whispering gallery mode propagates and radiates
through the open end of a launcher. The rays leaving the open end of the launcher
can be considered as a set of rays parallel in the axial direction and spherically
diverging in the transverse direction. Then, as shown in Fig.2.4, reflected by a quasi-
parabolic reflector, these radially diverging rays can be transformed into a plane
wave beam with linear polarization. Weakly relativistic gyrotrons always operate in
TE modes.
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The distance that a ray has propagated in the axial direction between two subsequent
reflections from the waveguide wall is:

SN

2
m
L, =2a 1_[X_] coty

mn
In the transverse direction a section of angle:

Ap =20 = Zarccos(ij
X

mn

reflects all rays exactly once (see Fig.2.3).

(1) quasi-optical antenna (launcher)
(2) quasi-parabolic reflector

4
rotating TEmp-or TMy, -modes

symmetric TEgq - or TMy, -modes

R, =0
Fif 48

Fig. 2.4 Principle schemes of quasi-optical mode converters and
amplitude distribution at the launcher.
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2.2.1 Helical Cut

For modes with m=0 the reflection points of each of the rays are placed on the
waveguide surface in a helical line with the angle of inclination

T= arctan(mj (2.21)

sin &

The distance (pitch) that a ray has propagated in the axial direction when it has
completed a full turn is

-1

L=2mcotr =27m’ Xi (2.22)

The Brillouin region is defined as a waveguide wall section with the length L and
the transverse width defined by Aga which reflects each ray once. This can be found
from the unfolded launcher with the helical line shown in Fig.2.5.

@a
A

— CUt €dge Brillouin regions

2ma

20a

<Lz > V4

L(r (:L) —>

Fig.2.5 Unfolded surface of a cylindrical waveguide. The edges of launcher cuts are indicated.
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|

|
’fﬂf@

|

/

(a) (b)

Fig.2.6  Cylindrical launcher with helical cut:
(a) schematic drawing; (b) ray representation in launcher.

A Vlasov-type launcher with a helical cut is shown in Fig.2.6(a) and the g.o.
description of the beam wave in the launcher is shown in Fig.2.6(b). The aperture
area of the launcher is obviously equal to the area of Brillouin region, the cut length
L~=L.

2.2.2 Rectangular Cut

In a cylindrical launcher, the electron beam is divergent due to the decrease of the
longitudinal magnetic field of the gyrotron magnet (see Fig.1.2(b)). The transverse
size of electron beam becomes large so that the launcher wall could be hit by the
electrons. Moreover, the wave beam reflected by the quasi-optical reflector may
strike a launcher with a large cut length. So the launcher cut should be shortened as
much as possible. According to the value of 21%26, here % is a modulo operator
(the rest of division), the launcher cut can be shortened in the following ways [66].
In the case of 21%260> 0, the azimuthal angle of the cut is £&=26, and the cut length
can be shortened to Le=L-AL, where Lc represents the cut length and L is given in
equation (2.22)

27%260
tan o

AL =a

(2.23)
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The field distributions on the unfolded launcher wall are shown in Fig.2.7, the cut
length is shortened by AL.

In the case of 21%20 < 0, the azimuthal angle of the cut is £&=20+21%26 and the cut
length can be shortened as

L =L-AL-1L, (2.24)

The field distributions on the unfolded launcher wall are shown in Fig.2.8, the cut
length is shortened by AL+Lg. From Fig.2.8 we can see that the azimuthal angle of
the aperture is enlarged by 2n%20, so the quasi-optical reflector has to be increased
in the azimuthal direction. This could be a problem since such a large reflector is
difficult to be integrated into the gyrotron.

When 27%26=0, the azimuthal angle of the cut can be set as £&=20, AL=0, and the
cut length becomes

L =L-L, (2.25)

Pa

— CUt edge

2ma
20a
Ea
N A
(21%26)a
V]
|
— AL [<—
Ly Z

Fig.2.7 Field distributions (dark sections) on the unfolded wall of a Vlasov launcher,
where 21%260 > 0.The edges of the launcher cuts are indicated.
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The field distributions on the aperture and the unfolded launcher wall can be found
from Fig.2.9. A Vlasov-type launcher with rectangular cut is shown in Fig.2.10(a),
the ray representation in the launcher is shown in Fig.2.10(b).

In a Vlasov-type launcher, the power densities on the wall are uniform in the dark
sections as shown in Figs. 2.7-9 and the fields on the edges of cuts are relatively
strong. Such strong fields on the cut edges produce diffraction and reflection from
the cuts. The wave beam radiated from a waveguide cut and reflected from a quasi-
optical reflector has a spatial structure different from a Gaussian wave beam. The
Gaussian component amounts to about 80%, while the remaining 20% of the
radiation propagate at relatively large angles to the beam direction, because of the
scattering at the edge of the cut, and are usually lost in open transmission lines.
However, large stray radiation is unacceptable for megawatt gyrotrons.

Back scattering effects due to diffraction of the incident high-order mode by the
helical and straight edges of the launcher have been estimated by using the method

of equivalent currents [67]. For ¢y <70° the total reflected power is lower than —30
dB.

— cut cdge

2ma

| (2n%20)a

| L

Fig.2.8 Field distributions (dark sections) on the unfolded wall of a Vlasov launcher,
where 21%260 < 0. The edges of the launcher cuts are indicated.
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— Ut cdge

Fig.2.9 Field distributions (dark sections) on the unfolded wall of a Vlasov launcher,
where 21%260=0. The edges of the launcher cuts are indicated.

canstic

(a) (b)
Fig.2.10 Cylindrical launcher with rectangular cut:
(a) schematic drawing; (b) ray representation in launcher.
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Power density (in dB) on the parabelic mirror
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Fig.2.11 Field distribution on the parabolic mirror radiated from a Vlasov launcher.
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Fig.2.12 Field distribution on the aperture at 1026mm away from the parabolic mirror.
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As an example, the field radiated from a Vlasov launcher with helical cut on a
parabolic mirror surface is shown in Fig.2.11, where the launcher radius is 32.5mm,
the operation mode is TE34 19 mode, and the frequency is 170GHz. Reflected by two
plane mirror, the field contour in Fig.2.12 is obtained at the output window of a
gyrotron (see Fig.1.2b) which is 1026mm away from the parabolic mirror. In order
to obtain the Gaussian mode content of the RF beam, a Gaussian mode fitting code
has been developed for the analysis of the RF beam, and the results show a
fundamental Gaussian mode content of 83.2% in the wave beam shown in Fig.2.12.
This is a verification for our computer code developed for the synthesis of q.0. mode
converters.

2.3 Denisov launcher

In order to depress the fields at the edges of cuts, the wave beam in a Vlasov-type
launcher should be pre-shaped to provide a focused field distribution. A waveguide
with transverse dimension large compared to the wavelength is called “overmoded”
since more than one waveguide mode can propagate. Power can be coupled to
desirable modes through wall distortions such as diameter change, curvature,
ellipticity and triangularity. A Denisov-type launcher is an improved version of the
Vlasov-type launcher and is also known as a dimpled-wall waveguide antenna
intended for operation at a given mode mixture, since the dimples at the surface of
the radiator are designed for transformation of the gyrotron cavity mode into a wave
beam with a Gaussian profile of the intensity [68]. The principle of the
transformation can be explained as follows: since the boundary condition is
changed, the eigenmode of a Vlasov-type launcher is coupled to its satellite modes,
that is to say the wall distortions (scattering surface) transform the input eigenwave
to an eigenwave of the weakly perturbed transmission line. This leads to a variation
of the mode spectrum which is defined as the complex amplitude distribution of the
waveguide modes. In a waveguide unit with a continuous change of the cross section
the mode spectrum is also changing continuously. The deformations of the launcher
wall surface should be well designed to convert the input eigenmode to a mixture of
modes such that the power in the waveguide is contained in a bundle with a
Gaussian-like amplitude profile so that the spectrum of a Gaussian wave beam
should be achieved after the conversion. The length of dimpled-wall launcher should
be short enough to avoid interception with the expanding spent electron beam, so the
profile must be achieved within a short distance.

To achieve a sidelobe-free fundamental Gaussian beam (TEM(, mode) as the output
mode, the launcher wall must have waveguide deformations such that the incident
rotating TE mode is converted to a mode mixture generating a Gaussian beam
distribution [59,60,69]. The Gaussian distribution can be approximated by a raised-
cosine distribution given in one-dimension as [70]
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\/E 222 b 2
exp| — ~—I(1+cosb 2.26
m p W2 371_( Z) ( )
1 ) 1 .
and  f(z)=1+cosbz = (1 + Eexp(]bz) + Eexp(—]bz)j (2.27)

The initial conversion of the input mode into the two other modes inherently starts
with a phase shift of 90 degree. However, according to the spectrum of a Gaussian
beam wave the initial relative phases of all the components must be zero. Hence the
minimum length of the converter is defined by the restriction that the three modes
must have the same phase after conversion. This leads to the minimum length of

Lmin = z
2k, -k, -k

(2.28)

z3

where k;;, k., and k;; are the propagation constants of the modes in the unperturbed
circular waveguide.

A raised-cosine tapered field distribution for an astigmatic Gaussian beam can be
obtained by means of a superposition of nine specific waveguide modes with
matched amplitudes and relative phases, which are easier to generate for volume
modes than for whispering gallery modes. Therefore modern high-power gyrotrons
operate in volume modes rather than in whispering gallery modes like in earlier
times.

{1 o 2) S ) o ) o2

(2.29)

The interference of the nine waveguide modes creates an RF-field bunching in the
axial and azimuthal directions. The relative power of satellite modes forming the
Gaussian wave beam corresponds to Table 2.1. Requirements for this bunching are:
(a) longitudinal bunching—modes must have equal caustic radii and an interference
length close to the launcher cut length; (b) azimuthal bunching—modes must have
equal caustic radii and similar Bessel zeros. This leads to the following mode
selection rules:

am=",  Ap=2 (2.30)

z
Z L
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These wall distortions (scattering surface) can transform the input eigenwave to an
eigenwave of the weakly perturbed transmission line. The helical converter is
described by the following wall perturbation:

R($,2) = a+ 6, cos(AB,z — 1 ,0)+ S, cos(AS,z— 1 ,¢) (2.31)
where AB =k, —k. ... 0, =41 (2.32)
AﬂZ = kzm,n M amrAmnFan 62 =ZAm (233)

Here, k., 1s the longitudinal wave number of the TE,,, mode, m and n are the
azimuthal and radial indexes, respectively. In equation (2.31), the term with ¢, = +1

describes the longitudinal bunching, and that with ¢, =+Am the azimuthal
bunching. If 7/, and 7, in equations (2.32-33) are positive, R(¢,z) in equation
(2.31) gives helical deformations with right hand rotation, otherwise with left hand
rotation. The required minimal launcher length is [71]

L. = T (2.34)
2. -k

Zmn Zm+Am,n An Zm Am,n+An

Owing to the fact that the root of the Bessel function derivative for the TE,,.; mode
is not exactly equal to that for the TE+1 mode, Af, has two different values in

equation (2.32), and also two values for Af, in equation (2.33). We use the average

of the two different values to evaluate Af,, and the same processing to AS, .

Table 2.1 Set of TE modes to generate a Gaussian-like field distribution
(with relative power according to equation (2.29)).

—p azimuthal bunching

TEm—Z,nH TEm+ I,n TEm+4,n—l
1/36 1/9 1/36

i TEm—3 nt+l TEm,n TEm+3 ;-1
1/9 4/9 1/9

axial TEm—4,n+1 TEm— 1,n TEm+2,n—l
bunching 1/36 1/9 1/36

This results in the following equations for a TE,;,, mode gyrotron
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1 1 Xm_n ’ Xm+1n ’
Aﬂl :E(ﬂm—l,n_ﬂm+l,n):_ \/k(?_( al’ J _\/k()z_( a : J (235)

2 2
l l Xm—mn+n Xm+ m,n—An
AﬂZ = _(ﬂm—Am,n+An _ﬂm+Am,n—An): A kO2 - e - k(? - A
2 2 a a

(2.36)

N

As an example, the results of numerical simulation for a dimpled-wall launcher with
a radius of 20mm operating in the TE;; ¢ mode at 118GHz are shown in Figs.2.13-
15. The helical perturbations can be found in Fig.2.13(a), and the focused field with
a nearly Gaussian beam distribution is plotted in Fig.2.13(b). The longitudinal and
azimuthal bunchings are demonstrated in Figs.14-15.

The principle of a highly oversized Denisov-type launcher can be explained in the
frame of geometrical optics. A mode in a circular waveguide can be regarded as a
superposition of plane waves represented by rays as described in section 2.1. Among
the rays composing the initial mode let us appoint one to be “chief”. The deformed
launcher wall surface focuses the rays near the reflection points of the chief and
defocuses them at the remaining area. Then, successively reflected from the walls,
the rays will converge to the chief and finally, will compose an eigenmode of an
open mirror waveguide with the transverse distribution of the RF field depending on
the mirror profile.

Power density on the launcherwall (in dB)

¢ trad)

(a) (b)
Fig.2.13 Dimpled-wall launcher (TE,, s mode): (a) schematic drawing; (b) amplitude contours
of fields on the unfolded launcher wall. The edges of cuts are indicated.
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Fig.2.15 Azithumal bunching (TE, ¢ mode) with only l = 3 (8,=0) in the wall deformations.
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2.4  Slope of Launcher Diameter Taper

In order to prevent wave reflection at some perturbed positions, and thus to prevent
spurious oscillations in the converter region of the launcher excited by the spent
electron beam, a positive slope taper a is usually introduced on the wall radius of the
launcher [70]. Taking the slope of the taper into account, the launcher wall surface is
described by

R($,2) = a+az+ 35, cos(AB,z—1,p)+ 3, cos(AB,z —{,p)

= R(2) + 5, cos(AB,z — £ ,p)+ 5, cos(AB,z — £ ,p) (2.37)

In the case of a#0, R(z)=a+az, Af; in equations (2.35-36) is no longer a constant and
becomes [75]

Jiapn: =3[ [ - [ 5, e
Y : (2.38)
j;ﬁy (z)dz :%{Jko (a+az)® — X, arccos (ko(a—jaz)ﬂ :

If the slope of the taper is very small, for instance 0=0.002, equation (2.38) can be
well approximated by

[AB.(2)dz ~ ABz :% \/k(f —(X—mj - \/kg —[i} (2.39)
a+az a+aoz

In a tapered launcher the inclination angle 7 of the helical line shown in Figs.2.5 and
2.7-9 is variable along the longitudinal position. The expression for the helical cut of
the up-tapered launcher has been derived and published in refs. [75,76], it can be
described as:

2
g= 4 & In a(z—zs)+RS+\/[0£(Z—ZS.)+R_V]2—(%}

sin@ k,a 0
(2.40)
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& o, for g< 277[R3- +a(z-z, )]
o= R, +a(z-z)) (2.41)
4+gpq -2z for g227r[RY +a(z—zy)]
R +a(z-z,) ‘ ‘
where g is a parameter that connects between equations (2.40) and (2.41), z>z,,
(ps,zs) and Ry are the coordinate and radius at the beginning of the cut, respectively.
The coordinates (¢,z) describe the helical cut shown in Fig.2.13(b). In the case when
the slope a of the taper is very small, equation (2.40) can be well approximated by

— 0 (Z_Zs )an (242)
sin @ x Y
Rm k02 _[ mn j
Rm

where R, is the radius at the middle of the straight cut.

2.5 Method for the Synthesis of Denisov-Type Launcher

The efficiency of a q.0. mode converter is usually defined as the content of the
fundamental Gaussian component in the outgoing wave beam at the output window.
For achieving a high conversion efficiency and high power transmission, the
launcher should be well designed to depress the diffraction from the edges of the
launcher cuts, and to obtain a high quality radiated field distribution with high
Gaussian contents to decrease the power losses in the open mirror transmission line.
Hence, the deformations of the launcher wall surface should be well designed to
provide a set mixture of modes to generate a Gaussian-like field distribution.

Several methods have been proposed which employ tailored aperture distributions,
such that the sidelobes in the beam wave are reduced [53,72,73]. Recently, A.A.
Bogdashov and G.G. Denisov have reported their excellent researches on dimpled-
wall launchers [74]. The approximations for the longitudinal wavenumbers of very
high order modes are given in [74]:

2
X,V v 177
zm+Amn—An = NV zmn - 2 2 2 - 2
k.,.a 2k a cos"y k., a (2.43)
5 .
i i X,V v vu
zm=Amn+An ~ M zmn + 2 - 2 2 - 2
k. a~ 2k a cos"y k_ a
mn Zmn Zmn

where a is the radius of the launcher. The formula for the perturbation length is the
same as equation (2.34)
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zZmn zZm+Am,n—An zm—Am,n+An

2

. |k, -k —k

(2.44)

The roots of the Bessel functions or their derivatives in correspondence to the main
and to two satellite modes can be approximated by
X

:an+v+/'l’ X :an_v+lu (245)

m+Am,n—An m—Am,n+An
If only the azimuthal or radial number of a high-order mode (e.g. TE;,, mode, m>>1
and n>>1) i1s changed, the spectrum of the Bessel-function roots is almost

equidistant and leads to u~0 . For the nearest quasi-degenerate mode
(X X"H’l ~ an _X

can obtain v = 0. Based on the approximations for the longitudinal wavenumbers,
the amplitudes and lengths of the launcher wall deformations for different
approaches have been derived and published in IEEE on MTT, Mar., 2006 [75], and
the formulas for the amplitudes and lengths can be described as follows [75].

Am#0, An#0), from equation (2.45) one

m+Am,n—An - m—Am,n+An >

2.5.1 Adiabatic Conversion

Adiabatic conversion is realized in a dimpled-wall launcher with gradually
increasing deformations. The condition of adiabatic conversion is the absence of
strong energy exchange between the operating mode and the satellite modes, it
requires a very large length of the launcher as shown in Fig.2.16 [74].

The perturbation amplitude ¢ and launcher length L can be derived as:

a) For higher-order modes (e.g. TEmn mode, m>>1 and n>>1) where only the
azimuthal or the radial index is different, a Gaussian field structure is formed along
the longitudinal coordinate. Note that for 4 =0, combining equation (2.43) and
L-A=r (see Fig.2.16) the launcher length L and the perturbation amplitude 0 can
be obtained.

In the case of Am =0,An#0

2 szm,n m2
L=2a Rrywe -~ (2.46)
0 n mn
A 2
ST g ”’Zkg; - (247)
mn -m zm,n

In the case of Am #0,An=0
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K :
L=2m® —2 | 1- 2
k' (amO)* | X

mn

(2.48)

(Am6k, )
2 mz) K>

zm,n

5:

x (2.49)

mn

b) For the nearest quasi-degenerate mode, where v~ 0, a Gaussian structure is
formed along the azimuth of the circular waveguide

P (2.50)
~ (Am) X '
(Am)’
S 20
o=0
k g
o >>n z

Fig.2.16 ~Gradually increasing deformation and length of launcher. The deformation & = O
corresponds to the transmission line with a Gaussian wave structure.

2.5.2 Shortened Launcher

The launcher with gradually increasing deformations is not used in practice due to
the large length, which leads to high ohmic losses on the launcher wall surfaces and
the extending electron beam inside of the ultra high vacuum of the gyrotron requires
a minimum distance to the launcher. Therefore, the maximum length of the launcher
is restricted and limits the conversion efficiency of the periodically dimpled-wall
launcher. In terms of equation (2.44), the launcher length L should be larger than
L. Generally, the length L of the dimpled-wall launcher is in the interval [74]

T T
L, =—<L< (2.52)
2A J1.5A

The partial deformation is shown in Fig.2.17. The perturbation amplitude and exact
length of the launcher can be derived as [75]:
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a) If only the azimuthal or the radial index of a high-order mode is changed:
In the case of Am =0,An =0

2 kz3m,n m2
L=2ha* —""—| 1 —-——
7k, (An) X

mn (2.53)
A 2
5= K‘j( ntky) (2.54)
(an _mz) kzzm,n
In the case of Am #0,An=0
Kk 2
L=2hm* —"" [1— n 2]
k,” (Am@) X,, (2.55)
Ra(Amék, )’
= “2( m2°)2 (2.56)
(an -m ) kzm,n
b) For the nearest quasi-degenerate mode
2hak_ a’ 2
L= [1 - = ]
(am) X,, 2.57)
5o 7&.61(2Am)2
X “—m’
mn (2.58)
where, 1> X >0.25, L > h 20.5. The perturbation length is L, =0.5L.

N

If the value of n/0 is approximately equal to an integer, the ray presentation of a
waveguide mode forms an almost closed polygon in the cross section of launcher,
this can be found from Fig.2.3(b). For such a waveguide mode, a dimpled-wall
launcher with wall surface described by equations (2.31) and (2.37) can be designed
in terms of equations (2.55-58) to transform the mode into to a nearly Gaussian
distribution in both the longitudinal and azimuthal directions. As an example,
considering the TE;, s mode which gives n/6=2.94, 6 =61.2 degree, the mode
selection rule is Am=3. The deformation amplitudes and lengths are shown in
Fig.2.18. The fields inside the launcher are calculated by means of the coupled-mode
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method, the power densities on the wall are shown in Fig.2.13(b). The appropriate
amplitude relation can be achieved with a short perturbed section of 90 mm. A
longer smooth section follows and allows for the development of the optimum phase
relations. The cuts are around a Gaussian bundle, where the wall currents are at a
minimum. The relative powers of satellite modes at the aperture of the launcher are
given in Table 2.2. Comparing Table 2.1 in section 2.3 and Table 2.2, we can see
that a wave beam with good appropriate relative amplitudes is achieved at the
aperture of launcher.

Due to the low fields on the edges of the straight and helical cuts and the Gaussian
bundle at the aperture, the dimpled-wall launcher generates a well-focused,
Gaussian-like radiation pattern with low diffraction. The mode composition
coefficients vary along the z-axis are shown in Fig.2.19.

SNs)
>0255 o o

\

kz
<
2

VA
oL £ —
V1.5

Fig.2.17 Partial deformation and length of launcher. The deformation & = O corresponds to the
transmission line with a Gaussian wave structure.

Table 2.2 Relative powers of the satellite modes at the aperture of the TE,, s-mode launcher.

—» azimuthal bunching

TEZO,7 TE23,6 TE26,5
i 3.41% | 11.53% 3.58%

TE 97 TE6 TEjs s

10.58% | 44.27% | 10.75%
axial TEis7 | TEas TE4 s

bunching 1.93% 10% 1.97%
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Fig.2.18 Schematic drawing of the wall deformations of the launcher for the TE,, ¢ mode.
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Fig.2.19 Mode composition (relative power) coefficients vary along
the z-axis of the launcher for the TE,, ¢ mode.

2.6 Power Density on the Launcher Wall

In the design of launchers for megawatt gyrotrons, as the power is relatively high,
the thermal deformations of the launcher wall should be investigated. Especially in a
dimpled-wall launcher, the fields on the launcher wall are focused and the maximum
power density on the dimpled wall must meet the technical requirement of the
cooling system for the launcher.
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The power density can be calculated according to the power at the input of the
launcher and the field distribution on the launcher wall [77]. Considering the input
power as Py, then the power density p;, at the beginning of the launcher is:

(2.59)

where F), is a factor with respect to the material that the launcher made from, for
instance F,,=1.5 for Glidcop. The surface resistivity R, and tangential magnetic field
H,,, are given respectively by

R o= |PHo (2.60)

N
20,

2

O A e A A AR

tan (261)
here ® represents the angular frequency, uy the permeability, oy the electrical
conductivity, and H,, H p and H. are the magnetic fields in radial, azimuthal and

longitudinal directions, respectively. Expressions of field components for a TEy,
mode are indicated below

2. p jm¢
H,= ]m p__e (2.62)

T Hy WIij

X2 2P, ing
H, =—j=m ¢ (2.63)

z 2
@ 7o pu f[x2 _p

where fis the propagation constant. So, we get

2 2-P,
a’mew-u, - (X2 -m?

mn

tan

\H

)(ﬂ m +ﬂX'1” ] (2.64)

a

)

Poa = P10 1° (2.65)

In equation (2.65), r, is the relative power in dB at the beginning of launcher.
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2.7 Coupled Mode Method

In a dimpled-wall launcher, due to the corrugations of the wall surface, the fields in
the launcher are no longer exactly orthogonal modes. As described in section 2.3 and
2.4, the corrugations can couple the energy between the gyrotron cavity mode and
the desirable satellite modes. The fields and the change of the mode spectrum in a
dimpled-wall launcher can be accurately analyzed by means of the mode coupling
theory. In general, the equation for coupling between the modes is given by [78-80]

04" . PR /
. = jk,(2)4 +]zck,/(Z)A (2.66)

I=1

where the superscripts k& and / denote TE or TM modes (mode k: TE,,, or TM,,,
mode /: TE,; or TM,,), A is the complex amplitude of the k-th mode, Cy; is called
coupling coefficient between the modes k and / and can be calculated as [81]

C _ a;,(z)
w(2) =Ky, R(z) (2.67)
@12 == [ d, @ 2)ex(- jm—nip)ig (2.68)
T 0

R(z) is the launcher radius, d(¢,z) represents the distortions of launcher wall
surface which can be described as

r(f.z) = R(z)+d(4.2) = R(z) + ) d,(4,2)
., = (2.69)
=a+oaz+ z5h -cos(( ¢+ AB,z)

h=1

a and o are the radius at the beginning and the slope of taper of the launcher,
respectively.

If |€ h|=|m—n| (it denotes the ¢, th-order wall perturbation) has the form of a

periodic interference pattern between the two coupling modes, then «, ,(z) becomes

dR(z) _

a, when /,=m-n=0 (2.70)
dz

a;,(z) =
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a,,(z)= %’exp(jAﬂhz) when /(, =m—n (2.71)

o
a,,(z)= ?”exp(—jA,th) when 7, =n-m (2.72)

In the case of |€h| #

, o, (2)=0.

In equation (2.66), Kj; is the so-called the coupling factor. The coupling theory is
discussed in ref. [78] in detail, the general forms for the coupling coefficient are
presented in equations (78), (84) and (85) in [78]. From these equations, the
coupling factor for the periodically corrugated launcher can be derived as [81].

2
mnlk —k,, k.., )— LX”VX‘IJ

R(2)

K, = for TEyp to TEq (2.73)
\/kzmp znq mz) (X’fq_n2)
mky\k_,,  —k
K, =—2 olbe P = J) for TEpmp to TMyq (2.74)
\/kzm p'vzn,g X -m )
nko\k_, —k
/ ( i p - = q) for TMpq to TEmp (2.75)
\/kzm pVzng X —-n )
ki —k., k
K, = for TMpyp to TMpq (2.76)

VEan oKy

Finally, the variation of the mode spectrum along the z-position can be calculated in
terms of the equations (2.66-76). The fields in the dimpled-wall launcher were
calculated for the TE;;s mode by using the coupled-mode method, the power
densities on the unfolded launcher wall are shown in Fig.2.13(b).
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2.8  Brief Summary

In this chapter the methods for the analysis of a circular waveguide antenna and for
the synthesis of a dimpled-wall launcher is presented. A well-focused wave beam
with a good mode composition can be obtained at the aperture of a dimpled-wall
launcher. The wave beam quality is usually described as the correlation coefficient
of the wave beam to an ideal fundamental Gaussian mode (TEMgyy mode). There are
two ways to define the correlation coefficient: the amplitude correlation coefficient
ns called scalar correlation coefficient, and the vector correlation coefficient 7,
including the amplitude and phase, which can be given as

ﬁul . uz‘ds
n, = > 5 (2.77)
\/sﬂul‘ ds°§ﬂu2‘ ds
5|u1|'|uz|e><pb'(<pl - kas + Jul | explio, -, ks
(2.78)

n, = 2 2
sﬂu1| ds°5u2| ds

where |u1|exp( jo,) represents an ideal fundamental Gaussian beam and

|u2|exp( j@,) the field distribution of the wave beam. If the mode purity is 100%,

that means there is no high order mode in the wave beam, 7, and 7, are equal to 1.
Unfortunately, although a well-designed dimpled-wall launcher can convert a cavity
mode into a nearly Gaussian beam, there are still some high-order modes in the
wave beam. As example, 7, and 7, are 98.5% and 95.3% at the aperture of the
dimpled-wall launcher for the TE;s mode (see Fig.2.13(b)). In the frame of
geometrical optics, the phase distribution of the high-order mode are different from
that of the ideal fundamental Gaussian mode, the ray-presentations of the high-order
modes (see equation (2.10)) propagate at relatively large angles to the beam
direction and are usually lost in open transmission lines. Accordingly, a phase
criterion should be proposed to measure the wave beam quality—the conversion
efficiency of the q.0. mode converter should include the phase distributions of the
corrected wave beam. It is accurate to define the conversion efficiency as the
Gaussian mode content of the wave beam, which can be calculated using some
methods such as the Hermite-Gaussian expansion to get the complex amplitudes of
each component and the percentage of the fundamental Gaussian mode to all the
modes in the wave beam. However, the method is very complicated, because it
needs very long computer time to expand the fields of the wave beam into the
Hermite-Gaussian series. In the design of a q.0. mode converter, the wave beam
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quality should be monitored at many positions in the converter, especially for the
iterative optimization of a phase correction mirror, it is actually impossible to do the
Hermite-Gaussian analysis so many times because of the long computer time and the
problems in the design cannot be found promptly.

The conversion efficiency can be defined as the vector correlation coefficient #,
used as a simple and effective parameter to approximately describe the beam quality,
in which both the amplitude and the phase of the wave beam are included in
equation 2.78. In chapter 3, 4 and 5, the equation 2.78 is used as a criterion for
obtaining the optimums of parameters of the mirror system in which the phases of
the outgoing RF beam are included.
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Chapter 3 Phase Correction Mirror System

A q.0. mode converter is a proper combination of a launcher together with a few
beam-forming mirrors [55,56]. Generally, the radiated fields from the launcher are
quite different from the desirable distribution, and then a mirror system is needed to
form the paraxial wave beam with the required structure. The mirror system usually
consists of a quasi-parabolic or quasi-elliptical reflector and one or two specially
shaped mirrors. The mirror system is integrated into the gyrotron to form a spatial
field structure over the output window surface; it can be called as an internal mirror
system. In fact, the output wave beam before its use practically in all cases passes
through a so-called matching optics which adjust the beam to the following
transmission line. Fig.3.1 shows the schematic arrangement of the matching optic.
To do this accurate wave beam measurements are needed. High-power beam
structure measurements may be performed by means of an infrared camera
recording thermal traces of the beam passing through thin dielectric films [82].
Having measured intensity distributions one can perform phase front retrieval [83]
and after that mirror synthesis for the beam conditioning. This chapter presents the
analysis and the synthesis method for the internal mirror system. Formed by the
internal mirror system, the output wave beam should satisfy the requirement of
matching to the HE;; waveguide mode or the fundamental Gaussian beam with
conversion efficiencies higher than 95%.

outgoing wave beam \2 5
gyrotron > /
4
; /

»
@)}

4
1. output window of gyrotron 4. polarizer 2
2. reflector A 5. reflector C
3. polarizer 1 6. waveguide

Fig.3.1 Schematic arrangement of the matching optic.

3.1 General Description

The conversion of the very high order cavity mode into a free space Gaussian mode
is a very complex task. Some experimental investigations on q.0. mode converters
have been reported. The q.0. mode converter in the FZK 165GHz, TE3; ;7-mode
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coaxial-cavity gyrotron consisted of a Vlasov-type launcher, one quasi-elliptical
mirror and one adapted phase correction mirror with a non-quadratic surface contour
function [84]. For this system the microwave losses inside the tube have been
measured to be as high as 9%. There are two methods to depress the losses: pre-
shaping of the wavebeam before its launching from the launcher cut, and
improvement of the internal beam-forming mirror system to provide a high quality
wave beam with low stray radiation. For a gyrotron operating in high-order volume
mode whose ray-representation forms a nearly closed trajectory in the cross section
of the launcher, a dimpled-wall launcher can be designed to pre-bunch the field
distribution to provide a nearly Gaussian beam and to generate a well-focused
Gaussian radiation pattern with low diffraction losses. A 140-GHz 1-MW CW
gyrotron operating at the TE»sg mode has been developed at FZK [63], where the
azimuthal spread angle is 0 =~62.2 degree (see Fig.2.3(b)). The internal mirror
system used in this gyrotron is shown in Fig.3.2, which is a combination of a quasi-
elliptical mirror with two toroidal mirrors to couple the wave beam out of the
gyrotron with a desired beam pattern. Experimental measurements showed that a
conversion efficiency of more than 98% has been achieved to convert the rotating
TEgs cavity mode at 140 GHz into a fundamental Gaussian beam (TEMgy mode)
[63]. If the ray trajectory is not closed or even nearly closed, the azimuthal wall
perturbation cannot match the azimuthal ray propagation very well in the launcher
and it is very difficult to design a dimpled-wall launcher to obtain a well-focused
field distribution with high Gaussian mode content. The mode (TEMy, mode) purity
of the radiated beam wave from the cut of this launcher is low and the outgoing
wave beam contains too many high-order modes. In this case, toroidal mirrors are
not sufficient to obtain a desired output beam pattern. In order to satisfy the
requirement to match the output-wave beam to the HE;; waveguide mode or the
fundamental Gaussian beam with efficiencies higher than 95%, some non-quadratic
phase correcting mirrors should be used instead of the toroidal mirrors to amend the
phase distribution of the wave beam and then to improve the conversion efficiency
[85].

The helical-cut launcher radiates the RF power via its straight cut onto a quasi-
optical reflector (Fig.3.3). Care should be taken here that the center ray is reflected
onto the gyrotron axis avoiding a transverse offset of the following mirrors. The
power reflected from the first mirror propagates as an astigmatic beam onto a series
of quasi-optical reflectors where the astigmatism is removed and the output beam
transverse dimensions are matched to the window size [53,86].

In the synthesis of non-quadratic phase correction mirrors, the mirror surfaces are
iteratively optimized according to the desired field distributions. The positions and
the orientations of the mirrors are found by evaluating the moments of the first and
second order of the power distribution. This design technique requires knowledge of
both the amplitude and the phase distribution of the input beam and the desired
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output beam [87]. The structure of a q.0. mode converter with a quasi-elliptical and
two phase correcting mirrors is similar to Fig.3.2, where the toroidal mirrors are
replaced by non-quadratic mirrors. The design procedure is: 1) back propagate the
desired beam onto the last mirror, the field distributions on the mirror surface is used
as the reference for the optimization of the middle mirror; 2) propagate the wave
beam forward from the middle mirror to the last mirror, the differences between the
wave beam input onto the last mirror and the reference field distributions are
calculated. Based on the differences, if the middle mirror is a toroidal one, the major
and/or minor radii are changed to match the reference field pattern; for a middle
mirror with non-quadratic contour function, the mirror surface are iteratively
amended according to the differences. The optimized first and second mirrors
generate the resulting amplitude distribution on the last mirror; 3) the optimization
procedure for the last mirror is the same like that for the middle mirror, the desired
phase distribution can be obtained with the last mirror. The procedure for the
numerical optimization of the mirror system is shown in Fig.3.4 [88,89], where KSA
is the acronym of Katsenelenbaum-Semenov Algorithm and will be described in
section 3.3. This design procedure incorporates a fast scalar diffraction code for a
nonparallel aperture, which allows for a rapid synthesis of the mirror profiles [63].

toroidal mirror .
output window

outgoing wave heam

guasi-elliptical mirror
toroidal mirror

N)

l launcher

Fig.3.2  Schematic of the q.0. mode converter in the 140GHz TE28,8 mode gyrotron.
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Fig.3.3  Cross-section of the launcher and the standard quasi-parabolic mirror
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Fig.3.4  Principle of procedure for the numerical optimisation of the mirror system.

3.2 Beam-Forming Mirror System

In the case that the power densities on the edges of cuts are very low, this leads to
small reflections at the cut edges and the fields in the launcher can be well
approximated by waveguide modes. Diffraction losses can be neglected. The
radiation on the first quasi-optical reflector from the aperture of the launcher can be
calculated in terms of the scalar diffraction integral. In section 3.2.1, the radiated
fields from the launcher cuts are investigated on a quasi-elliptical mirror, and section
3.2.2 presents the principle of phase correcting mirrors with non-quadric surfaces.
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3.2.1 Quasi-Elliptical Mirror

According to the Huygens’ Principle, the fields on the launcher aperture can be
regarded as the second sources for the calculation of the radiated fields. The aperture
is close to the launcher cuts (see Fig.2.11(b), the first bundle outside the cuts), its
size is equal to the Brillouin region. The radiated field can be calculated in terms of
the scalar diffraction integral:

u(i,) = ﬂ(u()ﬁg(’” 0) g - o)a”(”j G.1)

where u(7) is the field on the launcher aperture, g(7) denotes the Green’s function

. . 0 . o

in the free space, S, gives the area of aperture, 2 represents the partial derivative
n

along the direction normal to the aperture surface. From equation (3.1), the fields
u(7,) on the quasi-elliptical mirror can be obtained, where 7, describes the profile

of the mirror surface. The profile of the quasi-elliptical mirror surface is described in
the following.

In order to calculate the fields reflected by the quasi-optical mirror, one needs to
known the unit vector normal to the mirror surface. The quasi-elliptical mirror is a
kind of bifocal mirror. The geometric structure of the cross section of the launcher
and the quasi-elliptical mirror is shown in Fig.3.5, the global coordinate is indicated,
where the center of the launcher aperture is set on the x-coordinate, the launcher axis
is arranged along the z-coordinate, /; and /;+/; denote the two focal lengths of the
quasi-elliptical mirror [90]. The launcher axis is usually set at one of the focal line,
and then the wave beam radiated from the launcher will be focused by the quasi-
elliptical mirror to another focal line. In Fig.3.5, as an example, two ray
representations of the outgoing wave beam are shown and marked as “0” and “1”. If
the gyrotron operates in the TE,, mode, the phase difference between the two rays
is:

argout (r’¢>Z)_argout(r’¢0>Z) :m(¢_¢0) (32)
The curve length on the caustic is

As<¢o,¢>=Rc<¢—¢o>=kﬁ<¢—¢o> (3.3)

The propagation length of the ray to the focal point is
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L($) = 1($) +(x(@) +1,)" + y($)’ (34
where

xX(§) = R, cosp—I(¢)sing (3.5)

Y(P) =R, sing+I(p)cos ¢ (3.6)

(&) cos o

launcher cut

quasi-elliptical mirror

Fig.3.5 Schematic of the geometric structures of launcher and quasi-elliptical mirror [90].

The surface of the quasi-elliptical mirror reflects all the rays to the same line, and all
the rays should have the same phase at the focal line, it can be called zero relative
phase and accordingly the profile of the quasi-elliptical mirror surface is given. With
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regard to the rays “0” and “1” shown in Fig.3.5, to satisfy the requirement of zero
relative phase it gives

As(¢y,9) + L(#) - L(¢y) =0 (3.7)
Substitute the equations (3.3-6) into the equation (3.7), one can get

8R.[, cosp—4¢°R} —4gR. 7w +8¢R I, — n°R? +4nR 1, +8l,1, —8l1,
8/,sing+8¢gR, + 4R, +8I,

l(¢) = (38)

where
l, = L(-7/2) (3.9)

From equations (3.5-6) and (3.8), the coordinates of the points on the quasi-elliptical
mirror surface can be obtained: 7, = (x(¢), v(9), z).

In the case of /, — o, the quasi-elliptical mirror becomes a quasi-parabolic mirror:

2R cos¢p—4l, +2R. ¢+ 7R,

lim [(§) = 3.10

ly—w 2 2sing—2 ( )
If the caustic radius is R.=0 (TEq, modes), the equation (3.7) becomes

L(¢) = L(¢,) (3.11)

It describes an elliptical or parabolic mirror as anticipated.

In terms of the coordinate of 7, = (x(¢), y(¢),z), the vector #n normal to the quasi-

elliptical mirror surface can be given as:

n=

%X%{_MMOJ (3.12)
oz o¢ op ~ 0¢ '

The fields reflected from the quasi-elliptical mirror can be calculated by means of
the scalar diffraction integral.
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3.2.2 Phase Correcting Mirror

Usually the fields reflected by the quasi-elliptical mirror contain some high-order
modes which propagate at relatively large angles to the transmission line. This
produces the power losses in the transmission. In the frame of g.o., the wavefront of
the beam is not in a good structure so its gradients are not in the direction of the
transmission line at some points. Some phase correcting mirrors are needed to
amend the phase distribution of the wave beam according to the desirable mode, so
that the high-order modes can be suppressed. The principle of phase correcting
mirrors is shown in Fig.3.6. An incoming wave beam hits a mirror with a smooth
surface (S-plane in Fig.3.6), the field distributions u(7) are different from u,, (7)

which represents the fields on the perturbed surface of the mirror, Az(7) describes

the changing of the mirror surface. On the observation plane which is far away from
the S-plane (in the far field) and perpendicular to the rays, the phase shift due to the
surface variation of the mirror is given as

Ay =k,Al (3.13)
where
Az
Al = (1+cos2y)=2Azcosy (3.14)
cosy

This can be found from Fig.3.7. The fields on the perturbed surface become
u, (r)=u(r)exp(j2kAz(r)cosy) (3.15)

The fields propagated from the S-plane to a point 1, on Sp-plane can be calculated
by means of the scalar diffraction integral shown in equation (3.1)

u, (i) =2([u, (f)%G(fO —T)dxdy (3.16)

where G represents the Green’s function in free space

67, -y = PG =) (3.17)
472'|l’0 - r|
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In order to achieve the desirable distribution u,(7,) on the observation plane (So-

plane in Fig.3.6), Az(7) should be optimized according to the differences between

the input field and the desirable one on the So-plane. By changing the profile of the
mirror, the differences should be minimized. There are many methods which can be
used to analyze the differences and thus to optimize the mirror surface to achieve
minimum errors on the observation plane. For example, the Gradient Algorithm
which is an effective method to find the minimum error in terms of the gradients of
the error according to its distributions, and the Fast Self Adaptive Algorithm which
is widely applied in the self adaptive filter and self adaptive optics. The error
correction Katsenelenbaum-Semenov Algorithm (KSA) [91] can be used for the
synthesis of a particular distribution by means of phase correctors. This is now an
established method in gyrotron technology for the formation of a microwave beam
with desired characteristics.

S-plane

u®) |

Az(7)

Fig.3.6 Principle of phase correcting mirror.

Az

_________________ N\ .

Fig.3.7 Phase shift on a perturbed surface of phaSI correcting mirror.
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3.3 Error Correction Algorithm—Katsenelenbaum-Semenov
Algorithm

In the design of mirror systems at FZK, the KSA is used for the synthesis of adapted
phase correcting mirrors with non-quadratic contour function. The KSA is described
in detail in ref. [91]. The main idea of the KSA is to find the minimum of the error

E(Az) = TI o, (7)), (7, ),y (3.18)

where u, (;70) is the desired field distribution in the observation plane (see Fig. 3.6),

and usually is the fundamental Gaussian mode (TEMyg). In the Sy-plane, the input
fields can be described as

“r(Fo):

From equation (3.15-16) we can find that the input fields are relative to the surface
of S-plane. At the discrete sample points in the S-plane, the position 7 and
perturbation Az can be written as

u, (7, Jexp(jO(7, ) (3.19)

7 = (vAx, wAy, z) (3.20)
Az(F,d)= ﬁzawﬁ(?—m) (3.21)

where v and w are the mesh numbers, Ax and Ay are the mesh lengths in x- and y-

directions, respectively. The plane is perpendicular to z-axis in the local coordinate
as shown in Fig.3.6. In equation (3.21), o represents the Dirac function, a,, 1s the
perturbation amplitude at the point 7, . Substituting the equations (3.20-21) into

equation (3.18), the error in the So-plane can be expressed as

E@)=Y 3 |u,(7)-u,@7) Ax,Ay, (3.22)
Setting the gradient VE(a) =0, it results in

= =1V
@ _ Y (3.23)
oa w=1--W

vw
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From equation (3.23), the iteration formula can be derived as

=y 1 T . N
Az (r)——2k0 0057[2 arg( 2k, u(F)q (r)cosy)} (3.24)
¢ ) =4[, ) -G =GPy, (3.25)

Here ky is the wave number in free space and the superscript “*” represents the
complex conjugate. The field propagated from the mirror to the point 7, is described

as
) =2(f ()2 GG, ~ )y (3.26)

u! (7) = u(F)expl 2k, Az (F) cos y ) (3.27)
Notice that the equations (3.1), (3.16) and (3.25-26) have the form:

W (i) = 2[[UG (7, - F)dxdy (3.28)

According to the Signal Processing Theory, equation (3.28) can be calculated using
the Fourier Transform of the functions:

wE)=F'w)=F'U,r,) (3.29)
U,=r) (3.30)
V,=F{V) (3.31)

where F and F' denote the Fourier Transform and the reverse Fourier Transform,
respectively. For the partial derivative of V' (7), its Fourier Transform becomes:

F(Z—Vj =210V, (3.32)

zZ

where Q, is the frequency with respect to the variable z.
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Finally, in terms of the equations (3.24-27), the phase correcting mirror can be
iteratively optimized to provide a field distribution in the observation plane which is
similar to the desired field structure. If the requirement is to achieve a fundamental
Gaussian distribution, the vector Gaussian mode content shown in equation (2.78)
can be used to monitor the quality of the corrected wave beam in the iterative
optimization.
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Chapter 4 Design and Experiment: Prototype of
the Quasi-Optical Mode Converter for
the TE3z419-Mode Coaxial-Cavity
Gyrotron

A 2MW, CW, 170GHz, TE34 19-mode coaxial-cavity gyrotron is under development
in cooperation between European Research institutes (FZK Karlsruhe, CRPP
Lausanne, HUT Helsinki) and European tube industry (TED, Velizy, France), which
is foreseen to be used for electron cyclotron resonance heating (ECRH) of
magnetically confined plasmas in the International Thermonuclear Experimental
Reactor (ITER). For such a high-order waveguide mode, it is necessary to employ a
g.o0. mode converter for transmission of the volume mode transformation into a
fundamental Gaussian mode. A pre-prototype of the q.0. mode converter has been
investigated and integrated into the coaxial-cavity gyrotron. This g.0. mode
converter for the coaxial-cavity gyrotron consists of a dimpled-wall launcher, a
quasi-elliptical mirror, a toroidal mirror and a non-quadratic phase correcting mirror
[92-94]. This chapter presents the design and the experimental verification of the
pre-prototype q.0. mode converter and provides information about an improved
prototype.

4.1 First Approach of a Launcher for the TEz,1o-Mode Coaxial-
Cavity Gyrotron

By means of the conventional method presented in section 2.4.2, a first approach for
a dimpled-wall launcher has been designed for the 2MW, CW, TE;4 9-mode
coaxial-cavity gyrotron at FZK. The perturbation amplitudes and lengths are shown
in Fig.4.1 [75].

The field distribution on the unfolded launcher wall and the mode composition
coefficients which are calculated using the coupled-mode method are shown in
Fig.4.2 and Fig.4.3. In agreement with Fig.2.19, we can see that a good mode
composition along the longitudinal axis is obtained as shown in Fig.4.3. Table 4.1
gives the relative powers of the satellite modes at the aperture of the launcher, from
which we can find that a good Gaussian mode amplitude composition is achieved.
However, the Gaussian output pattern requires a certain amplitude and phase
relation between the main mode and the satellite modes. The appropriate amplitude
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relation can be achieved in a short perturbed section of 271 mm, but the phases are
not in appropriate relations, even after a length of approximately 480mm.

A

0.01736
g =
£ =3
c
S 001771
g =1
-
F=]
[<5]
k=]

0 — >
10 256 261 266 271
Z (mm)

Fig.4.1 Schematic drawing of wall deformations of a dimpled-wall launcher for the TE;4 ;o-mode coaxial-cavity

gyrotron with £ 1= 1 and ¢ 5 = 3
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Fig.4.2 Field distribution on the unfolded wall of the launcher for the TE34 ;9 mode coaxial cavity gyrotron with
/ 1= 1 and ¢ = 3 . The edges of the launcher cut are indicated.

For the 2MW, CW, TE34 19-mode gyrotron, the power density at the beginning of the
launcher is 57W/cm” and the factor F,~=1.5 in equation (2.59). On the cut edges of
the dimpled-wall launcher with perturbation rules ¢/, =1, ¢/, =3 and the radius of
32.5mm shown in Fig.4.2, the average and peak of the power densities are —9.7dB
and —6.7dB, the corresponding power densities are 32.3W/cm® and 63.8W/cm?,
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respectively. Although a good amplitude distribution for a Gaussian mode
composition is obtained at the aperture, the dimpled-wall launcher fails to provide a
well-focused field structure by means of the conventional method. The peak of the
power densities on the cut edges is even larger than the input power density. Such
strong fields on the cut edges will produce large diffraction and stray radiation
losses. Moreover, the launcher is too long to be integrated into the gyrotron. As
described in chapter 2, a mode in circular waveguide can be regarded as
superposition of plane waves represented by rays. In the launcher for the TEj34 o-
mode coaxial-cavity gyrotron, the azimuthal angle 6 between the adjoining
reflection points of a ray on the launcher wall can be obtained from equation (2.17):
0 ~71.1 degree, the ratio of the caustic to the cavity radius is R.,/a~0.323.
According to equation (2.30), the selection rule for the azimuthal bunching is
Am = 7/0 =2.53 and has to be approximated by ¢, =3 in equation (2.31). Due to

the ratio of caustic to cavity radius of approximately 0.323, the transformation of the
TE34.19 mode into a nearly Gaussian distribution in the dimpled-wall launcher cannot
be done as good as for the modes of conventional cavity 140GHz gyrotron
[41,63,95,96], 170GHz gyrotron [97], and 110GHz gyrotron [73,98], where the ratio
of caustic to cavity radius is approximately 0.5 and the ray representation of the
waveguide mode forms an almost closed triangle in the cross section of launcher. In
the launcher for the TEj4 9-mode gyrotron, the azimuthal wall perturbation with
¢, =3 cannot match the azimuthal ray propagation in the launcher (see Fig.2.3)

very well. This makes it very difficult both to transform the cavity mode into a
nearly Gaussian beam mode and to obtain well-focused fields at the aperture to
provide low diffraction at the cuts of the launcher.
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Fig.4.3 Mode composition (relative power) coefficients vary along the z-axis in the launcher

for the TE34 19-mode coaxial-cavity gyrotron with / L= 1 and ¢ ) = 3.
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Table 4.1. Relative powers of the satellite modes at the aperture of the launcher
with £, =1 and ¢, =3.

| _»azimuthal bunching

¢ TEs220 TE35 10 TE3s.15

2.63% 10.99% 3.02%

TE3120 TE34,10 TE37,18

. 10.53% 44.42% 10.95%
axial

bunching TE3020 TE33,19 TE36,15

2.08% 10.2% 2.26%

4.2 Analysis of the Pre-prototype Quasi-Optical Mode Converter for
the TE3,19-Mode Coaxial-Cavity Gyrotron

A pre-prototype of the q.0. mode converter has been developed for the 2MW, CW,
TEs4.19-mode coaxial-cavity gyrotron and was tested in August, 2005 at FZK. The
q.0. mode converter consists of a dimpled-wall launcher, a quasi-elliptical mirror, a
toroidal mirror, and one non-quadratic mirror, which means that a second, external
non-quadratic mirror must be employed in order to get a Gaussian beam with good
amplitude and phase. The schematic arrangement of the designed q.0. mode
converter is shown in Fig.4.4. Low power measurements of the q.0. mode converter
have been performed with a TEs419-mode generator operated at 170.3 GHz. The
experimental setup is shown in Fig.4.5 [94].

output window phase correcting mirror

RF beam

F 3

toroidal mirror

a3

Fig.4.4 Arrangement of the q.0. mode converter for the TE;4 ;9 mode gyrotron.
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Fig.4.5 The q.0. mode converter as assembled for the low power measurement.

421 Launcher

In section 4.1, the analysis shows that the dimpled-wall launcher with 7, =1
and/, =3 cannot provide a well-focused field at the aperture of launcher. In order
to obtain a well-focused field structure, the second order harmonics (£, =2) is

included in the wall surface deformations of the launcher [76,99] to approximate
together with a ¢, =3 perturbation the Am =2.53 bunching. The slope of taper is

0.002 (see equation (2.44)), and the input radius of the launcher is 32.5mm which
gives an oversize factor of 1.1, where the oversize factor is defined as

(4.1)

where a is the launcher radius, X, is the root of the derivative of the Bessel
function, &y is the wavenumber in free space. The perturbation amplitudes and
lengths are shown in Fig.4.6, and the profile of the launcher wall surface is shown in
Fig.4.7. Based on the coupled-mode method, the fields in the launcher are
calculated. The power densities on the wall are shown in Fig.4.8, where the
conversion efficiency #, (see equation (2.78)) is 43% at the aperture. According to
the equations (2.59) and (2.65) with the factor f,=1.5, the average value and peak on
the edges of cuts are 18.4W/cm” and 87.3W/cm?, respectively.
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Cavity Gyrotron
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Fig.4.6 Schematic drawing of wall deformations of launcher for the TE;4 1o-mode

coaxial-cavity gyrotron with £ L= 1, ¢ 5 = 2 and /¢ 3 = 3.

Fig.4.7 Schematic contour of the launcher wall (£ = 1, ¢ ) = 2.0 3 = 3 perturbations).
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Fig.4.8 Field distribution on the unfolded launcher wall (£ L= 1,74 ) = 2.0 3 = 3 perturbations),the edge of

cut is indicated.
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4.2.2 Mirror System

As shown in Fig.4.4, the mirror system is the combination of a quasi-elliptical
mirror together with a toroidal mirror and an adapted phase correcting mirror with
non-quadratic contour surface function. The center of the quasi-elliptical is set at the
point (-100.0mm, 0.0mm, 95.0mm), the focal length /;,=100mm (see Fig.3.5) is
selected to match the center of the launcher, and /;=1200mm. The toroidal mirror is
a focusing device which has two different radii whose axes are oriented at 90 degree
to each other. They are utilized in cases where the beam must be focused and folded.
Rather than using both a spherical mirror and a plane mirror for this purpose, both
functions may be combined in one element. The small number of optical elements
increases the energy throughput and also allows for more compact designs. Toroidal
mirrors also correct for the astigmatism that results when a spherical mirror is used
off axis. The major and minor focal lengths of the toroidal mirror used in the q.o.
mode converter are 4000.0mm and 1500.0mm, respectively, and the coordinate
(x,y,z) of its center point is (-70.0mm, 0.0mm, 176.0mm). By making use of the
KSA, the surface of the last mirror has been optimized for amplitude matching
according to a desirable field distribution. The coordinates of the centers of the last
mirror and the output window are (130.0mm, 0.0mm, 350.0mm) and (-310.0mm,
0.0mm, 350.0mm), respectively. Using the scalar diffraction integral equation 3.1,
the calculation result for the radiated fields on the quasi-elliptical mirror is shown in
Fig.4.9.

200

Zfmm

irad)

Fig.4.9 Power density on the quasi-elliptical mirror (in dB).
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The field patterns radiated from the launcher have been measured after the quasi-
elliptical mirror at the position of the second mirror, where the system is operated at
the frequency of 170.3GHz. The results have been compared with the calculation
results. From Fig.4.10 we can see that a good agreement is achieved between the
calculation and the low power measurement result.
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Fig.4.10 The field radiated from the launcher at the position of the second mirror
measurement (left) and calculation (right) at 170.3 GHz [94].

In order to investigate the tolerance conditions of the q.0. mode converter, the
system is measured with a second low power mode generator operating at
171.92GHz. Fig.4.11 shows the field patterns measured at the position of the second
mirror and the calculated amplitude contours of the fields on the second mirror. It
seems that although the frequency is 1.89GHz higher than the given value, the
measured field is still in a relatively good agreement with the calculation results.
That is, the launcher and the quasi-elliptical are of good tolerance conditions.

The second and third mirrors have been also tested. With the TE34 19-mode generator
operating at the frequency of 170.3GHz, the outgoing wave beam has been measure
at different planes. The measurements are performed at three positions; the results
are shown in Fig.4.12. The scalar correlation coefficient 7, (defined in equation
(2.77)) of the measured to the calculated patterns is estimated to be 90% in the
window plane [94]. At the position of 50mm outside the gyrotron, the measured
beam pattern is very similar to the calculation result, but both the measured and the
calculated patterns are quite different from those in the window plane. Using a
Gaussian mode fitting code, the analysis shows that the fundamental Gaussian mode
content of the RF output wave beam is approximately 65%. This can explain the big
difference between the pattern at S0mm outside the gyrotron and that in the window
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plane. As the RF wave beam propagates along the negative x-direction to 500mm
outside the gyrotron, the beam becomes very large in the cross-section.
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Fig.4.11 The field radiated from the launcher at the position of the second mirror
measurement (left) and calculation (right) at 171.92 GHz [94].
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Fig. 4.12 Distribution of the RF output beam at three planes outside the gyrotron.
upper row: results of calculations; lower row: results of measurements performed with the TEs4 jo-mode
generator at 170.3 GHz. The window aperture (96 mm diameter) is indicated [94].
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As the frequency increased to 171.92GHz, the beam patterns shown in Fig.4.14 are
quite different in comparison to those in Fig.4.12. It seems the frequency of 171.92
GHz is slightly too high. Due to the frequency difference the Brillouin angle is
decreased by approximately 1 degree. This results in a significant shift of the
position of the microwave beam at each mirror. Consequently the beam pattern is
modified mainly because the correct beam phase modification at the 3" mirror is not
feasible anymore. The properties of the microwave beam have been calculated for
these conditions (Fig.4.14, upper row).

40mm inside gyrotron window
120 120

100 4

80

60+

calculation
y/ mm

measurement
v/ mm
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Fig.4.14 Results of cold tests at three planes in comparison with calculations performed with the second mode
generator at 171.92 GHz. The window aperture (96 mm diameter) is indicated [94].

The radiated fields are calculated by making use of a Surface Integral Equation
(SIE) code SURF3D developed at Calabazas Creek Research, Inc., USA [100],
which can provide a 3-D full wave analysis of the field in the launcher. Power
reflection and field diffraction at the launcher cuts can be evaluated in the
calculation. The radiated fields on the cylindrical surface with a radius of 100m are
shown in Fig.4.15. The size of the quasi-elliptical mirror in the azimuthal direction
is 3.1 radian (from -3 to 0.1), the relative power on this mirror is about 94.87%, and
so the diffraction loss is approximately 5.13%. This is due to the fields on the edges
of launcher cuts are relatively strong, the maximum power density on the edges is as
high as 87.3W/cm?, which is even larger than the input power density of 57W/cm?,
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and the average power density of 18.4W/cm’ is somewhat large. Moreover, the
conversion efficiency is only 43% at the aperture of launcher, thus there are too
many high-order modes embraced in the outgoing wave beam. This would make it
very difficult to design the mirror system to correct the field distributions of the RF
output wave beam and to achieve the desirable fundamental Gaussian structure. In
order to satisfy the two requirements for megawatt gyrotrons, stray radiation losses
in the tube of less than 5% and the matching to the HE;; waveguide mode or a
fundamental Gaussian beam with conversion efficiencies higher than 95%, the q.o.
mode converter must be improved.
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Fig.4.15 Field distribution on a cylindrical surface with 100mm radius.

4.3 Influence of the Focal Lengths of the Quasi-Elliptical Mirror on
the Conversion Efficiency and First Improvement

The theoretical and experimental results show that the mirror system shown in
Fig.4.4 fails to provide a high conversion efficiency to the desired fundamental
Gaussian distribution with a given structure. The analyses in sections 3.1 and 4.1
show, as expected, that one toroidal mirror and one adapted phase correcting mirror
are not sufficient to provide a high conversion efficiency for the transformation of
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the TE34.19 mode into a Gaussian distribution, a second phase correcting mirror with
non-quadratic surface contour should be used instead of the middle toroidal mirror
in Fig.4.4 or as an external mirror. Here we choose the first solution. With this new
arrangement of the mirror system consisting of a quasi-elliptical and two non-
quadratic mirrors, the focal lengths of the quasi-elliptical mirror on the conversion
efficiency are investigated. In the coordinate system shown in Fig.4.4, the desirable

fundamental Gaussian beam |u2|exp( j®,) with required structure can be described

S
w(x) w”(x) R(x) oy 42)

w(x) = w, \/1 + (MJ (4.3)

as

R() = (x—x, ) — (”Wg ] (4.4)

r=r—y,) +(z-z) (4.5)

where A, represents the amplitude, wy is the beam waist, k) and 1y are the wave
number and wave length in free space, respectively, xy describes the position of the
beam waist in x-direction as shown in Fig.4.4, the coordinate (yy, zyp) denotes the
center of the fundamental Gaussian distribution in the y-z plane. In our simulation,
the coordinates (xy, vy, zp) are (-310.0mm, 0.0mm, 350.0mm) which is the center of
the output window. The investigations show that there is a great influence of the
focal length /, of the quasi-elliptical mirror (see Fig.3.5) on the conversion
efficiency [89,101].

Since in the q.0. mode converter for the transformation of the TE34 ;9 mode, the input
field distribution on the quasi-elliptical mirror shown in Fig.4.9 is quite complicated,
its focal length /; should be well selected to match the required asymptotic beam

A
growth (ABG) angle 6, = —"- of the Gaussian beam in order to achieve a high
0

conversion efficiency into a fundamental Gaussian wave beam with given
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Fig.4.16 Conversion efficiency in the window plane.

structure [89,101]. In the procedure for the mirror system optimization as shown in
Fig.3.4, the initial surfaces of the second and third phase correcting mirrors are
plane. The optimization of the focal length /, of the quasi-elliptical mirror is carried
out by changing the value of /, to match the ABG angle and then to obtain a high
conversion efficiency to the desirable circular fundamental Gaussian distribution as
described in equations 4.2-5. The optimized conversion efficiencies are shown in
Fig.4.16, where the first focal length is /;=100mm. For the second mirror, all the
scalar correlation coefficients #, could be improved from about 73-78% to 98-99%
when /,=1200mm, 69~75% to 98-99% when [,=2100mm and 67-73% to 98-99%
when [,=5100mm, whereas the conversion efficiency #, could not be enhanced
[89,101]. This means that the second mirror can correct the amplitude distribution,
but is unable to improve the phase distribution. Taking the wave beam corrected by
the second mirror as the input, the third mirror is also optimized to provide a high
conversion efficiency. For the focal length /; equal to 1200mm, which is same with
that in Fig.4.4, an optimized conversion efficiency of more than 95% can be
obtained only for a wave beam with an ABG angle larger than 3.0 degree; the
corresponding beam waist is 1 lmm. This can explain that the existing mirror system
could just provide a low scalar correlation coefficient 7, of 85% of the RF wave
beam to the desired fundamental Gaussian distribution with the required beam waist
of 25mm measured at the output window [94]. From Fig.4.16 we can also find that
there is a great influence of the focal length of the quasi-elliptical mirror on the
optimized conversion efficiency. As the focal length /, is increased to 2100mm, the
smallest ABG angle of the wave beam with a high conversion efficiency of more
than 95% could be decreased to 1.43 degree, and the corresponding beam waist is
22.4mm. The optimized conversion efficiencies with the focal length /, of 5100mm

66



Chapter 4 Design and Experiment: Prototype of the Quasi-Optical Mode Converter for the TE;4 9 Mode Coaxial
Cavity Gyrotron

are also shown in Fig.4.16. In this case the smallest ABG angle of the beam wave
with high conversion efficiency is 1.6 degree. It seems that the focal length of
2100mm can best match the ABG angle.
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Fig.4.17 Conversion efficiencies along the path of propagation.
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Fig.4.18 Relative power along the path of propagation.

In the case of /,=2100mm, when the ABG angle is larger than 1.47 degree, the
optimized conversion efficiency 7, is stable at the value of about 98%. As the beam
waist increases to the value of 22.5mm, the optimised conversion efficiency 7, of the
third mirror is decreased to 92.7%. The power transmission is determined as the
relative power P,
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H|u|2 ds
P=s

P

m

(4.6)

where P;, dedicates the input power on the quasi-elliptical mirror, S is an aperture
and u is the field distribution on the aperture. In the window plane, the aperture size
is mr”, where r is the radius of the output window which is 50mm. At other position
the aperture is 440*440mm”. As an example, the power transmission and the
variation of the conversion efficiency along the propagation direction are plotted in
Fig.4.17 and Fig.4.18, where the ABG angle is 1.6 degree, the corresponding beam
waist is 20mm. From Fig.4.17 we can see that the conversion efficiency on the third
mirror is 97.1% which means that the high-order modes in the outgoing wave beam
are depressed and most of the outgoing wave beam has been converted into the
desired fundamental Gaussian beam mode with required structure, the loss of power
after correction is small as shown in Fig.4.18, the relative power is 98.2% at the
output window. The conversion efficiency 7, is increased a little bit to 98.3% in the
window plane and 99.0% at 740mm after the window due to the loss of high-order
modes in the beam wave.

L, EE2bEEE.2HEERSE

<100

(a) (b)
Fig.4.19 Amplitude contour (a) and phase pattern (b) of the input field on the second mirror.

Fig.4.19 shows the amplitude contour and the phase pattern on the second mirror,
where the field distribution is quite irregular and complicated with very low
conversion efficiency of 43% and the scalar correlation coefficient of 70.6%. After
correction by the second mirror, the amplitude contour and the phase pattern on the
third mirror are shown in Fig.4.21. Comparing Fig.4.19(a) with Fig.4.20(a), it can be
found that the amplitude distribution is rectified and the scalar correlation coefficient
ns 1s enhanced to 98.8%, whereas the phase pattern on the third mirror shown in
Fig.4.20(b) is still very irregular in comparison to Fig.4.19(b).
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Fig.4.20 Amplitude contour (a) and phase pattern (b) of the input field on the third mirror.

50 1 N A A AT B
60 — -
40 09
30 08 a0 [
0] 07 ] [
06 20 — —
10 -
05
Y (mm) 0 - Y o] =
04 ()
10 5
03 ] [
204
02 ] -
-30 01 - 40 — "y - -
40 0 ] ; [
l -50 ] -
50 . . . . . . ; ; . L L L L L
500 40 30 20 40 0 W0 20 30 40 50 S60 -40 .20 o 20 a0 60
X (mm) X{mm)
(a) (b)

Fig.4.21 Amplitude contour (a) and phase pattern (b) of the field in the window plane.
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Fig.4.22 Amplitude contour (a) and phase pattern (b) of the field at 300mm before the window.
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Fig.4.23 Amplitude contour (a) and phase pattern (b) of the field at 300mm after the window.

Formed by the third mirror, both the amplitude contour and phase pattern in the
window plane shown in Fig.4.21 are strongly improved and the conversion
efficiency 7, is increased to 98.3%. The amplitude contours and phase patterns at
300mm before and after the window are also given in Fig.4.22-23, where the
conversion efficiency #, is 97.2% and 98.7%, respectively.

In this chapter, the theoretical and experimental investigations of the pre-prototype
of the q.o. mode converter for the TEs4j9-mode coaxial-cavity gyrotron are
presented. From the discussions we can conclude that it is a great challenge for the
design of a q.0. mode converter for this gyrotron to provide a high quality wave
beam with desired structure. Both the launcher and the mirror system are quite
complicated; all the relative parameters should be well chosen and optimised to
achieve a high conversion efficiency and high power-transmission.
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Chapter 5 Improvement of the Quasi-Optical Mode
Converter for the TE3,1o-Mode Coaxial-
Cavity Gyrotron

In chapter 4, the analyses and experimental results of the prototype of the q.0. mode
converter for the 170GHz, TEs419-mode coaxial-cavity gyrotron reveal that the
dimpled-wall launcher designed by means of the conventional method fails to
provide a high conversion efficiency of the volume cavity mode into a fundamental
Gaussian distribution. In this case the mirror system is very complicated and very
difficult for precise fabrication of the components with complicated surface
structure. In this chapter, a dimpled-wall launcher with some high-order harmonics
introduced to the wall deformations is investigated. By making use of a commercial
computer code [100], the launcher wall surface is numerically optimized to provide
a wave beam with high vector correlation coefficient #, to a fundamental Gaussian
mode. The mirror system is ameliorated, the tolerance conditions of the phase
correcting mirrors with non-quadratic surface contours are improved.

5.1 Numerical Optimization of the Dimpled-Wall Launcher

In order to achieve a well-focused field distribution at the aperture of the dimpled-
wall launcher for the TEs4 9-mode coaxial-cavity gyrotron, a launcher with high
order perturbations included in the wall surface deformations are proposed [75]. The
perturbation amplitudes and lengths are indicated in Fig.5.1.
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Fig.5.1 Schematic drawing of launcher wall deformations (/,=1, ,=2, /3=3, [,=5, [s=6 perturbations).

The field distributions on the wall surface are simulated and shown in Fig.5.2, and
the schematic contour of the wall is shown in Fig.5.3, where the slope of the
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diameter taper is 0.002, the radius of the launcher is 32.5mm and therefore the
oversize factor F, is 1.1.
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Fig.5.2 Field distribution on the unrolled waveguide wall of the launcher (¢ 1= 1,0 ) = 2,
=D, =D, = O perturbations). The edges of the launcher cut are indicated.
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Fig.5.3 Schematic contour of the launcher wall

4, =1,0,=2,0,=3,0,=5,0, =6 perturbations).
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It is obvious that the fields on the aperture of the launcher shown in Fig.5.2 are not
in good distributions in comparison to a fundamental Gaussian mode, the vector
correlation coefficient is only 23%. The peak power density of the fields on the
edges of cuts is as high as that of the input field of the launcher which is given as
57W/cm? in section 4.1, the launcher should be improved. Using the commercial
computer code LOT developed at Calabazas Creek Research, Inc., USA [100], the
launcher with high order perturbations is numerically optimized.

5.1.1 Launcher with Oversize Factor of 1.1

From Fig.5.2 we can see that the fields at the edges of the cuts are still relatively
strong and the wave beam at the aperture is not good enough to provide high quality
radiated fields. Notice that the amplitudes of the launcher wall perturbations are
constant in the deformation section as shown in Fig.5.1, one can expect if the
perturbation amplitude J; in equation (2.31) is variable along the z-axis, low fields at
the edges of the cuts could be obtainable. We rewrite the equation as

R($.2) = a+az+ X[ ()cos(t )+ ¢ (sin(! ) (5.1

In equation (5.1), not only the amplitudes of the perturbations could be changed, but
also the phases are variable, because ¢; and {; are independent to each other in the
optimization. With both the amplitudes and phases of the perturbations optimized,
the field patterns on the launcher wall are shown in Fig.5.5.

In comparison with Fig.4.2 and 4.8, we can find that the power densities on the
edges of the cuts are decreased, the peak and average value are 5.4W/cm” and
1.9W/cm?, respectively, and the maximum power density on the launcher wall is
400.8W/cm®, which can satisfy the technical requirement for the cooling system of
the launcher (<500W/cm?). However, it should be pointed out that the vector
correlation coefficient at the launcher aperture is not enhanced very much and is
only 53% (see Fig.5.5). There are still too many and relatively strong high order
modes in the radiated fields from this launcher. Thus it could be difficult to design a
mirror system for the correction of the RF wave beam to achieve a desirable
fundamental Gaussian distribution.
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Fig.5.4 Field distribution on the unrolled waveguide wall of the optimized launcher (£ 1= 1,¢ , = 2,
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Fig.5.5 Contour of the strength of the field at the aperture of launcher in a linear step of 0.1, the solid and dashed
lines represent the wave beam mode and ideal Gaussian distribution, respectively.
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5.1.2 Launcher with Oversize Factor of 1.07

For the Denisov-type launcher, the oversize factor has a great influence on the field
distributions inside the launcher. So a launcher with different radius is investigated
to find an optimum value of the oversize factor in order to obtain a high quality
wave beam at the launcher aperture. The optimizations are performed on a launcher
with a smaller radius 31.6mm, where the oversize factor is decreased from 1.1 to
1.07. In this case, the power density at the input of launcher is 74.25W/cm® with
F,=1.5, so it becomes critical for the maximum power density to meet the technical
requirement of the cooling system for the launcher. The optimized field patterns on
the unrolled launcher wall are shown in Fig.5.6, and the amplitudes & and {; are
shown in Fig.5.7(a) and (b). The vector correlation coefficient to a fundamental
Gaussian mode is increased to 82.3% at the aperture, the peak and average value of
the power density at the edges of cuts are approximately 7.7W/cm® and 2.7W/cm?,
respectively, the maximum power density on the wall is 522W/cm?, which is
22W/cm? larger than the requirement. An advance cooling system could be used for
this launcher, which allows the maximum power density of 600W/cm® and
accordingly is more expensive. The profile of the launcher wall surface shown in
Fig.5.8 is much more complicated in comparison to Fig.5.3, it looks as if a large
fabrication error would be produced. As a matter of fact, {(z) and {(z) shown in
Fig.5.7 are continuous, and R(¢,z) in equation (5.1) is also a continuous function,

the curvature radii of the perturbed wall surface are not very small so that the
launcher can be fabricated in the same accuracy as that shown in Fig.5.3.

The fields in an opened-end launcher are not exactly waveguide modes due to
diffraction and reflection at the edges of cuts. Only as the fields on the edges of cuts
are very small, the fields inside the launcher can be well approximated by
waveguide modes. In the computer code LOT [100], the fields inside the launcher
are calculated using the coupled-mode method, which is based on the approximation
to the fields in the launcher using the TE or TM modes. As the fields on the cuts
edges of the optimized launcher are suppressed, both the reflection and the
diffraction at the cut edges are all very low. This can be found from the similarity of
the patterns of the field radiated from the optimized launcher shown in Fig.5.9 and
5.10 which are calculated using the computer code SUF3D [100] and the scalar
diffraction integral equation (3.1), respectively. The algorithm used in the SUF3D
code is the Moment of Method (MoM) to solve the Electric Surface Integral
Equation (EFIE) for the launcher. It is a 3-D full wave analysis to the fields in the
launcher, and thus the influences of the reflections and diffractions from the cuts
edges are evaluated automatically in the calculation, and are all included in Fig. 5.9.
Unfortunately, as the gyrotron operates at very high order mode and high frequency,
it requires a large computer memory (8GB) and long computer time for the solution
of the equivalent electric currents on the launcher wall using the SUF3D code.
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Moreover, the convergence of the solutions becomes very critical as the
convergence residual is small in the SUF3D code. So the solutions for the launcher
in the TEs4 19-mode, 170GHz coaxial-cavity gyrotron cannot be done in a very high
accuracy. The field pattern in the region z=7-60mm is quite irregular due to the
calculation error as shown in Fig.5.9. The size of the quasi-elliptical mirror in the
azimuthal direction is the same as that used in the pre-prototype of the q.o. mode
converter (see section 4.1, page 58). The energy losses due to the diffraction is
estimated as around 1.2%, which is just 23.4% of that given in section 4.1.

The optimized launcher with high-order harmonics introduced to the wall surface
deformations and with an oversize factor of 1.07 can provide a relatively high vector
correlation coefficient at the aperture and low diffraction losses at the launcher cuts.
So the field distribution in the launcher can be well approximated by waveguide
modes and the radiated fields can be calculated in terms of the scalar diffraction
integral equation. Taking into account the calculation errors and complication, it
seems that the scalar diffraction integral method is more effective and accurate for
the analysis of the launchers operating with very high-order modes and high
frequencies, so long as the fields on the launcher cuts are small enough to allow a
good approximation of the fields inside the launcher by waveguide modes. This
provides a simple way for the calculation of the field distributions inside the
launcher and of the fields radiated from the launcher.
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Fig.5.6 Field distribution on the unfolded wall of launcher for the TE;49-mode coaxial-cavity
gyrotron with fl =1,/ ) = 2,0 3 = 3./ 4 = 5 ,fs =6 perturbations, and oversize factor
F,=1.07. The edges of the launcher cut are indicated.
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5.2 Improved Mirror System

In sections 3.1, 4.1 and 4.3, the beam forming mirror system for the TE;34 j9-mode
coaxial-cavity gyrotron is generally discussed. The focal length /, of the quasi-
elliptical has been optimized in section 4.3. It has been pointed out that toroidal
mirrors are not sufficient for the transformation of the field distribution radiated
from the launcher into a desirable fundamental Gaussian mode. In the improved
mirror system, there are three mirrors: the first one is a quasi-elliptical mirror with
focal length /;,=100mm and /,=2100mm, the second and third mirrors are phase
correcting mirrors with non-quadratic surface contour functions. In order to
investigate the tolerance conditions of the phase correcting mirrors, the procedure
for the optimization of the phase correcting mirrors is improved as shown in
Fig.5.11, where the mirror surfaces are smoothed in the iterative optimization
algorithm. Accordingly, the equation (3.15) is changed as follows:

u, (¥) = u(F)exp(j2kF, (Az(¥),r, )cos ) (5.2)

where F), describes the smoothing function with respect to the perturbation Az(#) of
the mirror surfaces and the curvature radius . of the milling tools. In the improved
procedure, the fabrication errors are included in the optimization, so mechanically
feasible mirror can be obtained. From the view of mathematics, the optimal mirror
surfaces are related to the initial values of Az(7), so the choices of the initial shapes
of the mirror surfaces are very important for the optimization of the phase correcting
MIrTors.

/ 7

mirror 1 [ mirfor 2 smoothing R mirr()// 3| smoothing window
( error l ( error
KSA |E| KSA|, z
A

reference
(desirable ideal fundamental Gaussian distribution)

Fig.5.11 Principle of the improved procedure for the numerical optimisation of the mirror system.

As the maximum power density on the wall of the launcher with an oversize factor
of 1.1 satisfies the requirement of the simple cooling system for the launcher, we
first try to design a mirror system to correct the RF beam radiated from this
launcher. With a curvature radius 0.5mm of the milling tools, an efficiency of 97%
is achievable for conversion of the RF beam to the desirable fundamental Gaussian
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mode in the window plane with a beam waist of 20mm. The power transmission is
96.8% at the output window. It seems a good mirror system has been obtained which
can meet the requirements for the conversion efficiency and power transmission.
However, the curvature radius of 0.5mm is too small, it needs too long time for the
fabrication of the phase correcting mirrors. If the curvature radius increased to Imm,
the conversion efficiency decreases to 93.1%, and the power transmission is only
88.4%. The technical requirement for the curvature radius of the milling tools is
re2mm. Setting the curvature radius ».=2mm, the optimised mirror system could
just provide a low conversion efficiency of 92% and a low power transmission of
81.9%. Since the vector correlation coefficient of the fields radiated from the
launcher is just around 53%, the perturbed surfaces of the phase correcting mirrors
are distorted very strongly in the optimisation and are very difficult to be machined.

It is expected that the fields radiated from the launcher with an oversize factor 1.07
can be transformed into the required fundamental Gaussian mode with high
conversion efficiency by a mirror system optimised with a larger curvature radius of
the milling tools. In the mirror system, the focal lengths of the quasi-elliptical are
same as the optimum in section 4.3, and the initial values of Az(7) are zero for both

the second and third mirrors, namely, the initial shapes of the second and third
mirror are plane. Unfortunately, the phase correcting mirrors smoothed with
curvature radius of 2mm could just provide a conversion efficiency of 93.2% to the
fundamental Gaussian mode defined in equations (4.2-5) with 20mm beam waist in
the window plane. Only as the value of 7. decreased to 1.4, the simulation results
report the conversion efficiency is as high as 95.82% in the window plane. The field
contour and phase pattern on the second and third mirrors are shown in Fig.5.12 and
Fig.5.13, respectively. The size of the second mirror is 400mm x220mm, the power
transmission on the second mirror is estimated to be 98.8%. Before corrected by the
third mirror, the conversion efficiency of the field distribution shown in Fig.5.13 is
61%. The size of the third mirror is 160mmx 160mm which is indicated in Fig.5.13.
It can be found that the quality of the wave beam shown in Fig.5.13 is better than
that shown in Fig.4.20 with the conversion efficiency of 23%. However, the power
transmission on the third mirror is only 92.3%, there is too much power outside the
mirror in Fig.5.13. Corrected by the third mirror, the field contour and phase pattern
of the outgoing wave beam at 300mm before the window are plotted in Fig.5.14,
from which we can see there are some high-order modes in the RF beam so that
stray radiation is produced. Fig.5.15 gives the field distribution in the window plane,
where the power transmission is reduced to 90%. The amplitude contour and phase
pattern at 300mm after the window are also presented in Fig.5.16, the conversion
efficiency and the relative power are 96% and 89.4%, respectively.

Although a conversion efficiency of more than 95% in the window plane is
obtained, the power losses in the gyrotron are around 10% which is too large for the
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TE34,19-mode, 2MW,CW, coaxial-cavity gyrotron. The curvature radius of the
milling tools used in the optimisations cannot satisfy the technical requirement. The
analyses show that the power losses in the propagation from the second mirror to the
third one is 6.5%, so it is very important to improve the second mirror further more.
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Fig.5.12 Amplitude contour (a) and phase pattern (b) of the field on the second mirror,
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Chapter 5 Improvement of the Quasi-Optical Mode Converter for the TE;4;o-Mode Coaxial-Cavity Gyrotron

Notice that the astigmatism of the RF wave beam before correction by the second
mirror is relatively strong in the x-direction in Fig.5.11. It seems that the second
mirror fails to remove the astigmatism in the wave beam as shown in Fig.5.13, so
that a large stray radiation is produced in the x-direction.

The following approaches can be used for the improvement of the mirror system:

e Setting the initial values of Az(7) according to toroidal shapes instead of
Az(7)=0 before the optimization of the phase correcting mirrors. That is, the
phase correcting mirrors are optimized from toroidal shapes;

e Making use of the Gaussian mode fitting code to choose the parameters of
the desirable fundamental Gaussian mode, so that a higher vector correlation
coefficient can be obtained before the optimisation;

¢ Finding the optimum value of the major and minor radii of the initial toroidal
shapes to provide a minimum error defined in equation (3.18) before the
optimisation.

It can be anticipated that by making use of the three methods, the mirror system can
be improved to achieve a high conversion efficiency and high power transmission of
more than 95% and the technical requirement for the curvature radius of the milling
tools 7.>2mm can be satisfied.
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Chapter 6 Summary

As megawatt gyrotrons operate in high-order volume cavity modes, it is necessary to
use a quasi-optical mode converter to transform the operating mode into a
fundamental Gaussian beam. This work concentrates on the synthesis of the quasi-
optical mode converter for the TEs4 9-mode, 2MW, CW coaxial-cavity gyrotron at
FZK.

A quasi-optical mode converter is the combination of a launcher and a mirror
system. In order to pre-shape the fields in the launcher, the launcher wall surface is
perturbed to suppress the fields on the cut edges and to achieve a nearly Gaussian
distribution at the aperture. The general method for the design of such dimpled-wall
launcher is improved in this thesis. By means of the improved method very short
perturbation lengths can be obtained with matched perturbation amplitudes. Using
the improved method, a dimpled-wall launcher operating in the TE», s mode at 118
GHz has been designed to provide a focused wave beam with a Gaussian mode
content of 95.3% at the aperture.

For coaxial-cavity gyrotrons operating in very high-order cavity modes such as the
TEs419 mode, due to the ratio of caustic to cavity radius of 0.323, the ray-
representation of the TEss 19 mode cannot form a closed or even almost closed
polygon in the cross-section of the launcher. In this case, the dimpled-wall designed
using the general method can provide a good amplitude composition. However, the
phases are not in appropriate relations between the main mode and the satellite
modes. The dimpled-wall launcher fails to transform the high-order cavity mode into
a nearly Gaussian distribution. Moreover, the mirror system becomes very
complicated. The synthesis of the q.0. mode converter for this gyrotron becomes
very difficult and is a great challenge to obtain a high-quality RF beam with high
conversion efficiency and low power losses. The setting of the parameters used in
the q.0. mode converter for this gyrotron becomes very critical. The phase rule is
proposed as a quality criterion to monitor the optimization of phase correcting
mirrors and to find the optimum parameters for the q.0. mode converter.

Numerical calculations show that some high-order harmonics have to be introduced
to the launcher wall deformations. The investigation shows that there is a great
influence of the oversize factor of the launcher on the vector correlation coefficient
of the outgoing wave beam to a fundamental Gaussian distribution. The optimum of
the oversize factor is obtained (1.07), the fields on the cut edges are suppressed and
a high vector correlation coefficient of 82.3% is achieved. The calculation results
report low power diffraction losses around 1.2%. The field distributions in the
optimized launcher can be well approximated by waveguide modes and radiated
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fields can be calculated using the scalar diffraction integral. It provides a simple way
for the simulation of the field distribution in an opened-end waveguide antenna and
for the calculation of the radiated field from the opened-end waveguide antenna with
low fields on the opened-end edges.

By taking the fabrication accuracy into account, the procedure for the numerical
optimization of the mirror system is improved and the tolerance conditions of the
phase correcting mirrors are investigated. The mirror system is numerically
optimized, the conversion efficiency of 95.82% to the circular fundamental Gaussian
distribution with 20mm beam waist, where the curvature radius of the milling tools
is 1.4mm and is somewhat small. The power transmission is only 90% in the
window plane. As the initial shapes of the phase correcting mirrors are plane, the
astigmatism in the outgoing beam is not removed. So if the initial profiles of the
phase correcting mirrors are toroidal functions, it is anticipated the conversion
efficiency and power transmission would be enhanced. Optimal major and minor
radii should be used. The parameters of the desired fundamental Gaussian
distribution need to be adjusted. By ameliorating the initial conditions, a high
conversion efficiency should be obtained. Finally, the q.0. mode converter is
anticipated to provide a conversion efficiency of more than 95% and a power
transmission of also > 95% even in the case if the curvature radius of the milling
tools is larger than 2mm.
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