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Editor’s Preface

This two-volume publication comprises the materials of the Interna-
tional Workshop “Strong Microwaves: Sources and Applications”, which
took place on board “Georgiy Zhukov”, a river boat cruising the Volga
River. It was the seventh workshop in a series of traditional triennial
workshops organized by the Institute of Applied Physics of the Russian
Academy of Sciences starting in 1990. The main objective of these work-
shops has been to bring together engineers developing high-power mi-
crowave ‘sources and scientists using these sources in fundamental and
applied research. Earlier, these workshops were called “Strong Micro-
waves in Plasmas”, since main attention was given to microwave applica-
tions in the plasma physics, specifically, microwave experiments on RF
plasma heating in magnetic fusion setups. In recent years, the range of
microwave applications considered at the workshops has widened greatly
and now includes application of microwave sources in radar location and
remote diagnostic of natural and laboratory processes, accelerators of
charged particles and nuclear physics, and the development of new indus-
trial technologies for material processing. Therefore, the International
Programme Committee made the decision about reviewing the general
title of the Workshop while retaining the continuity of its general rules
including the workshop venue on board a boat cruising the Volga. A
week-long stay of the workshop participants in a convenient enclosure of
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a comfortable boat allows combining presentations at workshop sessions
with practically unlimited discussions in between.

The Workshop hosted 107 scientists from 15 countries. Its scientific
programme contained 26 invited plenary lectures, 26 invited topical talks,
and 64 original contributions.

A major part of these papers is included in this publication. As usual,
the texts of some important papers have not been submitted by their au-
thors, mainly because these papers had been already published. Neverthe-
less, the presented material gives a sufficiently detailed idea of the state-
of-the art and new trends in the field of development of high-power mi-
crowave sources and their applications.

Alexander Litvak
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HIGH POWER 170 GHz GYROTRON DEVELOPMENT IN JAEA

K. Sakamoto, K. Kajiwara, A. Kasugai, K. Takahashi, N Kobayashi, Y. Oda
Japan Atomic Energy Institute, Naka, Ibaraki, Japan

Recent activities on the developments of high power 170 GHz gyrotron in JAEA are pre-
sented. A basic criterion of ITER gyrotron was satisfied using a TE3; s mode gyrotron The
demonstrated typical operation parameters are the output power of 1.0 MW for 800 s with
an efficiency of 55 %, and 0 8 MW, 1 hr, 57 %, etc And, the repetitive power output with
0.8 MW of 400 s pulse duration for every 30 min was achieved, which simulates the opera-
tion on ITER. The gyrotron is being operated for 3 years, and recorded the total output en-
ergy of 200 GJ. As a next step, a new gyrotron was designed and fabricated, which oper-
ates at higher order resonator mode to enable the operation at greater than 1 MW output
power. In parallel, feasibility studies of power modulation and dual frequency gyrotron
were carried out.

1. Introduction

On ITER (International Thermonuclear Experimental Reactor), a 20 MW
electron cyclotron heating and current drive (EC H&CD) system is being planned
for a plasma initiation, heating, current drive and MHD instability control [1, 2].
As a power source, 1 MW 170 GHZ long pulse gyrotron is required. A develop-
ment of the 170 GHz gyrotron has been carried out in Russia, Europe and Japan
[3, 4] since EDA phase (Engineering Design Activities). In 1990’s, important
breakthrough technologies for high power long pulse gyrotrons, such as a high
efficiency mode converter [5], a depressed collector [6], and a diamond window
[7-9], were developed, which gave a route to the realization of 170 GHz 1 MW
CW gyrotron. In 2000’s, quasi-CW operations were demonstrated by some gyro-
trons. On 140 GHz gyrotrons developed for Wenderstein-7X, 30 min operations
were demonstrated by EU and US using an advanced built-in mode converter in
2003-2005 [10, 11]. As for ITER gyrotron, a 1 MW oscillation was demon-
strated at 170 GHz [12, 13]. In JAEA, a stable 1 MW oscillation was proved at
CW-relevant pulse duration (800 s). Here, the efficiency was 55 % with the de-
pressed collector at optimum oscillation parameters in the so-called hard excita-
tion region. The achieved parameters satisfy a basic criterion required for ITER
gyrotrons. Using this gyrotron as a power source, R&D works for a transmission
line and a launcher are underway for ITER procurement, in addition to the reli-
ability test of the gyrotron. As a next activity, the gyrotron development of higher
power generation using a higher resonator mode is planned. A resonator diameter
is raised by increase the mode number, which reduces a heat load density on the
resonator wall. And, possibilities of a power modulation for application to the
MHD instability suppression on ITER plasma and frequency tunability are con-
sidered for advanced operation.



In this paper, recent activities and next plan for gyrotron development at
JAEA are described. In section 2, experimental results of 170 GHz gyrotron are
shown. The R&D works on transmission line and launcher development are in-
troduced in section 3. Next activities for the advanced gyrotron are discussed in
section 4. Conclusion is given in section 5.

2. 170 GHz 1 MW Gyrotron for ITER

A picture of JAEA gyrotron is shown in Fig. 1 [14, 15]. An electron gun is a
triode-type magnetron injection gun (MIG). In the beam tunnel, conical s1hcon
carbide cylinders are installed to suppress a parasitic
oscillation. A resonator is a cylindrical cavity, whose Q-
factor is 1530 at TE;; g mode. An inner surface of the
built-in mode converter is optimized to generate a
Gaussian beam output by using CCR-LOT and Surf3D
codes [16]. The RF beam radiated from the converter
and is transmitted with 4 mirrors and is outputted
through the diamond window of 1.853 mm in thickness.
The disk edge is coated by Copper to protect the bond-
ing material (Alminium) between the cuffs and the
diamond from the corrosion. A control of the anode
voltage of the triode MIG V,, permits the pitch factor
optimization of the electron beam at any beam voltage.
With a combination of resonator field B, (magnetic field »
in the resonator), electron parameters (cyclotron Fig. 1. Picture of JAEA
frequency and pitch factor) can be optimized during the 170 GHz gyrotron
oscillation. In Fig. 2 a history of the gyrotron operation
is shown. Operation begun at March 2006, and important results, such as 1 hour
oscillation, 1 MW / 800 s / 55 % and 0.8 MW / 1 h/ 57 %, have been demon-
strated as indicated in the figure. The total output energy records ~200 GJ. The
output power and deposition power in the tube was measured calorimetrically.
Sum of measured powers, output power from the window (1020 kW), collector
deposition (742 kW), a stray radiation (24 kW) and ohmic loss (63 kW), agrees
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well with the DC input power by the
electron beam, 1854 kW. Owing to the
high efficiency, the deposition power
into the collector is suppressed
significantly. This contribute to the
reliability increase, shorter conditioning
time and the trouble on the collector
could be avoided. In Fig. 3 the beam
current dependence of the output power
and the efficiency with (hyg) and
without (h,) the depressed collector are
shown. Pulse duration of all data is
greater than 5 min. The accelerated
beam voltage is ~72 kV. By the active
control of ¥, and B,, the operation pa-
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Fig. 3. Beam current dependence of output
power and efficiencies with (hyy) and

rameters (electron cyclotron frequency Without (ho) the depressed collector

and its pitch factor in the resonator) are optimized for each data in the hard exci-
tation region. The maximum efficiency was ~60 % at 0.6 MW output.

Figure 4 shows the depressed collector voltage ¥, dependence of the output
power and the efficiencies. The beam voltage and the beam current is ~72 kV and
~30 A, respectively. The V and B, are optimized during the oscillation as with
the results of Fig. 3. The oscillation efficiency and the power are higher at lower
V4 since the higher pitch factor operation is available. Here, nos = 39.1 % was
obtained, which corresponds to the 42.5 % of the interaction efficiency at the
resonator at ¥z, = 21 kV. However, the total efficiency decreases due to the shal-
low depressed collector. The maximum total efficiency of 57 % was obtained at
Vap =27 kV.
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Figure 5 shows a time history of the applied voltages, beam current (~30 A),
magnetic field at the resonator, a light signal observed in the tube, RF signal at a
directional coupler, vacuum pressure in the tube at the output power of 0.8 MW.
The efficiency was 57 %. The oscillation was very stable during the shot. The
pressure increased for 40 min, however, that kept a constant value after 40 min.
Commonly, the pressure increase is observed after the end of the very long pulse
shot, and soon returns to the original level. This pressure behavior is explained as
follows. During the operation, the electron beam ionizes neutral particles in the
tube. These positive ions are accelerated by the strong electric field applied for
the depressed collector and absorbed by the collector wall. In other words, de-
pressed collector gyrotron act as an ion pump inherently. When the operation
ended, such pumping effect disappears. Consequently, the pressure increase is
observed because the deposit particles are being released from the collector wall.
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N e s, served in the tube, RF signal at
o ;,‘ oy et e w7y Light signal a directional coupler, vacuum
wg : - P=1 5107 forr pressure in the tube at the out-
- put power of 0.8 MW. The

- total efficiency is 57 %.

As a simulation of gyrotron operation on ITER, a high repetitive RF genera-
tion was demonstrated at 0.8 MW. Figure 6 shows the time history of the shots.
Ten shots were repeated for every 30 min with the pulse duration of 400 s. The
efficiency with the depressed collector was ~56 %. No conditioning shot was
required between shots, which gives a prospect of stable operation in ITER [17].
In Fig. 7 a progress of the JAEA 170 GHz gyrotron performance is shown.
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3. RF power transmission and launcher for ITER

In ITER, the 20 MW H&CD system is planned using 24 tubes of
1 MW /170 GHz gyrotron. Here, a transmission efficiency of 83 % is assumed.
In the transmission line, many components such as a matching optics unit (MOU)
that interfaces the gyrotron output power with the waveguide, 7-9 miter bends,
1-2 isolation valves, a torus window for trititum confinement, and a launcher, are
included. The development of the launcher and demonstration of high efficiency
high power transmission are important R&D issues for ITER EC H&CD system.
On the test stand in JAEA, developments of transmission line and launcher com-
ponents are underway using the 170 GHz gyrotron as a power source [18].

In Fig. 8 picture of the test transmission line
in JAEA test stand is shown. The output power
couples with the waveguide of 63.5 mm in di-
ameter via two-phase correlation mirrors in a
matching optics unit (MOU), and 92 % of the
output power was transmitted to the dummy load
via 40 m evacuated transmission line with 7 miter
bends. Here a coupling loss in the MOU is ~4.5
%. At the end of the transmission line, some
components, such as the torus window for ITER,
arc detector, low loss miter bend, polarizer, are
connected. High power and long pulse tests of
these components are underway as international ~ 40m Waveguide +7 bends
collaborations.

In parallel, a preliminary launcher mock-up
was manufactured as shown in Fig. 9. The mock-
up has one of three quasi-optical RF beam lines of the equatorial launcher. High
power mm wave is radiated from one waveguide and reflected by a focusing mir-
ror and radiated from the steering mirror. The surfaces of two mirrors are opti-
mized to minimize the heat load on the
mirrors [19, 20]. The angle of the final
mirror can be controlled by using an ultra-
sonic motor. The power is received by a
metal dummy load. The configuration of
the system includes most of the essential
components, which will be a basic model
of ITER EC H&CD system, and will provide
useful database for the detailed design of
the EC system.

Fig. 8. Picture of transmission
line in JAEA RF test stand

Launcher mock-up
one column

Fig. 9. Conceptual picture of one section of the
quatorial launcher for ITER (upper), and picture
of the launcher mock-up (lower)
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4. Advanced Gyrotron
4.1. 170 GHz gyrotron of higher mode oscillation

The R&D of high power gyrotron using a higher mode oscillation has been
started. The oscillation mode is TE;;,j. By increasing the oscillation mode, the
resonator diameter is raised from 17.9 mm to 21.8 mm, and the heat load to the
resonator wall significantly decreases. This will contribute to the higher power
generation and relax a thermal stress on the resonator. On the other hand, careful
setup and operation will be required to establish the stable and high efficiency
oscillation. The MIG is the same configuration of the TEj, g gyrotron. As a first
step, a short pulse gyrotron was fabricated and tested. The output power of ~1.57
MW was obtained at 170 GHz. Based on the result, a long pulse TE;; ;, mode
gyrotron is fabricated.

4.2. Power modulation

In ITER, high frequency power modulation up to 5 kHz will be required for
suppression of the neo-classical tearing mode. For this purpose, a test of high
power modulation of JAEA gyrotron is planned by using a voltage modulation of
a body power supply [21]. Generally, when the power modulation is applied, the
collector heat load increases since the powerful electron beam without power loss
by the oscillation impact the collector. In case of the JAEA gyrotron, however,
the modulated voltage of the body V,, appears as a decrease in the anode-cathode
voltage of the triode MIG since the anode-body voltage is kept constant. As a
beam current decreases as the anode-cathode voltage V; does, the beam current
decrease during the modulation must be much larger than that of a diode type
MIG. Furthermore, if the anode modulation is added on, V,; could be decreased
to 0 V. Consequently, the beam current could be reduced to small level. Then, the
averaged collector heat load can be suppressed significantly, which will give a
possibility to increase the beam current and oscillation power at the identical gy-
rotron.

4.3. Dual Frequency gyrotron

In the design of dual frequency gyrotron, a set of TEj3;;; and TE;s9 modes
for 170 GHz and ~136 GHz, respectively, are proposed since these show high
mode conversion ratio’s to the Gaussian beam. The mode corresponds to the
transparent frequency of the diamond window of 1.853 mm in thickness. By ad-
justing the anode voltage the mirror ratio between the resonator and MIG fields,
optimized pitch factor can be selected at any beam voltage. Consequently, I MW
high efficiency oscillation will be obtained at both modes.
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4.4. Fast field control of super conducting magnet

For a step tunable frequency control at reasonable beam parameters, a mag-
netic field control should be accompanied. For a fast control of B,, He-free super
conducting magnet with an additional sweeping coil was developed as shown in
Fig. 10. A diameter of a room temperature bore is 240 mm, and the 7 T at the
center. Using commercially available DC power supplies, the magnetic field
sweeping was demonstrated with a speed of 0.4 T/ 10sat7 T.

5. Conclusion

A basic requirement of the ITER gyrotron performance is been demonstrated
by the JAEA 170 GHz gyrotron. As the next activity, the higher order mode gy-
rotron is under development for a higher power generation. In parallel, the dem-
onstration of the power modulation is planned for ITER application using a body
voltage modulation. And, the design of the dual frequency gyrotron was pro-
posed. The high power gyrotron is used as a power source for the developments
of transmission line and ITER launcher.

Fig. 10. Pictue of 7 T super conducting magnet solenoid coil for fast B, sweeping.
Liqid He-free, and room temperature bore is 240 mm.
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GYROTRONS FOR FUSION RESEARCH.
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2
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Introduction

Gyrotrons are the most powerful sources of millimetre wavelength radiation
[1-8]. They are widely used in electro-cyclotron-wave systems of plasma fusion
installations (e.g. see [8—15]). For the next generation of fusion installations gy-
rotrons with unit power at least 1 MW in CW regime are required [16]. The pre-
sent paper continues in the frames of SMP Conference proceedings [6-8] to
monitor general tendencies in MW-power gyrotron development.

First experiments with gyrotrons were done in 1964 [1-3]. In 70-s gyrotrons
already were doing very well — we can mention here just two achievements:
28 GHz/ 100 kW /CW and 100 GHz/ 1 MW /.100 ps. Also the first application
of gyrotrons for plasma fusion setups TM-3 and TUMAN-2 took place [9].
In 80-s several scientific and industrial institutions worked on development of
gyrotrons., Lots of scientific and technological tasks were solved at that time.
Real fruitful collaboration and simultaneously strong competition of the main
gyrotron developers began in 90-s with the start of ITER activity and wide use of
gyrotrons at plasma installations. The requirement of 1 MW / CW gyrotron oper-
ated at very high frequency (above 100 GHz) was issued.

In the earlier review papers of the previous conferences three first periods of
“modern gyrotron history” in MW gyrotron development were observed. In the
period of 1995-1999 the following principal steps were made:

— efficient gyrotron operation was shown at very high-order modes. This

solves the problem of cavity thermal loading;

— depressed collector were introduced in gyrotrons. This gave a great

move in solving collector and power supply problems;

— gyrotron windows made of artificial diamond discs were developed.

Such a window is still the only option for long-pulse megawatt tubes.
The achievements in the next period 1999—2002 were also very bright:

— demonstration of very long-pulse (hundreds seconds) operation of MW

tubes equipped by diamond windows and depressed collectors;

— tests of short-pulse prototypes for multi-frequency and 1.5-2 MW gyro-

trons;

— integration of MW gyrotron complexes at major fusion installations.
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The period 2002-2005 showed:

— demonstration of CW operation of megawatt power gyrotrons,

— first tests of multi-frequency tubes,

— demonstration of very high gyrotron efficiency.
The present paper discusses the latest events (in 20052008 period between last
SPM Conferences) in gyrotron development and progress trends of the develop-
ment. The highlights of the period are:

—  Operation of 170 GHz gyrotrons for ITER at 1 MW power with effi-
ciency exceeding 50 %.

— Results on multi-frequency and 1.5-2 MW gyrotron prototypes.

—  First experiments on fast directional switching gyrotron wavebeams.

Operation of 170 GHz gyrotrons for ITER at 1 MW power
with efficiency exceeding 50 %

Gyrotrons for the electron-cyclotron system of ITER are developed by three
groups (EU, Japan, and Russia) and each of them cooperate efforts of several
scientific and industrial institutions. In the mentioned period all parties demon-
strated very interesting and important results. The main technical requirements
for the ITER gyrotron are: long-pulse (400-1000 seconds) operation at power at
least 1 MW with efficiency exceeding 50 %, and fast (up to several kHz) gyro-
tron power power modulation for NTM instabilities control. Two teams — Japan
and Russia — have already demonstrated efficient operation of ITER gyrotron
prototypes in pulses of hundreds seconds. The most impressive results were ob-
tained by Japan team (see, for example, [17]). In particular 1 MW gyrotron op-
eration was achieved in pulses up to 800 seconds. Figures 1 and 2 illustrate a
sophisticated JAEA gyrotron switching-on scenario and a high level performance
of all gyrotron sub-systems.

-~ vemesg )T
tht \:Anode (63 —f— q
vhsthod (3 | ¢ Current was kept 1.<40A,
e T ; to simulate the ITER power supply.
L= Pout (104 =1
ied ’-,;.—,;;>£,,.,W, | Active control of Cavity field,
Ri=C H* anode voltage heater power
t Covity Field (5 625T) | |
¢ has been performed fo access
M- et ’ maximum point at hard excitation.
? -j (-woc) - 17 .
B —— T 1MW/800s/55% attained
1} Arc {su) o . .
N s \ with triode operation.
~ o Vecuum Prbssurs (hatl st tom)

Oscillation Time (s)

Fig. 1. Time traces of the main JAEA gyrotron parameters
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Fig. 2. Power balance for | MW JAEA gyrotron operation

In experiments with ITER gyrotron in Russia the output power slightly ex-
ceeding 1 MW was shown in pulses of 100—150 seconds [18]. Efficiency calcu-
lated as ratio of power in the paraxial part of the output wave beam to power of
the main power supply was 52 % (Fig. 3). The gyrotron pulse duration was lim-
ited by the test stand capabilities: the pulses were stopped because of air break-
down in ‘atmospheric dummy load or transmission line. Now the stand is
equipped by a new fully evacuated transmission line and a load.

1200 55
Fig. 3. Output power and 1100 4
efficiency of the 170 GHz s ~——
IAP/GYCOM gyrotron. The g 1 5
parameters correspond to 46 A & 1000 o
electron beam current and 3 u
76 kV full accelerating voltage. °
900 25
* Pout
» Efficiency
 Total efficiency
800 | 15
20 22 24 26 28 30 32

Retarding voltage, kV

The successful development of ITER gyrotrons made it possible to discuss
further increase of ECW microwave power for this international tokamak.
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Results on multi-frequency and 1.5-2 MW gyrotron prototypes

Multi-frequency gyrotrons
A gyrotron capable to operate at several frequencies is very attractive for

plasma experiments. The use of step-tunable gyrotrons can greatly enhance flexi-
bility and performance of ECRH/ECCD systems due to larger accessible radial
range, possible replacement of steerable antennas and higher CD efficiency for
NTM stabilization. Even two-frequency gyrotrons can bring real improvements
of the system. Russian and European teams jointly develop dual- and multi-
frequency gyrotrons for 105-140 GHz frequency range [18, 19]. There are some
other multi-frequency gyrotron developed by IAP/GYCOM in last three years
(see Table 1).

Table 1. Multi-freqency gyrotrons developed and tested in 2005-2007

Frequency, GHz | Power, MW Pulse, s Note
2 tubes
1057140 0.7-09 10 delivered to ASDEX-Up
147/ 170 0.7-0.9 01 CW design, 50 % eff

Short-pulse mock-up,
100-150 1.2-15 104 6 frequencies,
high-efficiency converter

Short-pulse mock-up,
100-150 0.7-0.8 0.1 11 frequencies,
BN Brewster window

CW design, 4 frequencies

105-140 0.7-0.9 0.1(10) High-efficiency mode converter

3 frequencies, 56 % efficiency,

71.5/74.8/178.1 0.8 0.1 BN Brewster window

The main problems in development of multi-frequency gyrotrons are to pro-
vide:

— efficient gyrotron operation at different modes,

— efficient conversion of different modes into a Gaussian beam,

— reliable operation of broadband or tuneable window.

Considering this three key problems one can say that first two of them are
solved. Efficient gyrotron operation at several frequencies was demonstrated in
many experiments. New synthesis methods [20] allow design of efficient mode
converters for multi-frequency gyrotrons. In particular the internal mode con-
verter with a wave pre-shaping consisting of a dimpled-wall waveguide launcher
and four mirrors recently developed for the multi-frequency 105-140 GHz gyro-
tron reduces the power fraction carried away by stray radiation to about 3 % for
all operating modes (see also Fig. 4).
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140 mm

TE 176 TE 207 TE 26
f=104.8 GHz =124.0 GHz =139.8 GHz

Waveguide deformation
AR( 9,z): £0,31 mm

The new converter was suc-
cessfully tested

at 6 modes (!)

Diffraction losses less than
2-4% for all modes.

Fig. 4. Synthesized launcher for the quasi-optical mode converter of the
105-140 GHz multi-frequency gyrotron. Upper line pictures show unrolled surface
of the launcher with its deviation (AR(g, z)) from a cylindrical surface and exag-
gerated (10 times) deformation in 3-D view. The lower line pictures show field
amplitude on the launcher surface.

However realization of a CVD diamond window for a megawatt power level
multi-frequency gyrotron met some real difficulties. Two window concepts are
now under consideration: Brewster-angle window and double-disc resonant win-
dow. Both these versions have advantages and drawbacks. The main of them are
indicated in the Table 2 below.

The table shows how challenging is the multi-frequency window elaboration.
Having considered these window versions we chose for first experiments a Brew-
ster angle window. The Brewster window is very attractive because of very wide
instant frequency band, but the converter design in this case is more complicated.

A Brewster-angle window version based on a circular disc was chosen since
the brazing of a circular disc is much simpler than of an elliptical one. A set of
mirrors forms a required wave beam size at the disc and provides an oblique in-
cidence of the beam. The window scheme was checked in an experiment with
105-140 GHz gyrotron and BN ceramics disc. In short pulses (0.1 seconds) lim-
ited by ceramic window heating the gyrotron showed a reliable operation at
11 modes in the frequency range of interest.
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Table 2. Advantages and drawbacks of two CVD diamond window versions
Double-disc window

Two discs required for the window -
Vacuum pumping between discs required -

Smaller disc diameter possible (e.g. 75 mm) +
Without an external disc in the window the gyrotron
is capable to operate at two frequencies +

Strong reflection from the window (up to 80 %) and from combination
of two windows (up to 90 %) at some frequencies near the operating

ones may disturb the gyrotron operation -

Precise mechanical adjustment of discs, narrow frequency band -

Brewster window

One disc required for the window +

Large disc diameter (e.g. 120 mm) -

More complicated system of quasi-optical mirrors inside the tube -
Relatively small wave beam cross-section near the window -
Wide instant frequency band +

After the successful tests of gyrotrons with ceramics Brewster-angle win-
dows a CVD diamond window of this type was brazed and mounted to the gyro-
tron. The main features of such a window are extended radial cuffs and edge disc
brazing at rather large diameter 106 mm (Fig. 5). The calculated safety factor for
the disc of 1.8 mm thickness — ratio of the internal strength in the brazed disc to
its maximum possible value — was found about 2. The factor was considered as
quite moderate; however it was decided to begin high-power experiments with
the gyrotron. Multiple arcs happened during the gyrotron conditioning because of
a relatively small wave beam size near the window. The arcs were normally
stopped by the gyrotron protection system, nevertheless one of them broke the
window (Fig. 5). The failure demonstrates that additional safety measures are
necessary: use of evacuated transmission line, more sensitive arc protection sys-
tem, use of a thicker disc, etc.

Fig. 5. Sketch of output unit of the
multi-frequency gyrotron mock-up
with Brewster window and brazed
CVD diamond disc for the Brewster
window. The right-bottom picture
shows the arc which destroyed the dia-
mond disk. Diagnostics showed that
during the pulse a disruption of the
operating regime to generation of an
opposite rotating mode happened. It
was one of many shocks due to arcing
which finally destroyed the window
disc with internal strengths.
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Development of 1.5-2 MW power gyrotron prototypes

There are two lines in development of gyrotrons with enhanced power: to
advance conventional-type gyrotrons with cylindrical cavities and to develop
more complicated gyrotrons with coaxial cavities. The main effort in the devel-
opment of the coaxial tube is carried out by EU team [21]. Many encouraging
results have been obtained in short pulse experiments though there are some open
questions as discrepancy in predicted and measured parameters.

IAP/GYCOM and JAEA/Toshiba teams study a possibility to use a higher
order mode in a gyrotron conventional cavity. Their designs based on TEy; , and
TEj3, 1, modes are in consideration.

Table 3. Main design parameters of the GY COM/IAP 1.5 MW gyrotron

Cylindrical Cavity Mode TE 28.12
Cavity diameter 41.5 mm

Peak thermal load for ideal copper < 1.35 kW/cm®
Beam voltage 100 kV

Beam current 50 A
Pitch-factor 1.2

Efficiency (without DC) 30-33 %

In 2008 an advanced short-pulse (100 pus) gyrotron model (Fig. 6) operating
with TEyg ;, mode was tested at IAP [22]. The model showed very robust opera-
tion at relatively high electron energies (up to 100 keV in the cavity) necessary to
achieve the high goal power (Figs 7, 8).

Fig. 6. Photo of 1.5 MW gyro-
tron model and its cathode
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First experiments on fast directional switching gyrotron wavebeams

An important task of electron cyclotron resonance heating (ECRH) and cur-
rent drive (ECCD) systems for tokamaks is the control of MHD instabilities by
directing narrow EC wave beams to the resonant layer. For ITER, the suppres-
sion of neo-classical tearing modes (NTM) is a key purpose of ECCD applied
from the upper launchers. As the islands rotate with frequencies of typically 1 to
10 kHz, injection of the launched power synchronous with the rotating islands
may be required. Up to now, synchronous current drive is performed by power
modulation of the gyrotron, with the disadvantage that half of the installed power
is wasted. An alternative for power modulation could be synchronous toggling of
the gyrotron power between two launchers directing the beam to poloidal or tor-
oidal planes, which are about 180° apart from each other with respect to the
phase of the NTM (Fig. 9).
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Fig. 9. Simplified scheme of the wave beam switching

The switching is performed with a fast directional switch (FADIS) [23, 24],
while the source operates continuously. The FADIS is based on a small fre-
quency-shift keying of the gyrotron between f; and f; and a narrow-band fre-
quency diplexer, which directs an input beam into one of two output channels.

The diplexer was realized on the base of four-mirror ring cavity (Fig. 10).

Low power measurement of the transmission functions for the resonant and
nonresonant channel, yielding efficiencies of about 93 % and 98 %, respectively.
The round-trip loss in the resonator was measured to be < 1.3 % and is near to the
theoretical value of about 1 % determined by the ohmic loss, atmospheric at-
tenuation, and beam truncation by the resonator mirrors. The measured quality
factor is 14000; thus, for the FADIS application, a good switching contrast can

be reached for Afs > 30 MHz.

Power combining of two 140 GHz gyrotrons
‘and fast switching of the combined beam .
at ECRH system on W7-X, IPB, Greifswald

Fig. 10. Four mirror diplexer and its realization at IPP, Greifswald.
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A fast frequency control of a free running single-mode gyrotron can be
achieved by changing an operation voltage: the change transforms electron beam
parameters, including the reactive part of RF conductivity, and finally results in a
frequency shift. For the high-power test of the FADIS, the TED prototype gyro-
tron ‘Maquette’ with depressed collector was used; the control voltage is applied
between the collector and the RF cavity. The frequency variation is, obviously,
accompanied by some modulation of the output RF power.

A proof-of-principle experiment with a high-power-fed diplexer has been re-
alized in Greifswald, using a 140 GHz gyrotron. The FADIS was equipped with a
motorized drive of the upper resonator mirror which allowed the tuning of the
transmission curve with respect to the gyrotron frequency. The device was in-
stalled in front of the CW calorimetric loads in the transmission duct of the
ECRH system for W7-X. Most of the experiments were carried out in a power
range 300-600 kW (Fig. 11). In the experiment the voltage modulation of 4 kV,
5 kHz square wave resulted in a frequency-shift of Af; = 30 MHz. The device
operated without remarkable problems. Arcing occurred very infrequently, al-
though the maximum power density in the beam close to the grating surface was
about 0.5 MW - cm™

The first tests of the quasi-optical FADIS show good agreement with theory
and confirm the possibility of fast switching of high-power millimetre wave
beams.

Frequencies of B1 and B5 gyrotrons depending on time
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Fig. 11. Fast switching of the combined (about 1 MW) wave beam. Modulation
frequency is 5 kHz.
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Summary and future tasks

Strong collaboration and competition of gyrotron developers resulted in the
great progress in the device performance. Megawatt power level gyrotrons oper-
ating in CW regime have been demonstrated. The successful development of
ITER gyrotrons made it possible to discuss further increase of ECW microwave
power for this international tokamak.

Development studies of multi-frequency gyrotrons and gyrotrons with en-
hanced power are in progress. Several multi-frequency gyrotrons were tested success-
fully. However a CW window for such gyrotrons seems to be still an open issue.

Gyrotron efficiency enhancement is probably even more strategic task than
the power increase with some drop of efficiency. High-efficiency gyrotron sys-
tem consumes less power and water for cooling systems, and also more compact.
There are no physical limitations for MW gyrotrons to operate with efficiency of
60-70 %.
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Combination of the power of two (or more) gyrotrons is an attractive feature for large
ECRH systems, e.g. for ITER Fast switching of the power from continuously operating
gyrotrons between two antennas synchronous to the rotation of the magnetic islands in to-
kamaks maximizes the efficiency for stabilization of neoclassical tearing modes. Both tasks
can be fulfilled with a high-power four-port diplexer, utilizing small frequency differences
or small frequency-shift keying (some tens of MHz, by modulation of a supply voltage) of
the gyrotrons. In the paper, high-power diplexer designs for quasi-optical and corrugated
waveguide transmission systems including numerical and experimental results are dis-
cussed In more detail, the principle and the design of a quasi-optical resonator diplexer is
presented. Low-power measurements at 140 GHz of switching contrast, mode punty and
efficiency are shown to agree well with theory. Results from high-power experiments on
fast switching and power combination of two gyrotrons using the ECRH system for the
stellarator W7-X are presented Near-term plans for high-power experiments at ASDEX
Upgrade and FTU are described (Note that there are also plans for in-line ECE on ASDEX
Upgrade). Finally, applications of diplexers for the ECRH system on ITER assuming con-
ventional gyrotrons are discussed, and future possibilities offered by phase-controlled gy-
rotrons like multi-beam combining and switching are highlighted.

1. Introduction

Electron cyclotron resonance heating is of high importance as an effective
and flexible heating system for tokamaks and stellarators. Technology for
sources, transmission and launchers is highly developed. Further improvements
can be obtained by introduction of high-power diplexers [1, 2, 3, 4, 5, 6] which
might be used for several applications, leading to an increase of flexibility, per-
formance or to a simplification of the system.

Combining of powers from two (or more) conventional gyrotrons would es-
sentially reduce the number of transmission lines and launchers for ECRH sys-
tems of large fusion devices, e.g. ITER. High-power combiners (multiplexers)
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can be composed of oversized four-port diplexers, each representing a kind of
interferometer or quasi-optical resonator; the gyrotrons being implied to generate
slightly different frequencies.

In any gyrotron, modulation of a voltage results in a small, within some tens
of MHz, shifting of the radiation frequency. This shift can provide, by using an
adequate multiplexer, switching of the combmed wave beam between output
channels (Fast DIrectional Switch, FADIS). In particular, fast, non-mechanical,
electronically controlled switching of the power from continuously operating
gyrotrons between two antennas synchronous to the rotation of the magnetic is-
lands in the tokamak plasma would maximize the efficiency for stabilization of
neo-classical tearing modes [7]. Additional scenarios for multi-beam combining
and controlled switching of the combined beam could be offered by using phase-
controlled gyrotrons (if the latter ones were developed at frequencies and powers
of interest).

The reciprocity and filter characteristics of diplexers are favourable for shar-
ing the same antenna to combine high-power ECRH launching with reception of
a low-power plasma diagnostic signal (e.g. ECE) [8].

In the paper, various diplexer designs for quasi-optical and corrugated
waveguide transmission systems including some numerical and experimental
results are presented. Results from fast switching of a high-power beam between
two output channels using a gyrotron, and recent experiments for power combi-
nation of two gyrotrons from the ECRH system for the stellarator W7-X are re-
ported. Plans for application of diplexers for synchronous MHD-mode stabiliza-
tion at ASDEX Upgrade and FTU are presented. Finally, the possible implemen-
tation of power combiners and fast switches in the ECRH system of ITER is dis-
cussed.

2. Designs for high-power diplexers

Frequency diplexers can be designed in various forms. Basically, these di-
plexer are four-port devices consisting of a directional coupler (hybrid) at the
input, a delay-line (used in single-path or in multi-path), and a second hybrid at
the output.

Well-known designs compatible with high-power millimetre waves are two-
beam interferometers (e.g. the Mach-Zehnder type [2, 6]), multi-beam interferometers
(Fabry-Perot type, or ring resonator [1, 3]), and combinations thereof.

As high-power compatible hybrids, low-loss dielectric beam splitters [2, 6],
metallic phase gratings (magic Y) [4, 10], and square corrugated waveguides
[5, 11] have been identified up to now. In principle, any of the solutions found
can be integrated into corrugated waveguide as well as in beam waveguide
transmission systems by using appropriate interface elements. In Fig. 1 we show
three possible designs with the corresponding transmission characteristics, being
periodic with Afg = ¢ /L. Details can be found in the references given above.
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The Mach-Zehnder type diplexer shown in Fig. 1a [6] consists of two dielec-
tric power splitters integrated into HE11 waveguide with a direct connection and
a delay line with a length difference L with respect to the direct line. For the an-
gle of incidence of 45° and s-polarization, CVD diamond is an appropriate mate-
rial for a high-power 3 dB splitter. For strongly oversized systems, e.g. 170 GHz
and & 63.5 mm waveguide, the theoretical transmission loss is very low. By
choosing the appropriate L, the period of the sinusoidal transmission characteris-
tics can be easily matched to the application envisaged. The device as sketched in
Fig. la is very compact; instead of the (expensive) diamond discs, gratings or
Talbot splitters can be used, if space requirements are not so stringent.
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The resonant diplexer in Fig. 1b is a 4-mirror ring resonator {2, 3, 9] consist-
ing of two focussing mirrors and two plane phase gratings for coupling of the
incident beams to the resonator via the —1st diffraction order. Additional mirrors
provide matching to the input and output beam or waveguide. The transmission
characteristics are defined by the grating efficiency and the path length L of one
round-trip in the resonator. Special features are the relatively narrow resonant
transmission channels separated by broad non-resonant bands. Transmission loss
of a few percent [3] affects mainly the resonant channel due to absorption of the
mirrors in the resonator.

The two-loop resonant diplexer (Fig. 1c) consists of two nested loops [5]
formed by square corrugated waveguides with length 2a’/A used as 3 dB hybrids
[11], and the reflectors M. Additional mirrors provide matching of the inputs and
outputs to the transmission system. The periodicity of the transmission function
is determined by the overall length L/2 of the system. Special features are the
steep slopes and the double-humped structure of the resonant channels. Some
insertion loss occurs in the waveguides and due to the coupling between the
guides via the murrors [12].

3. Experimental investigations

For the high-power diplexer concepts discussed before and others [2-6, 9—
12], test systems have been built and investigated with low power. Within the
experimental possibilities of these mock-ups, a good agreement with theory is
obtained for all set ups. Especially the quasi-optical diplexer (Fig. 15) was inves-
tigated in great detail. The parameters agree well with calculations. The meas-
urement of transmission functions and the output beam patterns for the two out-
puts are depicted in Fig. 2 as an example. Note especially the high TEM, mode
purity (non-resonant output: 99.0%; resonant output: 99.75 %) of the output
beams. Details can be found in the respective references [2, 3].
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The quasi-optical resonant diplexer was as well exposed to high-power tests,
which were performed at the ECRH system for the stellarator W7-X [13]. For
this purpose, the diplexer was integrated into the beam duct with the help of
matching optics, such that one or two gyrotrons (B1 and B5) could be fed into the
inputs, and the outputs were connected to cw calorimetric loads (see Fig. 3). Ex-
periments were performed with power around 500 kW and pulse lengths limited
to several seconds by the un-cooled mirrors in the mock-up diplexer.

n‘- : s L -
Fig. 3. Photograph of the FADIS installed in the beam duct of the ECRH system on W7-
X. The input beams from gyrotrons B1 and B5 are coupled from the rear into the
resonator, the output beams are focussed to absorbing loads in the foreground left and

right. Output signals OUT1 and OUT 5 are obtained from grating couplers on the last
mirrors before the loads.

An essential ingredient is the frequency modulation characteristic of the gy-
rotrons. The 140 GHz Thales gyrotrons used at W7-X are diode-type gyrotrons
with depressed collector. Here, the only possibility to influence the frequency
electronically is the modulation of the acceleration ("body") voltage. For this
purpose, each gyrotron is equipped with a HV modulator with a rise time of
600 V/us. For recording of the frequency characteristics of the gyrotrons, a
down-converter with a local oscillator (LO) frequency of fio = 139.65 GHz, fol-
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lowed by a Hewlett Packard 5372A frequency analyzer was used. It was con-
nected to simple horn couplers near to the gyrotron output window.

Frequency measurements on the gyrotrons B1 [6, 9] and BS (similar result
like for the series tube No.1 described in [10]) show the following behaviour. For
about 0.5 s after switch-on, the gyrotrons exhibit a strong frequency chirp of sev-
eral hundreds of MHz, which is mainly due to heating and thermal expansion of
the gyrotron cavity. The total chirp Afg, i.e. the difference of the start frequency
Jo, =0 and the frequency fg s after thermal equilibrium of the cavity has oc-
curred, is an approximately linear function of the output power of the tubes [10]. For
gyrotron B1, a frequency tuning via the output power of dfs;/0Pg; = 0.34 MHz/kW
was measured (Fig. 4, left); for BS5, a somewhat lower value (due to better cavity
cooling) of dfps/OPps =~ 0.26 MHz/kW was estimated.
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Fig. 4. Left: Total frequency chirp of gyrotron B1 from beginning of the pulse (t = 0) until
stabilization (t > 1 s) as function of the output power. Right: Frequency shift Afg, as func-
tion of body voltage modulation amplitude AUg, for the parameters of gyrotron B1 used in
the experiment.

After thermalization of the cavity, the frequency is very stable. Over pulse
lengths of 10 s, the gyrotron B1 was stable within typically +4 MHz. Gyrotron
B5 showed more frequency jumps yielding a stability of typically +8 MHz. The
instantaneous line-width of the gyrotron is always much less than 1 MHz; the
broadening of the frequency seen in the plots is due to a modulation of the LO
frequency (+1.8 MHz) caused by 50 Hz noise on the power supply.

Switching experiments have been performed with gyrotron B1 by modulat-
ing the body voltage U (square wave, 1 kV < AUp < 5 kV, 1 kHz < f;,,4 < 20 kHz).
As shown in Fig. 4, right, a frequency-shift keying of the gyrotron Bl with
Afgyr < 30 MHz could be obtained. By adjusting the resonator frequency such that
the average gyrotron frequency was on the slope of the resonant curve, the power
could be toggled between the two outputs in the rhythm of the frequency shift. A
contrast of better than 90 % could be reached, as shown in Fig. 5 for the example
for f0a = 5 kHz and AUg =4 kV [3].
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Fig. 5. Power signals from output 1 (dashed) and output 5 (solid) from the di-
plexer, shown at the end of a 300 ms pulse with U, = 81.5 kV, AU = 4 kV,
Juop = 5 kHz square wave. The enveloping trace (grey) is the signal from the gy-
rotron power monitor of gyrotron B1. The lower trace shows the body voltage.

Power combination was demonstrated by feeding two gyrotrons into the di-
plexer [14]. It was tuned such that a resonance was coincident with the frequency
of gyrotron B1 (after thermalization of the cavity). The frequency of gyrotron B5
was set about 40 MHz below the frequency of B1 using the dependence of the
cavity temperature and thus the frequency from the generated power. A 10 s
pulse (Fig. 6) showed a power combination with an efficiency of better than 90 %.

By modulating the frequency of the two gyrotrons, toggling of the combined
power between the outputs in the kHz range could be demonstrated [14].

4. Applications of high-power diplexers
4.1. Frequency tracking

When comparing the frequency of gyrotron Bl and the combined output
(OUTS5) in Fig. 6, it is obvious, that the degree of combination depends on the
match of the gyrotron frequencies to the resonant frequency of the diplexer. The
frequency jumps/drifts of Bl clearly correlate with jumps and drifts in
OUTS/OUT . In this experiment, the gyrotron was free running, and the diplexer
was at a fixed tuning. In principle, the dependence of the gyrotron frequency on
the voltage could be used to synchronize the gyrotron frequency with the di-
plexer. However, to minimize power loss due to voltage variation, a mechanical
tuning of the diplexer is preferable. Only fast frequency shift keying should be
done via gyrotron voltage modulation.
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Fig. 6. Upper trace: frequency of gyrotron B1 with respect to the resonance fre-
quency of the diplexer. Lower traces: IN1 and INS: Power of gyrotrons B1 and
B5, OUT1 and OUTS: output power from the diplexer coupled to the loads. Re-
sidual power in OUT1 is mainly caused by spontaneous frequency jumps of the
B1 gyrotron and an increase of the B1 frequency during the end of the pulse. The
frequency of BS5 is far from the resonance, therefore, frequency stability of B5 is
not critical. Note that the signals suffer somewhat from interference with stray
radiation, and therefore are calibrated by comparing the averages over the pulse
with corresponding calorimetric measurements.

Therefore, for the operation of any diplexer in an ECRH system, a remotely
controllable, preferably automatic tuning of its frequency characteristics over one
period of the transmission curve, i.e. Afg = ¢/L, is needed to match the gyrotron
frequency and to compensate for thermal drifts. This means that one mirror in the
resonator or delay line is equipped with a drive to move the mirror in normal
direction over a distance of typically one wavelength. Fast and precise drive con-
cepts for this purpose are in development [8]. Note that the misalignment due to
this frequency tracking is negligible for all diplexer designs discussed here.

Two notes are added: (i) Triode-type gyrotrons are expected to allow a larger
frequency shift with lower power modulation for a given voltage variation. Cal-
culations performed for the Japanese 170 GHz ITER prototype gyrotron e.g.
yield a frequency swing of more than 30 MHz at negligible power loss, when
both the body and the gun anode voltage are used for modulation. An experimen-
tal proof of these calculations would be highly desirable. (ii) Once (frequency and
phase-controllable) amplifiers with sufficient high power for ECRH purposes are
available, the problems on frequency control are very much reduced.
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4.2. Near-term plans for applications in ASDEX upgrade and FTU

At the new ECRH system for ASDEX Upgrade [15], the implementation of a
resonant diplexer prototype is in preparation. This diplexer (Fig. 7) features a
compact design within a rigid box providing stable alignment as well as micro-
wave shielding. Corrugated waveguide inputs and outputs are matched to the
resonator mode by HE;;-TEMy mode converters, and polarizers in the mitre
bends at the output waveguides are inserted to match the polarization to the
launching conditions. A mirror drive allows the tuning of the resonator. The main
application to be tested is AC-stabilization of NTMs by toggling of the power
between two launchers, which aim at poloidal positions being displaced by 180°
with respect to the phase of the NTMs; thus the driven EC current is always in-
duced in the O-points yielding maximum NTM suppression [7]. A further appli-
cation will be an in-line ECE system, where ECRH and ECE will be applied
sharing the same launcher and thus a common line of sight [8].

HE11-TEMoo converter OUT 1

ouT2

focusing
bend

mirror
. of
resonator

IN1

Fig. 7. Conceptual design of a compact resonant diplexer with corrugated
waveguide ports, as designed for tests in the new ECRH system at ASDEX Up-

grade.

At FTU, the frequency-to-voltage characteristics of the GYCOM gyrotrons is
rather linear with a slope of about 9.8 MHz/kV [2], which is much steeper than
the characteristics of the Thales gyrotrons. A diplexer/combiner is proposed as
switcher between two poloidally symmetric antennas, in order to perform high-
efficiency tearing mode stabilization experiments. Combining pairs of beams in a
single line would also allow for fitting the 4 available sources into the new envis-
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aged FTU ECRH launcher [16, 17] equipped with 2 antennas. The resonator ver-
sion of Fig. 1¢ with squared corrugated waveguides [5] is designed for insertion
in the long run of the 4 parallel transmission lines. Input matching optics converts
beams to a smaller size before entering the combiner. The prototype, now in final
design stage (Fig. 8), will undergo high-power qualification testing before it is
installed in the FTU system.

Fig. 8. Sketch of the resonant diplexer/combiner made with 3 parallel squared
corrugated waveguides (in dark-grey) and input/output optics (in grey) proposed
for tests in the ECRH system at Frascati Tokamak Upgrade.

4.3. Options for applications and integration in the ITER ECRH system

The basic ITER ECRH system [18] will employ 24 170 GHz gyrotrons. It is
assumed, that these will be free-running oscillators (although gyro-amplifiers and
phase-locking schemes are under development, but at present do not provide suf-
ficient power). The gyrotrons are connected via evacuated corrugated HE11
waveguide to 3 upper launchers [19] (UL; 8 beams each, mainly for NTM stabi-
lization) and one equatorial launcher (EL; 24 beams, mainly for central heating
and current drive). A central unit with mechanical waveguide switches allows
connecting the gyrotrons either to the ULs or the EL.

During the development phase of the ITER ECRH system, a diplexer can be
used for a test stand which is fed by two 1 MW gyrotrons, e.g. those which are
developed in Japan [20]. This allows CW tests of the FADIS itself, the transmis-
sion lines, the dummy load, later on also for UL and EL with 2 MW.

In the ECRH system itself near to the generator hall, diplexers can be used as
switches between transmission line and loads allowing gyrotrons in hot stand-by;
they could also be used for power combination from two 1 MW gyrotrons on a
common transmission line to reduce the number of waveguides.

The most essential modification, however, of the present ITER ECRH design
would be the replacement of the mechanical waveguide switches between ULs
and EL by diplexers. This would offer interesting and attractive options:

Firstly, this allows switching of the power from the EL to the UL by re-
tuning of the diplexer as before, but without the need to switch off the gyrotrons
during the switching process, as the power goes either way, but not to unknown
or unwanted places. Note that power sharing with arbitrary fractions between the
UL and EL is possible.

Secondly, efficient AC-stabilization of NTMs is possible as soon as a mode
occurs: The gun anode or body voltage of the gyrotrons is modulated (by a few
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kV only) with the mode frequency, and the diplexers are tracked such that the
corresponding frequency modulation results in 2 maximum power modulation at
the outputs for the ULs, synchronous to the rotation of the island. There is no
waste of installed power at the modulated operation, as the asynchronous power
is still available at the EL and can be used to continue the task as before the onset
of the NTMs.

Thirdly, as the transmission lines are designed for a power of 2 MW and two
gyrotrons could be fed into the inputs of the diplexer to provide power combina-
tion, the initial installation with only half the number of waveguides (12 to ULs,
12 to EL) between the 12 switches and launchers is possible. This would require
only two UL plugs. Alternatively, if the launchers and waveguides are installed
as foreseen at present, and 24 diplexers are installed as switches/combiners, one
has the option to add (at a later stage) more gyrotrons to the system, by feeding
them into the second inputs of the diplexers.

Several notes need to be added to these proposals. Firstly, although possibly
all types of diplexers can be designed for arbitrary polarization, the different
launching conditions for the EL and the UL will most probably require different
polarizations. Therefore, for fast switching applications, the polarizers should be
installed behind (down-stream from) the diplexers.

Secondly, for about 0.5 s after switch-on of the gyrotrons, where the fre-
quency varies rapidly due to thermal cavity expansion, the routing of the power
probably cannot be controlled. This has to be taken into account for start-up sce-
narios. It is, however, no problem for long-pulse experiments and for hot stand-
by operation.

Thirdly, for combiner operation, one has to choose pairs of gyrotrons with a
frequency difference (for optimal output in steady state operation) not equal to (a
multiple of) the free spectral range of Afs = ¢/L, the ideal case being a difference
of (an odd multiple of) roughly Af: /2 (cf. Fig. 1). The diplexer is tuned such that
a resonance frequency f; coincides with f, o, the optimal frequency of gyrotron A;
thus, the optimal frequency of gyrotron B, fgp, stays always non-resonant. To
direct the combined power to the other output channel, the tracking of the di-
plexer resonance has to be switched to fz 9. In case of operation as a fast switch
and combiner, both gyrotrons are frequency modulated with sufficient Afs, and
the diplexer is tracked that f, g (or f3 o) is coincident with f;.

Fourthly, the various types of diplexers discussed here differ strongly with
respect to the transmission characteristics, insertion loss, cross-talk, dimensions
and requirements for system integration. Therefore, the diplexer concept chosen
will depend on the concrete tasks to be performed, and on the experimental envi-
ronment. Therefore, the development of an ITER compatible FADIS should be
started soon, and in close cooperation with the design of the transmission line. A
detailed discussion is beyond the scope of this paper.
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5. Conclusions

It has been shown, that high-power diplexers are a valuable component,
which can strongly increase the performance and flexibility of ECRH systems.
The results obtained up to now in the development of several prototypes includ-
ing the high-power demonstration of fast switching and power combination from
two gyrotrons confirm the applicability of these devices. In conclusion, the re-
sults motivate the development of power combiners and fast switches until ma-
turity, especially in view to applications in ITER and other advanced devices.

Further research is aimed to study other multiplexing schemes and arrays of
phase-controlled gyrotrons. Gyrotron developers are encouraged to continue the
development of frequency- or even phase-controlled gyrotrons, the availability of
which would further extend the application palette of high-power diplexers.

This work is carried out in the frame of the virtual institute “Advanced
ECRH for ITER” (collaboration between IPP Garching and Greifswald, FZK
Karlsruhe, IHE Karlsruhe, IPF Stuttgart, IAP Nizhny Novgorod, and IFP Mi-
lano), which is supported by the Helmholtz-Gemeinschaft deutscher For-
schungszentren.
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DEVELOPMENT AND APPLICATIONS OF THz GYROTRONS

T. Idehara, I. Ogawa, S. Mitsudo, Y. Tatematsu and T. Saito

Research Center for Development of Far Infrared Region, University of Fukui FIR FU)
3-9-1 Bunkyo, Fukui-shi 910-8507, JAPAN

A gyrotron with a 21 T pulse magnet achieved the breakthrough of 1 THz. This is the first
result of high frequency operation in the world beyond 1 THz. In addition, new gyrotron
series in FIR FU, University of Fukui, so-called Gyrotron FU CW Series is being devel-
oped. Such a present status of high power THz radiation sources — gyrotrons in FIR FU and
their application to high power THz technologies will be introduced.

1. Introduction

Our previous Gyrotron FU Series has already achieved high frequency op-
eration up to 0.89 THz by using a 17 T magnet and the second harmonic opera-
tion [1]. In addition, some gyrotrons included in the series achieved modulation
of amplitude and frequency and highly stable operation in amplitude and fre-
quency. After then, we have already applied these gyrotrons to plasma diagnos-
tics and other high power far-infrared technologies. Recently, a gyrotron in FIR
FU with a 21 T pulse magnet achieved the breakthrough of 1 THz [2]. For con-
venience of the application to high power THz technologies, CW gyrotrons (Gy-
rotron FU CW Series) is being developed. Gyrotron FU CW I has been devel-
oped and succeeded in the CW operation at 300 GHz under high power of 1.75 kW
{3]. The next gyrotrons, Gyrotrons FU CW 1II and III are being developed. The
parameters are as follows, 394 GHz, 100 W for FU CW II and 1 THz 100 W for
FU CW III. Both gyrotrons operate in CW mode.

2. A THz gyrotron with a pulse magnet

A demountable gyrotron tube is installed on the center axis of 21 T pulse
magnet. In the operatlon test, a high voltage pulse is applled to electron gun at

% around the maximum field intensity B.
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are trying to increase the frequency by increasing B. Similar study on develop-
ment of a high frequency gyrotron with a pulse magnet is advancing in Institute
of Applied Physics, Russian Academy of Science (IAP RAS) [4].

3. Gyrotron FU CW Series

Now, in FIR FU, we are developing high frequency CW gyrotrons named
Gyrotron FU CW Series as high power THz radiation source. We have already
developed Gyrotron FU CW 1. The frequency is around 300 GHz, output power
1.75 kW, the operation is complete [3].

3.1. Gyrotron FUCW II

We have finished the construction of a next CW gyrotron, Gyrotron FU CW
II and begun the operation test. Fig. 2 shows a cross section of the gyrotron and
Fig. 3 the side view. The gyrotron consists of a 8 T He-free superconducting
magnet, a demountable tube, a vacuum pump system and power supplies. The
cavity is a simple cylindrical one whose diameter and length are 5.72 mm and
15 mm. The designed frequency is 394.6 GHz at the second harmonic operation
of TEg¢ cavity mode. After completing the operation test, the gyrotron will be
used for enhancement of NMR sensitivity by use of dynamic nuclear polarization
(DNP). 394.6 GHz is corresponding to ESR frequency at the field intensity of
7.1 T. The frequency of proton NMR at the field is 600 MHz.

window

by ______,ion

pump

collector

helium
free
19m
Superco|
magnet Cavity
., ion
pump
4 gun — Fig. 3. Sideview
Fig. 2. The cross section of Gyrotron FU,CW II of Gyrotron FU CW II

41



We have already succeeded to operate the gyrotron at many fundamental and
second harmonic resonances. Cavity modes corresponding to almost all radia-
tions resulting from fundamental and second harmonic operations are identified.
We have found the operation at the TE, ¢ cavity mode whose frequency measured
by a heterodyne system is 394.3 GHz. It is a little bit lower frequency than the
designed frequency. Fig. 4 shows all of frequencies observed up to the present as
functions of magnetic field intensity. Measured frequencies are distributed in the
range from 61GHz to 209 GHz in the case of fundamental operations, while from
212 to 439 GHz in case of second harmonic operations. Now, we are measuring
the output power of Gyrotron FU CW IL. Typically, the output power is several
hundred watt for fundamental operations and several tens watt for the second
harmonic operations.

T ] 3 T T T T T T T T T T T

4507
400 l""//-

£

| / _’”‘._'-.—f'r"
100 T f=f
1 / .,cl-.x-ﬂ".'w

350 ~
¥ 300- ]
o | N
O ]
< 250- = ]
g 1 T f=2 -
f?_:_ 200 / -]

. - P S 4
£ 1504 e o ]

50 :./’/-w““"
O 1 ‘ ) ' ] i 1 I 4 l ] . E) '
1 2 ] 4 5 6 7 8

Magnetic field (T)

Fig. 4. All frequencies measured by a heterodyn detection system as functions of
magnetic field

3.2. Gyrotron FU CW III

The third gyrotron, Gyrotron FU CW III with a 20 T superconducting mag-
net [5] has already been constructed and operated. In Table, main parameters of
the gyrotron are shown. The gyrotron is optimized for the second harmonic op-
eration of TE, , at the frequency of 1013.7 GHz. The operation mode is complete
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CW. This gyrotron will achieve the breakthrough of 1 THz in CW operation. In
addition, it is expected that many other cavity modes will be excited by adjusting
the field intensity at the optimum value for each cavity mode. As the results, it
will achieve frequency step tunability in wide range covering sub-THz to THz
frequency region.

Specification of Gyrotron FU CW III

Total height from electron 24m

_gun to the window
Superconducting magnet
Maximum magnetic field 20T
Inner bore 50 mm
Cavity
Radius 1.95 mm
Length 10 mm
Main cavity mode TE4 12
Frequency 1013.7 GHz at the 2nd harmonic
Q-factor 23720
Operation mode Complete CW

Operating magnetic field 19.1 T for TE, ;, mode
Triode-type electron gun

Cathode radius 4.5 mm
Maximum cathode current 1A
Cathode voltage 30kV
Gun coil
Maximum input current 300 A
Maximum magnetic field 0.183 T
Pumping bores 1. Near the electron gun.
2. Near the output window
Water cooling jackets installed at a cavity and a collector regions

Fig. 5 and Fig. 6 show the cross section and a photo of Gyrotron FU CW III.
Figure 7 shows measurement results of radiation power at fundamental opera-
tions and calculation results for starting currents of each cavity modes at both
fundamental (dotted lines) and second harmonic (solid lines) operations. It is
seen that almost all cavity modes at the fundamentals are excited at the optimum
intensities of magnetic field.

For measurement of the second harmonic operations, we tried to observe a
radiation power after high pass filter consisting of a narrow circular wave guide
whose diameter is 0.3 mm. The corresponding cutoff frequency is 586 GHz. Up
to the present, we have measured several second harmonic operation in the field
intensity region below 18 T (Fig. 8). The maximum frequency estimated from the
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corresponding field intensity is around 980 GHz. Fig. 9 shows all of frequencies
observed at both fundamental and second harmonic operations as function of
field intensity at the cavity region. As seen in the figure, Gyrotron FU CW III has
achieved frequency step-tunability in a wide region from 140 GHz to 980 GHz.
Output power is distributed from around 100 W to higher than 200 W at the fun-
damental operations and in several tens watt at the second harmonic operations.
The operation mode is CW or long pulse with several hundred milliseconds.

Fig. 5. The cross section of
Gyrotron FU CW I
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Fig. 7. A typical measurement result at the fundamental operations and comparison with
calculation result for starting current of each cavity mode. Upper figure: Radiation power
observed just after the output window as function of magnetic field intensity at the cavity
region. Lower figure: Starting current for each cavity mode as a function of magnetic field
intensity. Dotted lines show fundamental operations and solid lines second harmonic op-
erations. Numbers indicated near calculated lines show mode numbers m, n. Comparing
with the upper figure, it is seen that almost all cavity modes are excited at the optimum
intensities of magnetic field for fundamental operations.
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4. Summary

Three CW gyrotrons, Gyrotron FU CW I, II and III operating in sub-THz to
THz region are being developed. Operation test of FU CW I and II have already
carried out. Gyrotron FU CW I is being used for material processing. Gyrotgon
FU CW II has been installed on a 600 MHz proton-NMR device at Institute of
Protein Research, Osaka University, for sensitivity enhancement of NMR spec-
troscopy by using Dynamic Nuclear Polarization (DNP). Gyrotron FU CW III
will be used for development of high power THz technologies in future, after
operation test is completed. These three gyrptrons have the advantages of com-
plete CW operation and frequency step-tunability in addition to high frequency
operation up to 1 THz.

Now, we are developing the fourth gyrotron of the series, Gyrotron FU CW
IV with 10 T superconducting magnet. It will achieve continuously frequency-
tunability for application to DNP-NMR. The fifth gyrotron Gyrotron FU CW V
will be developed for application to accurate measurement of energy level differ-
ence of positronium. The frequency should be varied around 203.4 GHz. This is
the first trial for direct measurement of the level difference.
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HIGH-HARMONIC TERAHERTZ GYRODEVICES

L. V. Bandurkin, V. L. Bratman, Yu. K. Kalynov, V. N. Manuilov,
S. V. Samsonov, and A. V. Savilov

Institute of Applied Physics, Russian Academy of Sciences, Nizhny Novgorod, Russia

Prospects of development and results of first experiments from gyro-oscillators and multi-
pliers radiating at high cyclotron harmonics in sub-THz and THz frequency range have
been discussed. The problem of selective mode excitation for both types of devices is sig-
nificantly simplified in the case of using axis-encircling beams of electrons moving along
helical trajectories with guiding centers near the cavity axis (configuration of Large Orbit
Gyrotron, LOG). In a self-exciting gyro-multiplier, a 60 keV /5 A / 10 us axis-encircling
beam simultaneously excited the 2nd-harmonic mode TE;> and 4th-harmonic mode TE,3
of an azimuthally-corrugated cavity at the frequencies of 37.5 GHz and 75 GHz. An axis-
encircling electron beam with parameters 80 keV /0.7 A/ 10 us was obtained in a cusp
gun and further compressed 3000 times in magnetic field increasing up to the operating
value of 13.7 T. In the end of 2008, this beam was used for excitation of a 3rd-harmonic
LOG that allowed for the first time obtaining radiation with frequency of 1 THz in this type
of oscillators.

Introduction

Electron-vacuum devices can in principle satisfy any demands to sources of
coherent sub-THz and THz radiation which have been ever made from applica-
tions [1, 2]. In the course of long duration, conventional Backward Wave Oscilla-
tors (BWOs [3]) have covered most of the requirements to relatively low-
powerful oscillators. Having provided generation in the frequency range of
0.1-1.4 THz with power of 100-1 mW and very broad electrical frequency tun-
ing they have been used in many fields of physics and technology. A remarkably
higher power has been radiated or can be radiated at the frequencies 0.3-0.5 THz
from other varieties of electron devices using interaction of rectilinear electron
beams with slow waves, namely, BWOs with inclined electron beams (clinotrons
[4]), Extended Interaction Klystrons [5] and orotrons [6] (or Diffraction Radia-
tion Generators [7]). Devices using interaction of curvilinear electron beams with
fast waves, namely Free Electron Lasers (FELs) [8] and gyrotrons [9-11] can
deliver many orders of value higher power that opens new opportunities for many
applications. FELs enable coherent and smoothly frequency-tuned radiation not
only in whole THz region but also at much higher frequencies. However, they
utilize ultrarelativistic electron beams and, hence, typically require large-size
particle accelerators for their realization. That is why these devices can be only
used in specialized research centers. Gyrotrons can use beams with significantly
lower energy of 10-100 keV. Correspondingly, they are much more compact
than FELs and available for many laboratories.

The first gyrotron with the wavelength less than 1 mm (330 GHz, CW,
1.5 kW) [12] was demonstrated many years ago. It should be, however, empha-
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sized that even today realization of gyrotrons at submillimeter-wavelength and
THz ranges is not easy because it requires very strong operating magnetic fields:
e.g., 36 and 18 T at the fundamental and second cyclotron harmonics, respec-
tively, for the radiation frequency 1 THz. Modern cryo-magnets provide mag-
netic field up to 20 T (up to 15 T for liquid-helium-free magnets) in sufficient
volume, whereas pulsed solenoids are able to provide over 50 T in single-shot
pulses. Cryo-magnet and pulsed-solenoid sub-THz gyrotrons were developed in
Russia, USA, Japan, and Australia [13-15]). After a number of attempts, very
recently, the 1 THz frequency threshold was at last successfully exceeded in
pulsed fundamental-harmonic [16] and cryo-magnet second-harmonic gyrotrons
[17]. However, sub-THz and THz gyrotrons still stay quite unique because of
strong magnetic field required.

The operating field can be decreased in the case of higher (s >2) operating

harmonics, but it is complicated because of dense spectrum of eigenmodes and
difficulty in discrimination of low-harmonic spurious modes [18, 19]. It is impor-
tant in this connection, that for relatively low voltage acceptable for the most
applications the electron-wave coupling decreases very fast with the increase of
the cyclotron harmonic number [9-11]. Therefore, a high-harmonic operation
requires a high Q-factor of the operating cavity. At that, one should also take into
account a drastic decrease of Q-factors in the sub-THz and THz range caused by
increase in Ohmic losses [20].

Thus, realization of high-harmonic THz gyrotrons requires special methods
of mode selection. In this paper, we discuss two systems with strong additional
selection, namely, Large Orbit Gyrotrons [21-24] and gyro-multipliers [9, 21,
25-30]. In LOGs, motion of the electrons along helical trajectories around the
axis of an axially symmetrical microwave system (the axis-encircling electron
beam) results in improving the electron-wave coupling at high harmonics and
thinning the spectrum of competing modes. In gyro-multipliers, the selectivity of
the high-harmonic radiation is provided by fixation of their frequency due to low-
harmonic electron-wave interaction; the use of axis-encircling beams additionally
improves the selectivity of gyro-multipliers.

Large-Orbit Gyrotron

Efficiency of high-harmonic gyrotrons can be in principle comparable with
the fundamental-harmonic efficiency. However, as mentioned in Introduction,
high-harmonic gyrotrons require relatively high operating currents and, generally
speaking, suffer from excitation of low-harmonic spurious modes. It can be ex-
plained from the expression for the gyrotron starting current. For a circular gyro-
tron cavity and interaction at the s-th cyclotron harmonic the starting current of a
TE,,, operating mode depends on main parameters as follows (see e.g. [10, 11]):
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is the excitation factor, J,, and v, are the Bessel function and the p-th positive
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bular electron beam, a is the cavity radius, 8, is the rotary electron velocity
normalized to the speed of light, L and Q are the length and Q-factor of the cav-
ity. Thus, the starting current increases with the increase of the cyclotron har-
monic number as B>, and this increase is fast for relatively low voltages and

root of its derivative, J, , R is the radius of the guiding electron centers of a tu-

electron pitch-factors, when P, is significantly less than the unity. This effect

could be compensated by an increase of the diffraction Q-factor of the cavity, but
this possibility is limited by Ohmic losses. In order to decrease Ohmic losses, one
should use operating modes with high radial indices, p, in spite of some compli-
cation of the mode competition.

The problems of parasitic mode discrimination and high starting currents at
high cyclotron harmonics can be significantly mitigated by the use of an axis-
encircling electron beam. All electrons of such a beam move along helical trajec-
tories around the axis of the cavity. This results in improving of the electron-
wave coupling at high cyclotron harmonics, as well as in significant thinning of
the spectrum of competing modes. Actually, in this case R = 0, and, according to
Eq. (2), the electron-wave coupling at the s-th harmonic is possible only for
modes with m =s; at the same time, for these modes the excitation factor (2)
reaches the maximum. This fruitful idea was successfully used in many experi-
ments with LOGs and so-called harmonic converters [21-24, 27]. It is important
to emphasize that an axis-encircling electron beams can not be produced in well-
developed magnetron-injection gyrotron guns. Correspondingly, the most com-
plicated problem for LOGs is the creation of electron-optical systems, which are
able to produce axis-encircling beams possessing sufficiently high currents and pitch-
factors, as well as small spreads in velocity and radii of electron guiding centers.

The experimental study of LOGs at the Institute of Applied Physics from the
very beginning was aimed at generation of high-frequency radiation and devel-
oped, step by step, from mildly relativistic to more practical weakly relativistic
electron beams, from explosive to thermionic cathodes, from cavity modes with
small to high radial indices. Until recently, the highest radiation frequencies
achieved in LOGs were 0.37-0.41 THz. It was obtained at the third cyclotron
harmonic with power 10-20 kW in microsecond pulses [31]. In those experi-
ments, we used a conventional gyrotron cavity in the form of a piece of a weakly-
irregular cylindrical waveguide terminated with a cut-off narrowing at the cath-
ode end (Fig. la). In all experiments with relatively long-wavelength and high-
voltage LOGs, we used a quasi-Pierce gun forming a rectilinear (pencil) electron
beam and a kicker, which was immersed in a region of a relatively weak mag-
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netic field in order to impart an initial rotary electron velocity (31, 32]. Then, in
the process of electron motion in the increasing magnetic field, the electron oscil-
latory velocity increased up to the operating value.

Fig. 1. Third-harmonic THz LOG: cavity (a), electron gun with magnetic field
cusp (b), and general scheme of the LOG (c)

Evident disadvantages of the Pierce-kicker gun described above are caused
by non-symmetry of the kicker’s field and too high electron density close to the
cathode; these factors can prevent obtaining high-quality beams. In addition, it is
difficult to realize such a system in CW regime. These problems are significantly
complicated with increasing the frequency and decreasing the operating voltage.
Therefore, in a new, relatively low-voltage third-harmonic 1 THz LOG, we use a
different electron-optical system, namely, a gun with magnetic field cusp [33, 34]
in a close-to-cathode region. In this system, a cathode with a ring-type emitter is
immersed in an axial magnetic field and produces a thin tubular beam (Fig. 1b).
In the cusp region, the axial magnetic field goes to zero and, then, changes its
sign. At that, under action of radial magnetic field electrons begin to rotate
around the axis of the system, so that a cylindrical beam of rotating electrons
(with radius coinciding with the electron Larmor radius) is formed. Then, in the
process of electron motion in the increasing magnetic field, the rotary velocity
increases adiabatically, whereas the beam radius decreases.

The third-harmonic 1 THz LOG (Fig. l¢) has been designed for operation at
the relatively low-voltage of 80 kV with the electron current of 0.7 A, the pulse
duration of 10 ps, and the repetition frequency of 0.1 Hz [35]. The magnetic field
inside the cavity amounts to 13.7 T, whereas close to the cathode it is as small as
—4.5 mT. A very high field compression, 3000, allows achieving a high enough
current density inside the operating cavity, whereas emission density is not so
high (4 A/cm®). In order to decrease Ohmic losses, a mode with high radial index
(TE;3) has been chosen; the corresponding diameter of the cavity is equal to
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2.3 mm. A relatively high pitch-factor
(1.4-1.5) and long-length cavity (7.2
mm, or 24 wavelengths) are required to
excite this mode. A long length of the
interaction region results in a very nar-
row (as compared to experiment [31])
frequency band of the cyclotron reso-
nance. Due to this, the operating mode
TE3,7 should not be suppressed by the
spurious mode TE,s (Fig. 2). Simula-
tions predict 1 THz operation with quite
high (10 %) electron efficiency. How-
ever, Ohmic losses decrease the total
efficiency down to 1.3 %; correspond-
ing output power amounts to 0.7 kW.
The electron-optical system of the
1 THz LOG was first tested in a low-
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Fig. 2. Calculated starting currents for the
operating 3rd-harmonic mode TE;; and
spurious 2nd-harmonic mode TE; s in the
1 THz LOG

current modeling regime. At various values and signs of the cathode magnetic

field, three types of beam traces on the

quartz scintillating target were observed

(Fig. 3). It corresponds to Bush theorem, which gives the following expression
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Fig. 3. Low-current modeling test of the cusp gun for the 1 THz LOG. Electron
beam traces on the scintillating target and calculated electron trajectories for posi-
tive, zero, and negative magnetic fields at the cathode.

for the electron Larmor radius after transition through a fast jump of the axially-

symmetrical magnetic field:

B,
2

r=r,

B,

B, 3
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Here r. is the radius of the electron emitter, and B, are the magnetic field at
the cathode and in the region after the field reverse. In the first regime, when
fields of the cathode coil and the main solenoid were co-directed (the cusp is ab-
sent), a ring-type spot was observed on the target; this corresponded to a multi-
axis tubular beam. A decrease of the field B, resulted in an increase of the Lar-
mor radii; simultaneously, the electron guiding centers were shifted to the center
of the beam. When the cathode field was equal to zero, one observed a regime
with large rotary velocities. In this regime, the radius of electron guiding centers
was close to half of the Larmor radius, so that electron orbits filled in almost the
whole beam cross-section. In the third regime B; was negative, so that the cusp
was realized. In this case, an increase of IBll leaded to increase of the electron
Larmor radius and decrease of the radius of guiding centers.

In an ideal case, an axis-encircling electron beam is provided in the symmet-
rical cusp, |By| = B,. In the experiment, the displacement of electron guiding cen-
ters was almost twice smaller than the Larmor radius.

In the end of 2008, the full-scale experiment with the 1 THz gyrotron was
successfully carried out. A rather long cavity provided sufficient mode separation
and single-mode operation at the 3rd and 2nd cyclotron harmonics. The modes
TE;; and TE; ¢ with radiation frequencies 1.00 and 0.87 THz and output power
0.4 and 0.3 kW, respectively, have been radiated at the 3rd cyclotron harmonic.
The modes TE; s and TE,4 with frequencies 0.68 and 0.55 THz and power 1.8
and 0.6 kW have been observed at the 2nd cyclotron harmonic. An output quasi-
optical mode converter transforms all the modes into Gaussian wave beams.

Both simulations and mm-wavelength experiments have shown that the op-
erating voltage of a LOG can be further decreased if the electron pitch-factor is
increased. For instance, a 30 kV/1 A/0.4 THz third-harmonic LOG with a
compact cryo-magnet (B =4 T) operating in CW regime [36] seems as a very
attractive variant. In this case, the same operating mode TEj; 7, is even more iso-
lated from the spurious mode TE,s. According to simulations, a cusp electron
gun is able to produce the electron beam possessing all required parameters. In
the case of the cavity length of 15 mm, the calculated output power of the LOG
amounts to 1 kW with the efficiency of 3.5 %.

Gyro-Multipliers

A well-known additional method of improving the gyrotron selectivity is
synchronization of the high-frequency (HF) high-harmonic operation by a low-
frequency (LF) wave, which interacts with electrons at a low cyclotron harmonic
[21, 25-27]. Actually, due to non-linearity of the interaction electron bunching
occurs at all harmonics of the frequency of the LF wave, ®;, and stimulates the
HF interaction at a multiplied frequency,

W= nw,. “)

52



A high selectivity of a gyro-multiplier is caused not only by the frequency
synchronization, but also by a spatio-temporal structure of electron bunches fixed
by the LF wave. The latter imposes some limitations on the HF mode. In the case
of an azimuthally-symmetrical microwave system and phase-mixed electron
beam, the following relations for azimuthal indices of the LF and HF modes, as
well as for numbers of cyclotron harmonics for these modes take place:

m=nm, s=ns,. 5)

Having used Egs. (4), (5) and conditions of the cyclotron resonance between

electrons and the waves

=50, +hv,, © =s50,+hv, 6)
one can also find relations between the axial wavenumbers, & and h; (the ap-
proximate character of Egs. (6) is caused by a finite length of the interaction re-
gion). For a uniform magnetic field

h=nh . )
For instance, in the case of a near-cutoff LF modulating signal (4, <<k, ) the

high-harmonic HF wave also should be near-cutoff ( h << k ). However, condi-
tion (7) is absent in the case of a profiled magnetic field, when resonance condi-
tions (6) for the two waves are provided at different parts of the interaction re-
gion and different values of the magnetic field.

The LF modulation of the electron beam can be provided either by an exter-
nal RF signal [21, 26, 27] or by a signal excited by the same electron beam. In
the first case, the gyro-multiplier is analogous to the gyro-klystron. According to
simulations [26], the multiplier with an external LF signal can provide a high
efficiency and an improved selectivity as compared to a simple high-harmonic
auto-oscillator. However, the optimal electron current for such a multiplier is
close to the HF starting current in the auto-oscillator regime, when the input LF
signal is absent. Correspondingly, at relatively low voltages, high-efficiency re-
gimes can be achieved only at relatively low factors of frequency multiplication.
In a more realistic case, when the current is significantly lower than the optimal
value, the multiplier efficiency is proportional to the current and significantly
lower compared to the case of the auto-oscillator.

In spite of their attractiveness, gyro-multipliers have been studied in a small
number of experimental works, as their realization is complicated by a number of
factors. In particular, one can mention here spurious excitation of the output cav-
ity, which can take place for a pre-bunched beam even if the operating frequency
is far from the cavity eigenfrequency. In addition, the use of multi-axis beams in
gyro-klystron experiments leads to a weak electron-wave coupling at high cyclo-
tron harmonics and to a large radius of the drift region, which makes possible the
spurious low-frequency excitation of the whole gyro-klystron.

Suppressing low-frequency oscillations can be based on enhancement of the
operating high-harmonic component of the electron current,
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p, = < e'"e> 8)
and simultaneous depression of the electron bunching at low harmonics
[29, 37, 38]. In Eq. (8), O is the electron phase with respect to the modulating LF
signal, and <...> denotes averaging over the whole electron ensemble. If phases
of all electrons are mixed uniformly over the interval [0,27), then p, =0,

whereas lp,,l =1 corresponds to the “ideal” electron bunch. In the case of a short

modulating cavity, the evolution of electron-current harmonics is described by
the “klystron” formula

P (2] = 7, (nx2). ®)
where factor 7 is proportional to the amplitude of the modulating LF wave
(Fig. 4a). Similar to the conventional klystron, the operating harmonic in the out-
put cavity can be increased by the use of additional cavities inside the drift re-
gion, which are excited at low harmonics [29, 37]. The additional cavities sig-
nificantly improve electron bunching at the high operating harmonic and depress
low harmonics [37]. Forming a special axial structure of the RF field inside the
first cavity can provide bunching only at selected harmonics [38].

0.6 -J,(nx)
0.4 — Fig. 4. Klystron-type gy-
02 — romultipliers. Dependence
] of electron-current harmon-
0 ics on the axial coordinate
-0.2 4 in the drift region of a gy-
04 romultiplier with a short
. input cavity (a), and results
0.6 Ip.l of simulations of a three-
. cavity gyro-multiplier oper-
0.4- ated at the 4th cyclotron
0.2 harmonic (b).
) z,cm
0 T ]

Similar to LOGs, the use of axis-encircling electron beams is attractive in
gyro-multipliers. It provides maximal electron-wave coupling at high cyclotron
harmonics, improves the selectivity, and allows the use of a small-radius drift
region. The latter leads to a good electrodynamical isolation of the cavities and,
therefore, helps to avoid self-excitation of the long system of the multiplier. At
the same time, as compared to LOGs, gyro-multipliers can operate at a signifi-
cantly lower electron current that simplifies formation of electron beam.
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Let us consider an example of a three-cavity sub-THz gyro-multiplier (Fig. 4b)
with a low-current (0.1 A) weakly-relativistic (30 kV) electron beam (pitch-factor
is equal to 1.2) and a CW low-power orotron (150 GHz, 100 mW) [39] used as a
source of the input rf signal. In the first cavity, the TE, ;; mode interacts with the
electrons at the fundamental cyclotron resonance. In the second cavity, the modu-
lated electron beam excites the same mode, TE, 3,; this provides an additional
electron modulation, accelerates the electron bunching and helps to reduce sig-
nificantly the length of the drift region. According to simulations, such scheme
can provide fairly high power of 1 and 0.1 W, respectively, at the frequencies 0.6
and 0.75 THz when the output cavity is excited by the 4th or Sth harmonic of the
electron current.

A different gyro-multiplier scheme, namely, a self-exciting two-wave oscil-
lator [40—42], is especially attractive in the THz frequency range. In this scheme,
both LF and HF waves are excited by the same electron beam. In a klystron-type
multiplier, this scheme can be realized by using the auto-oscillator regime of the
input cavity. However, such scheme can operate only when the electron current
just slightly exceeds the starting current of the input cavity because high current
harmonics increase with the axial coordinate faster and saturated earlier than the
fundamental one (Fig. 4a). If the first cavity operates as a saturated fundamental-
harmonic oscillator, then higher current harmonics are also saturated inside this
cavity, so that their amplitudes in the output cavity are very small. As an exam-
ple, one can mention the experiment with a gyromultiplier [43], where a multi-
axis electron beam (24 kV and 0.3 A) excited two gyrotron cavities at the funda-
mental and-third harmonics, respectively. The output power amounted to 30 W at
the frequency of 285 GHz. A relatively low efficiency was possibly caused by a
poor electron bunching inside the second cavity.

An additional disadvantage of the two-cavity scheme of the self-exciting
gyro-multiplier is a strict requirement to synchronization of eigenfrequencies of
the two high-Q cavities:

w-nw, 1 1

o Q0 9’
where Q; and Q are the Q-factors of the cavities. This problem is additionally
complicated by the fact, that one should provide the synchronization of the “hot”
eigenfrequencies.

A possible mitigation of these problems is to provide both LF and HF inter-
actions inside a single cavity [40-42]. In this case, the high harmonic is emitted
from an optimally bunched electron beam and the system is less sensitive to
manufacturing errors. However, there is still a problem of frequency synchroni-
zation of two modes inside a single cavity. In the case of a uniform magnetic
field, the spectrum of operating modes is limited by conditions (4)—(7). Let us
take into account that the spectrum of eigenmodes of a cavity with the circular
cross-section is non-equidistant. Correspondingly, co-generation of two gyrotron
modes is possible only at determined factors of the frequency multiplication, n,
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and minimal possible factor is quite high, n=35. In this case, the exact synchro-
nization of “cold” frequencies of the two modes is provided, when the cavity
length is relatively short (so that it is close to the starting value). The situation is
complicated by the fact that since “hot” eigenfrequencies are sensitive to the
magnetic field, their synchronization is achieved in very narrow (~0.1 %) mag-
netic field band.

The situation is slightly simplified for co-generation of a gyrotron LF wave
and a traveling HF wave, when the latter has a small group velocity. Such a pos-
sibility arises in a short cavity due to the approximate character of resonance
conditions (6) (which corresponds to a finite length of electron bunches). The
difference in group velocities leads also to a possibility to close the LF wave in-
side the cavity, and, therefore, to separate the radiation of the two waves. In this
case, the LF mode has a high Q-factor and can be excited in a short cavity. Such
system allows frequency multiplication with n =2 and n= 6. The first case is
especially attractive, when the LF wave is excited at a high cyclotron harmonic.

The use of magnetic field profiling allows realizing of any factor of the fre-
quency multiplication. In this case, the choice of pair of the operating modes is
not limited by condition (7), as the cyclotron resonance is provided for different
modes in different parts of the interaction region. In particular, a klystron-like
interaction of electrons with the LF wave can be organized in the case of a two-
step profile of the magnetic field, when the resonance with this wave is provided
at input and output parts of the cavity (Fig.5), which operate similar to the
modulating and output cavities of a klystron. The middle (non-resonant) part of
the cavity corresponds to the drift region of such LF “klystron”; simultaneously,
this part can be used for the HF-wave generation.

P.
/\ z

Fig. 5. Schematic of a single-cavity gyro-multipier
with the “klystron-like” profiled magnetic field

Another method allowing an arbitrary multiplication factor is deformation of
cavity cross-section. For instance, this can be done by periodic azimuthal
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2 m-fold corrugation of cavity wall. Such a corrugation cancels frequency degen-
eration of all the modes with azimuthal index m # 0, splitting them in two azi-
muthally-standing waves with up- and down-shifted frequencies (Fig. 6). Choos-
ing the corrugation amplitude one can regulate the value this frequency shift and
satisfy all the conditions (4)—(7) for the LF and one of the split HF waves. It
should be nevertheless mentioned that the price for such mode synchronization is
halving of electron-wave coupling. On the other hand, the described cavity ge-
ometry provides the simple separation of LF and HF output waves. Indeed, since
these waves have different group velocities when radiated into circular
waveguide, one can choose such a narrow output waveguide that only HF wave
propagates through it, whereas the LF wave is closed inside the cavity. This ap-
proach helps to modify the described above scheme with frequency doubling, so
that interaction at both low and high harmonics took place with near-cutoff
modes, which increases the efficiency of generation.

Fig. 6. Splitting of the TE,, mode in the
2 m-fold azimuthally-corrugated cavity into
two modes with up- and down-shifted eigen-
frequencies, ®,;and o,

In a modeling mm-range experiment having been carried out in IAP such a
scheme with 8-fold corrugated cavity provides generation at the 4th cyclotron
harmonic (mode TE, 3, 75 GHz) using the axis-encircling 60 kV /5 A electron
beam. A rotating 2nd-harmonic mode (TE,;, 37.5 GHz) is used as the self-
exciting LF wave. In the experiment, this LF wave is excited in a relatively wide
range of magnetic field and accelerating voltage, whereas HF generation is ob-
served only in a narrow sub-range of parameters. Evidently, this occurs when
doubled “hot” LF frequency strikes in HF resonance. Together with the fact that
the output HF radiation pattern corresponds to the TE,; wave this confirms the
realization of the described generation mechanism. It should be noted, that the
starting current of the mode TE, 3 in the cavity is 300 A, whereas the operation
current is 60 times lower. At the first experiment, the output HF power measured
by calorimeter amounts to 100 W.
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ECRH is the main heating system for steady state operation of W7-X. A heating power of
10 MW with CW-capability at 140 GHz is required to meet the scientific objectives. The
different heating- and current drive scenarios, which support W7-X operation at various
magnetic fields and in different density regimes are briefly reviewed. The necesssary in-
vessel components as well as the day-one set of diagnostics for rf-beam control and plasma
absorption is presented. The ECRH power is generated by 10 gyrotrons with 1 MW power
each. Integrated high-power CW tests of the transmission system including all optical ele-
ments except the launcher were performed and first results are presented.

1. Introduction

W7-X is the next step in the Stellarator approach towards magnetic fusion
power plants. Stellarators have inherent steady state operation capability, because
the confining magnetic field is generated by external coils only. W7-X is being
built with superconducting modular coils, which generate the optimized 3-D
magnetic field, and a continuously operating ECRH system. An actively pumped
divertor with 10 MW heat removal capability for stationary particle and energy
control will be installed after an initial exploration phase using a divertor with
inertial cooling in pulsed operation. An ECR-heating power of 10 MW is re-
quired to achieve reactor relevant plasma parameters [1] at the design magnetic
field of 2.5 T. The status of the gyrotron delivery and tests is reported in ref. [2],
this volume, and will not be discussed here. Operation at lower magnetic field B
is of interest in the commissioning phase of W7-X, and for physics studies, be-
cause B is a key parameter for confinement and high-8 operation. Experimental
results on Gyrotron operation at reduced frequency are presented in Section 2,
operation scenarios at nominal and reduced frequency are discussed in Section 3
together with the required in-vessel structures. Integrated high power tests of the
transmission line are reported in Section 4.
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2. Two-frequency operation

The W7-X gyrotrons are optimized for single frequency operation at
140 GHz [3]. The gyrotron diamond window has a resonant thickness of 4A/2 at
140 GHz and is also transparent at 105 GHz corresponding to 3A/2. Two modes,
the TE;; ¢ (103.6 GHz) and TEy, ¢ (106.3 GHz) exist in the vicinity of the desired
frequency. Both modes could be exited by proper tuning of the resonant magnetic
field and by adjusting the operation parameters (Jyean = 40 A and U, = 62 kV).
We have focused on the TE,; ¢ mode operation, because the output beam was
almost perfectly centered on the output window, whereas the beam from the
TE,; ¢ mode was located somewhat off center. A maximum output power of about
0.52 MW was achieved without collector voltage depression corresponding to an
efficiency 1 = 21 %, which is compatible with the theoretical prediction. The
output power drops with increasing depression voltage while the efficiency in-
creases from 21 to 27 %. The corresponding collector loading at O and 8 kV de-
pression voltage is 1.9 and 1.7 MW, respectively, which is incompatible with the
collector-loading limit of 1.3 MW. Thus only operation with reduced beam cur-
rent around 34 A (about 400 kW) can be handled safely by the collector. The RF-
beam was transmitted through 7 mirrors of the quasi-optical transmission line into
a calorimetric CW-load. Transmission losses of about 20 kW were measured,
which compares well with the transmission loss fraction at 0.9 MW, 140 GHz
operation. It is worth noting, that both the beam matching mirrors as well as the
set of polarizers can be used without modification. Assuming, that all series gyro-
trons behave similar to the prototype, ECRH for W7-X will be operated as a two-
frequency system with a total source power of 4 MW at 104 GHz. The operation
range of experiments can then be extended towards the resonant magnetic field of
1.86 T (X2 and O2 mode) and 1.25 T (X3 mode), respectively. The total opera-
tion space with X2, O2 and X3-mode as well as mode conversion heating with
electron Bernstein waves (EBW) for both frequencies is sketched in Fig. 1.
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(X3) harmonic extraordinary mode and -
second (O2) harmonic ordinary mode. oSt
Electron Bemnstein Wave heating via the
OXB-mode conversion process is also 00 25 3.0
indicated.
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3. Operation scenarios and in-vessel components

The ECRH at W7-X has to fulfill many different requirements such as plasma
start-up, heating and current control at different resonant magnetic fields. For
plasma start-up and operation at low to intermediate density (< 1.2 - 10° m™)
heating with the second harmonic X-mode (X2) at 140 GHz is foreseen. This is a
very robust scenario with almost complete single pass absorption up to the cut-off
density. At low density an electron temperature exceeding 10 keV is calculated
[4]. The heating power of 10 MW is expected to be sufficient to sustain a plasma
at 1.0- 10 m™ with a central electron temperature of about 4 keV. Efficient
divertor operation, however, may require an operation density well above the X2-
cutoff density. In this range second harmonic O-mode heating (O2) with a operation
density up to 2.4 - 10° m™ is foreseen [4, 5]. In contrast to X2-heating the O2 single
pass absorption is incomplete and 50-90 % are expected depending on density and
temperature in the absorption region. A similar situation is found for X3-heating at
Bees = 1.66 T, where n, < 1.6 - 10° m™, which is a promising scenario for operation
at reduced magnetic field. An example for X3 single-pass absorption calculations
with 10 MW input power is shown in Fig. 2 (left). The related electron- and ion
temperatures resulting from the assumed transport model [4] are also shown.

Absorbed power [%)
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804 b > 2 o o
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2 % " 2 o6 [ii §
.g e H H
104 ~ I 3,
S — | 04 31 4
02 04 06 08 10 12 14 0 1 2 3 4 5
density, 10° m*

Power [MW]
Fig. 2. Left: X3 Single-pass absorption Py, at 140 GHz from ray-tracing calculations as a
function of the plasma density. The central electron and ion temperatures T,(0), 7;(0) are
also shown. Right: O2 Triple-pass absorption at 104 GHz. Contours of constant absorbed
power (in %) as a function of plasma density n, and ECRH-power.

As the gyrotrons operate also at 104 GHz, the contours of constant absorbed
power after three passes through the plasma are plotted for the O2 mode (B = 1.89 T) in
Fig. 2 (right). An interesting operation regime with an absorption exceeding 90 %
exists despite the reduced available power and the low magnetic field. The calcu-
lated electron temperatures range from 3.5 to 5 keV, depending on density and
heating power.
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Once plasma start-up could be achieved with the X3-mode, which is not clear
yet, operation at 1.25 T is also of interest, because ECRH could then provide a
target plasma for further heating with NBI for high-B physics studies, which is
most promising at low magnetic field.

The non-absorbed part of the ECRH beams in the O2 and X3 scenarios
would, however, thermally overload the graphite tiles at the heat shield, which is
installed at the inboard vacuum vessel wall opposite to the ECRH antennas.
Therefore several selected graphite tiles will be replaced by specially shaped tiles
made of a molybdenum alloy with small amounts of titanium and zirconium
(TZM). These molybdenum reflectors have to sustain a microwave power of 0.5
MW on a surface of 120 cm? each in the worst case for O2 and X3 heating sce-
narios. High power tests (0.5 MW) of a prototype tile mounted on the original
W7-X cooling structure showed an absorbed power fraction of 0.3 %, which is
consistent with the theoretical value deduced from the material properties. With
the resulting thermal load of 1.5 kW the tile reached a steady state temperature of
470 °C at the surface and 390 °C at the cooling plate, respectively, after 200 s for
the maximum loading, which is acceptable for W7-X operation.

plasma boundary

ECRH beam

Beam name= unnamed

vactum vessel is used
Shin® IFOUGh power = 18.4676%

cursor s in Plasma, power ol cursor s 853%
cursor coordnales, ) = 58472, 05162, 01480

Fig. 3. Example of a three-pass ray tracing calculation for a beam with O2-mode
polarization. The vacuum vessel is sketched together with the outer plasma con-
tour and one selected ECRH beam.

These tiles reflect the beams in a well defined way for a second pass through
the plasma center onto a water cooled stainless steel reflector panel at the out-
board side of the vessel. This reflector will provide a third pass through the
plasma as sketched in Fig 3. The ray tracing results as plotted in Fig. 2 (right) are
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based on this geometry taking into account the individual launching position for
each beam. The total absorption is substantially increased but for the expense of
the beam steering capability. The same reflector system can be used for the X3
heating. The launch angle for both heating scenarios is about 12° at the most
elongated plasma cross-section position. The beam deflection by plasma refrac-
tion is below 3 cm at the tiles, which can be easily compensated by the movable
antennas.

Although strong ECCD is not needed in stellarators to generate the confining
magnetic field and NTM stabilization is not an issue either, the control of the
divertor strike point position requires the control of the edge rotational transform.
In addition it should be taken care that the iota profile does not approach major
low order rational resonances. Therefore ECCD will be used for residual boot-
strap current [6] compensation and rotational transform control on a transient
time scale. For long time scales (< 100 s) the iota can in principle be controlled
by the coil system. Up to 300 kA current can be driven in the low-density branch
at 1.0 - 10" m™ by ECCD with the installed power of 10 MW and X2 heating.
Even at 1.0 - 10® m™ an ECCD current of up to 130 kA was estimated, which is
sufficient to compensate the expected bootstrap current of about 80 kA.

A major challenge is the development of experimental operation scenarios,
where the slowly developing bootstrap current is continuously compensated by
external current drive. The ECCD capability in the O2-mode will not be sufficient
to compensate the bootstrap current for all magnetic configurations and densities.
Therefore scenarios have to be developed, where the expected steady state plasma
current is already embossed by X2-ECCD during plasma start-up and density
ramp up. With increasing bootstrap current the ECCD will be reduced until the
current is taken over by the bootstrap current completely. The X2 polarization
will then be tuned into O2 and continuous high-density operation will be estab-
lished maintaining a plasma equilibrium with non-zero plasma net current. For
operation at ultra high density above the O-mode cutoff density Bernstein wave
heating via the OXB-mode conversion process is envisaged [7]. The transmission
line and the equatorial port in-vessel antennas are designed to provide the re-
quired optimal launch angle of 55° with respect to the magnetic field direction.

The design of the front steering ECRH-antennas in the A- and E-type ports is
compatible with full power CW requirements. Four antenna blocks are under
construction and each block can handle 3 RF-beams (altogether 10 beam lines
plus two spare for a possible later upgrade) as shown in Fig. 4 (top). The movable
mirrors enable a poloidal steering range of +25° and a toroidal steering range
between +15° and F 35°, which complies with all relevant operation scenarios.
The critical components like the ceramic bearings and the flexible tube spirals for
the cooling water supply have been already successfully tested in a mechanical
mock-up under vacuum conditions and in ECRH stray radiation environment. The
mirror design is similar to the well-proven transmission line type. Most of the
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antenna components are already manufactured and the assembly has started as
seen from Fig. 4 (bottom).

Fig. 4. The ECRH plug in antenna block.
Top: CAD drawing. Bottom: Main flange
with motor drives during assembly.

Two additional ports (N-type) are foreseen for special ECRH physics ex-
periments with two RF-beams (2 MW). Here the beams are launched from the
high field side and propagate along B = const surfaces, which allows the investi-
gation of wave interaction with particles in different velocity regimes. In particu-
lar advanced ECCD scenarios with supra thermal electrons can be investigated by
high field side launch. The N-port is also foreseen as the microwave injection
port for the collective Thomson scattering diagnostics, because of the availability
of neighboring ports with favorable orientation. The N-ports are very narrow and
a remote steering scheme [8] will therefore be adopted, which is based on the
imaging properties of a square corrugated waveguide. A ‘long’ solution with a
bent waveguide was chosen, which eases the integration of the waveguides and
leads to a lower antenna beam divergence because of the increased waveguide
cross-section for this solution. This design, however, requires a thorough optimi-
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zation of the position of the mitre bend and the vacuum valve in the waveguide.
The conceptual design and first optimization calculations are presently being
performed.

Reliable ECRH operation requires special ECRH-related diagnostics for
both, machine protection and plasma physics. The beam position, the transmitted
power and its polarization must be known with high accuracy and will be meas-
ured by 120 pick-up antennas (open circular waveguides), which are incorporated
in the heat shield tiles as described earlier. These mono-mode waveguide tubes
are grouped into four bundles, which run from the inboard side along the vacuum
vessel wall towards four B-type ports at the outboard side, where the signal is
transmitted through vacuum windows. A prototype of a waveguide bundle, with is
pre-bended according to the in-vessel geometry is ready for a test assembly inside
the W7-X vacuum vessel and is seen in Fig. 5.

Fig. 5. Pre-shaped waveguide bundle prototype for assembly and routing tests
inside the W7-X vacuum vessel.

Any deterioration of the original polarization, which is inferred by the many
waveguide bends will be compensated by appropriate phase shifters in close vi-
cinity of the rf-diodes.

The average non-absorbed power will be measured by at least five so called
sniffer probes, which are installed in symmetrical poloidal positions in each of the
five stellarator modules. These detectors measure the none-absorbed ECRH stray
radiation, which is distributed inside the vacuum vessel. The sniffer probe signals
will be used to detect any unintended reduction of ECRH absorption in order to
avoid machine damage by direct beam irradiation or microwave stray radiation of
in-vessel components. In addition it is planned to monitor the heat shield, which
is installed at the inner vessel wall opposite to the ECRH antennas by infrared
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cameras. An interlock signal will be derived from the thermal measurements,
which turn off ECRH in case of local overheating and hot-spots.

4. Transmission line: High-power test results

The transmission line consists of single-beam waveguide (SBWG) and multi-
beam waveguide (MBWG) elements. Each gyrotron is equipped with a matched
beam conditioning assembly of five single-beam mirrors. Two of these mirrors
match the gyrotron output to a Gaussian beam with the correct beam parameters,
two others are used to set the appropriate polarization for optimum absorption of
the radiation in the plasma. A fifth mirror directs the beam to a plane mirror ar-
ray, the beam combining optics, which is situated at the input plane of a multi-
beam waveguide [1].

Fig. 6. Left: CAD-sketch of the beam distribution optics and control-racks inside
the two-storey tower. Right: ECRH-tower with microwave absorbing granite-
wall structure.

The MBWG is designed to transmit up to seven beams from the gyrotron
area (entrance plane) to the Stellarator hall (output plane). A mirror array sepa-
rates the beams again at the output plane and distributes them via CVD-diamond
vacuum barrier windows to individually movable antennas (launchers) in the
W7-X torus. Two symmetrically arranged MBWG’s are used to transmit the total
power.

The beam distribution optics module and the reflectors of type M13 and M14
are installed in two "towers" in front of the W7-X ports as sketched in
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Fig. 6 (left). Both two-storey towers have a modular structure and are presently
being equipped with the full set of remote control systems and water cooling for
the mirrors and launchers. A photo of one tower is seen from Fig. 6 (right), the
outer wall is made from granite plates, which serve as absorbers for microwave
stray radiation and have a high mass like an optical bench.

Tests of the entire transmission line can only be performed, once the W7-X
construction is completed and access to the main torus hall is provided. We have
therefore installed retro-reflectors in the underground beam-duct in the image
plane at half distance of the MBWG transmission line. Long distance transmis-
sion can be simulated and tested by transmitting the high power beams half way
in forward direction and then back via the reflectors to the dummy load. First
calorimetric high power measurements were performed and total losses of about
3 % were measured for 10 reflections on the 2 X3 MBWG-mirrors and the
4 additional guiding mirrors over a total length of about 40 m [9]. Good agree-
ment is found with calculations and previous low power measurements, which
confirms the high quality of the quasi-optical concept for high power, long dis-
tance transmission.

S. Summary and Conclusion

The ECRH-system for W7-X is the most ambitious and largest CW-plant
presently under construction. The system is designed to satisfy the physics de-
mands for stationary heating and current drive at 2nd harmonic with X- and O-
mode, 3rd harmonic with X-mode, as well as mode conversion heating in the high
density regime with Bernstein modes. The 10 MW, CW ECRH-power is transmit-
ted via a quasi-optical multi-beam waveguide system operating at atmospheric
pressure, which is a unique feature of this system. The quasi-optical transmission
offers favorable characteristics such as broadband transmission and a large mar-
gin for power handling. This allows operation of the system at two frequencies
and with the option of a later power upgrade without modification of the trans-
mission line. The most loaded components of the beam conditioning single beam
section were tested and the losses were measured. Long-distance transmission
through the multi-beam waveguide system was investigated. An excellent per-
formance with low losses close to the theoretical losses was obtained under full
power, CW conditions. The in-vessel structure is designed for a controlled 3-pass
absorption of the O2 and X3-mode to ensure high total absorption. A set of diag-
nostics such as pick-up waveguide arrays, IR-cameras and sniffer probes are
being prepared for installation in the W7-X vacuum vessel.
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The gyrotron complex on the DIII-D tokamak now has been completed with the installa-
tion of six 110 GHz gyrotrons in the 1.0 MW class. The rf pulse lengths have been limited
administratively to 5.0 s at full parameters, 40 A, 80 kV, and over 10.3 MJ per pulse at
peak power, ~3.1 MW, has been injected into DIII-D for plasma experiments on a single
shot using 5 gyrotrons. The reliability of the gyrotron performance has been 82 % over a
three-year period and was 85.5 % in 2008.

A direct high power measurement of the transmission line efficiency has been made.
The total efficiency averaged 74 % for the 31.75 mm diam. evacuated corrugated transmis-
sion lines carrying the HE,,, waveguide mode past 7 miter bends. Loss in the Matching Op-
tics Unit (MOU) was 3.3-7.9 % and a fairly large loss, ~10 % was measured in the first
sections of waveguide after the MOU.

Three materials experiments have been performed using the system. The power from
one gyrotron was used to flash anneal amorphous silicon, forming aligned single crystals
suitable as nucleation sites for CVD deposition of silicon leading to high efficiency photo-
voltaic conversion at low cost. A similar annealing of CMOS structures produced im-
proved junctions accessing the 32 nm performance node. Finally, a gyrotron-pumped
waveguide loaded with naptha and Ni powder is being used to investigate the possibility of
creating high velocity frozen deuterium pellets driven by rapidly expanding gas heated by
microwaves.

In this paper we report on the status, history and applications of the 110 GHz
six gyrotron system installed on the DIII-D tokamak. The gyrotrons have been
used with excellent reliability in a wide range of experiments and the installation
has developed into a standard component of the auxiliary heating system on DIII-
D, in use on most experimental days. The tubes have injected over 10 MJ on a
single plasma shot, with rf pulses up to 5 s in length. The nominal pulse length
limit is 10 s, however, as will be discussed later, the calculated collector fatigue
lifetime depends not only on the number of pulses but also on their duration,
therefore the pulse lengths used in experiments have been limited administra-
tively to 5 s, which is consistent with present experimental requirements. All the
tubes except one have been tested to 1.0 MW output. The sixth tube, for reasons
believed to be connected with poor electron beam quality from the cathode, was
only able to be operated at 750 kW output for 5 s pulses. One of the other tubes is
being reconditioned to full power after repair of a vacuum leak.

Three of the gyrotrons, all the tubes in the first production run, experienced
collector failures, which now are understood to have been due to excessive power
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loading in the collector. New operating procedures and hardware are predicted to
extend the collector lifetime to about 50000 pulses 5 s in length, which should be
adequate for the long term experimental program on DIII-D.

The gyrotron and power supply installation will be described, including the
results of direct measurements of the transmission line efficiencies. Alignment
and setup procedures will be presented in connection with the efficiency meas-
urements and system reliability data for the past five years, which demonstrate
the high reliability in support of experiments will be shown. The collector fail-
ures and remedial steps will be discussed, followed by a description of launcher
performance, including damage to one launcher mirror. The change in emphasis
of the workshop from focusing on strong microwaves in plasmas to the broader
subject featuring both sources and applications will be addressed in descriptions
of a number of materials processing experiments, which have been done using
the gyrotron installation during times when it was not being used for fusion re-
search. Finally, the long term plans for enhancements to the DIII-D gyrotron in-
stallation will be presented.

System Description, Reliability and Transmission Line Efficiency

The gyrotron complex on the DIII-D tokamak has been described previously
[1]. There are six gyrotrons, all in the 1 MW class at 110 GHz, which are con-
nected to the tokamak with circular 31.75 mm diameter corrugated evacuated
waveguides up to 100 m in length (Fig. 1).

DIli-D Tokamak

Fig. 1. Isometric layout of the DIII-D gyrotron complex. Six tubes are in operation, in-
jecting >3 MW 110 GHz microwave power into the tokamak over a waveguide line up to
100 m in length with an average of 75 % transmission line efficiency. The long term plan
calls for a total of eight gyrotrons, each of which will generate 1.5 MW.
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The only window in a line is the gyrotron CVD diamond window. At the to-
kamak there are three launcher assemblies, each of which can independently di-
rect the beams from two gyrotrons to anywhere in the tokamak upper half plane
and +20° toroidally for current drive.

The gyrotrons are all diode tubes [2] and are powered by vacuum tetrode
modulator/regulators that provide a reproducible applied voltage of 80 kV + 500 V dc
and modulation frequencies up to 10 kHz. The power supply configuration is
shown schematically in (Fig. 2). Because regulation at precise voltages is com-
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Fig. 2. Schematic diagram of the high voltage power supply system for the DIII-D ECH
complex. Vacuum tetrodes are used, driving gyrotrons either singly or in pairs. Ignitron
crowbars with microsecond response time and <10 J maximum arc energy protect the
gyrotrons.

promised by changes in such factors as ambient temperature, changes in the un-
regulated kV supply voltage during plasma shots and pulse length, the gyrotrons
must be tuned slightly for a given set of experimental conditions. This is done,
for example, by making slight changes in the main magnetic field, by adjusting
the filament voltage, by adjusting the magnetic field in the gun region or by
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boosting the filament voltage at a predetermined time before the gyrotron pulse.
Once the tuning is set, the gyrotron operation is rather reliable, achieving an
overall average greater than 80 % success rate (defined as the number of times
individual gyrotrons produced the pulse length requested divided by the total
number of requests) over the past five years (Fig. 3). During acceptance testing
the gyrotrons are operated at maximum possible output power, at about 31 %
efficiency, and must achieve 10 consecutive 5.0 s pulses at Pgep > 1.0 MW with-
out a fault to be accepted. But for plasma experiments, with changing pulse
length requests, varying ambient conditions and uncontrollable pulse repetition
frequencies based on experimental exigencies, the gyrotrons are operated with
slightly detuned parameters. This is usually done by increasing the main mag-
netic field by as little as 0.2 % above the value that delivers peak power and re-
duces the generated power to about 900 kW.

ECH Requests/Successes ECH System Performance
5000 100
4500 90
« 4000 80
£ 3500 70
5 3000 g
5 2500 §
E 2000 é 40
Z 1500 s 30
1000 20
500 10
0! 0 i

2004 2005 2006 2007 2008
Year

Fig. 3. The ECH system reliability has exceeded 80 % for 4 consecutive years despite the
constant upgrades and power supply development. In 2008 there were over 4000 requests
for individual gyrotron pulses and over 3500 successful pulses which satisfied the re-
quests. A wide variety of pulse lengths, aiming and modulation combinations were used.
The system is a regular part of nearly all experiment plans.

The long-term plan calls for an upgrade to 12 MW generated rf power. Two
waveguide lines will be added, bringing the total to eight lines. A systematic re-
placement of the 1 MW class diode gyrotrons to 1.5 MW depressed collector
units, all operating at 110 GHz, will then be accomplished.

During the recent experimental period, gyrotrons were added to the system
as they became available and extensive modifications to the power supplies were
constantly made, which contributed to lowering the reliability. With groups of
two gyrotrons being operated from each of two high voltage power supplies, a
fault in either gyrotron of a pair will terminate both gyrotron pulses. This reduces
the reliability statistics disproportionately. During the 2008 DIII-D campaign, the
gyrotron system was being used in support of experiments on most run days, with
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4400 requests and over 3700 successes. The most common fault has been when rf
generation stops, particularly for long pulses or when tuning up for modulation.
A new fault processing system based on field programmable gate array (FPGA)
technology is being installed and will permit retries after many of the common
faults, which should improve the reliability.

The rf power delivered from each of the gyrotrons to the tokamak has been
measured in a number of ways [3] and is the subject of continuing work to recon-
cile the theoretical waveguide efficiencies with experimental results. Low power
tests on complete lines (Fig. 4) showed that, for a pure HE,; waveguide mode,
the line losses were about ~1 dB, or 20 %, in good agreement with a theoretical
estimate [4] of —0.84 dB calculated for a line having 12 miter bends with 1.6 %
loss per miter. During these measurements, 10 m long sections of the waveguides
were subjected to 1 m displacements with no detectable change in transmission
efficiency. But for high power, the waveguide losses have been higher than for
the cold tests, about —1.25 dB. High power measurements of the transmission line
efficiencies made for the long section of the waveguide, up to 90 m, with 10 mi-
ter bends gave losses consistent with the cold test measurements on similar sec-
tions of the waveguides. The additional losses were accounted for in the first sev-
eral meters of the lines following the injection point, including about 5 miter
bends. These losses, averaging about 80 kW, were measured using resistance
temperature devices (RTDs) attached to the waveguides and an infrared camera
viewing these parts of the lines covered with black electricial tape used to bring
the emissivity up to about 1.0. Because the additional losses occur in the first
several meters of waveguide beyond the injection point and are not seen in low
power tests when a pure HE;; mode is excited, mode conversion to lossy modes
occurring as a result of imperfect alignment or non-Gaussian content of the in-
jected rf beam is suspected for the losses.

Cold test reference measurements _ Present Hot Test Measurments

w ) Gyrotron MOU loss Calculated line loss Total line loss

& 008108 C);’H 38%  20.2%(0.98dB) 28.3% (-1.45 dB

§ PRI i - Scarecrow X .2% (0. ) .3% (1. )

£ - 248 cpH 33%  202%(0.98dB) 26.0% (-1.30 dB)

2 100 m transmission line

o -

g with 14 miter bends ?.2:: 79%  20.2%(0.98dB) 30.7% (-1.59 dB)
CPI5 45%  20.2%(0.98dB) 21.2% (-1.03dB)

Frequency Han

Fig. 4. Low power tests with pure HE; ; modes gave about —1 dB transmission line effi-
ciency in agreement with theory. High power measurements on four of the systems, on the
other hand, showed higher losses of about 0.5 dB, which are believed to be due to mode
conversion arising from slight misalignment of the rf beam as it enters the waveguide. The
frequency was swept for the low power tests to eliminate possible errors due to reso-
nances.
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When a gyrotron is first received, short rf pulses are launched into free space
and the power profiles are measured at intervals of about 10 cm for the first meter
after the beam exits the gyrotron window. These power profiles are then analyzed
by a phase retrieval algorithm [5], which yields not only the mode mixture in the
beam, but also the x-y offset of the peak of the Gaussian at the gyrotron window
and its off-perpendicular propagation direction. Typically these are a few milli-
meters offset and <0.5° off-perpendicular. In order to place the center of the beam
on the axis of the transmission line system, a specially designed spool piece with
offset, non-parallel flanges is made, which aligns the beam and the MOU axis.
The slight tilt in the whole MOU assembly with respect to horizontal which re-
sults from this process is accommodated by making the first 2 or 3 meters of
waveguide slightly flexible by corrugating their outer surfaces. The cold tests
previously described had shown that a slight bend over this distance made no
detectable change in the propagation loss. But the use of a single coupling mirror
makes it impossible to achieve complete flexibility in the injection geometry. By
translating the single mirror along the original rf beam direction toward and away
from the gyrotron it is possible to adjust the beam position in the horizontal, but
not the vertical, plane, while tilting the mirror in the horizontal and vertical
planes can change the angle at which the beam approaches the waveguide. When
the beam is centered on the waveguide, therefore, it is possible that a small non-
coaxiality in the vertical plane is present.

Assessment of the alignment is being made in three ways. The 1st of these
will be real time measurements of power absorbed in a dummy load located close
to the injection point, about 3 m and two miter bends after injection. The dummy
load power should be maximized when the beam is well-aligned with the
waveguide axis. The 2nd measurement technique uses the power radiated from a
gap in the waveguide located at an odd multiple of one quarter of the beat wave-
length between HE,, and HE,, propagating modes. The beat wavelength, L, in
our 31.75 mm diameter waveguides at 110 GHz is 817 mm, therefore the meas-
urement can be made using a waveguide gap power monitor [1] located, for ex-
ample, at SL/4 or 1021.5 mm from the injection point. At this point, a 0.1° off-
coaxial injection will result in a 10 % differential in the radiated power in the
plane defined by the injected rf beam and the waveguide axis. The third meas-
urement is a variation of the second in which the rf beam is relaunched into free
space after propagating an odd multiple of one quarter of the beat wavelength
described in the second technique. When the rf is relaunched into free space after
traversing several meters of guide, the mode content can be determined using
infrared power measurements and phase recovery analysis based on the power
profiles. Alternatively, the coaxiality of the rf beam can also be inferred from the
location of the beam center at any odd multiple of a quarter of the beat wave-
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length from the injection point in free space, again using an infrared camera to
locate the center of the rf beam with respect to the waveguide axis.

Using the more standard technique of simply measuring the power in the
waveguide lines at two locations separated by long waveguide runs containing 8—
10 miter bends, the transmission line efficiencies in Fig. 4 were determined. The
losses in the lines measured in hot tests and cold tests are consistent with each
other except that in hot tests there is an additional loss of about ~0.5 dB, which is
indicated by heating of the first few meters of waveguide and the first 4 or 5 mi-
ter bends. As discussed above, we believe that this loss arises from slight mis-
alignment of the Gaussian beam at the input to the waveguide. For 31.75 mm
diam waveguide at 110 GHz, a transverse offset of 1.0 mm with perfectly co-
axial injection will result in 1 % mode conversion from HE, ; and a 0.1° deviation
from perfectly co-axial injection with no transverse offset will result in 0.4 %
mode conversion [6, 7]. In the real case, the injected rf beam will have a combi-
nation of these injection errors making it difficult to determine the exact mode
structure, a combination of HE; ; and other modes, which will be excited in the
guide. Although some of these modes, the HE,; for example, will propagate in
corrugated circular guide with nearly the same low loss as HE; ;, they will lead to
additional mode conversion at the first few miter bends in the lines, with heating
of the waveguides in both the forward and reflected directions from the miters.

Collector and Launcher Mirror Failures

Initial operation of the 1 MW gyrotrons was done with allowable collector
power loading up to 1 kW/cm®. This loading turned out to be excessive and re-
sulted in fatigue failures of the collectors on the first three gyrotrons placed in
service. The electron beam footprint is smallest and the collector power density is
highest when the electron beam is low in the collector during axial sweeping.
Following the failures, the fatigue calculations were improved, with the result
that a reduced standard for allowable collector loading, 600 Wicm?, was deter-
mined. To achieve this, the electron beam was raised about 10 cm in the collec-
tor, increasing the footprint; the sweep frequency was increased from 4 to 5 Hz;
and the dwell time at the limits of the sweep was reduced by a combination of an
increase in the available output voltage of the power supply driving the sweep
magnet to 200 V and by employing a sawtooth waveform for the sweeping mag-
netic field, which opposes the fringing field of the superconducting magnet. The
fatigue lifetime is determined both by the number of single pulses and the num-
ber of repetitive sweep cycles, both of which contribute to the stress in the collec-
tor OFHC copper. Increasing the sweep frequency reduces the stress slightly,
while increasing the number of sweep cycles per unit pulse length, resulting in a
moderate improvement in lifetime. A direct measurement of the effect of these
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measures on the sweeping magnetic field inside the gyrotron is shown in Figs. 5
and 6, indicating in particular that the dwell time at the low point in the sweep is
reduced by = 40 %. The new operational procedures have increased the predicted
collector lifetime to 50000 pulses 5 s in length.
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Fig. 5. Changing the sweep coil waveform from symmetric to a sawtooth reduced the
dwell time of the electron beam at its lowest point in the collector by about a factor of two.
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Fig. 6. The electron beam was also raised by about 10 cm in the collector, greatly reducing
the power loading where the beam footprint is smallest and the power loading is greatest.
The power loading is thus maintained <600 W/cm® everywhere in the collector.
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The steerable launchers in the DIII-D system have two mirrors on each
waveguide line. The rf beam expands from a 62.5 mm diam waveguide and is
incident on a weakly focusing mirror at a 45° angle. From this mirror, the beam
strikes a flat surface mirror, which can be moved so that the rf beam is directed
over a range +20° horizontally, in the current drive direction, and poloidally over
the tokamak upper half plane, which also involves a 40° range of motion. The
mirrors are cooled by radiation and conduction without active cooling. The focus
mirrors are made from stainless steel with a thin, 0.125 mm, copper overcoating.
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The steerable mirrors are made from a multi-layer laminate of stainless steel and
copper with a thin copper-reflecting surface. The designs employ stainless steel
to add strength and reduce forces during disruptions and copper to reduce resis-
tive heating by the rf beam.

On both of these mirror designs, there is evidence of excessive heating and
one of the focus mirrors failed with complete melting of the copper coating and
of the stainless steel substrate over a surface area several mm in diameter. The rf
power loading on the copper surface is about 100 W/cm? but on stainless steel it
is about 5300 W/cm?, so once the copper layer had melted and exposed the
stainless steel, further damage was inevitable. Initial damage was noted during a
short vent of the tokamak, but when the tokamak was opened for maintenance
following a period during which 269 additional rf pulses had been fired on the
damaged line, the damage was found to have spread to >1 cm diam and the
stainless steel substrate was melted to a depth of 2 mm (Fig. 7). Heating of the
steering mirror by plasma radiation is a significant effect [8], but the reflecting
surfaces of the focus mirrors are facing away from the plasma and are not heated
significantly by radiation. Although a test program leading to 10 s pulse lengths
had been planned, the mirror damage necessitated a redesign effort and a delay in
pulse extension beyond 5 s.

Initial Damage

Centra area .
After 269 more pulses
Fig. 7. Photographs of the melt damage to one of the focus mirrors. Once the copper over-

coating was breeched, further damage was inevitable. The initial melting was observed in
situ using a mirror.
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Model calculations revealed that the melt damage could be explained if the
braze of the stainless steel mounting stud (Fig. 8) on the back of the focus mirror
had formed an incomplete bond to the stainless steel mirror body, thus reducing
the conduction away from the center of the mirror. The new design for this mirror
will use a Cr-Zr-Cu stud with additional care in making the braze. These meas-
ures are predicted to reduce the peak temperature of the mirror surface for 10 s
pulses by about 200 °C, to a peak temperature for a 10 s pulse of 820 °C, provid-
ing a 200 °C margin against melting the copper.

Stainless steel originall
to be replaced with Cr-Zr-Cu

~~~~~

Reflecting surface

Fig. 8. The focus mirror stainless steel mounting stud will be replaced
by Cr-Zr-Cu in the new design.

Microwave Annealing and Heating

Amorphous silicon. The DIII-D gyrotron complex has been used for a num-
ber of experiments unrelated to fusion, but which are connected to applications of
strong microwaves. The most successful of these have involved rapid heating and
crystallization of amorphous silicon leading to improved photovoltaic conversion
efficiency and rapid annealing of CMOS structures formed by implantation.

For photovoltaic conversion, high efficiency at low cost is a key factor.
Typical solar cells use amorphous silicon on a variety of substrates and have a
conversion efficiency of ~8 %. With this efficiency, photo-voltaics cannot com-
pete economically with other sources of electricity except in specific applications
where the standalone capability of the cells to provide electricity, such as in re-
mote locations or where power requirements are low, take particular advantage of
the unique characteristics of the cells. If crystalline or polycrystalline silicon can
be produced economically, the competitiveness of photovoltaics will improve,
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since crystalline silicon has approximately twice the conversion efficiency of the
amorphous state. We have subjected amorphous silicon layers on glass to rapid
heating [9] using 110 GHz high power microwaves from the DIII-D ECH system
and formed excellent silicon crystals in squat, egg shaped pillars about 20 ym in
diameter distributed over the surface of the glass (Fig. 9). With these pillars serv-
ing as nucleation sites for additional CVD deposited silicon, it is possible that a
low cost high efficiency solar cell can be fabricated.

e
11200 x! 4.9 mm|

Fig. 9. Sample seen with field emission scanning electron microscopy following micro-
wave annealing. The pillars have very high silicon crystalline quality as verified by the
transmission electron microscopy picture shown in the inset. The pillars are about 20 pm
in diameter. Target preparation on the glass substrate is indicated in the left side of the
figure.

The glass substrates were prepared by coating with a ~120 nm layer of SiO,
followed by a 1-2 pm thick layer of a-Si:H deposited by hot wire CVD from
silane gas at a high rate of 10-100 Als. Square samples 2.5 cm on a side were
placed in a vacuum chamber where microwave power launched from an open
ended waveguide and reflected from a specially designed mirror to provide a
flattened power groﬁle irradiated the samples. The power density at the samples
was ~40 kW/cm” and resulted in rapid heating, at 10°~10° °C/s, of the silicon to
melting temperature of ~1450 °C using pulses <8.5 ms in length. The samples
were examined using a number of crystallographic techniques including field
emission scanning electron microscopy, selected area diffraction and energy dis-
persive x-ray spectrocscopy. The pillars have excellent crystallinity with only
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occasional structural defects and very large grain size, ~20 pm. This compares
with a grain size of ~1 pm for traditional solid phase crystallization or low fre-
quency microwave annealing

In the next series of experiments, attempts will be made to improve the wet-
ting of the substrate surface by the molten silicon. The characteristics of silicon
layers deposited onto the annealed substrates also will be investigated to deter-
mine if the annealed crystalline structures can force crystalline alignment of what
would normally be an amorphous layer applied by CVD after formation of the
pillars.

CMOS structures. A similar series of annealing experiments was performed
on CMOS structures originally formed by low energy implantation [10]. During
implantation, the specific range of dopants striking crystalline silicon can pro-
duce high performance junctions with very small-scale size capable of meeting
the requirements of the 32 nm technology node planned for availability through
2013 by the International Technology Roadmap for Semiconductors (ITRS) [11].
But the implantation damages the silicon lattice structure, resulting in an increase
in resistivity and decrease in device performance. The conventional solution to
this problem is to anneal the structure using flash lamps, however if this is done
over a time long compared with diffusion times of the dopants, the scale length
of the junctions forming the source/drain and channel regions will increase dur-
ing the annealing, dopant density will decrease, the performance will be impaired
and the requirements of the roadmap cannot be met. One measure of device per-
formance is the contact resistance, which must remain low, and the electrical
isolation at small junction depth, which must remain high. Flash annealing of the
structures by microwave heating provides a solution meeting the requirements.

The experiment was very similar to the silicon annealing work described
above except that the targets were crystalline silicon with a variety of dopants
and geometries. On DIII-D, one of the 110 GHz gyrotrons was easily able to pro-
vide heating rates to 5-10° °C/s up to and beyond the melting point of silicon. The
optimum method found empirically was application of a 4.5 ms pulse providing
4 kW/cm?, which heated the sample to ~1300 °C at about 2.75-10° °C/s. Subse-
quent analysis showed that little dopant diffusion occurred during this time pe-
riod even if the sample was exposed to multiple pulses with a cooldown time
between pulses. Electrical activation of the implanted dopants showed a sheet
resistance, Rs, of 495-750 Ohms/square for junction depth between 14-2 nm and
successive pulses resulted in continual improvements in Rg. The result was ultra
shallow junctions which were superior to competing anneal technologies and
which satisfied the ITRS requirements at least through 2013. Competing with the
implantation/anneal technology is small-scale x-ray photolithography using
wavelengths of 0.1-0.8 nm, which has the capability, particularly for the shorter
wavelengths, of producing 3D structures. Both techniques can produce excellent
performance.
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Gyrotron pellet accelerator. A waveguide containing a substance that can be
vaporized by microwaves could be used to generate high pressures and tempera-
tures capable of driving pellets suitable for fueling in a fusion device [12]. A pre-
liminary experiment was done using the DIII-D gyrotron complex. A waveguide
with diameter 4 mm and length 25 mm was connected to a standard 31.75 mm
diam corrugated waveguide using a downtaper. A diamond window in the larger
waveguide isolates the test setup from the gyrotron. The small waveguide, iso-
lated from the larger guide by a sapphire window, was filled with napthalene
containing an admixture of 1-5 % Ni particles with scale size ~2 um. This sealed
waveguide was surrounded by a thick walled chamber hydro tested to 90 atm and
capable of withstanding 680 atm. The microwaves, 500 kW, ~1-2 ms, were di-
rected into the waveguide and were absorbed by the metal particles, which in turn
heated the napthalene, which then vaporized producing high temperatures,
>1000 °C, and pressures up to approximately 60 atm. In this experiment trans-
ducers measured the temperatures and pressures and following the termination of
the rf pulse, the napthalene simply recondensed.

In the first attempt at the experiment, electric field enhancement at the inter-
face between the napthalene and sapphire window isolating the small diameter
waveguide resulted in arcing at the window surface, with damage to the window
and protective termination of the rf pulse due to reflected rf power [13]. It is
likely that the match can be improved by use of proper geometry at the window.
This area will be redesigned and then the experiment will be tried again.

Conclusion

The ECH complex at DIII-D now has six operating gyrotrons, which have
been used both for fusion and for materials experiments. Reliability has been
very good and is expected to improve once all power supplies and other en-
hancements have been installed. The longer term plan is to add two more gyro-
trons and waveguide lines with their ancillary equipment and then upgrade to
12 MW generated power by replacing the present group of 1.0 MW diode gyro-
trons with depressed collector tubes having unit output power of 1.5 MW.
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A powerful electron cyclotron heating and current drive (ECH&CD) system with 10 MW
mm-wave power at 140 GHz in CW operation is foreseen for the stellarator W7-X, being
under construction at IPP Greifswald, Germany. The mm-wave power will be delivered by
10 gyrotrons, each capable of 1 MW, CW. Nine gyrotrons (cavity mode: TE28.8) are being
manufactured by Thales Electron Devices (TED), Velizy, France, one gyrotron (cavity
mode: TE28.7) was produced by CPI, Palo Alto, CA, USA. Testing of the TED gyrotrons
is being performed in the test facility at FZK (pulse duration 3 min) and the final tests are
being performed at IPP (pulse length 30 min).

Both, the first TED series gyrotron and the CPI gyrotron have passed the acceptance
tests successfully. The first TED series tube yielded a total output power of 0.98 MW, with
an efficiency of 31 % (with non-depressed collector) in short pulse operation and a power
of 0.92 MW in pulses of 1800 s (efficiency of almost 45 % at a depression voltage of 29
kV). The Gaussian mode output power was 0.91 MW. The mm-wave power, measured in a
calorimetric load at the end of a 24 m long quasi-optical transmission line with seven mir-
rors, was 0.87 MW,

The acceptance tests of the TED series gyrotrons are ongoing. The mm-wave output
beam quality of all tubes tested so far is at a constant high level of about 96-97 % in the
fundamental Gaussian beam. In short pulse operation (1 ms) all the gyrotrons have
achieved the specified parameters. However, for long pulse operation the performance of
some tubes decreases due to the occurrence of parasitic oscillations in the range of 119—
132 GHz which are assumed to be excited by the electron beam in the beam tunnel close
to the entrance of the cavity.

This contribution reports on the present status of the TED series gyrotrons.

1. Introduction

The stellarator W7-X at IPP Greifswald will use electron cyclotron heating
and current drive (ECH&CD) as the basic heating and current drive system [1].
In the first stage W7-X will be equipped with a 10 MW ECH system operating at
140 GHz in continuous wave (CW). The mm-wave power will be delivered by
ten gyrotron oscillators. The complete ECH system will be provided by For-
schungszentrum Karlsruhe (FZK), including the design, development, construc-
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tion, installation and integrated tests of all components required for stationary
plasma heating on site at IPP Greifswald, e.g. gyrotrons, transmission lines,
power supplies etc. FZK also coordinates contributions from IPF of the Univer-
sity of Stuttgart and from IPP Greifswald. Concerning gyrotron development, this
project benefits from the collaboration with CRPP Lausanne, CEA in Cadarache
and Thales Electron Devices (TED) in Velizy. After completion of the develop-
ment phase seven series gyrotrons have been ordered from TED. First operation
and long-pulse conditioning of these gyrotrons will take place at the test stand at
FZK where pulses up to 3 minutes at full power and 30 minutes shots at reduced
electron beam current are possible (limited by power supply). 30 minutes shots at
full power are possible at IPP in Greifswald. The first TED series gyrotron has
been tested successfully and has shown full performance on site at IPP Greif-
swald. One gyrotron has been developed at Communications and Power Indus-
tries, Palo Alto, USA (CPI). This gyrotron also achieved the specifications. In-
cluding the pre-prototype tube, the prototype tube and the 140 GHz CPI-tube, ten
gyrotrons will be available for ECH&CD on W7-X.

2. Configuration of the TED gyrotron and experimental set-up

A DC-heated magnetron injection gun which works in the temperature lim-
ited region is used. It is designed as a diode-type gun (without modulation anode)
and operates at an accelerating voltage of 80 kV creating a beam current of 40 A
with a current density at the dispenser cathode of 2.5 A/cm2. The average veloc-
ity ratio of the electrons (v.L/v||) is 1.3. The gun cavity region (beam tunnel) is
equipped with stacked copper and RF-absorbing ceramic rings in order to avoid
spurious oscillations which could degrade the beam quality and lead to excessive
thermal loading.

The cavity is a standard cylindrical design, optimized for the mode TE28,8.
In order to minimize mode conversion at the transition from the input taper to the
cylindrical section and to the output taper these sections have been smoothed,
resulting in a mode purity of 99.9 %. The realistic thermal peak wall loading of
the cavity is less than 2 kW/cm®. The electron beam is placed at the first radial
maximum of the electrical field of the TE28,8 mode to ensure a strong interaction
of the electrons with the design mode. The nominal value of the magnetic com-
pression ratio (Bcaviyy/Bgun) Of the electron beam is 23.5.

The mm-wave output launcher and quasi-optical mirror system are optimized
to convert the rotating TE28,8 cavity mode into a fundamental Gaussian beam
with high efficiency [2, 3]. From calculations a conversion efficiency of the
TE28,8 mode to the fundamental Gaussian beam TEMOO of more than 98 % is
expected.

The output vacuum window is a single, edge-cooled CVD-diamond disk with
an inner aperture of 88 mm, mounted under a small angle with respect to the out-
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put beam. To minimize reflections at the window a resonant thickness for 140
GHz has been chosen (two wavelengths inside the material). Due to the low loss
tangent of diamond the absorbed power for a 1 MW beam is only 400~700 W. The
very high thermal conductivity limits the central temperature increase in CW opera-
tion to about 60 °C.

The isolation of the collector from the cavity region allows the application of
a decelerating voltage. This measure reduces the residual energy of the spent
electrons and lowers the thermal load of the collector, resulting in a higher over-
all efficiency. During operation the collector is at ground potential, the cathode
voltage is set to a negative value of 52-54 kV and the cavity voltage to 27-29 kV.
To equalize the thermal loading of the collector, watercooled solenoidal coils
sweep the electron beam across the surface in axial direction with a repetition
frequency of 7 Hz. An advanced 50 Hz sweeping system using transverse fields
has the advantage of a further reduction of the peak wall loading. This system is
presently under investigation [4].

Possible stray radiation in the gyrotron and along the transmission line to the
CW load is measured calorimetrically. The thermal loading of the gyrotron com-
ponents and transmission line is monitored continuously.

3. Experimental results of TED series gyrotrons
3.1. Operation of SN1 at full performance

All TED-gyrotrons are pre-tested in the test facility at FZK prior to shipment
to IPP, where they undergo the final full performance tests. TED-gyrotron SN1
showed an almost linear dependence of output power versus beam current at con-
stant magnetic field. The saturation in power as measured in the prototype was
absent indicating the azimuthally homogeneous emission of the cathode. An out-
put power of 1 MW at 40 A and 1.15 MW at 50 A was measured in short pulse (ms)
operation. The corresponding efficiencies without depressed collector were 31 % and
30 %, respectively.

In long-pulse operation up to 3 min, which is the test stand limit at FZK for a
beam current > 30 A, the power was measured calorimetrically in an RF-load.
The RF-beam is directed and focused by two matching mirrors and two polariz-
ers into the load, which is located at a distance of about 6 m from the gyrotron
window. The polarizers generate a circularly polarized wave to homogenize the
power loading on the surface of the load. The first matching mirror possesses a
grating surface, which directs a small amount of the RF-beam towards a horn
antenna with a diode detector to get a power proportional signal. The gyrotron
was operated with a typical depression voltage in the range 25-30 kV to limit the
collector loading and optimize the efficiency. The highest measured directed
power inside the load for a 3 min pulse was 906 kW. Including the external stray
radiation, which was determined by calorimetric measurements inside the mi-
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crowave chamber, the total gyrotron output power was 920 kW with an effi-
ciency of almost 45 %. Thus the specified value of > 900 kW for the power in
the directed beam has been achieved. No arcing in the quasi-optical transmission
line has been observed.

After the successful tests at FZK, the tube was delivered to IPP Greifswald
for final tests in 30 minutes operation and the year 2005 saw the successful full
performance tests of gyrotrons from both manufacturers, TED and CPI at IPP.
Fig. 1 shows the TED-gyrotron and super-conducting (SC) magnet in the installa-
tion at IPP Greifswald.

Typical time traces of the output power
and the gyrotron pressure (IGP-current) for
an experimental sequence of one short (4
min) and one longer pulse (30 min) are
shown in Fig. 2. The slow rise and fall times
of the RF-power trace are determined by the
characteristic time constant of the CW-
calorimeter. The small steady increase of the
gyrotron pressure as seen from Fig. 2 (bot-
tom) indicates, that the tube has not yet
reached steady state after 30 min, although
all other measured parameters became sta-
tionary. Power modulation was demonstrated
up to 20 kHz by modulating the body voltage
[5]. An almost linear dependence of the out-
put power on the body voltage was measured.
The RF-power vs. acceleration voltage char- Fig. 1. TED-gyrotron SNI at IPP
acteristics for the CPI-gyrotron is plotted in Greifswald
Fig. 3 (top) for 10 min pulses [4]. It provides a very convenient voltage range for
the power control. The operating cavity mode in this tube is TE ;.
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An example for a beam-current scan for TED-gyrotron SN1 is shown in Fig.
3 (bottom), each data point was taken in pulses with 1-5 min pulse duration. The
scan was performed up to a maximum output-power of 0.96 MW with an effi-
ciency of 44 %, indicating the full gyrotron capability.
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We have chosen somewhat more conservative parameters for the 30 min op-
eration, which is the target plasma discharge length of W7-X. The gyrotrons were
operated at a power in the directed beam of about 0.9 MW (CPI) and 0.92 MW
(TED), the related power measured in the calorimetric CW-load was 0.83 MW (CPI)
and 0.87 MW (TED).

Note, that due to the inherent mode filtering capability of a beam waveguide
only the Gaussian mode content of the gyrotron beam reaches the CW-load. The
total transmission losses after seven mirrors were estimated in the range 50-70 kW.
Since at the time of commissioning the parameters of the Gaussian output beam
for the CPI-gyrotron were not known with the required accuracy, slightly higher
losses (70 kW) resulting from an imperfect Beam-Matching-Optics (BMO) unit
had to be accepted as compared to the TED-gyrotron (50 kW). The CPI-gyrotron
opened a collector vacuum leak after having passed the acceptance test and was
returned to the manufacturer for repair. The TED gyrotron SN1 was mothballed
after the acceptance tests.

3.2. Operation of SN2 and SN3

A short-pulse output power of 1 MW has also been achieved with SN2 and
SN3. However, with both tubes, it was not possible to increase the pulse length
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and to find parameters of good performance. To avoid competition with the para-
sitic mode oscillation, the beam voltage had to be reduced to low values which
resulted in an unacceptable power and efficiency of SN2 and SN3.

The dependence of the output power on the accelerating voltage is shown in
Fig. 4 for SN3 in short pulse operation (3 ms). The output power has been meas-
ured for different combinations of the cavity magnetic field and beam radius in
the cavity, the beam current was 41-44 A. However, at longer pulses (1 s) the
performance of SN3 was similar to SN2 and the maximum achievable output
power was considerably reduced (650 kW in pulses of 3 min).
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Fig. 4. butput power of TED-gyrotron SN3 versus accelerating voltage for differ-
ent combinations of cavity magnetic field and beam radius in the cavity.

Both gyrotrons have been opened at TED and subjected to a visual inspection.

The beam tunnel has been examined very carefully. This component consists
of sandwiched copper and lossy ce-
ramic rings which have a decreasing

1000 Y 450
inner diameter towards the cavity. ) AR A
Several ceramic rings and brazings 800 +* “e
close to the entrance of the electron ™ - g
beam to the cavity were damaged due § : o I’ ME
to thermal overloading. These observa- g'm"'"" i pe ’“g
tions strongly support the assumptions ) e H
that parasitic oscillations are excited in mi— s
the beam tunnel. Since SN1 operated 100
satisfactorily, this effect seems to be at e A
its threshold. Yorea (V]

The operating parameters of series Fig. 5. Influence of accelerating vo.ltage on
gyrotron SN2A with repaired but not output power and beam current in short
modified beam tunnel have been opti- Pulse operation of SN2A.
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mized in short pulses of a few ms. Fig. 5 shows the dependence of the output
power on the cathode voltage and the increasing beam current at constant heating
power of the electron gun. The output power can be varied from 350 kW up to
950 kW by changing the voltage from 72.5 kV to 80.5 kV. At higher voltage the
gyrotron oscillates in a wrong cavity mode.

The specified output power (1 MW) of the gyrotron has been achieved with a
beam current of 41 A. This is demonstrated in Fig. 6 which also shows a satura-
tion of output power with increasing beam current (at constant B-field), in par-
ticular at a beam current above 40 A.
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Fig. 6. Saturation of output power with increasing beam current measured with
SN2A.

Operation of the tube was possible with currents of up to 50 A. Fig. 7 shows
the maximum achieved output power at 50 A (= 1200 kW) in dependence of the
magnetic field and optimized cathode voltage (76-81 kV). Since the gyrotron is
operated with non-depressed collector in short pulses the corresponding effi-
ciency varies from 25.4 to 30 % which is in good agreement with results of pre-
vious gyrotrons.
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Fig. 7. Output power and efficiency of SN2A achieved with 50 A beam current.
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In long-pulse operation gyrotron SN2A and the repaired SN3A both deliv-
ered only 650 kW in pulses of 3 min due to the performance limitations by para-
sitic beam tunnel oscillations.

Precise measurements have been performed to monitor possible frequencies
which may originate from interactions in the beam tunnel. It has been found that
several frequencies in the range of 119-132 GHz have been excited simultane-
ously with the main mode at 140 GHz.

At the mirror box of the W7-X gyrotrons a relief window with a calorimeter
is installed which offers the possibility to measure the level of stray radiation in
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parasitic oscillations occur, the Fig. 8. Output power and relative stray radiation
level of relative stray radiation measured at the relief window of SN3A versus ac-
is increased significantly. celerating voltage.

3.3. Operation of SN4 at full performance

The series gyrotron SN4 was taken into operation and tested at FZK with
short and long pulses. The total RF output power has been measured by a short
pulse calorimetric load which is mounted close to the output window of the gyro-
tron. In the experiments given in Fig. 9 the beam radius has been varied from
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) sussrr.wazem | Fig. 9. Output power of series gyrotron SN4
T % & & & in short pulse versus accelerating voltage at
Uy [0V] different electron beam radii in the cavity.
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10.28 mm to 10.39 mm. In short pulses (2.8 ms) it shows a stable output power
of up to 1 MW at the design values.

For medium pulse length (= 0.1 s) and long pulses (several seconds up to
30 minutes) a CW load with massive water cooling is used in combination with
an optical transmission system. At pulses longer than = 0.1 s the gyrotron is usu-
ally operated with depressed collector. The efficiency of the gyrotron was around
42 % for beam currents from 28 A up to 40 A with a maximum of 43 % (see
Fig. 10). This indicates a good performance of the electron gun and a sufficient
electron beam quality. Safe operation of the gyrotron under CW conditions was
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- oz . :
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R ] 00 g of beam current.
® w0 SN 4, putselength 15,5617, o
0. x 808kv,r, = 1032mm ”
20 0
350, . 75
00 50
23 28 30 32 k- 38 38 40 42‘ s
1L 1AL

possible in the current range from 27 A up
to 44 A with a depression voltage of up to
28 kV. Pulses have been performed up to
30 minutes, however with a reduced beam
current (< 30 A) due to a limitation in the
power supply at FZK. The output power
obtained was about 500 kW. At maximum
RF-power (910 kW) repetitive operation of
the gyrotron was possible with a pulse
length of 3 minutes. Fig. 11 shows the
thermographic image (PVC target) of the
Gaussian output beam with a mode purity
of 97 % and a beam waist of approximately
18 mm. During the site acceptance test at Fig. 11. Thermographic image of the
IPP Greifswald a loss-of-cooling accident Gaussian output beam of series gyrotron
happened, so that the tube had to be shipped SN4 (Gaussian mode content: 97 %,
to TED for repair. beam waist 18.3 mm).

4. Summary

In this contribution we have reviewed experimental results of the series gyro-
trons for the ECH&CD system of the stellarator W7-X. In general, the short-
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pulse operation of the gyrotrons shows acceptable results with respect to output
power and efficiency. All tested gyrotrons have a high quality Gaussian output
beam (Table). The prototype gyrotrons and the series gyrotrons SN1 and SN4
worked well and achieved the specified output power also in long pulse operation.

Gaussian output beam parameters of the series TED-gyrotrons calculated
from measured patterns [4] employing
a phase retrieval and mode-analysis code

G oftset Arthy | @ B | TEM
rotron Wors W ; offset Ax; ?

Y o o 2 at windowy {mrad] (%]
Magquette 19.3; 174 -82.8; 61.2 0.0; 4.9 8.1; -23.8 95
Prototype 18.6; 21.3 202; 71 18.2;16.4 3.5;-1.7 97
TED SN1 17.7;21.6 126.9; 126.0 -7.0; 8.0 12; -2 97.5
TED SN2 20.2;22.5 103.5; 39.8 10.0; 9.0 7,7 97

TED SN2A 18.7;22.2 127.0; 30.0 34,119 8.5;6.7 95
TED SN3 17.5; 20.6 130; 90 5.4;9.0 0.1; 13 97

TED SN3A 17.6; 20.5 24; 77 6.0; 3.0 -1;17 96
TED SN4 18.1; 18.5 105; 51 -1;2 —4; 5 97

Although the design of the beam tunnel is basically the same for all gyro-
trons tested so far, the occurrence of parasitic oscillations may depend on small
variations of material properties (e.g. RF absorption of the ceramic rings). A
more robust design of the beam tunnel with respect to avoidance and suppression
of these undesired oscillations is required.

A possible improvement towards a more stable single frequency operation in
the high power regime has to take into account that the starting current of the
parasitic oscillations must be increased as much as possible. This can be achieved
by destroying the residual azimuthal symmetry, for example by introducing lon-
gitudinal slits in the Cu rings. A different solution has been reported by [6]: the
authors successfully replaced the beam tunnel with a solid SiC ceramics cylinder
which absorbs RF radiation on the one hand, and which is a semiconductor on
the other hand, thus avoiding the build-up of electrical charges.
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During last years large efforts at IAP/ GYCOM were exerted to improve design and per-
formance of 170 GHz / 1 MW / 50 % / CW gyrotron for ITER. The paper presents new re-
sults in development of gyrotrons for ITER including test of 170 GHz / 1 MW / 50 % gyro-
tron and test of short-pulse gyrotron mock-up with output power over 1.5 MW. On the
threshold of gyrotron delivery for ITER issues of gyrotron reliability and life time are dis-
cussed.

Introduction

On the threshold of gyrotron delivery for ITER more and more attention is
paid to gyrotron reliability. Detailed analysis of electron gun assembly has shown
that probability of arcing could be reduced further by improving of electrostatic
field distribution due to correct shaping of electrodes in vicinity of HV ceramic
insulator. The test of gyrotron with modified gun unit has been carried out since
December 2007. In all other aspects tested gyrotron was manufactured following
conventional GYCOM 170 GHz / 1 MW / CW gyrotron design [1].

Gyrotron pumped mock-up with high spatially developed cavity mode
TEj»g 1, was tested in summer 2008 to verify possibility of output power en-
hancement to ~1.5 MW.

Estimation of actual gyrotron life time concerning its future run in ITER is
becoming the problem of the day.

Test results of production prototype of regular ITER gyrotron

At operational beam voltage of 76.5 kV at increasing of beam current to 54 A
as is shown at Fig. 1 output power attained 1.2 MW which was measured at 100 ms
pulse duration. Under measurement calorimetric load was moved 30 cm away
from output window to absorb neat Gaussian beam power.
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In Fig. 2, gyrotron output power and efficiency are plotted as a function of
retarding voltage. Total efficiency of 52 % was reached at output power over
1 MW.

1400 35 1200 55
1200 o Pout gs "2 % /"‘// /
1000 b / % o “
re ™~
S 800 203 - »
NP iiw o
3 60 // 15 § s g
3 H
400 10 °
) %
200 H *Pod
+ Efficiercy
0 0 + Toalefcety
2 ) © ) ) " il 15
beam A » 2 A % A ™ 2
Retanding voltage, kV
Fig. 1. Output power & efficiency vs. Fig. 2. Output power & efficiency vs.

beam current at beam voltage of 76.5 kV retarding voltage at beam current of 46 A

In long-pulse test gyrotron after some initial conditioning demonstrated very
reliable operation with negligible amount of HV arcing verifying utility of made
modification. Gyrotron output radiation formed finally by 2 mirrors of matching
optics unit (MOU) was directed to the terminal load through the set of phase-
correcting mirrors situated at atmospheric pressure. Small fraction of wave beam
was derived to RF detector and small calorimetric load for power monitoring.
There were also measured fractions of stray radiation absorbed in MOU (~5 %)
and emanating through relief window (~3 %). Diamond window losses were de-
termined as ~0.1 %.

Present test facility was upgraded several times to extend its testing capabili-
ties and to approach them to ITER specifications. High-voltage pulse as designed
could last up to 5 min if voltage of main power supply does not exceed 50 kV
and beam current is less than 50 A. 5 min pulse duration was attained early for
~0.5 MW output power at cathode voltage of 46 kV and beam current of 25 A
[2]. S0 kV /50 A combination is nearly typical for gyrotron 1 MW regime but in
the same time it is very close to the designed limit of the power supply. This limit
was felt during long-pulse test as necessity of frequent retuning of power supply
operational regime.

On the another hand long-pulse gyrotron operation was found strongly lim-
ited by arcing in the terminal load and overheating of metallic sheets shielded the
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beam transporting channel. Additional absorbers installed in beam channel en-
abled to extend pulse to 203 s

at power of 830 kW and to Ibeam ; :
116 s at power of 1020 kW.
Signal traces corresponding to
the longest pulse are shown in

— _ ‘ : -
Fig.5. D S R

All signals were very
stable. Stability of beam
current was provided by
feedback embedding to
heater power source. Opera-
tional frequency showed '
good stability as well. Total
frequency drift during the
pulse is typically less than . ) . .
100 MHz. Change of vac-ion Fig. 3. Signal traces monitored in
current indicating gyrotron 830kW /203 s pulse
internal pressure did not exceed 1-2 pA.

Sometimes body current could deviate during a pulse between two stable
values. Lower one was of 3-5 mA while upper one was about 20 mA higher.
Deviation of body current led to minimum perceptible change of beam current
and output power and has no another influence on gyrotron behavior.

Some of gyrotron pulses were terminated by oscillation cut-off happened af-
ter a few tens of seconds from the pulse start which looked inexplicable against a
background of stability of gyrotron voltage, current and internal pressure.

Temperature rise of DC break ceramic insulator did not come to steady-state
value but was noticeably reduced by forced air cooling. Air flow was rather weak
and more intense air cooling or especially oil cooling would solve the problem.
Possibility of oil cooling is envisaged in design of modified ITER gyrotron which
will be ready to test by the end of this year.

After improvement of beam transporting channel arcing in MOU arose as a
main problem. It was caused by overheating of movable cylindrical part connect-
ing MOU to gyrotron flange. Evidently switch to evacuated waveguide provided
for ITER will thoroughly solve a problem of RF arcing. New power transmission
line of this kind included evacuated wave guide and evacuated load has mounted
in the new testing facility which is under setting-up in Kurchatov Institute now.
80 kV /50 A main power supply of new test facility will provide gyrotron opera-
tion in CW regime. Considering 50 kV voltage of recuperation power supply
total accelerating voltage up to 130 kV will be available. It may be useful for
gyrotron with increased power level. New facility is expected to operate in full-
scale regime in the end of this year.

1body
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Testing of 1.5 MW gyrotron mock-up

To explore 170 GHz gyrotron capability for production of about 1.5 MW
output power pilot gyrotron mock-up was designed and tested. Gyrotron cavity
mode had to meet 3 conflicting objectives. Firstly, it has to secure reasonable
cavity losses at desired power level. Secondly, it should win mode competition in
start-up scenario. Lastly, it has to interact with electron beam which could be
formed by electron gun fitted in the largest size to 160 mm diameter of cryomag-
net bore. Finally, TE3 2 mode was chosen as an operating one.

To provide high-performance interaction electron beam quality was prelimi-
nary analyzed. Three versions of electron gun were investigated with usage of
special beam analyzer under
gun optimization for higher
r pitch factor, lower velocity
spread and easy control in
wide beam parameter range.
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mock-up electron gun having
the best parameters was in-
n ., stalled. In Fig. 4, gyrotron
output power, efficiency and
pitch-factor are shown as a
_ function of beam current. As
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Fig. 4. Output power, efficiency & pitch-factor vs.  high as 2 MW was attained
beam current at two values of beam voltage at efficiency ~32 %.
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Life time issue of ITER gyrotron

ITER IO team did not set yet any specifications related to H&CD gyrotron
life time. Nevertheless, those who are concerned with future gyrotron run in
ITER installation underst and that life time is to be estimated at few thousands of
running hours. To convert these running hours into calendar time one should
know operation schedule, namely pulse duration, duty factor, amount of pulses
per day and amount of workdays per year etc, which as well are not announced
yet.

No problems with collector of ITER gyrotron were met in Gycom but few
recent collector failures of CPI gyrotrons have served as incentive to look at col-
lector more precisely as at the most heavily loaded gyrotron unit. Collector per-
formance is being now intensively analyzed using set of computer programs to
calculate collector loading under impact of swept electron beam and ANSYS
code to calculate collector mode of deformation. Furthermore, efforts are made to
elaborate reliable criteria for estimation of collector life time.
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Conclusions

In short-pulse test of 170 GHz gyrotron over 1 MW output power at total ef-
ficiency of 52 % was attained according to ITER requirements. Up to now maxi-
mal pulse duration of 203 s at power over 0.8 MW and of 116 s at power over
1 MW was limited by arcing of terminal load and MOU operated under atmos-
pheric pressure.

Testing of ITER gyrotron will be continued after debugging of new test facil-
ity in Kurchatov Institute having evacuated transmission line and power supplies
capable to provide CW gyrotron operation.

New modified ITER gyrotron is manufacturing now and will be ready to test
to the end of this year.

Under testing of gyrotron pumped mock-up with TEyg , cavity mode output
power of 2 MW was attained.

Considering soon gyrotron delivery to ITER gyrotron life time is becoming is-
sue of the day.

References

1.  Agapova M. A. et al. Development of 1 MW and 1.5-1.7 MW / 170 GHz gyrotrons for ITER //
Proc. of the Int. Workshop on Strong Microwaves in Plasmas, 2006, July 25 — August 1, Nizhny
Novgorod, Russia, p. 107-112.

2.  Usachev S V. et al New test results of 170 GHz / 1 MW / CW gyrotron for ITER // Conf. Di-
gest of 32th Int. Conlf. on Infrared and Millimeter Waves and 15th Int. Conf. on Terahertz Elec-
tronics, 2007, Sept. 2-7, Cardiff, UK, p. 44-45.

99



STEP-TUNABLE EXPERIMENTAL GYROTRONS
AT 75 GHz AND 140 GHz RANGES
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Two step-tunable gyrotrons have been manufactured and tested at 0.1 s pulse duration. In
the both, boron nitride windows of 120 mm diameter were used. The first gyrotron deliv-
ered 600-700 kW at 12 frequencies within 104-143 GHz band. The second one delivered
700-800 kW at 3 frequencies within (75 * 3) GHz band.

Several-frequency gyrotrons worked long ago. Their operation was based on
the transparency of output window on several frequencies due to the discrete re-
lation between window disk thickness and gyrotron radiation wave length in the
window material. Frequency spectra of such gyrotrons are dense, co-ordination
of optimal helical electron beam properties and window conditions is complex. A
magnetron-injection electron gun forms an electron beam with fixed radius in
area of gyrotron cavity and fixed value of relative oscillating velocity. The pa-
rameters can be corrected using a cathode magnetic coil and changing operating
voltages, but not in wide limits. The cavity operating mode is selected among the
number of Bessel functions, which can be exited by electron beam in the range of
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Fig. 1. Scheme of the multifrequency gyrotron

it possible adjustment. Mostly
modes optimal for HF interaction
turns out to be not transportable
throug the window. Therefore
several-frequency gyrotrons are
optimized for a main frequency
and have relatively low effi-
ciency at other ones. One of the
way to solve the problem is crea-
tion of the window transparent in
a wide frequency band.

The article is dedicated to ex-
perimental investigation of gyro-
trons with the Brewster window,
which transparence doesn’t de-
pend on frequency. A scheme of
the gyrotron is shown at Fig. 1.

The peculiarity of the scheme is a polarizer mirror which changes the wave po-

larization for the Brewster effect.
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In the gyrotron, a microwave beam is radiated in the quasi-gaussian form
from inner waveguide converter and propagates through the mirror line and then
through the window with the Brewster angle for BN window 65.2°. For insertion
in frame of window unit mirrors near the window appeared to be quite small even
in case of maximum window clearance diameter 120 mm. As a result, high
power density in window area and high diffraction on mirror edges cause high
danger of near-window HF discharge. Therefore gyrotron design must provide
good screening of different heterogeneities in mirrors-window region, especially
in case that a diamond window is used. It is seen from the Fig. 1, after the last
mirror (number 4) the microwave beam propagates at an angle to the horizontal
direction. Its further transportation requires an additional external mirror line.

The gyrotron was designed for the frequency range 105-150 GHz. Its possi-
ble mode spectrum is shown in Fig. 2. At this diagram, the lines corresponding to
different modes are shown versus the frequencies at their band of excitation. Top
and bottom points of the lines correspond to 90 and 10 % levels of a structure
factor of interaction between the electron beam and HF electromagnetic field The
middle of line corresponds to the maximum interaction.

Operating voltages at the diagram are normalized by one of the 140 GHz
H;,,10 mode optimal interaction (~ 90 kV in the gyrotron).

During experimental investigation twelve modes were excited in the gyro-
tron: Hy; 30 (143.08 GHz), Hy;,10 (140.09 GHz), Hyy 10 (137.07 GHz), Hyy g (132.08
GHz), Hy,10 (134.08 GHz), Hj, 9 (129.07 GHz), Hj, 9 (129.07 GHz), Hjo 9 (126.12
GHz), H;o3 (118.06 GHz), Hy93 (115.11 GHz), Hy35 (112.13 GHz), H,5(104.10
GHz). Output power from 600 kW up to 800 kW dependently on the mode was
observed. The maximum power 800 kW was achieved at frequency 140 GHz, it
was limited by current of the power supply.
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Fig. 2. Diagram of mode excitation
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Fig. 3. Operating frequency triplet
of 75 GHz gyrotron

The next gyrotron was created for 3-
frequency operation at the stellarator L-2 of
Institute of Common Physics in Moscow. Its
central frequency is 75 GHz (TE;;s mode).
The additional frequencies are 71.63 GHz
(TE;9s mode) and 78.34 GHz (TE,,s mode).
A diagram of themode excitation is shown in
Fig. 3. Here operating beam voltage is nor-
malized on the optimal voltage for the main
mode. High efficiency of operation is the
feature of this gyrotron.

The gyrotron was designed with boron
nitride output window with disk clearance
diameter 120 mm. Its operating regimes in
the experimental investigations are listed in
Table. The maximum pulse duration 0.1 s was

defined by the Customer. It should be uderlined that 75 GHz gyrotron had very
high efficiency at its total frequency range.

Operating regimes of 3-frequency 75 GHz gyrotron

Frequency, GHz F 71.49 74.81 78.15
Cathode voltage, kV U, —49.8 -58.0 =53.6
Anode voltage, kV U, +23.0 +23.6 +23.2
Beam current, A { 25.6 24.4 24.0
Cathode coil current, A I +0.75 +1.0 -0.6
Output power, kW P 717 805 704
Pulse duration, s T 0.1 0.1 0.1
Efficiency, % n 56.2 56.9 547
Conclusion:

e The multifrequency gyrotron with the Brewster output window was in-
vestigated experimentally. In it the maximum output power 800 kW was achieve
at 140 GHz frequency. At other 11 modes in 104—143 GHz frequency range the
maximum output power was 600-700 kW.

e In the 3-frequency 75 GHz range gyrotron output power 700-800 kW at

0.1 s pulse length was achieved.
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RESEARCH ON MAGNETRON INJECTION GUNS
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Research is in continuing to improve the performance of magnetron injection guns for gy-
rotrons and gyroklystrons. Recent measurements indicate that problems still exist with
emission uniformity. Techniques are presented to address this problem.

Calabazas Creek Research, Inc. (CCR) is continuing research to improve the
performance of magnetron injection guns (MIGs). This paper reports on recent
measurements of cathodes that exhibit unacceptable emission variations as a
function of azimuthal position. It appears that these are caused by both tempera-
ture and work function variations. Techniques to address these issues are presented.

Introduction

Within the past few years, several facilities developed equipment for measur-
ing the performance of magnetron injection guns independent of the RF source.
One is located in St. Petersburg, Russia, where the electron emission in a gyro-
tron can be measured at the cathode and in the collector [1]. MIT developed a
special collector where the electron beam can be sampled after transmission
through the RF cavity. Calabazas Creek Research, Inc. (CCR) developed a facil-
ity that can measure both electron emission and temperature from the cathode sur-
face. This paper describes research and development at CCR using its test facilities.

Recent measurements in Russia and the United States indicate that the qual-
ity of MIGS suffers from serious emission problems. In particular, all laborato-
ries are measuring significant variations in emission as a function of azimuthal
position. Recent measurement of a MIG for MIT indicated variations in tempera-
ture of 30 °C with 4:1 variations in current emission.

CCR is investigating cathode heater designs that provide better temperature
control with a configuration that can be modified to correct problems. This de-
sign uses a tungsten wire heater attached to ceramic supports. The heating profile
can be modified, and the heater can be repaired if necessary. The emitter is a
separate assembly that can be replaced if the desired work function performance
is not obtained. This design is described and experimental results presented.

Test Facilities

Test facilities at CCR include a vacuum bell jar for initial cathode processing
and spot measurement of cathode temperature and heater power. The facility
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consists of a scroll pump, turbo pump, Vaclon pump, and residual gas analyzer
(RGA) A photograph of the equipment is shown in Fig. 1.

The other facility is the MIG Test
Chamber, shown in Fig. 2. This facility con-
sists of scroll, turbo, and Vaclon pumps and
an RGA. The chamber includes current
probes that span the width of the cathode
strip and a temperature probe that views the
center of the cathode strip at the same loca-
tion where current measurements are ob-
tained. There is also a view port that allows
visual observation of the cathode strip with
the ability to make pyrometer measurements
of the temperature. The base pressure of this
chamber is approximately 1.8 - 10 Torr.

Cathodes for testing are mounted on a
support structure that can be inserted and
removed from the test chamber. The support
structure provides water cooling for the cath-
ode stem and a stepper motor for rotating the cathode past the current and tem-
perature sensors. The support structure also contains the probes, allowing preci-
sion alignment prior to insertion in the vacuum chamber.

A computer-controlled data acquisition system controls rotation of the cath-
ode and operation of the pulsed power supply. The probe signals are amplified
and transmitted to an analog to digital converter in the computer. The stepper
motor can be advanced in increments as small as 0.5 degrees. A Mikron 680 in-
frared temperature acquisition system measures the cathode temperature. The
system includes a graphical user interface to facilitate set up and operation. A
photograph of the computer system with typical display is shown in Fig. 3.

Fig. 1. Vacuum Bell Jar

Fig. 2. MIG Test Chamber
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Fig. 3. Computer control system
and typical display

During operation, the high voltage power supply applies a user selected,
voltage to the cathode of 200-5000 V. This voltage is applied as a series of mi-
crosecond pulses at a repetition rate of several hertz. Cathode current is collected
on the individual current probes which capacitively store the accumulated charge.
After termination of the voltage pulse and power supply transients, the voltages
on the probes are recorded and stored. Typically, ten current readings from each
probe are averaged to provide the reading at each azimuthal position.

Experimental Meaurements

Several cathodes were recently measured to determine the expected perform-
ance. Initially, cathodes are processed in the vacuum bell jar where the tempera-
ture can be measured as a function of heater power. This also allows spot meas-
urement of the temperatures around the cathode. These can later be compared
with more detailed measurements from the MIG chamber to verify the perform-
ance. Figure 4 shows measurements of a cathode both in the bell jar and from the
MIG chamber. Both measurements confirm a significant temperature variation
around the cathode. This variation would imply a 2 to 1 variation in emission current.
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Fig. 4. Temperature measurement of a cathode in the bell jar (leff)
and from the MIG Chamber
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Fig. 5. Emission current as a function of azimuthal position
for cathode shown in Fig. 4

The current probe measurement for this cathode is shown in Fig. 5. Note that
the emission current varies by a factor of four around the cathode; however, the
variation is not totally consistent with the temperature variation shown in Fig. 4.
This indicates that there are variations in the cathode work function in addition to
the temperature variation. Consequently, the performance of this cathode in a
gyrotron would probably not be accepable.

Improved Heater Cathode Design

To address the type of problems in the cathode above, CCR is developing an
alternative fabrication process that allows correction to temperature variations
and economical replacement of cathodes with
non-uniform work function. The design consists
of separate heater and cathode assemblies. In
the heater assembly, the heater winding is not
potted, but supported on a series of ceramic
spacers. The number of turns between ceramic
supports can be adjusted to control the heat
deposited in sections around the cathode. A
photograph of this assembly is shown in Fig. 6.

The emitter assembly consists of the tung-
sten cathode mounted to a support that is me-
chanically attached to the heater assembly.
Since these are completely separate assemblies, either can be replaced without
impact on the other assembly. This allows defective heaters or cathodes to be
replaced without loss of the entire heater-cathode assembly.

Figure 7 shows the temperature and current measurements of the CCR cath-
ode design. There is a 10 °C variation in temperature and approximately a 3:1
variation in emission. The localized variations in emission are not understood but
would appear to be variations in work function. The temperature variation can be
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corrected by adjustment of the heater coil, as described above. It may be prudent
to replace the emitter assembly to obtain more uniform emission.
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Fig. 7. Temperature variation (leff) and emission variation (right) as a function
of azimuthal position for CCR heater — cathode assembly

Summary

Variations in emission with angular position are still a problem in MIG cath-
odes. Research is continuing to develop techniques to eliminate this problem. A
new assembly process was developed that allows simple repair or correction of
problem heater-cathode assemblies.
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1.3 THz GYROTRON WITH A PULSED MAGNET

M. Yu. Glyavin, A. G. Luchinin
Institute of Applied Physics RAS, Nizhny Novgorod, Russia

A demountable compact THz gyrotron tube with operating voltage about 30 kV has been
designed constructed and tested at IAP RAS. The tube used improved pulsed solenoid with
magnetic field up to 50 T. At the magnetic field close to 38.5 T, the TE,7+ mode was excited
at 1.022 THz frequency. The radiation power averaged over the pulse was 1.5 kW and the
microwave energy was 75 mJ in single shots. The frequency 1.3 THz has been obtained at
48.7 T magnetic field with the several hundreds watts averaged power.

Introduction

One of the most important areas of the present microwaves investigations is
development of radiation sources in the sub-Terahertz and Terahertz frequency
bands (f = 0.3 THz). Gyrotrons are capable of producing high-power coherent
electromagnetic radiation in the millimeter wavelength ranges and looks promis-
ing for submillimeter and terahertz bands.

Development of compact, simple and reliable sources of high-power coher-
ent sub-THz and THz radiation is important for numerous applications such as
plasma diagnostics, electron-spin resonance spectroscopy, enhancement of NMR
sensitivity using Dynamic Nuclear Polarization (DNP), standoff detection and
imaging of explosives and weapons, new medical technology, atmospheric moni-
toring, chemical technologies, production of high-purity materials, deep space
and special satellite communication, etc. Currently, the most widespread and
frequently used devices in the frequency range up to 1.4 THz are low-voltage and
small-size Backward Wave Oscillators (BWOs) that provide an output power of
several milliwatts in the CW regime at the highest admissible frequencies. There
also exist other low-voltage vacuum sources based on stimulated Cherenkov and
Smith-Purcell radiation of rectilinear electron beams, as well as solid-state de-
vices delivering sub-THz and THz radiation at a power level up to one milliwatt;
quantum cascade lasers already provide a power of hundreds of milliwatts at fre-
quencies down to 4.4 THz. At the same time, the power of coherent radiation that
can be delivered by vacuum devices based on the stimulated Bremsstrahlung
radiation of curvilinear electron beams (Free Electron Lasers (FELs) and gyro-
trons) can be higher by many orders of magnitude, which opens new opportuni-
ties for many applications. High-power radiation is produced in FELs and gyro-
trons, due to advantage of using interaction of electrons with fast electromagnetic
waves instead of slow waves in "conventional” electron devices. FELs can pro-
vide coherent and smoothly frequency-tuned radiation not only in the entire THz
frequency region, but also in the bands of much higher frequencies, presumably
up to X-rays. However, FELs utilize ultrarelativistic electron beams and, hence,
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typically require large-size particle accelerators for their realization. That is why
these devices can be used only in special research centers. Unlike FELs, gyro-
trons can operate with electron beams having significantly lower energies of 10—
100 keV. Correspondingly, they are much more compact than FELs and available for
many laboratories.

For all that, it should be noticed that providing cyclotron resonance between
gyrating electrons and fast waves in sub-THz and THz gyrotrons is not an easy
task, since it requires a very strong magnetic field, specifically, one exceeding
35 T for the fundamental harmonic interaction at a radiation frequency of 1 THz.
At the same time, the magnetic field, which can be typically produced in cryo-
magnets with a sufficiently large inner bore, does not exceed 15-20 T. A stronger
magnetic field can be produced with the use of pulsed solenoids. In principle,
efficient operation can be obtained in gyrotrons not only at the fundamental cy-
clotron resonance, but also at high cyclotron harmonics. The latter regime is very
attractive, because it requires a weaker operating magnetic field which is in-
versely proportional to the harmonic number. However, realization of high-
harmonic short-wave gyrotrons at high (s > 2) harmonics, in its turn, runs into
rather complicated problems of mode competition and ohmic losses, which take
many efforts to overcome.

Brief historical review of sub-THz frequency gyrotrons investigations

First gyrotron experiments at sub-THz waves were carried out at IAP as
early as in. the beginning of 1970s, when 326-GHz CW generation was obtained
at the second cyclotron harmonic with an output power of 1.5 kW and an effi-
ciency of 6.2 % [1]. Later, also at IAP, a fundamental-harmonic gyrotron with a
strong pulsed magnetic field up to 25 T was realized [2]. In these experiments, a
frequency up to 650 GHz with a power of 40 kW was obtained for pulse duration
of 50 us and step frequency tuning from pulse to pulse.

It should be emphasized that at the sub-THz and THz frequencies ohmic
losses in gyrotron cavities become drastically important for the operation and
efficiency of the device. There is a known way to diminish the role of this factor,
namely, enlargement of the transverse cavity size and a corresponding increase in
the radial index of the operating mode. A basic opportunity of single-mode op-
eration at the TE¢ s mode with a rather high radial index in a conventional gyro-
tron cavity has been demonstrated in Reference [3]. Another important achieve-
ment at the first stage of high-frequency gyrotron development was realization of
the possibility to change the cavity size mechanically, which opened the basic
opportunity for broadband and smooth frequency tuning [4].

Successive development of medium-power high-frequency FU Series gyro-
trons at Fukui University demonstrated frequency step-tunability in a very wide
range, namely, from 38 to 889 GHz, including the excitation of the highest fre-
quency (889 GHz) at the second cyclotron harmonic in 17 T solenoid, as well as
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the modulation of the amplitude and frequency and stabilization of the output
radiation [5]. At the beginning of this century the second harmonic pulsed (20 T)
magnetic field gyrotrons has been developed at FIR FU. At this gyrotron first
successful experiments with 1 THz generation was realized at relatively low
power level (about 1-10 W) and single shots operation regime (1 pulse per 20
minutes) but relatively long pulse duration (about 1 ms) [6,7]. Second-harmonic
low-power gyrotrons with frequencies 150-600 GHz based on cryomagnets were
also demonstrated in joint experiments of the FIR and the University of Sydney
[8]. In collaboration between IAP RAS and FIR FU the CW 300 GHz gyrotron
with output power 2.3 kW has been developed based on 12 T superconducting
magnet [9].

A high output power of 375 kW at the frequency of 327 GHz has been ob-
tained in 3-ps pulses in the Massachusetts Institute of Technology (MIT) [10].
Current MIT efforts in the THz frequency range are basically concentrated on
gyrotron development for DNP experiments [11]. In this direction, CW operation
at a frequency of 233 GHz with the power 10 W at the lowest voltage of 3.5 kV
was demonstrated at the fundamental harmonic. In addition, broadband and con-
tinuous frequency tuning of the fundamental-harmonic gyrotron over a range of
more than 2 GHz, which was based on the excitation of opposite waves and
smooth transitions between the axial modes of a low-Q cavity during variations
of the magnetic field, was demonstrated. A similar method was also used for the
140-GHz gyrotron with the TE, , operating mode at FIR FU.

A so-called Large Orbit Gyrotron (LOG) with an axis-encircling electron
beam is capable of higher-harmonic operation due to its better mode selectivity.
The axis-encircling electron beam can resonantly excite only modes whose azi-
muthal indices are equal to cyclotron harmonic numbers. The third-harmonic
LOG with a 250 keV / 4A/ 10 us electron beam has been realized at IAP RAS
[12). The power up to 10 kW in single-mode regimes at the operating modes
TE;s and TE; with high radial indices and frequencies 371 and 414 GHz, re-
spectively, was radiated (20 kW / 369 GHz at the TE; s mode).

Despite all these achievements, the problems of creating strong magnetic
fields and discriminating parasitic modes made the gyrotron operation at the THz
band with high output power level problematic. So, the main goal of the reported
project was essentially increase gyrotron power at THz frequency band and de-
velop pulsed kW level THz power source.

Solenoid and gyrotron design

A demountable THz gyrotron tube with a pulse magnet has been designed,
constructed and tested at IAP RAS. This work is based on the previous results ob-
tained with gyrotrons using pulsed solenoids [2] and on the development of an im-
proved pulsed solenoid [13], producing up to 50 T magnetic fields. In the design of
this gyrotron a number of specific requirements for gyrotrons operating with pulsed
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magnetic fields were taken into account. First, to provide cyclotron resonance con-
dition accurately enough, magnetic field should be reproducible from pulse to pulse
and its value during the microwave radiation pulse should vary by less than 0.1 %.
Second, conductivity of a resonator wall should meet contradicting requirements:
on the one hand, this conductivity should be rather poor to allow varying magnetic
field to penetrate into the resonator; on the other hand its inner surface should have
conductivity high enough to provide reasonably low level of ohmic losses. Then, as
in conventional gyrotrons, magnetic field distribution on axis should be uniform in
the interaction space. Finally, the tube and the solenoid should be robust enough to
withstand mechanical stresses caused by high pulsed magnetic fields.

The solenoid (Fig. 1) was made of a composite cable consisting of a 40%Nb-
60%Ti alloy mechanically reinforced in an outer copper shell. For reducing oh-
mic heating and stabilizing the operation, the solenoid was cooled by liquid ni-
trogen, which reduces the resistance by a factor of 7 in comparison with the room
temperature resistance. The cable was wired directly on a thin stainless steel gy-
rotron body. This allowed for significant reduction of the solenoid inner bore
diameter (up to 6 mm) and the energy required for obtaining the necessary mag-
netic field. Magnetic field was produced in the course of discharge of a bank of
capacitors. The voltage and the coil current in 1.5 ms pulses did not exceed
2.5 kV and 6 kA, respectively (total storage energy was about 5.6 kJ). The pulse-
to-pulse reproducibility of the magnetic field was within 0.05 %. Due to limita-
tions caused by cooling the pulsed solenoid, the repetition rate was limited by
one shot in a minute. After more than 2500 pulses with magnetic fields above
30 T no signs of solenoid deterioration had been observed. The oscilloscope trace
of solenoid current is show in Fig. 2. The current is not a half of sinusoidal due to
power supply with energy recovery — after maximum current the process of ca-
pacitor bank recharge was started. For this purpose two pair of automatically
controlled thyristors plug in the opposite direction was used.

Fig. 1. Prototype of 50 T coil Fig. 2. Oscilloscope trace of coil cur-
rent (pulse duration 2.5 ms)
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Gyrotron photo is shown in Fig. 3 and block diagram of the experimental facil-
ity is shown in Fig. 4.

Fig. 3. Photo of the gyrotron with pulse solenoid producing 50 T magnetic field.
Electron gun is on the right and the output window is on the left.

Gyrotron components included the conventional cylindrical cavity (3 mm di-
ameter and 3 mm length of a straight section) and the diode-type magnetron injec-
tion gun (accelerating voltage 20-25 kV, beam current up to 5 A, pulse duration 50
microseconds). The cavity was made of a beryl bronze; its diffractive and ohmic Q
was estimated as 2500 and 8200, respectively. The high-voltage pulse was syn-
chronized with the peak of the pulsed magnetic field as shown in Fig. 5a.

D

Fig. 4. Block diagram of the experimental facility: / — capacitor bank, 2 — thyristor
switch, 3 — high voltage power supply, 4 — delay unit, 5 — control unit
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Experimental results

Experimental results were obtained for high frequency operation at the funda-
mental cyclotron resonance. Detection of microwave power was made by a silicon
point contact diode and by the dummy load. In our experiment, the calorimeter
with the sensitivity allowing for detecting the microwave energy in single shots at a
10 mJ level [14] were used. By varying the magnetic field, a number of various
modes with frequencies close to 1 THz and the output power at about 1 kW level
were excited in a step-tunable manner. At the magnetic field close to 38.5 T, the
transverse-electric (TE;74) mode was excited at 1.022 THz frequency. The micro-
wave pulse of this mode is shown in Fig. 5. The radiation power averaged over
the pulse was 1.5 kW [15] and peak power was 2.7 kW. This power level for a
24 kV, 3 A electron beam corresponds to 2.2 % output efficiency. From the relation
between diffractive and ohmic quality factors it follows that this value corresponds
to the interaction efficiency (for a reasonable value of the orbital-to-axial velocity
ratio about 1.2-1.3) of about 5 %. The main reason for a relatively low efficiency is
the cavity length which is about two times longer than the optimal one. However,
in a gyrotron with so long cavity the start current is much lower than the beam cur-
rent that ensures the excitation of the desired mode.

i

a b
Fig. 5. The 50 ps high-voltage pulse (a) synchronized with the peak of the pulsed
magnetic field. Horizontal scale is 500 ps per division. The microwave pulse of

the TE;;4 operating mode (b). Upper trace — high voltage pulse, lower trace —
microwave signal from detector. Horizontal scale is 10 ps per division.

To measure the THz frequency in a device operating in single shots is a seri-
ous problem because of the absence of standard instruments. The preliminary
measurements were made by cut-off waveguide. Unfortunately, for 0.88 THz
diameter of cut-off waveguide is 0.2 mm only and it looks difficult to manufac-
ture this waveguide with high enough accuracy. Nevertheless, the measurements
indicates the signal after cut-off section during high voltage pulse and no signal if
waveguide input closed by metallic plate. It means that the detected signal is the
real one, not the foil. The accurate method of frequency measurements was based
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on mixing the gyrotron signal with the signal from a millimeter-wave frequency
synthesizer. The block diagram of the frequency measurement section of the ex-
perimental setup is shown in Fig. 6. The measurement method is closed to the
one described in [16]. The distinction is in the fact that in our experiment the
gyrotron frequency was slightly varied from pulse to pulse. Therefore, to get the
intermediate frequency (IF) in a relatively narrow frequency band of the IF am-
plifier (1 GHz) the frequency of the backward-wave oscillator (BWO) shown in
Fig. 6 was swiped during the microwave pulse several times. Then, by gradually
narrowing the bandwidth of BWO frequency modulation it was possible to de-
termine the radiation with the precision determined by the bandwidth of the IF
amplifier given above. The typical oscilloscope traces are shown in Fig. 7. The
measured frequency 1.022 THz was close to the cyclotron frequency defined by
the magnetic field which is equal to 1.024 THz. Brief estimation of the frequency
bandwidth based on experimental data is about 10 MHz. The mistake of fre-
quency definition from power balance is about 2 % from measured frequency
which means good design and technology of solenoid and gyrotron cavity manu-
facturing.

T 2 Fop Fawo BWO
<4 .
n=10 Fip = Fgpp =nXFpy, AU ~25V
nAF ~10GHz & AF(U) ~ 40450 MHz/V
;
IF amplifier Power suppl
Af=1GHz NW. i
h
Gyrotron
v o
Oscilloscope f=02d(;::?(t:[;

Fig. 6. Block diagram of the frequency measurement section of the experimental setup and
example of oscilloscope trace.

Fig. 7. The oscilloscope trace
§ of frequency measuring sys-
§ tem. If the intermediate fre-
quency is inside IF amplifier
band (1 GHz), the output
signal is differ from zero.
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So, in the first experiments with a gyrotron operating in pulsed magnetic
field, coherent THz radiation with the microwave power of 1.5 kW and the mi-
crowave energy 75 mJ in single shots was obtained. After success of the first
experiments the storage energy of power supply was improved to increase the
current (generally speaking, up to maximum current closed to coil destruction).
For this purpose the capacitor bank was increased from 1.8 mF to 2.3 mF. As a
result maximum magnetic field equal 50 T was achieved and no any problem
during operation was observed after several hundreds pulses with magnetic field
higher than 45 T.

The oscilloscope traces of coil current for 40 T and 50 T operation regimes
are shown in Fig. 8. Due to coil cooling limitation the repetition frequency was
reduced to one shot per five minutes. The oscillation frequency estimation was
made based on coil current value. The highest for gyrotrons generation frequency
1.3 THz with averaged over the pulse radiation power about 0.5 kW has been ob-
tained at the magnetic field 48.7 T.

ek N Ny, (e

BAFARALB IR WIS RN E R PR BN N

Fig. 8. The coil current oscillograms for 40 T (0.9 V) and 50 T (-1.17 V) regimes
The experimental results are summarized in the Table.

Main output parameters of pulsed magnetic field gyrotron

Magnetic field, T 34.2 354 369 | 375 383 48.7
Oscillation frequency, THz 0.914 ] 0945 [ 0984 [ 1.002 | 1.024 | 1.300
Microwave pulse energy, mJ 60 63 62 87 60 10

Pulse duration, us 40 40 50 40 40 20
Average power, kW 1.46 1.58 1.25 1.75 1.58 0.5
Operating mode TEy9 | TEiss | TEjea | TEgg | TEjy4 | TEpag

There are some plans to developed improved solenoid cooling based on active
pumping of liquid nitrogen. The new version of solenoid is under construction now.
Also there are plans to developed similar gyrotrons with internal mode converter

115



and modified cooling system allowing for operation with higher repetition rate (up
to two Hz) and high average power.

This work was supported by CDRF Grant RUP1-2688-NN-05, RFBR-JSPS

Grant 06-02-91176 and RFBR Grant 08-08-01058. The authors are grateful to
V. Malyshev, G. Golubyatnikov and Yu. Rodin for their help during experiments
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DEVELOPMENT OF 260 GHz SECOND HARMONIC
CW GYROTRON WITH HIGH STABILITY
OF OUTPUT PARAMETERS
FOR DNP SPECTROSCOPY

V. E. Zapevalov, A. Sh. Fix, E. A. Kopelovich, A. N. Kuftin, O. V. Malygin,
V. N. Manuilov, M. A. Moiseev, A. S. Sedov, N. A. Zavolsky

Institute of Applied Physics, Russian Academy of Sciences,
Nizhny Novgorod, Russia
GYCOM Ltd. Nizhny Novgorod, Russia

The results of development of CW 260 GHz gyrotron with an output power 100-200 W
and its magnetic system are presented. Numerical optimization of the gyrotron key subsys-
tems was considered. Dependences of efficiency and output power of gyrotron on magnetic
field and electron beam parameters were studied. Mode interaction effects at fundamental
and second harmonics of gyro-frequency were investigated. Requirements for stability of
parameters of high voltage power supply and current were specified.

Introduction

The interest for the source of coherent electromagnetic radiation of fre-
quency range of 200400 GHz with an output power level of 10-200 W has been
recently grown with regard to various scientific and technical applications such
as diagnostics of dense plasma, the dynamic nuclear polarization spectroscopy
(DNP) of atoms and molecules and others [1-3]. In this frequency range one of
the most promising sources of this power level are gyrotrons. The majority of
such gyrotrons are designed for operation at high harmonic of cyclotron fre-
quency due to the difficulty of creating of high magnetostatic fields. These gyro-
trons usually use relatively low operating modes, an accelerating voltage 10~
30kV and beam currents up to 1 A.

This paper is devoted to design of 258.6 GHz middle-power (=100 W) gyro-
tron at the second harmonic of the gyro-frequency for DNP spectroscopy. Choice
of the best operating modes, limited by the allowable density range of parasitic
modes and by the possibility of electron beam creation by magnetron-injection
gun (MIG) [4, 5], was presented. An optimization of the cavity profile was con-
sidered. Efficiency of gyrotron with operating mode the TE_, 3, with the accelera-
tion voltage 15 kV and current of electron beam up to 0.5 A was determined.
Mode interaction effects at fundamental and second harmonics of gyro-frequency
were considered as well. Requirements for gyrotron power supplies parameters
and cooling system, that are to provide the stability of output power and fre-
quency on the level of 10 % and 10~ correspondingly, were determined. For this
gyrotron especially designed magnetic system described below. Numerical opti-
mization of electron gun was produced also.
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1. Magnetic system

The main part of the magnetic system for the gyrotron is a superconducting
cryomagnet. The maximum intensity of the longitudinal component of the mag-
netic field induction is 5T and the length of homogeneous section is about
36 mm (accuracy is 0.2 %). Diameter of the “warm” aperture is 47 mm and its
length is 620 mm. Additional normal-conducting (“warm”) coil is used for the
fine adjustment of the magnetic field in the electron gun region.

2. Optimization of the cavity

Selection of the most suitable operating modes is limited by the allowable
density of specter of parasitic modes frequencies, and by the capability of helical
electron beam (HEB) formation systems [4, 5]. Using the TE_,3 and TE 45 as the
operating modes with a guiding radius of the electron beam 0.984 mm, the cur-
rent could be expected up to I = 0.5-0.7 A (here and below negative azimuthally
index means that mode has a counter-rotation direction to the electron beam).
Considered modes have relatively rare parasitic modes spectrum including the
most dangerous ones, which are excited at the fundamental harmonic of gyrofre-
quency. Those operating modes have previously been used in experimental gyro-
trons [5, 6], where efficiency of 4-6 % and output power 300-700 W had been
achieved. With further increase of the beam radius and using higher operating
modes, for example the TE_g s, the range free of parasitic modes is quickly com-
pressed and there appears the risk of self-excitation of mode at the fundamental
gyro-frequency. Here we consider only operating mode the TE_, 3, selected on the
basis of mutual requiring characteristics,.with an acceleratmg voltage Uy = 15 kV
and beam current up to /= 0.5 A.

The optimization of the high-quality factor cavity of middle-power gyrotron at
the second harmonic of the gyro-frequency differs fundamentally on the optimization
of the cavity of powerful gyrotrons at the fundamental gyro-frequency because of two
main reasons. The first one is dominant influence of ohmic losses (relation of the total
quality of the cavity to ohmic quality Q / Q,u, > 0.5) on the efficiency. Quality factor
of the cavity is determined by the following expression

0=0us * Ootm [ (Quy + Cotm ) » Where Qo,m=680~vm,,(1—m2/vm,,2)\/l(mm) - is

the ohmic quality of cavity made of copper, taking into account the empirical
factor 0.5 to the real properties of walls, Q4 is the diffraction quality. The sec-
ond reason is the possibility to ignore the restriction on the limiting specific oh-
mic load due to its relative smallness (P, < 0.5 kW/cm? ), and so cavity does not
require the use of intense cooling. The optimization of cavity profile mainly con-
sists in finding an effective length of the cavity and minimization the ratio
0O/ Q. for achievement high efficiency.
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The cavity profile with cylindrical section with the length L, and input
down-tapering section were considered. Fig. 1 shows dependences of output
power (at the cavity output) and oscillation frequency on magnetic field for ac-
celerating voltage Uy = 15 kV, several values of beam current / = 0.2-0.5 A and
pitch-factor g = 1.

150 258.62 —
P, W F, GHz

100 —

50 —

0
T T l T l T I T
4.725 4.730 4.735 4.740 4.745 B’ T

Fig. 1. Dependences of output power and frequency on magnetic field for beam
currents / =0.2-0.5 A and Up=15kV.

3. Map of oscillating modes of gyrotron

For stability of operation of the gyrotron at the second harmonic of the gyro-
frequency main danger is self-excitation of modes that are synchronous to the
fundamental harmonic. Their starting currents are greatly smaller than the cur-
rents of modes at the second harmonic of the gyro-frequency [4]. Self-excitation
of modes at the third harmonic and above is excluded because their starting cur-
rents are greatly bigger. Fig. 2 shows map of oscillating modes for the gyrotron
with optimized cavity. The map includes zones of oscillation of operating mode
the TE_,; and parasitic modes, limited by starting currents, and also the depend-

ence of efficiency from the magnetic . 30
field n(B). Starting currents of para- "M rers n, % |
sitic modes are shown by solid lines 08 TE23 |TE2

for velocity spread of HEB &v, = 0.3 1 207
and dotted lines for 8v, = 0. It should =028
be noted that parasitic mode TEs;, °*7 104
with a frequency distant from the _ d
critical one (traveling wave), syn- /.
chronous with the electron beam at 00 T SIZBT

the fundamental harmonic of gyro-
frequency self-excited for the calcu- Fig, 2, Map of oscillating modes of gyrotron
lating model without velocity spread

(which doesn’t consider the dispersion of electron beam). However parasitic
mode the TE;, not self-exited in advanced simulating model, taking into account
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HEB velocity spread v, = 0.3, i.e. with the relative value close to reality for mil-
limeter wave gyrotrons [2, 3].

In some cases, reduction in the accelerating voltage greatly simplifies the us-
ing of middle-power gyrotrons and makes the system as a whole be cheaper.
Fig. 3 shows the dependences of efficiency and output power, optimized for the
magnetic field, on the accelerating voltage for the beam current / = 0.5 A and
different pitch-factors. The calculations show that the efficiency is relatively
weakly dependent on accelerating voltage, especially when g = 1.2, power of 100 W
is reached at Uy = 5-6 kV.

8

n % -fPow
400

200

0 ; I ; 0
UKV, g

Fig. 3. Efficiency and output power on accelerating voltage

4, Electron gun

For the creation of HEB gyrotron magnetron-injection gun of the triode-type
is chosen. It gives the possibility to correct parameters of HEB, changing regard-
less anode and accelerating voltage and allows to adjust (or stabilize) the operat-
ing frequency and power of gyrotron. Calculated parameters of electron gun are
the following: accelerating voltage Uy = 15 kV, anode voltage U, = 12 kV, beam
current — up to 0.5 A, cathode radius — 5 mm, pitch-factor of electrons g = 1.1,
the relative spread of transverse velocities is 0.3-0.4. In order to achieve required
parameters electrodes’ profiles of electron gun were optimized numerically by
means of the trajectory analyses of HEB.

S. Stability of gyrotron output radiation

One of the main requirements for this gyrotron is maintaining the output
power and operating frequency stability at the level of 10 % and Af/f = 1075,
correspondingly. Table 1 summarizes maximum deviations of parameters of re-
quired power supplies providing relative changes of operating parameters which
does not exceed declared values. Thus, it was necessary to develop a set of new
power supplies for gyrotron system in order to execute given conditions.
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Table 1

X Ug/ Upg U/ Upg I/l Bo/Bogy
dPIdy/P, 5.0 4.1 0.384 -136.6
dfldy/fs 1.4.10° 1.9-10° 1.32-107 3.9.107

Ay, 7.1-107° 52-107 7.6-107° 2.6-107*

In addition to fluctuations of the power supplies’ parameters, changes in pro-
file of the cavity, defined by the work of the cooling system leads to the fre-
quency instability. In the presence of average ohmic load on the walls of cavity
100-200 W/cm? and ohmic power losses of about 1 kW the cavity requires a con-
tinuous flow of cooling water 0.25 L/s with its heatmg at 1 °C. Heating of the
cavity at 0.5 °C means the relative frequency drift 10~ because of the diameter
increase, in accordance with the coefficient of thermal expansion of copper =
1.7-107%. Cooling system has to ensure the continuity of temperature cavity block
with an accuracy of better than 0.5 °C.

Conclusions

Preliminary analysis and optimization of the 258.6 GHz gyrotron design
demonstrate the possibility of reaching 5-8 % efficiency and power up to 350-
400 W, with the acceleration voltage 15 kV and beam current 0.5 A. There is no
evident risk of the self-excitation of parasitic modes when gyrotron use the oper-
ating mode the TE_, 3. The relative stability of the frequency of 107 is achieved
with relatively fluctuations parameters: no more than 0.5 % for voltage, 0.5 % for
the beam current and 0.02 % for magnetic field. Gyrotron cavity does not require
intense cooling because its ohmic load does not exceed 100-200 W/cm?, but the
cooling system has to keep the stable temperature of the cavity with an accuracy
of less than 0.5 °C.
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We describe results of development and application of passive quasi-optical selective de-
vices based on single- and multi-layer metal mesh structures with subwavelength topology
of mesh cells designed for filtering radiation at frequencies from a few tens GHz up to ten
THz: frequency filters, polarizers, metastructures.

Introduction

Intense study of quasi-optical properties of planar periodic arrays comprised
by densely packed metallized elements (metal mesh structures or MMS) was
initiated in the end of 1960s by phenomenological works of R. Ulrich who first
investigated in details frequency response of different MMS for the purpose of
their application in long-wave FIR filters [1]. It became clear that currents in-
duced by the incident EM-wave on the MMS surface strongly depend on mesh
topology that enables effectively control amplitude, phase and polarization re-
sponse of MMS opening up possibilities for creating versatile selective devices.
Easily fabricated by a well-tailored photolithographic and other micromachining
techniques of micron accuracy the single- and multi-layer MMS serve as the best
alternative for controlling radiation beams from microwave to terahertz frequencies.

In this report we briefly consider phenomenological properties of MMS for
frequencies below the diffraction onset and present results of MMS development
for different applications: spectral analysis of radiation from 4mm-wave FEM,
submm-2w,-radiometry of hot turbulent plasma at GOL-3 facility, harmonics
filtering at Novosibirsk THz-FEL, realization of left-handed EM-metamaterials.

MMS Terminology and Phenomenology

It is accepted to divide MMS into capacitive (C) and inductive (I) ones which
differ either mesh cells are electrically isolated or not on a wavelength A (or
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smaller) scale respectively. For complimentary geometry C-MMS and I-MMS
manifest complimentary frequency response, and at low frequencies (w<<1,
where @ =g/, g — attice parameter) C-MMS is radiation-transparent while I-
MMS is opaque that in LC-transmission line representation means capacitive or
inductive mesh reactance respectively (Fig. 1a). As o grows, the |S;;|>-parameter
increases steadily for a simple I-MMS up to the point @, = (LC)™'? of resonant
transmission (or reflection for C-MMS) lying slightly below the diffraction onset
g Which for a thin MMS on the dielectric (n, ny)-interface is denved from the
equation 0yg= min[1/(ny+n,sind), 1/(n;+n, sin6)]. Above Wy 11l drops due
to diffraction losses that limits application of MMS at higher frequencies.
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Fig. 1. Qualitative transmittance behavior for simple inductive and capacitive PEC meshes
(a) and examples of sophisticated FSS (b).

A simple MMS with regular-polygon-shaped cells has only one resonance
s close to Wy caused by a “plasmon-polariton-like” mechanism resulting
from mesh periodicity and explained by near-field amplification and constructive
far-field interference from radiating apertures. Underlying for the extraordinary
transmission (EOT) phenomenon [2] this effect is very sensitive to oblique inci-
dence that limits application of simple MMS in band-pass or band-stop filtering
although their employment as high-pass or low-pass filters is very effective [1].
Suppression of incident angle dependence in band-selective filtration is realized
due to shifting w,., to lower frequencies by increasing MSS intra- or inter-cell
capacitance & (or) inductance. Such MMS with more sophisticated topology,
which specifies a type, form and number of desired LF LC-resonances, are
known as selfresonant MMS or frequency selective surfaces (FSS) [3] (Fig. 1b).
In most cases the fundamental resonance of FSS nevertheless is of order of cell
size (g ~ 0.3+0.7A,,,) like in photonic crystals. Last years intense studies are de-
voted to search of FSS with g << A, appropriate for realizing the concept of left-
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handed metamaterials which exhibit negative values of effective “bulk-like”
permeability & (or) permittivity at desired frequencies that generally is unachiev-
able in natural media (see e.g. [4]).

Narrow-band Fabry-Perot and EOT Filters

As for inductive MMS the reflectance R is high at ® << 1 (Fig. 1a) this op-
eration mode is very suitable for realizing narrow-band band-pass filtration by
employing two-layer MMS in a Fabry—Perot configuration. We have successfully
developed and applied such interference filters in a 4-channel spectral system for
analyzing radiation from a planar 75 GHz-FEM (ELMI-device, BINP [5]), Fig. 2.
Each MMS with CA-size 100 X 100 mm was created by a printed-circuit-card
production technique and had the following geometrical parameters: g = 1 mm,
a=0.32mm, ¢t =0.018 mm, A =0.9 mm, L= 8 mm. It provided R = 0.9 at 73—
77 GHz resulted in averaged values of filter’s FWHM and contrast 0.68 GHz and
25 dB respectively. The frequency shift ~0.95 GHz for adjacent spectral channels
was tuned by 100 pm-variation of the inter-mesh gap L.
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Fig. 2. Implementation of Fabry—Perot filters for the 4 mm-wave region (a) and frequency
response of four filters standing in a quasi-optical transmission line of the 4-channel spec-
tral diagnostics (b).

Alternative to Fabry—Perot MMS, narrow-band selectivity can be realized as
well by a single-layer inductive MMS of a “hole array” type with parameters
satisfying the EOT operation regime: ® = Oy, Ohole’s curoff > Waig- In this case the
effect of multiple amplification of the E-field near MSS surface compensates its
small “geometric” transparency that provides close to unity transmission in EOT-
resonance. Fig. 3 illustrates simulated response of EOT-arrays optimized for fil-
ter applications at the ELMI-device. A numerical milling technique is used for
fabricating such MMS.
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Fig. 3. Simulated in Ansoft HFSS™ spectral transmittance of three narrow-band single-
Al-plate EOT-filters at normal incidence (a) and E-field magnitude surface distribution at
75 GHz for the filter #2 (b).

Polymeric film backed FSS

For subterahertz and terahertz frequencies the topological size of MMS mi-
cro-pattern becomes of order ~ 1-100 um that is very suitable for micro-pattern
creation by a well-tailored contact photolithography technique (CPhLT) em-
ployed in semiconductor industry. The key problem of non-self-bearing
(sub)THz-MMS is the lack of appropriate low absorbing and low dispersive sub-
strates supporting MMS and fitting for CPhLT. We have chosen two polymers as
substrate materials for (sub)THz-MMS: polyimide (PI) and polypropylene (PP).
PI is ideal for CPhLT, has high fastness and thermostability, while PP exhibits
the best optical properties.

Using CPhLT we have fabricated a set of 3.5u-PI- and 20p-PP-film-based
single-layered 1D- & 2D-MMS (metallization: 0.5um-Al; CA-size 80 x 80 mm):
(sub)THz-polarizers (Fig. 4 a, d) and FSS-filters with topology of “inductive
crosses” (Fig. 4 b, ¢) and “capacitive rings” (Fig. 4 ¢, f) optimized for filtering
radiation harmonics of Novosibirsk terahertz FEL [6, 7]. The inductive FSS (b, c)
were designed for band-pass selection of the 2nd and 3rd harmonics (vy = 4 THz,
v = 6 THz) against a background of the fundamental generation frequency
v = 2 THz, whereas capacitive FSS (e, f) were optimized for resonant rejection
of vy at 2.25 THz. At the initial stage of design optimization the resonant wave-
lengths for “cross” (+) and “ring” (0) topologies were estimated from approxi-
mate relations: A 4y = 2L R, Ares o) = TdNey (N = [(e+1)/2]"?, & — substrate
permittivity).

From Fig. 4c it can bee seen that in spite of small thickness absorption in PI
limits its application in multilayer structures due to fast degradation of transmit-
tance. In contrast to PI, PP is most suitable for application in multilayer FSS-
filters and metastructures.
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Fig. 4. The results of “Bruker IFS 66v/s” FT-characterization of 3.5um-PI-backed 4 x 8u-
polarizer (a) & “inductive crosses” FSS (b, ¢) and 20um-PP-backed 4 x 8u-polarizer (d)

& “capacitive rings” FSS (e, f)

Fig. 5 illustrates our first results on development of 2-layer submm band-
pass filters based on PP-film-backed FSS designed for application in a 4-channel
20),-radiometric spectral diagnostics of 250-450 GHz emission from hot & turbu-
lent plasma at the GOL-3 nuclear fusion facility [8]. FSS with anisotropic topol-
ogy (“inductive slots™) were used to provide ~ 40 GHz frequency shift in transmis-
sion band positions for X- and Y-polarized radiation. It let us to employ only two
FSS-structures for realizing 4 spectral channels that reduced fabrication costs. A
hot lamination technique was used to fuse HQ 40um-PP-films for creating (a)-
configuration, while non-HQ 170um-PP-films were used for the “fast & cheap”
“cold” (b)-configuration (see [8]). At present, we master aforementioned ap-
proaches for fabricating low-cost PP-based subTHz LH-metamaterials. The first
positive experience was gained by developing single-layer metasurfaces with
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topology of split ring resonators (SRR) and their complimentary structure
(CSRR), Fig. 6, [4]. The most important regime for such FSS is realized at co-
polar excitation in the vicinity of the lowest-frequency quasi-static resonance
where a negative effective permeability concept is expected to be feasible.
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PARAMETRIC INSTABILITY IN THE AUTOOSCILLATOR
WITH THE DELAYED LOAD REFLECTION

Yu. V. Novozhilova, M. I. Petelin, A. S. Sergeev
Institute of Applied Physics, Nizhny Novgorod, Russia

The number of one-frequency states — longitudinal modes — increases with the growth of
the reflection coefficient and the length of the delay line. A mode of this kind can be unsta-
ble in some parameter regions. There can be two types of perturbations: a) the perturba-
tions resulting in a slow evolution of principal mode amplitude and frequency; b) the per-
turbations in the form of two satellites which frequencies are symmetric from that of the
principal mode. Relative to the 1st type of the perturbations frequencies of stable and un-
stable modes alternate. The satellites instability can take place only for modes situated near
edges of the set of all stationary frequencies.

1. Introduction

Any auto-oscillator connected by a waveguide with a load (Fig. 1) represents
a distributed system with an infinite number of degrees of freedom. As the sys-
tem parameters are time-independent, relevant self-consistent equations admit
existence of stationary single-frequency states (modes). At a sufficiently large
magnitude of the negative conductivity of the active element R in Fig. 1, some of
these modes may have non-zero amplitudes. The number of admitted stationary mo-
des depends on the waveguide
length and the reflection from the

R load.
CT_I L Z At some region of the system

parameters, stationary modes may

! be unstable [1], resulting in an

5 AN 3  auto-modulation up to a chaos [1-
Van-der-Fol 1 ]_] .

oscillator This paper is aimed to study the

stability of single-frequency states
Fig. 1. A Van-der-Pol oscillator connected with ~ analytically, scrutinizing the pertur-
aremote load bations spectrum in detail.

2. The main limitations

For the model shown in Fig. 1, assume
1. the active element negative conductivity being voltage-quadratic: the voltage

U and the current 1 . arerelated by

i =-0a-v0")IRy, Ry>0; (1
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2. the load impedance Z, being close to the line wave impedance p
Z, =p(1+3), |§<<1 )

(the reflection coefficient is /2 );
3. the Q-factor of the auto-oscillator resonator being high enough

p, Ry>>4[L/C, 3
so all frequencies are close to the eigen-frequency of the circuit

w, =1/VLC. @

3. One-frequency operation

According to (3), (4) the frequency of the active element voltage U = U =
=Re (U e ) is close to the circuit frequency:
o] <<1, ®
o =0; -1, ®, =o,./w, . For the RF current harmonics situated within the reso-
nator band, the Kirchhoffrule I, + I +1. =U.[Z, gives

2a+iu(l—|ﬁclz /4) = i(n— re 2 ) (6)

O.=w/l/c .is the phase delay at the frequency ®,, [ is the line length,
Z, =(iptgd, +Z,)/(1+iZtgd, /p) is the load impedance translated to the cross-

section z =0 at the frequency @, U, =\3VU,, u=\/L/C/R0 , n=4L/C/p,
r=98n. At r=0 the equation (5) turns into that for the usual Van-der-Pol oscil-
lator [12].

4. Start modes

According to the equation (6), at small RF fields, U — 0, modes situated
within the resonance band (5) are shifted relative to the conservative resonator
eigen-frequency (4) by

a=i(n-p-re2®) /2‘ 0

As at the start stage the reflection from the load, according to (2), may be ne-
glected, all near-resonance modes are self-excited (Imo <0) at

n<u, (3)
i.e. when Ry <p.
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5. Stationary modes

At > n the equation (6) may admit a solution at a real frequency

200=-rsin(29,), &)
with a constant oscillation amplitude
|T.F /4= (n-n+rcos(26,)) /i (10)

This amplitude is perturbed insignificantly by the wave reflection from the load:
Iﬁ CIZ = 4(p.—n)/ W . The power transmitted to the load is maximal when the ac-

tive resistance Ry is a half of the line wave impedance p, i.e.
u=2n. (11)
The number of admitted stationary modes in the system is determined by
the product of the reflection coefficient and the line length: |r| U, . If the product

is small

7|8 <1, (12)
there is only one admitted stationary mode. At
|8, >1 (13)

several stationary modes are admitted. With the increase of |r| ¥y, a2 new mode
appears at
rdycos(29,)=-1, (14)

which corresponds to the touch of the straight line and the sinusoid in Fig. 2. The
new mode at the touching condition is degenerated and at the further increase of

|| B splits into two ones (Fig. 2¢).

B
3) b) ]

0

0
Fig. 2. Graphic solution of the Eq. (9): a) the stationary states are the intersections of graphs
7 (20,)=29, and y, (29,) =28, —rB,sin (29, ); b) the fragment of Fig. 2a, ovals

indicate the stationary states, which can be unstable relative to satellites decay (p. 8); ¢) the
appearance of the new mode. Self-stable modes is marked by the black circles, self-unstable
modes — by the stars, neutral mode — by the grey circle.
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Let us emphasize that the equation (6) can be used to describe any one of sta-
tionary modes, but not a combination of stationary modes which would be admit-
ted to co-exist simultaneously.

6. The equations of the perturbations

Assume that a stationary mode is admixed with a small (|U,, |/|U cl << l) per-

turbation U s = Re(U+ei°’*') at a frequency @, . In this case, the active element
nonlinearity (1) results in appearance of a current and a voltage at the frequency
o_ symmetrically shifted from the principal mode frequency:

20, =0, +0., (15)
and the Kirchhoff rule gives a relation between satellite amplitudes
— 12 ——
iz 245-8c% | @ ul20
-1+®] +ipd (1-|L)-ro‘a . =——<F (6
3 + M0, > 11 71570020 | % 2 )

here T, =\/3VU, , 8, = ,l/c are the delayed phases, &, =, /a, .
The equation (15) admits, in particular, a case when real parts of perturbation
frequencies are equal to the principal mode frequency:

‘ Rew, =Rew_=0,. a7
Such perturbations represent slow evolution of the principal mode amplitude
and frequency.
If
Joe29%| << 1, (18)

where Q =, —; is the satellite frequency shift relative to the principal mode
frequency, the equation (16) has two solutions:

Q, =iw, 19)
Q, =i(x* +2wycos (28, )) [(4w), (20)

where w= p.lﬁ c|2 /4 A= r(l—e‘z"‘wo ) ,and w>> |r|,|x| (see (2)). The solution

(19) is compatible with the limitation (18), only if the wave reflection from the
load back to the oscillator is exponentially small. As for the equation (20) which
has an infinite set of roots (including the trivial one €, =0 corresponding to an
arbitrary time shift), it is valid at any reflections from the load, if a perturbation is
growing in time. The latter case is, obviously, most interesting.
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Below, growing perturbations satisfying the condition (17) are called the
“self-instability”; and growing perturbations satisfying the condition (15) at

Rew, #Rew’ are called the “satellite instability”(the latter parametric effect

can be interpreted as a decay of two photons of the strong principal mode into
photons of two side satellites).

7. “Self instability” of the stationary state

For perturbations described with the equation (20) under the condition (17)
we have:

1) if the product of the reflection coefficient and the line length is small to
satisfy (12), the corresponding single stationary state is stable;

2) under the condition (14), the degenerate mode (Fig. 2c) has zero incre-
ment: Im Q, =0; '

3) at the subsequent increase of |r|®, described with Fig. 2c, the mode B,

which amplitude is increased due to the load reflection, is stable, and the mode
A, which amplitude is decreased due to the load reflection, is unstable: the effect
reduces to the locking of the auto-oscillator by the weak external force [12];

4) at |r|8, >>1, when the number of equilibrium states is large, self-stable
and self-unstable states are alternating (Fig. 2b).

8. “Satellite instability” of the stationary state

Perturbations described with the equation (20) at Rew, # Rew” depend on
3 parameters: 1) r=m38, which is proportional to the reflection coefficient and
inversely proportional to the Q-factor; 2) delay phase ¥, at the eigen-frequency
of the circuit, 9, is proportional to the waveguide length; 3) w, which equals to
the relative excess over the start current divided by the Q-factor:
w=(I-1,)/(1,Q). For a fixed mode, in the r,w,8, space we find a surface at
which Im Q, =0. If a dot (r,w,8;) crosses this stability surface, the sign of
ImQ, reverses (the method of D-partition, [13]). The condition ImQ, =0 ap-
plied to the equation (20) gives
Q =-r’sin(2Q 9,)/(2w),  weos(20,)=rcos(2Q8,).  (21)
As it follows from (21) the stationary state can have real frequency satellites
only if the number of all stationary states is large: |r|8, >>1, and the principal

mode is situated near the edge of the set of all stationary frequencies (Fig. 2b). At
the optimal load condition (11), the Im Q, =0 boundaries are shown in Fig. 3.
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Fig. 3. The boundaries of the satellite-stability regions for the states A and B, shown in
Fig. 2c. Satellite-unstable regions are hatched. Degenerate mode (r = ;) at w=w is
neutral relative to both types of the perturbations. At r < ;, A and B modes do not exist.

At r>r (in the regions 1, 2, 3) the mode A is stable relative to self-perturbations, B is
unstable relative to them. Besides, in the region 1 the modes A and B both are unstable
relative to satellite decay; in the region 2 the mode A is unstable, B is stable relative to
satellite decay; in the region 3 the modes A and B both are stable relative to satellite de-
cay.

9. Conclusion

It seems natural to assume that the “satellite” instability taking place at a cer-
tain region of the system parameter space may result into a self-modulation of an
auto-oscillator connected with a remote reflecting load [1-11].
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THE SECOND HARMONIC GYROTRON
WITH RECORD EFFICIENCY

Yu. V. Bykov, G. G. Denisov, M. Yu. Glyavin, A. L. Goldenberg,
A. G. Luchinin, M. V. Morozkin, D. I. Sobolev

Institute of Applied Physics RAS, Nizhny Novgorod, Russia

The second harmonic 24 GHz gyrotron with the efficiency of 60 % at 6.2 kW CW output
power was developed and tested. High efficiency has been achieved using the energy
recovery of the spent electron beam. The single stage of a collector potential depression
scheme was realized. An internal mode converter with the efficiency of 99.9 % was
developed using a synthesis method to minimize the microwave power leakage through an
insulator separating the gyrotron body and collector. According to the experimental data,
the minimal returning potential value was about 0.2 of the electron beam accelerating
voltage, which was in accordance with the result of the theoretical simulation.

Introduction

Gyrotrons are the highest-power sources of millimeter and submillimeter
waves witch have many promising practical applications in material processing. A
series of 24-28 GHz 3-30 kW CW gyrotrons for technological applications has
been developed by the Institute of Applied Physics Russian Academy of Science
(IAP RAS) in collaboration with GYCOM Ltd. {1]. These devices have demon-
strated efficiency up to 50 %. In continuation of the successful development, opera-
tion and application of these tubes, a novel high-efficiency gyrotron with a collec-
tor potential depression (CPD) system was developed. Energy recovery of a spent
electron beam is one of the most effective ways to enhance significantly the gyro-
tron efficiency [2-4]. Currently, CPD systems are used in all high-power funda-
mental-harmonic gyrotrons for fusion. The presented results are the first experi-
mental data for the second harmonic CPD gyrotrons.

The numerical simulation of the electron beam energy spectrum

The efficiency of the energy recovery depends on the minimal electron energy
in the collector region. The value of the minimal energy can be calculated by the
numerical methods given below.

The simulation is based on the well-known model with a so-called "fixed"
structure of the microwave field in a resonator [5]. The electron beam energy can
be found by solving the following differential equation written in its standard form
(see, for example, [6]):

dp i 2 . «\n-1
:1-;-+;p(A+|p| —l)=zf(p) F. 1)
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Here p is the electron transverse momentum with the initial condi-
tion p(0) =exp(i®,/n), where ®, is the initial phase of the electron-

(0<%, <2m), n is the harmonic number, {=mgf, z/A is the dimensionless lon-
gitudinal coordinate (z is the longitudinal coordinate), 0<({<C,, =3,
n={(L) is the dimensionless cavity length, c is the velocity of light, B, =v, /c,
g=v, / V; (v, and vjare orbital and longitudinal electron velocities, respectively),

W - no,
A is the wavelength, A =B%(—-‘—) is the frequency mismatch between the
10
electron cyclotron frequency

eB UkV)
o, = =1+
‘ mecyy Y 511

,B

is the operating magnetic field, e is the elementary charge and m is the electron
mass) and frequency of gyrotron oscillations ®, F is the microwave field amplitude.
The microwave field structure in the resonator with radius R and length L is de-

2
scribed by the Gaussian distribution f (§)=exp[—-(2§/u—«/§) ]. The electron
efficiency ~ without energy recovery is m,= m, g*/(+g?) and

2n
n, = 1—51— I | P(Cou )|2 d®9, is the orbital efficiency [5].
T 0

At the input to the interaction region, all electrons are assumed to have the
equal initial energy Wp. For the electron beam without a velocity spread, the maxi-
mum efficiency is achieved for fixed parameters: Y = po, A = Ag and F = Fy. These
parameters are functions of the voltage and current of the electron beam, the oper-
ating magnetic field and the cavity length. To take into account a velocity spread,
many (several tens) electron beam fractions with different pitch-factors are used.
For each velocity fraction, we recalculate the corresponding parameters W, A and F,
which enter Eq. (1), and then calculate the energy spectrum n(W) at the cavity out-
put, the efficiency and the minimal residual energy of electrons Wy, The calcu-
lated value of the minimal electron beam energy for the second-harmonic 24 GHz
CW gyrotron for technological applications [1], which was used at CPD experi-
ments, is slightly more than 0.2W, for the typical 20 % velocity spread in the 6 kW
operation regime (U =17.5kV, [=0.75 A).

The experimental tests of the second-harmonic CPD gyrotron

The second harmonic CPD gyrotron has been designed using the standard
gyrotron with 47 % efficiency as a prototype. The main parameters of the
operation regime are given in Table.
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Main parameters of the experimental gyrotron

Operating mode (second-harmonic operation) TE,
Operating frequency, GHz 24.15
Output power, kW 6.2
Accelerating voltage, kV 17.5
Beam current, A 0.75
Magnetic field, T 0.46
Output efficiency without energy recovery, % 47
Output efficiency with energy recovery, % 60

The electron gun and the cavity of the CPD gyrotron was the same as of
the prototype tube and the efficiency enhancement was achieved only due to
the energy recovery.

The collector of the CPD gyrotron was electrically insulated from the
body by a ceramic insulator. To minimize the leakage through the gap in the
waveguide, a high-efficiency (with losses less than 0.5 %) mode converter
was designed using the method of microwave component synthesis developed
at IAP RAS [7, 8]. The converter transformed the gyrotron operating TE,,
mode to a mixture of the TE;; (6.3 %) and TE,, (93.7 %) modes with zero
electric field at the boundary (see Fig. 1).

a

o = N
P T |

rcm

—_ Fig. 1. Waveguide mode converter
BUTTIU T T T T U profile (a) and dependence of the azi-

01t 2 3 4 5 &7 8 202 muthal component of magnetic field
(b) on the longitudinal coordinate
b £
2
2
T

0 1 2 3 4 5 6 7 8 9 10 11 12
z,cm

The operation of a CPD gyrotron requires two high-voltage power supplies
(HVPS). The main HVPS is connected between the ground and cathode. Its current
is equal to the beam current and its voltage is less by the value Up than the voltage
in the scheme without the energy recovery. The second, low-power (due to close to
zero current of reflected electrons) HVPS has the voltage Up.

In these proof-of-principle experiments the decelerating voltage Up was pro-
duced using a variable resistor, which connected the collector with the ground
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(the experimental scheme is similar to that in [9]). The body of the gyrotron was
grounded. The gyrotron operation conditions in this case were the same as in the
CPD scheme with two power supplies. The total efficiency with regard to the
energy recovery is N=",, Uy/(U, —Uy). Here n,, =W,, [/(Uyl,) is the meas-
ured efficiency of the gyrotron, U, — accelerating voltage, I, — beam current,
Up = Ug — a drop voltage across the resistor and W,,, — output power.

The output power was measured using a dummy load, which was also in-
sulated from the collector by a teflon spacer. There could be a small leakage
of the microwave power through the spacer, and the measured power could
be slightly less than the actual output power of the gyrotron.

The experimental data obtained are shown in Fig. 2. With an increase in
the decelerating potential, the total gyrotron efficiency first increases until
the decelerating voltage becomes close to the minimal returning potential.
The subsequent collector voltage increase results in the reflection of electrons
and the decrease in the efficiency. According to the experimental data, the
minimal returning potential is about 0.2 of the electron beam accelerating
voltage and agrees with the calculated value.

65 — — 7
60 — — 6.5
g
W -4 o -
& £
§55— —6 2
E L E
3 &
50 — — 5.5

r L

45 T T T T T 5

0 1 0.2 0.3

Up/Us

Fig. 2. Output power (triangles) and efficiency (circles) of the gyrotron versus a ratio of
the decelerating voltage Up, to the electron beam voltage Uy (Up = 17.5kV, Ih=0.75 A)

The experimental results demonstrate the highest, achieved to this date, effi-
ciency of the 2nd harmonic CW gyrotrons, although the tested device has not been
optimized for the operation in the depressed collector regime. The gyrotron had the
cavity length corresponding to the maximum electron efficiency at high output
power operation without the CPD. This resulted in low residual energy of the elec-
tron beam, thus making energy recovery not efficient enough. The results of pre-
liminary calculations indicate that the cavity length for the CPD operation should
be increased to achieve the maximum total efficiency [10].
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Conclusion

The second-harmonic 24 GHz 6 kW CW gyrotron for technology application
with the efficiency of 60 % has been developed and tested. Significant enhance-
ment of efficiency was obtained using the energy recovery of the spent electron
beam.

It is worth noting that the advantages of the CPD operation of the gyrotrons de-
signed for applications are not limited to an increase in the efficiency of the micro-
wave power oscillations and the reduction of the energy consumption only. It is
important that the CPD system reduces significantly the thermal load on the collec-
tor, thus making it possible to simplify the cooling system. Additionally, the use of
the CPD system increases the capabilities of controlling the gyrotron oscillation
regime by a low-power HVPS and makes it possible to modulate the output mi-
crowave power when it is needed by an application.

This work was partially supported by the RFBR Grants 06-08-00585, 08-08-
01058.
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The continuous tuning of coaxial gyrotrons is achieved by moving the linearly tapered in-
ner conductor in the axial direction in combination with the proper adjustment of the oper-
ating magnetic field. We consider two continuous frequency tuneable CW coaxial gyrotron
oscillators: the 330 GHz gyrotron with 3 GHz bandwidth and the 395 GHz gyrotron with
8 GHz bandwidth for scientific applications. The output power of these gyrotrons is several
hundreds of watts.

1. Introduction

Frequency step-tunable gyrotrons for Electron Cyclotron Resonance Heating
(ECRH) of magnetically confined fusion plasmas and for Electron Cyclotron
Current Drive (ECCD) in plasmas were considered in [1, 2]. In recent years, new
exciting applications of gyrotrons have emerged beyond fusion plasma applica-
tions. For example, Dynamic Nuclear Polarization (DNP) to enhance signal to
noise ratio in Nuclear Magnetic Resonance (NMR) [3, 4] and Electron Spin
Resonance (ESR) spectroscopy experiments [S]. In these applications, the possi-
bility of tuning the gyrotron frequency is a great advantage.

There are several possibilities to vary the frequency of a gyrotron oscillator
by changing: i) the accelerating and modulation voltages (electrical tuning), ii)
the magnetic field (magnetic tuning) and iii) the physical dimensions of the oscil-
lator using a split cavity structure or a movable piston (mechanical tuning) (see
e.g. [1] and references therein). Recently, an operation in the higher order axial
modes was proposed [6, 7] for a smooth variation of frequency within a particu-
lar axial mode and between adjacent axial modes. It should be emphasized how-
ever that as long as the cavity geometry is not changed during the operation, the
tuning is possible only in discrete steps, which are determined by the difference
between the eigenvalues of the modes. The exception is the so-called frequency
pulling by changing the electron beam parameters while keeping the oscillating
mode [8]. However, the latter method has no practical applications, because the
bandwidth is proportional to 1/Q; and thus extremely small.
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Coaxial cavity gyrotrons open new possibilities in tuning the frequency in a
truly continuous way. This is achieved by moving a tapered inner conductor in
the axial direction [9, 10] as shown in Fig. 1.

A

Fig. 1. The geometry of a coaxial cavity with an axially movable tapered insert

By moving the conical insert to the left the outer to inner radii ratio
C = Reavo/Rino decreases, leading to a relevant change to the resonance frequency
Jo and the diffractive quality factor Qg which strongly depends not only on the
radii ratio, but also on the slope of insert.

2. The 330 GHz gyrotron for NMR experiments

A 330 GHz step frequency tuneable gyrotron with the operating mode TE,,
is presented in [6]. This gyrotron has a conventional cavity and its resonance fre-
quency varies by fixed values that are determined by the distance of the axial
TEg¢.2,, modes. Here, we consider a similar coaxial cavity with the geometrical
details given in the first and second column of Table. The last three columns of
the table show the dependence of the frequency and the quality factor on the axial
displacement of the insert (positive displacement values correspond to the
movement of the insert to the left). Here as the cavity geometry changes, the
magnetic field is readjusted to remain in resonance with the given mode and to
maintain the optimum coupling between the electron beam and the RF field.

It is evident that for the maximum shift of 35 mm (value being chosen arbi-
trary) the frequency decreases by 3.173 GHz. Since the quality factor of the cav-
ity is high in the whole tuning range, one can expect high efficiencies at all fre-
quencies. Indeed, the calculations with the operating parameters similar to those
considered in [6], i.e., V=20kV, I =50 mA, pitch factor o =2 and R,;= 1.2 mm,
confirm this and predict high output power for the whole tuning range, as shown
in Fig. 2.
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Geometrical characteristics, resonance frequencies and quality factors
of the cavity with the linear insert

Geometrical 330 GHz gyrotron for Shift fo 0
parameter NMR applications (mm) (GHz) id
Reavo 1.62 mm 0 332.880 | 1382
Rino 0.961 mm 5 332.166 | 1543
L, 2.73 mm 10 331.539 | 1742
L, 11 mm 15 331.008 | 1986
Ly 8 mm 20 330.560 | 2287
0, 3° 25 330.200 | 2660
0, 3° 30 329914 | 3126
Oin -0.1° 35 329.707 | 3696
R 1.2 mm
Magnetic Field (T)
1225 1222 122 1218 1215 1213 1211 1209
400 T T T Y T T 333
350+
00k {332
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g ol 331 §
2
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Insert shift (mm)

Fig. 2. Dependence of the frequency, the output power and the optimal magnetic
field on the axial shift of the linear inner conductor

It should be emphasized that the results presented in this figure have been
obtained with a fixed operating current 50 mA. With larger currents it should be
possible to maintain constant output power in the entire tuning range. It should be
noted that the proposed tuning is genuinely continuous in contrast to *“pseudo-
continuity”, which can be achieved by the method proposed in [6]. The tuning
range is limited by the length of the insert and by the mechanical feasibility of
the proposed design, which should be optimized for any specific inverted Magne-

tron Injection Gun (MIG), whose emitter is fixed, but the coaxial insert movable.

The realization of a cavity with a movable insert, such as shown in Fig. 1,
could be constrained by the length of the insert. A possible solution to this prob-
lem is the use of a non-linear tapering profile, for which the movement to the left

will result in a combined change of the radii ratio and the tapering slope [11].
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3. The 395 GHz gyrotron for NMR experiments

The cavity of this gyrotron is shown in Fig. 3. Here the insert has longitudi-
nal corrugations, which allows one to reduce ohmic losses [12].

Fig. 3. The cavity profile for TE;o s operating mode (f syerage = 394.6 GHz). The main cav-
ity parameters are: Ly =5 mm, L, = 19 mm, L; = 1 mm, L; = 25 mm, Ls = 30 mm,
0,=3°6,=3°6;=1.5° a=0$=0.25° R, =2.4 mmand R, =4 mm.

The dependence of Q,; and f on the axial shift of the inner conductor for

V=15kV and /=1 A is shown in Fig. 4 and the dependencies of the output
power P, efficiency and density of ohmic losses J on the beam current is shown

in Fig. 5.

w0 PR B om0
au—- [~ %%
N ) - 4200

§ om - I

"“"“5

E=7 ! [ oo
2] -‘m
380 L3 . v ' L] l L] l L) ' v 4000

-8 -4 -2 o 2 4 [

dZ, mm

Fig. 4. The calculated value of f (circles)
and Qg (triangles) on the axial shift of
the inner conductor for beam voltage V =
=15kVand/=1A
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Fig. 5. Output power (triangles), effi-
ciency (circles) and peak ohmic loss den-
sity (squares) as a function of beam cur-
rent for V= 15kV
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The central frequency 394.6 GHz corresponds to 14.5T operating magnetic
field. The effective frequency tuning is about 8 GHz. The "-" values correspond
to the shift towards the cathode and "0" marks the central (initial) position of the
insert. It should be emphasized that the obtained frequency tuning is much larger
than needed for DNP experiments. Thus shorter shifts can be used which can
simplify manufacturing of the insert. The output efficiency is about 10 % in the
whole frequency range and the output power is several hundreds watts. For the
output power higher than 1 kW the peak density of ohmic losses J is about 100
W/cm’ at the external wall. In the case of the use of an insert w1thout corruga-
tions the maximum density of ohmic losses is about 200 W/cm? at the internal
cavity wall which is still acceptable for CW operation. However in this case the
insert diameter becomes larger for desired frequencies and the distance between
the electron beam and the cavity wall becomes smaller (by the factor about 0.95)
which makes the alignment more difficult.

4. Conclusions

The genuinely continuous tuning of coaxial gyrotrons by moving the tapered
inner conductor in the axial direction and by adjusting the operating magnetic
field has been demonstrated for two cases. In both cases, the remains high in the
whole frequency range and it is possible to retain constant the output power by
increasing the beam current properly.

The length of the inner conductor can be significantly shortened by increas-
ing the slope of the tapering or by using a non-linear profile as discussed in [11].
The use of a more sophisticated cavity geometry (Fig. 3) allows further reduction
of the needed shift to £1.5 mm to achieve the frequency band % 0.5 GHz re-
quired for DNP experiments. It should be possible to manufacture such a system
using corrugated pipe elements.
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CONTROL OF GYROTRON BY MODULATED
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We have studied interaction of a gyrotron with a remote low-reflection oscillating mem-
brane. After the ending of transient processes, which character and duration depend on the
sequence of gyrotron and acoustic modulator switching on, the power turns modulated at
the frequency of the load oscillations. When the membrane shifts along the wave ray at a
half wavelength, the scenario of generator-load interaction is reproduced

1. Introduction

The sufficient broadening of a gyrotron spectrum under the influence of
small reflection from plasma fluctuations was observed in [1]. This effect was
explained as the gyrotron locking by the reflected wave. In order to study in de-
tail the effect of the reflection from the non-stationary load on a gyrotron the us-
ing of the oscillating reflector (membrane) with fixed amplitude and frequency
was suggested [2]. In present paper we describe the results of this study.

Let us consider the system, composed of the auto-oscillator, the delay line
and the load. When one of the system parameters changes periodically, the auto-
oscillator power and frequency turn modulated with the same period after the
some time. The settling time and the steady-state modulation depth depend on the
reflection coefficient and the phase shift of radiated and reflected waves at the
auto-oscillator output. For quasi-monochromatic process the reflector shift at a
half wavelength results in the reflected signal phase shift at 2z, so the system
behavior is reproduced.

2. The theoretical estimations of the auto-oscillator
and the low reflected load interaction effects

Let us consider a case of constant system parameters and small load reflec-
tion coefficient R [3, 4]

RIS < O, o
when there is a single stable mode in the system. Here 8 is the delay phase of
the reflected wave. We can note that in [3, 4] the model of Van-der-Pole oscilla-
tor without the susceptance of active medium (an electron beam in a gyrotron)
was studied. But in accordance to Kramers—Kronig relations any medium has
both conductance and the susceptance, which are the values of the same order.
So, the condition (1) up to a constant factor of the order of unity remains valid
for any real auto-oscillator.
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Let us estimate the frequency and
the Q-factor shifts under the influence of
the reflected wave for the operating
mode. It is known, that the gyrotron cav-
ity is a piece of weakly-irregular metal
tube, conjugated with the output wave-
guide (Fig. 1). The suitable method to
find the corrections of the frequency and
Q-factor was suggested in [5]. This /\
method is based on the finding of refer- 4
ence cross-section in the output waveguide _, 0
(Fig. 1).

The reflection from the remote load
18 equwalen.t o spec1ﬁ.c ation of the Sﬁ"f" excited by the external monochromatic
plex reflection coefficient R = [RIe™ in  yrce and the reference cross-section
this reference cross-section. If the reflec- 4, = ¢.
tion is small: [R| << 1, then in the frame
of perturbation method the corrections of the principal mode frequency and Q-
factor are proportional to the magnitude of the reflection coefficient [R|:

AQ/Q=-2|R|cosp, Ao/ ® = |R| sinp / Q. V)

It should be noted that the reflection coefficient in (1), (2) is meant the rela-
tive amplitude of the reflected wave with the same structure as the operating
auto-oscillator mode, including the same rotation direction.

If the load (a reflected membrane) shifts along the wave propagation direc-
tion, the phase of the reflected wave will shift too, and the phase ¢ of the reflec-
tion coefficient in the reference cross-section changes at the same value. Specifi-
cally under the shift of the remote reflector at a half wavelength the reflected
wave phase and the reflection coefficient phase ¢ change at 2z. In this case the
system will return to the initial state, as it follows from (2).

As the Q-factor of electrodynamic system enters to the equation

P=oW/Q 3

(W is the field energy stored in the cavity), the change of the Q-factor results in
the change of radiated power P.

The hereinabove theory remains valid until the time scale of any parameter
variation much more than the transient processes duration. But at small reflection
coefficient the auto-oscillator locking by the reflected wave turns the most pro-
longed transient process, as the locking time is inversely proportional to the re-
flected wave amplitude [6-9]. At that the usability condition of the stationary
theory is violated, though the steady-state power is modulated at the same fre-
quency as the parameter. The locking time is equal to

Tock ~ Quigr | (R|). @

Fig. 1. The gyrotron cavity and the out-
put waveguide; the structure of field,

145



3. The experimental results

The equivalent scheme of the experiment is represented in the Fig. 2. The
mica plate (6) with the amplitude reflection coefficient 17.3 % was situated at the
angle of 45° to the wave beam in the path of the gyrotron (/) which worked at the

water dummy load (5). The gyrotron
frequency was 51.7 GHz. After the re-
s flection from the mica plate the wave

TG , come to the aluminum foil (membrane)
{H pasted-in the acoustic modulator dia-
Eatl W phragm (7). The acoustic modulator was
! i ek fed by the ac voltage at fixed frequency

% that resulted in the foil harmonic oscilla-

1 E EFg/ 2 tions. The acoustic modulator could

move along its own axis, so the foil
Fig. 2. The experimental set-up: / — gyro- mean position could change up to 150

tron, 2-3 - quasi-optical line mirrors, mm, Its amplitude and frequency could
‘;’ Sﬁuﬁs;t{? ‘;‘mu:n; xm‘a’g’ change consistently: the more fre-
9 — the diagn;)stic diode, 10 — additio nal  quency, the less amplitude. The ampli-
mirror tude could change from O to 13 mm, the
frequency — from 100 Hz to 1200 Hz.
+The diode (9) was used for the gyrotron power measuring. The gyrotron radiation
through the QTL mirrors come to the mica plate, the most part of radiation
passed through the mica and absorbed in the water load, the small part was re-
flected from the mica, then was reflected from the oscillating membrane (foil),
being moved back along the quasi-optical path.

a b
Fig. 3. Gyrotron power depend- AR ALAALA ETANANAN S
ence (low curves) and the § - VINCVIWVGVYL RV PV VU
acoustic modulator voltage (top & v {2t '_‘ﬂ: H BB 2y
curves). The delay of acoustic §°‘° TRy .;iv.v'?v..ﬁu VY ﬁg
modulator switching on was 0, ; Bl s S T RTEE] 05 5
]0’ lS, 25 ms in Fig. 3 a—d cor- 002 003 004000 001 002 003 004 3
respondingly. The vertical line NIRRT d — T TAAR
1, 2 at Fig. 3d denotes the time N TV T g T Y g;" $
of the membrane oscillations T R SR Y T 0,3
beginning. The grey rectangles AVY s :if ..,—,;J},] ”f 03
mark the steady-state modula- bl 57300 S0 SO D I T T NS P
tion. V) 000 001 002 903 004000 O00f 002 003 004
Tue s Time, s

The transient processes character depended on the sequence of the gyrotron
and the acoustic modulator switching on as well as the time delay between their
switching on (Fig. 3). After the gyrotron switching on the cavity was heated and
expanded. So, the gyrotron frequency changed. Until it changed sufficiently
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quickly the gyrotron couldn’t be locked by weak reflected wave, as the locking
time and the heating time were comparable (Fig. 3d). When the gyrotron fre-
quency became stable, it was locked and the regime of periodically modulated
power was formed.
For the fully heated gyrotron the transient time to locked state was about
12 ms (Fig. 3d). As the diffraction Q-factor was about 1000, the mica reflection
coefficient was R, = 0.03 (as the wave was reflected twice), we can estimate
the transformation coefficient T of the reflected wave into the wave, having the
same structure as the operating mode (including the azimuthal number). It was
about T ~ 107 + 107%. The reflection coefficient, which enters in the formulas (1),
2), @)
R = RpicaT &)

was about [R| ~ 10,
The time dependencies 4

: 39mm 40mm
of the gyrotron power at 2o s ppware v I [
: 4 P i il a
dlfffn:ent mean membrane o o T A
positions under the modu- Eo o {
on 08

lation frequency 400 HZ, 5 0008 oo o 0013 0020 0008 000, 00s 0020

oscillations amplitude 0.22 é o } I or [yt

mm are shown in the Fig. 4. £ WYV W -

As the pair of figures — 4 a, é;; 1 —d o

d differs at roughly half — ° " ems  ees e eme Tomseme  Cemseom

wavelength, they looks
similar. In accordance with
above stationary theory if
the membrane (foil) oscillations amplitude was much less than the wavelength
(A =5.8 mm), the power modulation shape reproduced the shape of the foil oscilla-
tions (Fig. 4). If the foil oscillations amplitude and the wavelength were comparable,
the power modulation shape differed from the foil oscillations shape, though they
both remained periodic (see Fig. 3, 6, where
the foil oscillations frequency was 200 Hz,
foil amplitude was 1.3 mm). Ma ) ~
The cross-correlation coefficient \ " \ i \

Fig. 4. The gyrotron power at different mean mem-
brane coordinate

04

o

T
I (AP U acoust / (Ggyroacau.\‘t ) dt (6) \ \ /
-T 02 .\-

=
between the gyrotron and the acoustic \’ \/\, l\‘[
modulator powers depended on the mean  <4; T m W
foil position z,q periodically, period was Drtplsorment,
equal to A2 (Fig. 5). Here Oy, Gucouss —  Fig. 5. The cross-correlation coeffi-
roof-mean-square deviations of gyrotron cient between the gyrotron power and
power and modulator voltage. acoustic modulator power oscillations

'~ll-—
Cross correlation
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The variations of the gyrotron cryo-magnet field resulted in the frequency
changes, and therefore, in the phase shift of the reflected wave. So the modula-

tion depth differs in Fig. 6.

3 P= 185 kW
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Fig. 6. Gyrotron power time de-
pendence at different gyrotron cryo-
magnet fields and constant reflector
parameters

4. Conclusions

In our experiments with a gyrotron
influenced with reflection from an os-
cillating foil, we have seen, in accor-
dance to the theory, that:

e after a transient process, the gy-
rotron power turned modulated with the
period of the reflector oscillations;

e when the oscillating foil mean
position shifted at the half-wavelength,
the gyrotron power modulation pattern
was reproduced;

o if the reflector oscillations ampli-
tude was of the order of the wavelength,
the power modulation pattern differed
from the reflector oscillation pattern;

e the wave coming from the load
into the gyrotron is transformed to the
operating cavity mode with coefficient
T~10"+107

The work was supported by the
RFBR, grant Ne 06-02-16272.
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The collector of MW-class CW gyrotrons is a critical component, which is sometimes lim-
iting the gyrotron performance. A higher safety margin and/or an increase of the output
power are feasible with a smooth power distribution profile at the collector surface. The
W7-X gyrotrons operate with an RF-power of typically 0.9 MW at 140 GHz in CW-mode
with an efficiency of 42-44 %. In this range of efficiencies 1.3 MW power remains in the
spent electron beam after the electron-wave interaction as waste power and must be dissi-
pated in the collector. The W7-X gyrotrons are equipped with a commonly used and well-
established “Vertical Field Sweeping System” (VFSS). The power deposition profile ob-
tained with a VFSS only displays pronounced maxima with almost equal power density at
both the upper and lower turning points of the electron beam. An advanced collector sweep
system was successfully tested on the “Thales Electron Devices” gyrotrons, which creates
an almost homogenous heat loading-profile. This system is based on the “Transverse Field
Sweep System” (TFSS). The TFSS consists of 3 pairs of TF-coils, which are powered with
a 3-phase a.c. thyristor controller thus generating a transverse field, which rotates with 50
Hz. The electron strike area forms a rotating ellipse. In case of a slow amplitude modula-
tion (up to 10 Hz) of the a.c. coil current with typically 50 % modulation depth the tilt an-
gle of the rotating strike line ellipse follows this modulation and smoothes out the power
peaks at the turning points. This system is of particular interest for next generation gyro-
trons with an output power up to 2 MW.

Introduction

The collector of MW-class CW gyrotrons is a critical component, which is
sometimes limiting the gyrotron performance. Such high-power collectors are
generally made from copper and have strong sophisticated water-cooling systems
for continuous operation. The W7-X gyrotrons operate with an RF-power of typi-
cally 0.9 MW at 140 GHz in CW-mode with an efficiency of 4244 % [1]. In this
range of efficiencies 1.3 MW power remains in the spent electron beam after the
electron-wave interaction as waste power and must be dissipated in the collector.
The W7-X gyrotrons are equipped with a commonly used and well-established
Vertical Field Sweeping System (VFSS) [1]. The CW-operation at maximum
output power of the W7-X gyrotrons is limited by the maximum permissible col-
lector temperature. A higher safety margin and/or an increase of the output power
are feasible with a smooth power distribution profile at the collector surface. A
Transverse Field Sweep System (TFSS) have been investigated, which generates
a smooth power deposition profile.

149



Basics of collector sweeping

The electron beam in gyrotrons is axis-symmetric and hollow. The electrons
enter the interaction region with energy of typically 80-100 keV and are guided
by an axis-symmetric strong (typically 5-6 T) stationary magnetic field.

The axis-symmetric collector has a cylindrical shape
in the simplest case. The diverging magnetic field lines
and thus the drifting electrons intersect at a certain verti-
cal position with the collector wall. The strike area forms
a horizontal ring with a vertical dimension of about 50
mm, as shown in Fig 1. The typical power density, e.g.
for the W7-X gyrotron is 20 MW/m?2, which is beyond
existing cooling technology and would lead to melting of
the collector. High power gyrotrons are therefore equipped
with a magnetic field sweeping system, which sweeps the
Fig. 1. Strike area  electron-beam over the collector surface.

Stationary magnetic field

Vertical versus transverse field sweeping

The power deposition profile obtained with a VESS displays pronounced
,maxima with almost equal power density at both the upper and lower turning
points of the electron beam. The VFSS has a weak electrical efficiency because
the copper collector represents a single turn, short-circuited coil, which is
shielding the sweep magnetic field very efficiently (typically 80 %). The sweep-
ing is thus restricted to low frequencies in the range of 5-10 Hz.

Alternating
vertical
magnetic field
{VFSS) Rotating
transverse
magnehc field
{TF3S)
R
™~ Stationary magnetic ﬁeld’/
Vertical magnetic Field Sweep System Transverse Field Sweep System
The top and bottom rings mark the upper The intersection area is an ellipse,
and lower turning points with collector which rotates with the sweep fre-
sweeping. The central ring is the intersec- quency.

tion area without sweeping.
Fig. 2. VFSS versus TFSS
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The “Transverse Field Sweep System” (TFSS) as invented in Russia [2]
and further investigated at FZK [3] and at the Institute of Applied Physics (IAP)
[4] consists of 3 pairs of TF-coils. The coils are powered with a 3-phase AC-
supply thus generating a transverse field, which rotates with 50 Hz. The coil
pairs are positioned direct below the collector. The gyrotron wall consists of
stainless steel in this region, which has lower damping losses concerning the
eddy currents. An additional DC powered coil is horizontal placed immediate at
the top of transverse field coils.

Three commercial types of amplitude modulated three-phase current power
supplies are available.

e Three-phase a.c. controller based on thyristor or triac.

e Frequency converter.

e Power supplies based on the PSM principle (Pulse Step Modulation)

with IGBT modules.

The three-phase a.c. controllers are reliable and not as expensive as fre-
quency converters or PSM-power supplies. Therefore a three-phase a.c. control-
ler has been investigated in connection with the coil pair array. The modulation
was always performed with a sinusoidal control voltage.

Influence of the modulation and the DC field on the intersection area

6V h 1,3A
10 1 Of}__
Modulation DC
8 Hz change
The rotating field modulation changes the tilt The current modification of the horizontal DC
and the diameter of the elliptical intersection coil shifts the elliptical intersection area on the
area on the collector wall. collector wall up or down. The diameter
changes marginal.
Fig. 3. Modulation

151



Advanced transverse collector sweeping results

The first experiments were performed without collector cooling in order to
get pictures of the collector surface temperature recorded with an infrared cam-
era as shown in Fig 4. (pulse time 100 ms, beam current 12 A).

The experiments with modulated rotating field and the overlaid DC pow-
ered field were performed with collector cooling. (pulse time 1000 ms, beam
current 15.8 A).

The measurements are taken with an array of 49 thermocouples mounted at
equal distances along the vertical direction of the collector and at three positions
in the azimuthally direction. Some thermocouple connections didn't work very well.

The reinforcement bars of the concrete wall near the gyrotron have an in-
fluence on the diverging magnetic field lines. Therefore the strike area on the
collector wall isn’t horizontal. The compensation is performed with some iron
rods close to the gyrotron opposite to the concrete wall.

Ty .

Fig. 4. TFSS without modulation (righf) and with modulation (left). The com-
pensation iron rods cause the hot spots.

The amplitude modulation of the rotating field without DC field reduces the
maximum at the lower point of the electron beam strike area but does not
smooth the power deposition profile perfectly.

An additional vertical DC field shifts the electron beam strike area towards

the top of the collector and the

TFSS - different modulation with DC offset-1,5A el ectrons don't inters ect th e

w0 collector wall at the range of
it the high magnetic field den-
:’: i N\ i sity. The power deposition
£ 200 AL Sh profile is smoothed (blue track
" ; ’.,[ AL . in Fig. 5) with the DC field
100 ; R and a modulation depth of 50
50 — ; E’f’ \’\%— percent. Only the correct com-

O e e o0 me  mm nm wm o bination of modulation depth

= (mm} and DC offset smoothes the

(VoS —e—TrSS 10V, OHz —a—TF8S 410V, Bz —x— TPSS 040w Bht] power deposition profile per-

Fig. 5. Power deposition profiles fectly.
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Summary and Qutlook

The conventional VFSS, which is state of the art in present day high power
CW-gyrotrons, generates an unfavorable power distribution profile along the
collector surface. Strong local power peaking at both, the upper and lower turn-
ing points has been measured.

TFSS reduces the power peaking at the upper turning point, but the peaking
at the lower turning point remains. The advanced TFSS - method with slow
modulation of a fast rotating field and an overlaid static horizontal field has
been investigated and a homogenous collector power distribution has been
achieved.

A three-phase a.c. controller operates successfully in connection with the
coil pair array. The modulation capability and the current threshold of the tested
power supply meet the requirements of the investigated advanced collector
sweeping method.

The advanced collector sweeping with a low frequency modulated TFSS
power supply reduces the complexity and the costs compared with the conven-
tional VEFSS.

The next step of the advanced collector sweeping investigation will be the
replacement of the long DC powered coil with a shorter one. A combination of
a modulated rotating field and a marginally modulated static field will be tested
with the new coil in order to increase the usable power deposition collector sur-
face. This system is of particular interest for next generation of gyrotrons with
an output power up to 2 MW.
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A two-dimensional distributed feedback is an effective method of production ultra-high
power spatially-coherent radiation from spatially extended relativistic electron beams of
sheet and annular geometry. The paper describes progress in the investigations of planar
and coaxial FEMs based on the novel feedback mechanism. Theoretical analysis was con-
ducted in the frame of the coupled-wave approach and agrees well with the experimental
data obtained in “cold” and “hot” tests. As a result, the effective transverse (azimuthal)
mode selection has been demonstrated under the transverse size of about 20-25 wave-
lengths and narrow-frequency microwave pulses of multi-MW power have been generated
in the FEMs operating in Ka- and W-bands.

Introduction

Two-dimensional (2D) distributed feedback [1], which is realized in Bragg
resonators having double-periodic shallow corrugation in two perpendicular di-
rections, is an effective method of producing spatially coherent radiation in rela-
tivistic masers driven by large-size electron beams of sheet [1, 2] and annular
[1, 3] geometry. This mechanism can be considered as a development of 1D dis-
tributed feedback based on the traditional single-periodic Bragg structures [4].
Spatially-extended over one of the transverse coordinates interaction space allows
significant increase of the total microwave power (up to GW powers) while keep-
ing RF-power and current densities at moderate level.

High selectivity of the 2D Bragg resonators of planar and coaxial geometry
was demonstrated for large Fresnel parameters in the frame of coupled-wave
theory and in direct 3D simulations as well. Results of the theoretical analysis are
validated by data obtained in “cold” microwave measurements [5, 6]. Computer
simulations demonstrated high potential of 2D distributed feedback to achieve
single-mode single-frequency oscillations in FEM when the transverse size of the
beams in orders exceeds the radiation wavelength [1-3].

Experimental studies of FEMs based on novel feedback mechanism are per-
formed in Ka-band (coaxial geometry) at the University of Strathclyde (Glasgow)
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and in W-band (planar geometry) at the BINP RAS (Novosibirsk) in collabora-
tion with the IAP RAS (N. Novgorod) and University of Karlsruhe. As a result of
this work, narrowband microwave generators of multi-MW power level were
realized. In these experiments an effective mode control over the transverse
(azimuthal) index was demonstrated with oversize parameter of the resonators of
about 20-25 wavelengths. The present paper is devoted to the results of simula-
tions and experimental studies of these novel FEM schemes.

Planar 75 GHz FEM with a hybrid Bragg resonator

The 2D distributed feedback is based on the mutual scattering of the four partial
wave fluxes

E=E,Re{[A,.e™ +A " +B,e™ +Be" |e”], o))

propagating in forward (in respect with the electron beam propagation), backward
and transverse +x directions. These additional (in comparison with traditional 1D
Bragg structures) fluxes act to synchronize different parts of sheet electron beam.
Such feedback scheme is realized in planar 2D Bragg structures having double-
periodical corrugation

a=a,[coshyp(z-x)+coshy (2 +3) @
where 4a,,, is the corrugation depth (a,, <<a,, a,, << A1), under the Bragg

resonance condition h =, , .

To demonstrate operability of this novel feedback mechanism 75-GHz planar
FEM was elaborated. Electrodynamic system of the generator is a hybrid resonator
consisting of 2D and 1D
Bragg structures [7] (Fig. la).
The spatial synchronization of
radiation in the transverse (x)
direction is achieved in the
input (cathode-side) 2D Bragg
reflector due to the above-
described scheme of coupling
of the four partial waves (1).
Interaction with the magneti-
cally-guided electron beam
oscillating in the planar wig-
gler mainly takes place in the
regular part of the resonator. A
conventional 1D Bragg mirror Fig, 1. Scheme of interaction space of FEM with a
at the output of the system hybrid resonator consisting from 2D and 1D Bragg
reflects a small amount of the reflectors of (@) planar and (b) coaxial geometry
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RF-energy into backward direction, thus providing the conditions for self-
excitation of the generator.

In the frame of the coupled-waves approach dynamics of FEM with 2D dis-
tributed feedback can be described by the system of equations for the partial wave
amplitudes [1, 2]:

(-a—+ﬁ“ a)A +io,, (B, +B.)=J J=lzfe"°d9
aZ + 2D + - ’ n : 0°

& 51

( B"&c)B +io,, (A, +A.)=0.

The forward wave A, synchronous with the electrons is excited by the beam and
RF-current J can be found from the electron motion equations

( +B;* a) 0=Re{A,e"}, (4a)

. d
e|Z=o =906 [0921:)9 (az + ' )9|Z=0 =A 2 (4b)

swhere 0 is the electron phase in the respect to the synchronous wave.
The output traditional 1D Bragg reflector possesses single-periodical corru-

gation (Fig. la)a=aq, cos(EDz), where 2a;p is the corrugation depth,

(_.._;3-' a)A +ioyp (B, +B.) =0, ®

hy, =2n/d,, and d,, is the corrugation period. This structure provides mutual

scattering of two counter-propagating partial waves A, , which can be described
by the equations

4 0 0 ,.0
( +f; at)A +io A =J, (_EJ'B‘: at) -io A, =0. (5

Amplification of the synchronous wave A, in the regular section of the resonator
is also described by Egs. (5) in which o = 0, since the coupling is absent.

In Egs. (3)~(5) the following variables are used Z =2zC®/c, X =xC®/c,
T=tC®, A is the initial mismatch of the electron-wave synchronism,
(A, B.)=(A,,B,)ekp/yme®C?, k=P, /B, is the electron-wave coupling pa-
rameter, W=7 is the bunching parameter [4], C = (Iokzeukzl 81tm¢:syao)"3 is the
gain parameter, Iy is the linear beam current and 0.,,,,, are the wave coupling coef-

ficients for 2D [1-3] and 1D [4] Bragg structures respectively.

Results of the simulation for the microwave system geometry and the electron
beam parameters close to the experimental conditions at the high-current accelera-
tor “ELMI” (BINP) are shown in Fig. 2 and demonstrate the establishment of a
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steady-state single-frequency regime. The synchronous partial wave A, has practi-
cally uniform field distribution over the x coordinate that ensures the same condi-
tions for the energy extraction from all parts of the beam and, a result, rather high

electron efficiency.
8 2 1.0
£ 6f a| § | b
>t £t
§, 4f & 0.5-
s 2t E -
3 | 5]
1 /] 1 1 1 5‘ 0- 1 1
0 200 400 600 65 70 75 80, 85
Time (ns) Frequency (GHz)

Fig. 2. Simulation of synchronization in a planar FEM with hybrid Bragg resonator: (a)
time dependence of the normalized output power and (b) output radiation spectrum in the
steady-state regime

In the planar FEM with 2D distributed feedback driven by the high-current ac-
celerator “ELMI” [8] a sheet relativistic electron beam 0.8 MeV /3 kA with the
transverse cross-section of 0.4 x 7 cm was used. This beam was transported in a
strong (up to 1.4 T) guide magnetic field inside a planar vacuum channel with the
cross section of 0.95 x 10 cm and pumped by the wiggler of a period of 4 cm and
an amplitude of the transverse field of up to 0.2 T. The resonator was composed
from the input 2D and output 1D Bragg reflectors and regular section of a rectangu-
lar waveguide of length /o= 32 cm. The input reflector of length l,p=19 cm had a
chessboard corrugation with a depth of 0.02cm and a spatial period of 0.4 cm
along the x and z coordinates. Theoretical analysis and “cold” measurements [6]
showed that the electrodynamical properties of the Bragg structure with a chess-
board corrugation are close to 2D sinusoidal corrugation (2). The transverse en-
ergy fluxes in the two-dimensional Bragg reflector were scattered outside the reso-
nator by additional metal plates (scatterers) with irregular surface profiles. Since
the radiation is amplified by the electron beam mainly after the 2D mirror, the
energy losses due to this scattering are rather small. The output Bragg reflector of
length /;p= 19 cm had a corrugation in the form of parallel rectangular grooves
with a period of 0.2 cm and a depth of 0.007 cm. A Bragg deflector having 1D
corrugation at a 45° angle to the axis was used at the output of the Bragg resona-
tor to direct the radiation into a parallel channel and to split the output radiation
and the powerful electron beam traveling to collector.

In the experiments precise analysis of the FEM radiation spectrum was per-
formed using heterodyne diagnostic with an additional bandpass interference
filter to determine the sign of frequency shift of the mixed signal with respect to
the master oscillator. Typical oscilloscope traces of the voltage at the accelerating
diode, the electron current, and the signal from the RF-detectors are shown in
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Toy o~~~ __ T80 Fig. 3a. Microwave radiation was ob-

! T served when the beam current exceeded
1 kA which is in good agreement with
the calculated starting current for the
FEM-oscillator. A narrowband gen-
eration at a frequency close to the fre-
quency of one of the eigenmodes of the
hybrid Bragg resonator was obtained for
a large number of pulses. In Fig. 3 radia-
tion spectrum is localized near a fre-
quency of 75.3 GHz during an almost

RF-power
(arb. units)

Mixer signal
(arb. units)

b
e

5 entire 300-ns duration of the RF-pulse
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Fig. 3. Typical oscilloscope traces in pla- served. According to the simulation re-

nar 75-GHz FEM: (a) the diode voltage, Sults, the possibility of excitation of dif-
beam current and RF-pulse, (b) the het- ferent resonator modes is due to varia-

erodyne signal and (c) radiation spectrum  tions in the electron beam energy and

beam current during the pulse, as well as
pulse-to-pulse jitter of the beam parameters. The analysis of the time behavior of
the optical emission from plasma at the beam transport channel, which was regis-
tered by means of fiber-optic waveguides, indicates that the total duration of the
microwave pulse is limited due to the arrival of the collector plasma into the wave-
beam interaction region. A total radiation power of about a few tens of megawatts
was measured using the calorimeter and the hot-carrier calibrated detectors. Angu-
lar pattern of the output radiation was obtained by a neon bulb panel illumination
positioned at various distances from the output window of the FEM.

Coaxial 37 GHz FEM with 2D distributed feedback

In this section we consider a co-axial scheme of FEM with a hybrid Bragg
resonator (Fig. 1) [7] which is investigated experimentally at the University of
Strathclyde [9, 10]. The 2D Bragg structure represents a section of coaxial
waveguide of length /5, distance between the conductors ay and the mean radius
ro (Fig. 1b) having a corrugation in the form of two helices of opposite rotation

a= g—’f[cos(liz ~-M@)+cos(h,z+ M <P)] ) ©)

where h, =2m/d_ , d, is the corrugation period along z axis, M is the azimuthal
number of the corrugation. We assume the waveguide to be of a small curvature
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Iy >>A, 1y >>a, . Similar to a planar system the RF-field in the coaxial system
under such conditions can be presented as a superposition of the four coupled
waves propagating in the longitudinal *z directions and the azimuthal + ¢ direc-
tions. For the coaxial geometry the partial waves must obey the cyclicity condi-
tions A, (x+1.,z,t)= A, (x,2,2), B,(x+1,2,t) = B,(x,2,t), where x=rQ is
the transverse coordinate directed along the waveguide azimuth, /, =27r, is the
resonator perimeter. These conditions allow the Fourier expansion

Ak 2= 3 AM1BY (2, et

m=-co

)

where each harmonic can be considered as a resonator mode with azimuthal in-
dex m. Equations for the wave amplitudes in the quasi-optical approximation can
be presented in a form

a - a m m m m In
(§+B' )A +0Al +i0,, (Bl +B")=J

( +Bi o )Am + A" +ia,, (B +B") =0, ®

a m m m m
‘,aJB +0B; +io,, (A" +A")=0,

where J" is the azimuthal harmonic of RF-current, s =2n/L,, ¢ is the ohmic

losses parameter. For the partial waves B, circulating along the azimuthal direc-
tions we apply the radiation boundary conditions at the edges of 2D corrugation.
In the output 1D Bragg reflector mutual
scattering of partial waves A, can be
described by the Egs. (5).

Simulations were carried out for pa-
rameters close to those realized in the
Strathclyde FEM: bLp= 104 cm, ljp=
=6 cm, ly = 65 cm, ap= 1 cm, the gain
parameter C =0.007. This corresponds
to normalized section lengths: L,p= 0.6,
Lip=0.4, Ly= 4 respectively. For a reso-
nator made from copper the parameter of ‘ ~
ohmic losses o = 0.01. For optimized cor- R °1§ °o s
rugation depths a,p=0.05 cm and

Steady state genaration vith excitation
nonsymmedincal mode m#0

a;p=0.1 cm the waves coupling coeffi- Fig. 4. Simulation of coaxial FEM with hybrid

cients were taken as 0p = 0.5, oy p =0.35.
The zones, in which various regimes of
oscillation are established, are shown in
Fig. 4 on the plane: normalized perime-

resonator: zones of stationary generation
regimes corresponding to excitation of
mode with different azimuthal indexes m.
Solid line corresponds to the perimeter of
Strathclyde FEM.
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ter L, versus the electron synchronism detuning A. While the perimeter is smaller
than the value L,=20 the excitation of a single axial-symmetric mode m=0
with the frequency close to the Bragg resonance frequency at all the variation
range of parameter A (i. e. at any value of the electron energy from the zone of
self-excitation) takes place. The 37 GHz Strathclyde FEM is driven by an annular
electron beam with radius of 3.5 cm (i. e. perimeter of about 22 cm), which cor-
responds to the dimensionless perimeter L,= 1.2. Thus, in the millimeter wave
band the use of a hybrid Bragg resonator allows to realize single-mode single-
frequency oscillation regime practically for any existing electron beams. Zones of
excitation of modes with high azimuthal indexes appear only at the normalized
perimeter L,>20. But even in these zones a steady-state regime of generation,
which corresponds to the synchronization of radiation from the different parts of
a large-size electron beam, is also established.

In the simulations, the field distribution of partial waves in the steady-state
regime shows that the main amplification of the forward wave takes place after
the input mirror. Thus, the amplitudes of the quasi cut-off waves B, excited in the
2D Bragg structure are relatively small. Correspondingly, the ohmic and diffrac-
tion losses associated with these waves are also rather small and up to
95 % of RF-energy extracted from the beam is radiated by the forward wave A,.
Note for comparison that in the coaxial FEM scheme with two 2D Bragg reflec-
tors [9, 10] (i. e. 2D structure is used both as input and output mirrors) more than
a half of RF-energy was dissipated inside the resonator. Exploiting a hybrid
scheme [7] allows increase in the output radiation power in several times keeping
the electron efficiency on the level of 20 %.

The coaxial FEM based on 2D distributed feedback, which has been devel-
oped at the University of Strathclyde, utilizes an axially symmetric wiggler with
period of 4 cm and solenoid of length 2.5 m and guide field strength of up to
0.6 T. The FEM was driven by a annular electron beam 0.5 MeV /0.5 kA with
diameter of 7 cm [9]. A Ka-band coaxial 2D Bragg structure had the chessboard
corrugation at inner conductor of the period along axis of 8 mm, number of azi-
muthal variations of 24 and depth of 0.08 mm. The “cold” tests of these struc-
tures [5] demonstrated effective 2D Bragg scattering zone in the vicinity of
37 GHz, which corresponds to the fundamental azimuthally-symmetrical mode
(m =0) formed from the four waveguide partial waves: forward and backward
waves of TEM-type and two counter-rotating whispering-gallery waves of TEy ;-
type. The first experiments [9, 10] were conducted with a two-mirror resonator in
which 2D Bragg reflectors of length 10.4 cm and 5.6 cm were used at the input
and output of the system respectively with 86 cm long regular section between
them. In these experiments azimuthal mode selection was achieved. In the radia-
tion spectrum (Fig. 5b) a maximal spectral line at 37.3 GHz was presented that
proves the achievement of azimuthal mode control. The presence of several spec-
tral lines with the frequency distance ~ 40 MHz corresponds to excitation of
modes with different longitudinal indexes (distance between modes with differ-
ent azimuthal indexes was about 2 GHz). Note also that according to the simula-
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tions the limitation of measured output power
by 15 MW is associated with strong ohmic
losses in the output 2D Bragg mirror.

In the present stage of the experiment a
hybrid resonator consisting from input 2D
Bragg reflector and output 1D Bragg reflector
separated by a regular section was utilized
with the parameters described above. Result
of the spectrum measurements is shown in
Fig. 5¢ and demonstrates the establishment of
a single-mode oscillation regime including
both azimuthal and longitudinal mode control.
The output power in this configuration was
estimated to be about 60 MW. Thus, the re-
placement of the 2D Bragg output mirror by a
1D mirror provides the possibility for drastic
decrease of ohmic losses.

Conclusion

Modeling of nonlinear dynamics of planar
and coaxial schemes of FEMs demonstrates
possibility of the use of 2D distributed feed-
back for spatial synchronization the radiation
of sheet and hollow electron beams having
transverse size of up to 10>~10° wavelengths.
Results of the theoretical analysis are corrobo-
rated by the experimental studies carried out

time (ns)

05

RF-spectrum (a.0.)

36 %5 a7 35 38
frequency (GHz)

RF-spectrum (a.u.)

37 372 74 ”e

frequency (GHz)

Fig. 5. Typical oscilloscope traces
in 37-GHz coaxial FEM: (@) the
diode voltage and RF-pulse and
output radiation spectrum in the case
of (b) two-mirror 2D Bragg resonator
and (c) hybrid Bragg resonator

at Budker INP RAS (planar 75 GHz FEM) and Strathclyde University (coaxial
37 GHz FEM). Both experiments demonstrate effective mode control under the
oversized parameter of 20-25 wavelengths. As a result, a narrowband radiation

of multi-MW power level is obtained.
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MICROWAVE AMPLIFIERS
WITH HIGH-CURRENT ELECTRON BEAMS

E. Abubakirov
Institute of Applied Physics, RAS, Nizhny Novgorod, Russia

Presently, most of HPM sources are free running oscillators: they need not input micro-
wave drivers and are relatively simple from the mode selection problem. Meanwhile, for a
number of applications HPM amplifiers are more attractive. Development of amplifiers
driven with high-current relativistic electron beams in IAP is based on application of over-
sized waveguides, so the main attention is always paid to development of appropriate
methods of mode selection and filtration. In the most success line of powerful amplifiers
suppression of spurious oscillation was provided with sectioning of the interaction space of
a relativistic electron microwave device. Following the concept realization of enhanced
versions of the amplifiers with output power up to GW level became possible.

Modern state of art of microwave relativistic electronics demonstrates that
the main part of R&D works in the area is devoted to oscillators, which are, defi-
nitely, more simple in practical materialization than amplifiers. Besides that there
are obvious demands for development of microwave sources with controlled am-
plitude and phase of output radiation. Promising application fields of them may
be particle acceleration in supercolliders, high resolution radars and others.

Controlled microwave sources can be implemented as either amplifier or
synchronized oscillators. Both cases provide control with an input microwave
signal, but in an amplifier output radiation drops to zero when input signal is
switched off, while a synchronized oscillator in this situation continue operation
on its own frequency. These approaches have equal potential for the most part of ap-
plications, however synchronization requires greater amplitude of controlling signal.

Design and development of high-power microwave device requires solving
of a set of problems, which appear because of high intensity of electron flows and
microwave radiation used in relativistic electronics. It seems that the most sig-
nificant tasks for development of a high-power amplifier:

— elimination of high-frequency breakdowns;

- minimization of stray radiation;

— providing of operation with shot pulses;

— achievement of high gain.

The most reliable way to avoid high-frequency breakdown is decreasing of
intensity of electric field inside the microwave system of the device, and at pre-
breakdown fields the only opportunity to enhance the RF power is to increase the
cross-section of microwave devices. However, in the oversized system, where
transverse cross-section is large in comparison of squared wavelength § >> 12,
the intense electron beam can excite several modes with different frequencies and
spatial structures, that means the loss of coherence. So suppression of parasitic
excitation of an amplifier becomes in relativistic electronics even more serious
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and complicated than in classical case, because of various mechanisms of the
excitation, which include not only reflection of the operating wave from the
edges of the microwave system, but also excitation of backward waves. Let us
note that the last case shall be considered as the most dangerous, because the
backward wave can be excited without any reflection and the oversized micro-
wave systems practically always realize synchronous interaction of electron beam
with modes of this kind.

A stray radiation in tubes driven with explosion-emitted electron guns can
appear also because of amplification of inherent noises of the electron beam. The
origin of the noise is connected with discrete mechanism of formation of the
beam, when electrons are emitted by small cathode areas within relatively short
time. As a result the beam consists of great number of current portions and due to
that it possesses noticeable large-scale shot noise. The noise level is not too high
but it may be comparable with input signal because of large gap between antici-
pated output power of the relativistic amplifier and power of input driver based
on a conventional microwave source.

Obviously these circumstances produce contradictive requirements to design
of the powerful amplifier and lead to necessity of compromise solutions between
high amplification and resistance to parasitic self-excitation, narrowing of the
operation frequency band to reduce the influence of beam noise and stability of
operation with respect to random variations of the beam parameters etc.

Some notes should be made on the basic mechanisms of stimulated electron
radiation, which can be applied for the amplifier design. Rectilinear electron
beams are produced with more simple electron guns and carry much power than
curvilinear (helical or spatially oscillating) ones. So the most powerful amplifiers
employ transient and Cherenkov emission of radiation rather than Brems-
strahlung radiation or wave scattering.

Looking through the world experience in research and development of HPM
amplifiers (see Table) one may notice that the most powerful experimental de-
signs use sectioned schemes of operation. Longitudinal sectioning of the interac-
tion space of electron devices is often used for efficiency enhancement, but in
powerful electronics the method is more attractive for mode selection and sup-
pression of parasitic excitation.

Experimental HPM amplifiers

Device F,GHz | PMW | 1,ns |eff, % |G,dB| UkV | J kA
Klystron [1] 13 3000 60 35 38 500 16
TWT [2] 8.8 100 100 11 35 850 1
2 beam twystron [3] 30 600 10 20 10 600 5
2 sect. TWT [4] 36.4 100 4 10 44 500 2
BWA+TWT [5] 9.1 100 10 20 70 500 2
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Continued

Device F,GHz | LMW | t,ns |eff,% |G, dB| UkV | J kA
BWA+TWT (6] 9.1 1100 70 20 47 800 6
Plasma TWT [7] 9.1-13 50 100 5 30 500 2
FEM (8] 333 60 25 27 30 750 03
FEM [9] 35 1000 30 34 45 3000 1
CARM [10] 36.6 10 25 4 30 500 0.5
CARM [11] 35 12 20 6.5 30 1500 0.13

Coupling between parts in a sectioned device is in strong dependence on spa-
tial structure of high-frequency fields in sections. So, the conjoint action of the
device in a whole is realized only at a definite set of modes in sections. A spectral
density of these sets will drop with increasing of number of sections, and it gives
a principal opportunity to reach a selective operation of the device. TWT with
severing gives an example of realization of the method in classical electronics
(Fig. 1). The absorbing insert in the tube provides electrodynamic isolation of

sws

TN

oo oo T ~eoer

r=R+Icos(hz+,9)

r=R+1cos(hz +m,p) m, #m,
Fig. 1. Sectioned microwave systems: slow-wave structure with sever (top);
corrugated oversized waveguides with common spatial harmonics (bottom)

device parts, which can be coupled by the common electron beam only. Modifi-
cation of the method for oversized microwave systems employs for every part of
the device orthogonal modes. Their coupling is provided by spatial harmonics of
the modes, synchronous to the electron beam piercing the sections. Such interac-
tion is possible if

ho +hy =y +hy,

m, _ma =ny -ﬁb’

1)
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where IT, =2n/d,, d; andm; are period and angular symmetry of corrugation of
the slow wave structure respectively, &; is longitudinal wave propagation con-
stant, m; is azimuth index of the mode.

Application of backward wave amplifying (BWA) section is another very
useful feature for achievement of high gain in an amplifier. An advantage of the
BWA is arisen because of realization of regenerative amplification regime near
its self-excitation threshold. It permits:

—to realize the high gain G ~ (1— I, )'l ,when operating current J
aproaching to the starting one J;
—to provide narrow amplification frequency band Af/f ~(1-J/J,) that

is means for mode selection and for reduction of noise of the electron
beam,;

— to provide an electrodynamic decoupling between sections since amplified
electromagnetic signal, is extracted from BWA to the direction of the cathode,
whereas the following amplifying elements extract an output signal to the
opposite direction.

A research interest to HPM amplifiers appeared in IAP practically simulta-
neously with development of relativistic electron oscillators. Several versions of
amplifiers were developed and studied experimentally. At the first stage the prob-
lem of high gain was “bypassed” with application of powerful relativistic BWO
served as master oscillator. The device was based on two coaxial beam design [3]
(Fig. 2), where inner electron beam excited the BWO. Its output radiation drove a
twystron-like amplifier operating at more powerful outer beam. The gain of the
amplifier was relatively small (10 times) but it was enough to reach high output
power (about 600 MW in Ka-band).

TWT

10 mm. 600 ¥, 10 ns, 20% efficiency. Eg

Fig. 2. Relativistic high-current twystron [3]. Master oscillator is driven by inner beam.

Using of TWT with sectioned slow wave system gave possibility to realize a
high-gain amplifier driven with an ordinary magnetron master oscillator [4] (Fig. 3).
A characteristic feature of the Ka-band amplifier was application of quasi-optical
input of controlling signal.
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Fig. 3. Scheme of the sectioned TWT ([4): I - field-emission cathode, 2 — anode,
3 - slow wave structure, 4 — magnetic coil, 5 — magnetron, 6 — attenuator, 7 — mode con-
verter, 8 — input mirror, 9 - vacuum windows, 10 — microwave absorber

The most powerful device were realized on a base of concept of a combina-
tion of BWA and TWT sections connected in series with a common electron
beam and operated at different eigen modes [6]. The design provided more than
1 GW of output power in X-band and demonstrated reliable phase and frequency
control of output microwave radiation.

Master
oscillator
(magnetron)
]
BWA- — 1> | Mode converter TWT- — I Horn
modulator el amplifier antenna
TEy) « TE,—| Dniftspace HEj HE;,; Collector

Fig. 4. Block diagram of the GW X-band amplifier [6]

The modern researches of amplifiers are aimed to enhance possibilities of
controlling of output radiation parameters. First of all it concerns amplification
band which is rather narrow especially in a case of application of a regenerative
BWA. Enlargement of the band with preservation of high gain can be provided,
for example, with two sequential BWA sections. On the other hand, there is a
possibility of slow (from pulse to pulse) shifting of the frequency band by means
of change of interaction conditions in the operating space of the amplifier. It may
be mechanical change of parameters of the electrodynamic structure of the tube
or electrical control of electron beam properties, in particular, induced by varia-
tion of focusing magnetic field in the vicinity of cyclotron resonance. The ap-
proach was demonstrated experimentally in oscillators [12], where about 5 % of
frequency agility was achieved. Similar value of frequency tuning provided with
change of magnetic field was observed experimentally in the X-band amplifier [6].
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The prospects and future researches of HPM amplifiers are determined

mostly with possible application requirements and expected to be focused on
pulse-periodic operation mode, enlargement of the amplification band and ampli-
fication of composite signals.
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Our research was aimed to enlarge average power of pulse-periodic relativistic BWOs by
increase in the electron current without increase in the gun voltage. The periodic structure
profile and matching of the structure with the output waveguide were optimized to shorten
the BWO build-up time and to enlarge the overall efficiency. S-band and X-band BWOs
were driven with 400-650 keV pulses of ~20 ns duration. The pulse repetition rates were
up to 0.5 kHz. About 1 GW RF powers with efficiencies 20~30 % were obtained.

Investigations in the field of relativistic microwave electronics utilizing high
current electron beams have been conducted during several tens of years, never-
theless the scopes of this promising branch of electronics are not clarified still.
Full understanding is absent in basic issues as well as in specific technical as-
pects. Some of these problems are given in Table 1.

Table 1. Main problems in high power microwave (HPM) electronics

1. Electron gun 3. RF interaction space
e backward current, e electric durability,
e exhaustion of emission, o static space charge, electrostatic wiggler,
o cathode restoring time, matching of o RF space charge,
gun with power supply ¢ build-up dynamics
2. Magnetic system and collector 4. RF output
e cryomagnets, ¢ mode conversion,
o cooling, ¢ horn and vacuum window,
o erosion and plasma recombination time, | e RF output measurements
o reflected electrons

Existing situation is resulted from com-
plexity of experimental research as well as
from the lack of diagnostic tools. Difficulties
are rising rapidly with increasing of output
microwave power and especially in the case
of development and research of oscillators
operating in pulse periodic regimes with high
repetition rate. As an exotic example on Fig. 1
it’s shown the photograph of oscillator’s
working space made through the optically
Fig. 1. Luminous drops in workspace  transparent vacuum window.
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The camera exposition started approximately 10 ms after working pulse and
shot time also was about 10 ms. As evident from Fig. 1 the working space isn’t
fully restored even after some milliseconds and the originated luminous drops
can influence strongly on the following microwave pulses.

The questions related to elimination of high-frequency surface or space
breakdowns in many aspects remain undecided. As an example we present some
photographs of different breakdowns in Fig. 2--3. The space breakdown in the air
is shown in Fig. 2a, situation including breakdown on surface of vacuum window —
in Fig. 2b. Figure 3 presents a breakdowns on dissipative elements of calorime-
ter. The last picture illustrates difficulties in creation of diagnostic systems for
relativistic microwave electronics.

b

Fig. 2. Air and surface breakdowns behind vacuum window

Fig. 3. Breakdowns on dissipative elements of calorimeter

The primary aim of the work is to confirm early achieved results and to de-
fine more correctly the aggregate of basic parameters attained by now as applied
to relativistic BWOs. In experiments we used axisymmetric BWO with thin-
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walled strongly magnetized electron beam emitted from magnetically insulated
edged graphite cathode of a coaxial diode gun. The gun was placed in converging
magnetic field, so the electron beam was compressed and the beam diameter can
be changed by longitudinal displacement of cathode. A metal shield installed
before cathode was used to decrease inverse electron beam current and has pro-
file following magnetic field lines. A quarter-wave modulating resonator was
used as reflector for experimental BWO prototype. The using of such reflecting
resonators is confined by breakdowns. This reason limits output microwave
power to 1-1.5 GW in case of accelerating pulse duration not more then 20 ns
(for chosen BWO construction and obtained from analytical estimates and mod-
eling experiments).

BWO workspace was weakly irregular and divided into two sections of cor-
rugation, their dispersive curves are shown on Fig. 4. The corrugation profile was
rectangular due to following reasons:

e it doesn’t reduce total resistance to breakdown determined by resonance

reflector;

e it decreases unwanted influence of high-frequency and quasistatic space

charges fields for high magnetized electron beams;

e rectangular corrugation appreciably simplifies BWO’s construction and

matching of different junctions such as diffraction output or drift tube
with corrugated section.

k= ﬁzh
k/g k= }y
/
0.6 - | k,,/ﬁ / output section
5
04 / input section
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02 t
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Fig. 4. Brillouin diagram of weekly irregular BWO

Two sets of BWO’s (X- and S-band) were developed and manufactured.
Sinusoidal corrugation and quarter-wave resonance reflector were used in S-band,
rectangular corrugation and radial resonance reflector — in X-band. Electrodynamic
systems of both sets were axisymmetric with operating axisymmetric wave of TM
type, bent waveguide converters were used in output waveguide channels.
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Here we present part of results related to pulse periodic regime and accord-
ingly, to the stability of generation. Fig. 5 shows 200 successive pulses of X-band
BWO operating in 2 Hz pulse periodic regime. As one can see, several pulses are
missed, that is concerned with elongated rise time of some accelerating pulses.
Besides this missed pulses the repeatability of the generation after first 30 pulses
is rather high. In order to improve the reliability of results the number of series
and total number of pulses were increased. Two pulses with maximum and
minimum amplitudes in series are given in Fig. 6. These pulses correspond to the
center of directivity diagram. At the diagram periphery the pulse form differs
(Fig. 7) but, what is important, the stability of pulse form is rather high, that indi-
cates fine spatial coherence ratio of output microwave radiation.
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Fig. 5. Repétitive regime of BWO with irregular electrodynamic system. R1 — envelopes
of microwave pulses, R2 — accelerating voltage.
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The space coherence was observed by means of absorbing fibrous linen in-
stercepting output wave beam. The photos of it’s luminosity with and without
mode converter are shown in Fig. 8.

Developed oscillators were tested in pulse burst regime. Fig. 9 is related to
X-band BWO, Fig. 10 — S-band BWO. Both accelerators were not matched with
electron guns, so afterpulses appeared. Afterpulses lead to generation of addi-
tional microwave pulses with reduced frequencies corresponding to synchronism
of the wave to low-energy electrons. It evidences the absence of discharges in
working space of microwave oscillators, which may lead to appearance of long-
lived plasma. In accordance with oscillograms in Fig. 9-10 the microwave
pulse’s envelope stability is very high. Phase stability was also high since in X-
and S-bands transient times were short (several microwaves periods). Short tran-
sient time leads to high energy efficiency — one of the most important consumer
properties of oscillators.

Fig. 8. Luminosity of absorbing fibrous linen intercepting output wave beam
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accelerating voltage up to 700 kV

matched load 80Q

duration 20 ns

rise time 4ns
repetition rate up to 500 Hz

duration of pulse series uptoSs
Tesla’s transformer effi- 50 %
ciency
. E

K 36 7] Ki x-S

Fig. 9. Repetitive regime of 1 GW X-band BWO (rectangular corrugation). Channel 1 - ac-
celerating voltage, Channel 2 — envelopes of microwave pulses.

accelerating voltage 450-500 kV
matched load 50Q
duration 30ns
rise time 5ns
repetition rate up to 700 Hz
duration of pulse series | upto3s
Tesla} s transformer 55 9%
efficiency

: 'I:otal accelerator effi- 40%

COm n X] s ] ciency

Fig. 10. Repetitive regime of 0.6 GW S-band BWO (sinusoidal corrugation). Channel 1 - ac-
celerating voltage, Channel 2 - envelopes of microwave pulses.

As a result of two experimental series we can conclude that it’s possible to
produce relativistic BWO’s with aggregate of basic parameters, given in Table 2.

Table 2
Impulse microwave power ~1GW
Pulse duration ~210%s
Pulse repetition rate ~ 1 kHz
Accelerating voltage ~0.5 MV
Electron beam power ~4 GW

Both types of oscillators (X- and S-band) allow obtaining energy efficiency
more than 20 %. Pulse series duration and time gap between them are determined
by thermal conditions especially on collector. In accordance with simple estima-
tions and experimental results in oscillators of considered type it is possible to
archive the average power up to 100 kW without taking recuperation into account.
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NON-STATIONARY NUMERICAL MODEL FOR SIMULATION
OF COUPLED CAVITY MICROWAVE TUBES

V. N. Titov, A. V. Yakovlev, N. M. Ryskin
Saratov State University, Saratov, Russia

A computer code for non-stationary nonlinear simulation of a coupled cavity traveling
wave tube is presented. The model is based on the non-stationary discrete theory of excita-
tion of a periodic waveguide. It allows simulation of processes in the center of the slow
wave structure pass band, as well as near cutoff/stopband. Results of numerical simulations
of amplification in small-signal and large-signal regimes are presented. Non-stationary dy-
namics near cutoff including complicated transient processes of self-excitation is dis-
cussed.

Introduction

High-power sources of microwave radiation often operate in essentially time-
dependent, non-stationary regimes, especially when utilizing high current relativ-
istic beam with pulsed power supply. The development and optimization of such
devices depends on the availability of effective tools for non-stationary numerical
modeling. In this paper, we report development of the approach based on the
non-stationary discrete theory of excitation of a periodic waveguide [1]. The ba-
sic equations of the theory are thoroughly reviewed in [2, 3] along with its im-
plementations to finite-length periodic structures. According to [1-3], we repre-
sent a periodic slow-wave structure (SWS) by a chain of coupled microwave
cavities. This approach precisely fits the SWS dispersion, takes into account in-
teraction with all spatial harmonics and allows simulation of beam-wave interac-
tion in the center of the SWS pass band as well as near cut-off/stopband. It is
applicable for modeling of various microwave electronic devices such as multiple
cavity klystrons, extended interaction klystrons, coupled cavity traveling wave
tubes (TWTs) and backward wave oscillators (BWOs), etc.

Consider a finite-length periodic structure comprised of N cavities con-
nected by uniform input and output waveguides with a driving signal source and
an output load (Fig. 1). This model correctly takes into account the reflections
from the couplers [2, 3], allowing simulation of self-excitation due to end reflec-
tions.

The beam-wave interaction is given by the 1D electron motion equations that
are solved by “particles in cells” method [4] and the excitation equation

1 2 N-1 N
Fig. 1. Schematics of the SWS connected to input and output waveguides
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[1-3], which in the simplest case of only single SWS eigenmode taken into ac-
count and coupling with only nearest neighbors takes the form

L _iwic, +‘A‘”(c”+,+cn_I jz )E (x-nd)dx. (1)

dt
Here ®, is cavities resonant frequency, wj =, (l+z/2Q) , Q is quality factor,

Z, is shunt impedance, V, is beam dc voltage, I(x,t) is beam current, E,(x)

describes cavity field profile, and d is the SWS period. Coupling parameter A®
determines the SWS bandwidth.
The total field is expressed as a sum over the fields of all cavities:

Z C,(t)Ey(x—nd). )]

Numerical results

We selected CC TWT parameters similar to that of the TWT described in [6]
(see Table).

Parameters of the coupled-cavity TWT

Beam voltage 11-20kV
Operating band 5.7-7.3 GHz
Period 0.85 cm
Number of cavities 1340

Shunt impedance 88 Q

Calculations of small-signal gain in the case of non-relativistic dynamics
[2, 4] in kinematic limit showed good agreement with the Pierce’s linear TWT
theory [7] considering long SWS with one forward harmonic dominating. How-
ever, for the moderate number of cavities the discrete nature of interaction is sig-
nificant and no agreement with the wave theory is observed. Fig. 2 shows small-
signal gain for the TWT consisting of 13 cavities. The gain curve exhibits strong
ripples caused by the end reflections.

Analysis of self-excitation near cutoff is a challenging task due to the singu-
larity of reflection factor at cutoff frequency [8-11]. The model developed in

(4]

Gain, dB
o

Fig. 2. Small-signal gain vs. frequency O L .
for TWT with 13 cavities, Vp=18.3 kV, s6 60 64 68 72
=077 A Frequency, GHz
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this paper accounts for that phenomena [3]. Fig. 3 shows the self-excitation
boundary on the beam voltage — beam current parameter plane near the upper
cutoff (2n-mode). The voltage V, =11.26 kV corresponds to synchronism at the

cutoff frequency. For V; < 11.26 kV the beam interacts mainly with backward

waves, and the system behaves as a BWO with strong end reflections (resonant
BWO). Therefore the left branch of the boundary is shaped as a sequence of gen-
eration zones. Each zone corresponds to resonance with one of the high-Q axial
eigenmodes of the SWS with strong end reflections. Fig. 4 shows typical distri-
butions of the electromagnetic field along the system that establish after transient
process. One can see that in different generation zones axial modes with different
number of humps are excited. When the voltage shifts off from the cutoff, the
starting current increases as the reflections diminish.

g 15
gw
i

5
0

10 1 12 13 1
Beam vokage, kV

Fig. 3. Self-excitation current  Fig. 4. Field distributions along the system above the
s vs. beam voltage near upper  self-excitation threshold for @) Vo= 11.65kV, Iy =3 mA;
cutoff b) Vo=10.725kV, Ip=3,5 mA

Voltages V, >11.26 kV correspond to preferable interaction with forward

wave, as in a resonant TWT. Excitation of the fundamental axial mode is ob-
served after long transient process shown in Fig. 5. One can see strong mode
competition effects with subsequent excitation of modes with higher frequencies.
Such effects are typical for the resonant TWT and BWO interaction. After the
transient process, the fundamental axial mode survives.

These results are in good agreement with the theory developed in [8-11].
However, the approach developed in [8-11] is valid only in the vicinity of the
cutoff frequency and thus is less general.

800
- a £
2 %600
i i
§w g 20

o °

o 1 2 3 4 8
Tine, s

Fig. 5. Output power waveform of the transient process near cutoff, Vp=13.2 kV, Ip=
= 15 mA (a). Field distributions in different moments of time: £ =1 pus (b), 3.4 ps (0).
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Conclusion

The non-stationary discrete numerical model of coupled-cavity tubes has
several important advantages. It is applicable for modeling processes in the cen-
ter of the SWS pass band, as well as near cut-off/stopband, and describes both
forward and backward-wave interaction. The theory takes into account fre-
quency-dependent reflections from input and output couplers and suitable for
simulation of coupled cavity TWT, BWO, multiple cavity klystron, extended
interaction klystron, etc. The numerical model is fully non-stationary since no
assumptions are made about the spectrum of the signal. Thus, it allows modeling
of complicated non-stationary self-excitation processes, such as the nonlinear
drive-induced excitation near upper cutoff (2n-mode) predicted in [10, 11].

The plans for further development of this numerical model include account
of 2D electron motion and higher-order passbands, in particular, the slot mode in
coupled cavity TWT.
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Research is in progress to improve the performance of dispenser cathodes for vacuum elec-
tron devices. Two approaches include the use of sintered tungsten wires to create con-
trolled porosity cathodes and scandate to lower the emission work function. Progress in
these two areas is reported.

Calabazas Creek Research, Inc. (CCRY) and its associates are developing ad-
vanced cathodes for vacuum electron devices. These include development of
controlled porosity cathodes using sintered tungsten wires [1] and scandate to
lower the work function of the emission surface. CCR is also pursuing a combi-
nation of these two approaches. Results from this research are reported.

Tungsten Wire Cathodes

CCR began development of tungsten wire cathodes using a sintering tech-
nique described by Alexander and Balluffi in 1957 [2]. In this technique the
tungsten wire is wound around a spool in a tightly packed array and sintered to
create a material where the gaps between wires become pores that penetrate en-
tirely through the material. The pattern appears similar to the pore structure in
plants. CCR wound 20 pm diameter wire on a moly spool, sintered the material
at 2075 °C for 75 min, and sliced the material to form caps for reservoir cath-
odes. Figure 1 shows a photograph of the face of the sintered material.

Fig. 1. Sliced surface from sintered tungsten wire
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The reservoir cathode was fabricated by bonding a 0.025 in thick, 0.138 in
diameter slice of the sintered material into one end of a molybdenum cylinder.
The cylinder was filled with a mixture of barium oxide, calcium oxide, and alu-
minum oxide and bonded to another cylinder that contained a cathode heater.
Figure 2 shows a photograph of the assembled cathode.

Fig. 2. Reservoir cathode with cap from sintered tungsten wires

Figure 3 shows the barium diffusion rate. The rate appears consistent with
that required for a cathode emission current density of 50 A/cm?.

CCR2191G Cathode Assy A00C
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Fig. 3. Measured barium diffusion rate for sintered tungsten wire cathode

The cathode was installed in a device designed for cathode life testing. After
life testing for 660 h, the cathode performance was measured in a Miram Curve
Generator at an emission current density of 4 A/cm?. The resultant rolloff curve
is shown in Fig. 4. Since this cathode does not have a coated emission surface, it
is a B-type cathode. The results indicate that the sintered wire cathode achieves
or exceeds the best of class results for B-type cathodes. CCR is now fabricating

179



M-type cathodes with the goal of demonstrating 50 A/cm’ cathode emission with
long life. The cathode shown in Fig. 2 is now undergoing life testing.
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Fig. 4. Miram curve of sintered tungsten wire cathode with emission current density
of 4 A/cm’

Scandate Cathodes

Research in the 1980s indicated that scandium lowered the work function of
cathodes, resulting in increased emission current densities at nominal operating
temperatures [1, 2]. More recent developments by the Chinese renewed interest
in this research [5, 6, 7]. Measurements at Stanford Linear Accelerator Center
demonstrated 100 A/cm’ emission at normal cathode temperature [8]. The pri-
mary issue with scandate cathodes, however, is related to the lifetime. It is well
known that nano-particles of scandium on the surface leads to increased current
emission at these locations. The issue arises when the scandate particles are re-
moved from the surface by back ion bombardment or other erosion processes.
The scandium is relatively immobile when bonded to tungsten. Consequently,
particles removed from the surface are not easily replaced by migration of sub-
surface particles. This results in decreased performance with time.

CCR investigated three techniques for insuring sufficient scandate on the
cathode surface for the lifetime of the cathode. Two processes were specific to
the tungsten wire cathodes described earlier. The first technique involves bonding
of the tungsten wires with scandium instead of sintering. This would provide an
extremely large quantity of scandium on the surface and within a few microns of
the surface. Initially, the approach was to sinter scandium wires in addition to
tungsten wires; however, scandium melts around 1600 °C, which is far to low to
sinter tungsten.
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Figure 5 shows an photograph of tungsten wires brazed with scandium. The
key requirement was that the scandium not close the pores between the tungsten
wires. As can be seen, the pores are still open to provide a diffusion path for bar-
ium in a reservoir cathode.

Fig. 5. Microscope photo of tungsten wires brazed with scandium

A second technique specific to the tungsten wire cathodes is to incorporate
scandium powder into the reservoir with the barium compound. There would be
two potential processes that could transport scandium to the surface. Since the
reservoir is between the cathode and the heater, the temperature will be consid-
erably higher than at the surface. If the temperature exceeds 1600 °C, the scan-
dium could vaporize and be transported through the reservoir cap to condense on
the surface. A second process could be direct transport of scandium particles with
the barium as it diffuses to the surface. This would require the scandium particles
smaller than the 4 pm micron pore size. CCR is currently pursing nano-size scan-
dium to explore this technique.

Fig. 6. Scanning electron microscope photograph of scandium on tungsten surface.
The deposit is approximately 150 pm in diameter.
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The final technique, which applies to both tungsten wire and sintered powder
cathodes, involves chemical vapor deposition and insertion (CVD/CVI) of scan-
dium. This technique was tested with sintered powder material. The goal was to
deposit significant amounts of scandium on and below the sintered tungsten sur-
face. The goals was to deposit sufficient scandium to survive erosion processes
for the life of the cathode.

Figure 6 shows deposition of a large amount of scandium on the surface, and
Fig. 7 shows deposition of subsurface scandium. Scandium was measured at
depths approaching 1 mm below the surface. This represents a significant deposi-
tion of scandium. Life testing will be required to determine if this amount would
be sufficient for long life cathodes.

Fig. 7. Scanning electron microscope photo of subsurface scandium. The scandium ex-
tends approximately 10 pm below the surface.

Summary

Research is in progress to develop improved thermionic dispenser cathodes.
A tungsten wire cathode was fabricated and tested with extremely encouraging
results. Additional cathodes will be built and tested in the coming months. Tech-
niques were developed for deposition and replenishment of scandium on the sur-
face of scandate cathodes to achieve long life performance. These techniques will
be tested with the tungsten wire cathodes.
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FAST OPTICALLY CONTROLLED MICROWAVE SWITCHES

G. G. Denisov, M. L. Kulygin, S. V. Kuzikov, A. A. Vikharev
Institute of Applied Physics, Russia Academy of Science, Nizhny Novgorod, Russia

Switches, based on induced photoconductivity, are considered as attractive devices for fast
control of microwave radiation at very different frequencies (10-1000 GHz) [1-3]. The
main advantage of such switches, based on semiconductors, is a fast time of switching due
to the use of short-pulse lasers. In the paper we consider several types of switches in de-
pendence of microwaves to be switched: high peak power, low peak power, and high aver-
age power.

Introduction

Semiconductor-based switches of microwave radiation are considered to be
used for switching of microwaves in different electronic devices including parti-
cle accelerators, radars, spectroscopy modulators etc. The switching effect is
reached due to a fast (much less than pulse duration) appearance of a thin photo-
conductive layer created by means of laser light which quant energy is close to
Semiconductor band gap. In order to be influent to microwaves, the concentration
of free carriers in such a layer should be high enough (e.g. higher than critical
value for a given frequency).

Let us consider main properties of semiconductor switches using as an ex-
ample a so-called 180° phase shifter. In order to switch a phase of the reflected
beam, the semiconductor of the proper thickness could be placed on metal mirror

(Fig. 1).

Laser beam
/|

N N
Metal mirror Metal mirror

Fig. 1. Principle of phase switching by semiconductor irradiated by laser

Small tangent losses, a high concentration of free carriers in photo-
conducting layer and fast growth of this concentration (“metallization”) under
laser light are typical requirements to switches. One of attractive materials is a
silicon (tan § = 10‘2—10'6). The band gap of silicon (1.1 eV) is close to most
popular laser wavelengths, such as Nd:YAG with A = 1064 nm at first harmonic
and A = 532 nm at second harmonic, and Ti:Sa with A = 795 nm wave length.
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Calculations of the scheme (Fig. 1) by means of strong-collision plasma
model [4] in the conducting layer show possibilities to provide the full reflection
of 30 GHz microwaves with the desired 180° phase shifting. The graphs in the
Fig. 2 show a reflection and phase of reflection as a function of free carrier’s
concentration. While the concentration is less than critical concentration, the re-
flection is low (Fig. 2a), and the phase is far from the needed 180° (Fig. 2b).
These are explained by high absorption in a low-density plasma created in the
photo-conducting layer. As soon as the concentration reaches ~ 10'® cm™, the
reflection comes to 100 %, and the phase goes to 180°.
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Fig. 2. Reflection (@) and phase of reflection (b) in dependence on free carrier’s concentra-
tion in conducting layer

In order to show a possibility to reach the necessary concentration level by
accessible lasers, we have carried out preliminary experiments at low RF power
level at 30 GHz (Fig. 3a). The best results in these experiments were achieved
with a silicon doped with gold and Ti:Sa laser (10 ns pulse duration, energy in
pulse up to 10 mJ). The observed reflection immediately after laser pulse was
~ 0.9-0.95. Typical reflection rise time was less than 1 ns, which was also inde-
pendently measured by means of 70-80 fs laser pulses. Other mentioned lasers
did not provide so high reflection level. As an explanation, for 532 nm laser the
absorption depth (~1 pm) is too thin in comparison with the skin depth at 30 GHz,
and for 1064 nm laser the absorption depth is too thick (about 1 mm).
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The measured relaxation time for the doped silicon (~500 ns) was much less
than this value for the pure silicon.

High peak power microwave switches

High peak power level of microwaves due to breakdown limitation
(E<100kV/cm [S]) requires a big surface of semiconductor to avoid self-
breakdown and leads to quasi-optics and accordingly to powerful lasers. In par-
ticular, a 30 GHz 180° fast phase-shifter, designed and tested at IAP for a high-
power pulse compressor in CERN, was based on wide-aperture Gaussian optics.
An active element of this switch consisted of a copper plane mirror with a silicon
plate (& 100 mm) on it. The Ti:Sa laser (A = 795 nm, T = 10 ns) was used with
energy up to 10 mJ {2].

For testing of phase switch a special diagnostic resonator with variable
length for frequency tuning was used (Fig. 4). This test modeled passive com-
pression (for example, see [6]). Due to fast 180° phase switching the power re-
flected by an iris of the resonator is added in phase to the power leaked from
within this resonator. This leads to increase of total reflection (e.g. compression).
The used resonator with Qcoupiing = 2Qi0as allowed the maximum power gain
equaled 4. This value was just measured in the described experiment under laser
energy exceeding 5 mJ (Fig. 5).

Fig. 4. Scheme of phase switch test:
1 - homs, 2 — flat copper mirror,
3 - silicon disk, 4 — focusing copper
mirror, 5 - directional coupler,
6 — detector, 7 — oscilloscope, 8 -
Marier converter, 9 - diagnostic
resonator, /0 - lens

Fig. 5. Pulse compression by 4 ; '
diagnostic cavity at laser energy: 1 |
2-8m),3-5mJ, 4-2ml 0 b apaopimel

I —-level of incident wave. ) '

186



Low power microwave switches

At low peak power microwaves, when the electric field is much less than
threshold value, so-called resonant switches are promising. These switches (to be
shaped by high-Q resonators) are operated by means of resonance’s destroying
due to “metallization” of photoconductive layer as well as absorption in it. A
resonator allows decreasing the necessary carrier’s concentration and the laser
power. Requirements to spatial quality of the laser spot on semiconductor are
also reduced. Because of the essential reduction of light power, cheap laser di-
odes are able to substitute more expensive lasers.

Let us consider a model of resonant switch based on the silicon disk covering
the metallic mirror (Fig. 6a). The semitransparent grating placed above semicon-
ductor (Fig. 6a) makes the resonator for the radiation traveling between the mir-
ror and grating. The reflection (Fig. 6b) as well as phase of reflection (Fig. 6c) is
sensible to the length of the resonator. The incoming laser light changes this ef-
fective length and, of course, causes absorption. Calculations of the 30 GHz
switch with Ohmic losses taken into account show that necessary light energy
can be reduced by at least 100 times in comparison with the energy needed for
full “metallization”.

The waveguide version of the resonant switch with an expansion filled by
silicon is shown in Fig. 7. This switch on TEg mode of circular cross-section
waveguide works as a power modulator. Without lasing the expansion provides
near to full RF reflection. However, the light power is able to increase dramati-
cally the transmission coefficient.

Fig. 6. Resonant switch (a) and its characteristics: reflection (b) and phase of reflection (c)
in dependence on distance between grating and silicon

a

Fig. 7. Field structure in case of light absence (a) and in presence of light (b)
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High average power microwave switches

At high average power of microwaves it seems natural to use components
based of self-switching due to heating of semiconductor by microwave radiation.
Because of the temperature rise, the concentration of free carriers is higher than
the room temperature concentration. Calculations, carried out by FDTD tech-
nique, show that a relatively low-power laser in this case might be used only for
ignition of “metallization” effect [7]. The power level of microwave radiation for
such scenario corresponds to the field <100 kV/cm, which is close to breakdown
threshold. That is why, high power tests are necessary.

Conclusion

Quasi-optical principles allow efficient switching of high peak power mi-
crowaves. According to these principles fast optically controlled 100 MW phase
switch was designed and manufactured. Low power experiments showed effi-
cient phase switching at 30 GHz.

For low peak power applications resonant switches seem most preferable
ones. Cheap low power laser diodes could be used for switching in this case.

For high average power microwaves switches could be designed to work in
regime of self-switching with a control by laser ignition.
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TO THE IMPROVEMENT OF RESONANCE DIPLEXER

S. N. Viasov, E. V. Koposova
IAP RAS, Nizhniy Novgorod, Russia

An improvement of diplexer to make it available for work on waves with any polarization
is suggested. The grating having identical factors of reflection (on a power and on a phase)
into zero mount for both polarizations of electromagnetic field is found and presented. The
reduction of ohmic losses may be reached in multi-mirror diplexer by returning to a plane
configuration of it and using the E-polarization of electromagnetic field.

The resonance diplexer which represents four-mirror symmetric resonator
having two opposite plane corrugated mirrors and two opposite parabolic mirrors
[1] (Fig. 1) was used at experiment on combine of two beams of gyrotron power
successfully carried out in Germany not long ago.

non-resonance
output

input

resonance
output

Fig. 1

Corrugated mirrors were intended for input and output of radiation from di-
plexer by scattering of incident wave to specular direction and —1 Littrow mount.
A working eigenmode — the Gaussian beam with linear polarization had a plane
phase front on corrugated mirrors. The direction of corrugation had an angle 45°
with a central plane of the resonator, the directions of corrugation for the upper
and lower mirrors differed on 90°. Such cross orientation of corrugated mirrors
does not change eigenmode polarization of the resonator (electric E or magnetic
H field relative to the corrugation). Usually the eigenmode with electric E field
along corrugation is used for the purpose of the better electro strength. Non-
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resonance frequency simply reflects from corrugated mirror to the specular
mount and leaves the diplexer. But resonance frequency reflects from corrugated
mirror to the —1 Littrow mount and cycles into resonator. It leaves from the oppo-
site mirror in direction differed from non-resonance output.

The theory of 4-mirror diplexer

The theory of diplexer based on the solution of quasi-optical integral equa-
tions [2], built in terms of the method of operators, suggested by V. I. Talanov in
1965.

Let’s consider the beam of electromagnetic waves, having hybrid polariza-
tion in general case, so each wave may have two components of polarization and
describes by two amplitudes Ag, Ay — the amplitudes of E and H polarizations at
beam relative to grating respectively. Each wave has a structure
Vi yn=Afun fi(x,y), depending on transversal coordinates at the plane, per-

pendicular to the propagation direction. Index 7 is a number of mirrors. «+»
means beam incoming to mirror, «—» means beam leaving from mirror. Input to
the resonator beam, resonance and non-resonance output from the resonator beam
are described by indices «i», «r» and «» (see Fig. 1).
The amplitudes of beams on grating 1 are related as following:
A;’,Ill = iRE.IlAE,Ili +TE.HA;,III’

ey

-— ; +
Ay =T uAp i tiRe A yy

Here Tg y is grating transmission coefficient to specular mount, Rg, 4 is grat-
ing reflection coefficient to —1 Littrow mount. We consider transform coeffi-
cients Rg, 4 and Tg y to have amplitudes and phases. Ohmic losses were not in-
cluded in their values. Polarizations were not related on grating in approximation
under consideration.

The transformation of beams on grating 3 occurs in accordance of:

- . - — +
AE.Hr =1RE,HAI‘::,H3’ AE,H3 _TE.HAE.H3‘ (2)

The propagation along resonator from mirror to mirror is described by opera-

tor G, j.there L, is the distance between mirrors n and m. Mirror n dia-

phragms the beam and add a phase correction to it, which describes by operator
Tyr,,- The limiting of mirrors and ohmic losses are described by addition opera-

tor D,. So we can put down the operator equation for the definition of the beam
Vem:
Ve =iRe, s POV i +
+T2,D,G, DT, G, DG, D;T ; G, Vi - 3)

& Foy & k Fy k
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The operator of scale transform P is entered to this equation. It’s entering is
specify by the fact, that the incident to the gratings and reflection beams have
different scales on transversal coordinates at the plane, perpendicular to the
propagation direction. The action of the scale operator in simplest case — then
incident and diffraction angles are equal 45° is:

Py, (x,y) =¥, Gv2.5/42). @)

The similar computation need for equations, defined output beams:
Ve =DTgy ¥, +iDRg P-l‘l’;s. i

. _ &)
Veu, =iDjRg P 1‘[’2.113,

where P! is operator inverse to P.
This method provides the accounting of diffraction and ohmic losses.

Omni-polarization grating

We suggest some improvements of the diplexer. The first of them is to make
it available for work on waves with any polarization. Let’s return to basic equa-
tion consideration (3) for E- and H-polarizations. These equations differs only by

gratings factors RE' y and TE’ u - Modes for E- and H-polarization have differ-

ent frequencies, so if we work of one of them, another been spent into radiation
losses. If their frequencies are identical — the case of degeneration, it is possible
to work on any polarization.

Diplexer operation on waves with any polarization is possible, if its gratings
have identical factors of transformation on a power and on a phase into zero
mount for both polarizations of electromagnetic field. It can be reached by a
choice of a profile of gratings.

According to rough estimates, since the E-polarized wave reflects from tops
of grooves inhomogeneities but H-polarized wave reflects from bottom of
grooves, we have the possibility of independent control for reflection coefficients
of E- and H-polarization by placing a tooth inside groove and changing its dept.
For equalization of E and H phases we should choose the width of groove on a
period.

For searching of a grating profile with the necessary diffraction properties we
used the gratings computer program developed by us earlier. It is written on Vis-
ual Fortran and contained results visualization. The program is based on the rig-
orous solution of the integral equation of a problem of diffraction of a plane wave
on the corrugated surface [3].

The example of grating with such groove profile theoretically designed for a
4-mirror diplexer is illustrated at Fig. 2.
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groove depth

Fig. 2

The profile (see Fig. 2) represents sine on the part of period, constant on an-
other part of period, and addition sine with its own amplitude. Horizontal and
vertical scales are identical. The groove period d = 0.866A. is taken equal to 2.

This profile is described by formulas:

x<aq & h(x)=0, a4 <x<a, 4=>h(x)=A(cosx_al —1),
94
x-a,
-2, (6)
1-[g, +(1-4,)(1-4,)]
x-a,

94
matching on the boundaries of 5 regions at the horizontal axis in 4 points.
The definition of conjunction points at the horizontal axis is:

q =”(1'qfl)(1_qq)’ ) =n[qd +(l_qd)(l_qq)]’

a, =n{2—-[qd +(l—qd)(l—qq):|}, a, =1t[2-(1—qd)(l-qq):|.

Here g4, g, € (0, 1) — parameters which belonging to the interval (0, 1). They
define the width of groove at period and profile asymmetry.

a,<x<a, < h(x)=A{A|1-cos

a,<x<a, :}h(x)=A(cos —1), x2a, & h(x)=0,

Q)

The corrugation depth is defined by parameters A and A.
Optimized parameters are:
g,=05, q,=055 A=07, A=13. 8)
The corresponding groove profile is shown in the Fig. 2 above.
A plane wave incident to the grating is partially reflected into the specular di-

rection (78 %) and partially scattered into the —Ist diffraction beam (22 %),
which is counter-directional to the incident one (Littrow condition). The inci-
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dence angle is 35.3°. Power distribution between the beams and the specular
beam phase relative to the incident wave do not depend on the incident wave
polarization: E or H.

Reduction of ohmic losses at plane configuration

The second suggestion of an improvement of the diplexer is the reduction of
ohmic losses that may be reached in multi-mirror diplexer. For it achieving one
must return to use a plane diplexer configuration [4] in which the incident on a
diplexer grating beam and the beams reflected from it are in one plane which is
passing through normals to the mirrors. So the E-polarization of electromagnetic
field (then E is perpendicular to the incident plane on mirrors and parallel to the
grating grooves) may be used in an offered configuration.

Let’s consider the simplest case of reflection from the plane mirrors. Reflec-
tion coefficients from general formulas [5, 6] are the same than for two-layer
medium, but the skin layer is taken in the capacity of second media. For the wave
with E perpendicular to the incident plane reflection coefficient is equal

r, =—J1-2kd cos9 , there k is the wave number of free space, d — the depth of
skin layer, 0 — the incident angle on each mirror. For the wave with E laying in
the incident plane reflection coefficient is equal r, =+/1—-2kd/cos6. Ohmic

losses are: for E-polarization 2kdcos® and for H-polarization 2kd/cos. So the
relation between losses for space diplexer with incident angle 45° and plane di-
plexer is 1.5.

The principle configuration of plane diplexer is shown on the Fig. 3.

Resonance
Output 2

Resonance
Input
frequency 2

Non-resonance Non-resonance

Input Output 1
frequency 1

Fig. 3
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The directions of corrugation on gratings are parallel each other. The polari-
zation of incident beam is linear and electrical field is parallel to corrugation.
Non-resonance frequency 1 reflects from corrugated mirror to the specular mount
and leaves the diplexer. The resonance frequency 2 reflects from corrugated mir-
ror to the —1 — here it is not Littrow mount — and cycles into resonator. Its output
is on the opposite mirror to the —1 — (not Littrow mount) in direction opposite to
non-resonance output. The equations describing wave interaction and scattering
in this configuration of diplexer are the same that at space configuration (1-3).

Work is supported the RFBR (the Grant Ne 08-02-01233).
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PRESENT DESIGN AND PERSPECTIVES OF RESONANT
COMBINERS BASED ON RECTANGULAR CORRUGATED
WAVEGUIDES

A. Bruschi', W. Bin’, 0. D'Arcangelo’, F. Gandini’, S. Garavaglia’,
Ww. Kasparekz, A. Moro', V. Muzzini', B. Plaum’, A. Simonetto'

! Istituto di Fisica del Plasma-CNR, Milano, ITALY
2 Institut fur Plasmaforschung, Universitit Stuttgart, Germany

The power from multiple sources can be combined or distributed to separate outputs using
a new generation of devices recently developed. A family of these is based on the splitting
properties of a rectangular corrugated waveguide characterised by a proper length and fed
with a beam in a suitable geometry. A prototype based on a couple of resonating loops in-
cluding these waveguide splitters has been measured at low power at 105 GHz. A report is
given on the measurements, the alignment and the tuning procedures. A study on optics
and on input configuration is required in order to guarantee a minimum degradation of per-
formances in real applications. Configurations with side-input coupling to the waveguide
and astigmatic beams in input are presented. They may drastically reduce the overall
waveguide length, without performance degradation. The possibility to split beam power in
unequal ratios using waveguides with fractional length allows a spectrum of new applica-
tions for devices using rectangular corrugated waveguides, from non-3dB couplers to reso-
nators coupling more than two channels.

Introduction

A new generation of splitting/combining devices is in development for pow-
erful millimeter-wave beams. These four-port devices are based on resonant cir-
cuits or interferometers with a long delay line using either quasi-optical or
waveguide splitters. The two outputs and two inputs allow their use as diplexers
and combiners controlled by small frequency shifts of the source or fine-tuning
of the loop length [1, 2].

The goal of a high power capability in Electron Cyclotron (EC) transmission
lines reduces the available beam splitting media. A promising one is the square or
rectangular corrugated waveguide of proper length exploiting the imaging prop-
erties already used for the proposal of the remotely steerable (RS) antenna for EC
on ITER [3]. Using three identical square corrugated (SC) waveguides with side
b and length 2b%/A as splitters, a device based on a couple of resonating loops [4]
has been made. In this paper the low power measurements of a 105 GHz proto-
type are reported and some alignment and tuning issues that arose during meas-
urements are discussed. In perspective, a few problems of the angled input can be
overcome with side-input coupling to the waveguide. This scheme can be
achieved in two ways: using rectangular and longer waveguides for equal input
beam size, or feeding the waveguides with astigmatic beams. Side input gives
some additional features that can be exploited to widen the range of devices ap-
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plicable to high power transmission lines. The last part of this paper will show
some of them.

Low-power measurements and alignment issues

The 105 GHz prototype of a 2-loop version (see Fig. 1) has been assembled
at IPF Stuttgart as shown in Fig. 2a, using the waveguide already used for the
high-power test at 140 GHz of the RS antenna for ITER [5]. The three adjacent
waveguides are fed with angled beams and coupled with spherical mirrors. Focal
length of the mirrors equals their distance from the waveguide entrance. A gaus-
sian beam generated with a horn-lens antenna is fed in input 1 (In1) and beams
are measured at the outputs. Local measurements performed with a Vector Net-
work Analyzer guided the system tuning.
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Fig. 2. Combiner assembly in IPF Stuttgart () and (b) measured power distribution in the
two channels (markers) vs. frequency shift, compared to the expectations (solid lines)

Detailed description of the measurements is presented in [6]. In this paper the
measurements outcome discussion is focused on the integrated power at the out-
puts, measured with quasi-optical bolometer vs. frequency shift (Fig. 2b). Evi-
dences gained by measurements repeated after re-alignment show that an incom-
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plete interference might occur. This is shown in Fig. 3a, where in particular an
unexpected unequal distribution of the power occurs (see arrow in Fig. 3a), proba-
bly due to an imperfect alignment.

Analysis of the optical setup led to the conclusion that it is very sensitive to
the alignment. In fact, considering the confocal optical arrangement and the
waveguide imaging properties, a tilt or an offset in the beam input axis alignment
causes a tilt or offset in two opposite directions for the two beam components
that should interfere (destructively or constructively) at each output (see Fig. 3b).
Thus either the alignment must be accurate, or a design of a new optical configu-
ration (less sensitive to misalignment) is necessary.
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Fig. 3. Measurements of the power distribution in the two channels vs. frequency shift
after re-alignment (a). Effect of tilt and offset in input: non-ideal superposition of beams at
the outputs (b).

Side input alternatives

Resonators using side input [4] are found as possible alternatives. At a first
sight they appear less interesting, due to the length needed, that for the same
beam width is four times the one required with oblique input (beams have to be
spatially separated at the entrance).

The imaging properties of the waveguide with length 2b%A cause a splitting
of an input beam in two beams at equal power at the exit (Fig. 4, top), making it a
high-power 3dB coupler [7]. Looking at an example of calculated propagation of
the field inside the waveguide (Fig. 4, bottom) it is possible to verify that for a
length %A (half the previous length) a different splitting ratio can be obtained.
For an input beam of gaussian profile, the output power density profile is shown
in Fig. 5. The power is splitted according to the expression written in Fig. 5, as a
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result of the imaging properties of the SC waveguide at reduced length, due to
the superposition of images with different phase difference, described in [8].
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Side input  L=b%\ ->8.3 dB coupler L=2b%A ->3 dB coupler

Fig. 4. Input-output configuration for a side-input waveguide coupler (top); power density
(white is maximum) along the waveguide mid-plane (bottom): input is at the bottom left;
arrows correspond to b%/A and 2b%A, distances from input aperture
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Fig. 5. Power density and phase at the exit mid-plane of a b%/A long waveguide

Using a waveguide b%/A long and exploiting the difference of power splitting
between the two channels, a number of devices with different properties can be
realized: the simple waveguide acts as a 8.3 dB coupler. Resonators with filtering
capabilities and 4-port devices will have different characteristics depending on
the input and output chosen. One of the most interesting is the diplexer/combiner
shown at the top of Fig. 6. With only a single loop it achieves more than 99 %
separation of the channels, due to the highest circulating power. As for all other
side-input options, it can be made shorter by using in input an astigmatic beam
(Fig. 6).

INI—» 1

( IN2

-—

ouT2

Fig. 6. Diplexer/Combiner with single
loop, achieving > 99 % separation of
the channels (fop); output power ratio
computed for this case (left). Astig-
matic input (right).
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For example with an input beam with 2:1 height-to-width ratio (Fig. 6, right) a
square waveguide can be used with length halved with respect to the device
shown in Fig. 1. Another advantage of the side input waveguide is that the optics
can be made more easily less sensitive to misalignment, using for example a
roof-top configuration, either in free space propagation or integrated in the
waveguide.

Devices coupling multiple beam lines

Configurations coupling more than two lines can be realized with the same
principle. Depending on the amount of radiation coupled and the fre-
quency/phase-shift in the loop, the splitting ratios are different.
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Fig. 7. Configuration coupling three lines (left); distribution of power found at the outputs
and circulating when In1 is fed in, vs. phase delay in one turn (right)
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Two examples are given in Fig. 7 and Fig. 8, where a b%/A long waveguide is
considered and inputs and outputs are arranged so that most of the power is circu-
lating in the loop. In resonant condition, a more balanced output is obtained, that
can be used for example to send coherent power to multiple launchers, in order to
exploit array-antenna effects to enhance focusing in multi-beam launchers.
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Conclusions

The proposal of resonating combiners made with square or rectangular cor-
rugated waveguide was validated by low-power measurements, which raised the
issue of precise alignment. Prospects for integration in high-power transmission
lines have to be confirmed by high-power tests. Alternative configurations may
enhance the capability of EC systems.

This work is carried out in the frame of the virtual institute “Advanced
ECRH for ITER” (collaboration between IPP Garching and Greifswald, FZK
Karlsruhe, IHE Karlsruhe, IPF Stuttgart, IAP Nizhny Novgorod, and IFP Mi-
lano), supported by the Helmholtz-Gemeinschaft deutscher Forschungszentren.
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SYNTHESIS OF MODE CONVERTERS
FOR HIGH-POWER MICROWAVE SOURCES

S. V. Kuzikov, M. E. Plotkin
Institute of Applied Physics, Russian Academy of Sciences, Nizhny Novgorod, Russia

High-power microwave sources usually require efficient, compact, and electri-
cally proof mode converters. In order to satisfy these (sometimes inconsistent)
requirements a new method of synthesis, based on an iterative improvement of
the converting waveguide wall, is suggested. A new synthesis algorithm devel-
ops the described in [1] iteration procedure which is based on a coupled mode
formalism required a representation of whole fields in each cross-section as a
sum of eigen modes. A new method is free of these requirements, because it op-
erates with surface fields only which can be found using arbitrary computation
codes. By means of the elaborated method many components for the IAP
30 GHz gyroklystron (TEs3-TEq, mode converter, TEs;;~TEMy, converter, an
electron beam collector with field repetition effect, a compact TE;,—TEq, mode
converter) were synthesized and tested at low power level.

Definition of synthesis problem

Let us consider stationary solutions of Maxwell’s equations at a given fre-
quency . We start with a waveguide of length L with perfect conducting walls.
The shape of this waveguide, which provides conversion of initial field distribu-
tion given in one cross-section into the required distribution given in another
cross-section, has to be found. The Fig. 1 shows these fields at initial and final

cross-sections correspondingly: E,, (0,r,), H,(0,r,), atz=0;and E,, (L.1,),

H,, (L.r,) atz=L.Itis assumed that shape to be synthesized is smooth enough
so that we neglect reflections everywhere.

B (z=0r) =7 (r) B z=Lr) -7 ()
ﬁix(z‘u’ﬁ)"};(ﬂ) F!ou(z“L'rp_)j;(’i)
: |

— e
N B e
1} i z

Fig. 1. Statement of the synthesis problem

For formulation of the iterative algorithm we will utilize two types of field
solutions. The first one { E*(z,r,), H*(z,7,)} can be interpreted as a solution
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of the initial mathematical problem where Maxwell’s equations are integrated in
t — +oo direction, within this formulation the fields E, (0,r,), H,, (0,r,) play a

role of radiating sources. The second solution { E~(z,r), H™(z,r)} is obtained
if to integrate Maxwell’s equations in ¢ — — direction where E,,(L,r),

H,,(L,r,) are to be field sources.

Within each iteration a correction to the waveguide shape is calculated by
means of the described fields of both types:

Al=o-Im{H}"-H; +E}" -E;}, m
where a is a positive constant. This constant should be chosen as a result of com-
promise: if o is too small, the iteration procedure obtains necessary solution too
slowly; if a is too large, a convergence is not guaranteed. The practical algorithm
of choice can be done in following way: 1) to estimate Al using perturbation the-
ory [5], 2) to choose ato be satisfied the inequality:

a<Al. )

Iterative Algorithm

In order to start the iterative procedure, we need to have some initial ap-
proach of waveguide shape. For example, it could be a regular smooth waveguide

surface. Then we calculate the complex fields E*, H*, E-, H~. Then we
produce a new correction to the surface according to formula (1). Next new fields
and the corresponding correction are derived within the already modified geome-
try. These iterations can be repeated as many times as necessary until the calcu-
lated conversion efficiency reaches a satisfactory high value. The efficiency at
iteration number i should be calculated at final cross-section (n*):

2

=\ (LB} x A, )+(E,, x H}1)dS] . 3
s

The whole block-scheme of the iterative procedure is shown in Fig. 2. Note
that the suggested form of
correction satisfies condi- Bley Surtace shape A
tions: 1) when the derivable
solution comes near to the
required one the correction
vanishes; 2) when the deriv- Correction o shaps Alur
able solution differs from
the required one the correc-

Calculation fields £ and -
feffictency v/ I on surfaces [c%mm w

1

. . Spatial Fourier filter
tion generates harmonics,
that improve the conversion
efficiency. Fig. 2. Scheme of iterative procedure
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Examples of synthesis

The output converter of a 30 GHz multi-MW gyroklystron has been synthe-
sized [3—4]. The converter consists of three sections (Fig. 3).

In the first shortest section the operating TEs; mode is converted into TEg,
mode, an efficient conversion in this case is achieved in a helical-corrugated
waveguide due to a quasi-degeneration of the mentioned pair of modes.

R K1 v 4
O ek O

Ese
G277 7LV D
R a1 X[
W X
L Z 2227 P2 "
absorber
AA e-bearr B.B

b
Fig. 3. Scheme of gyroklystron mode converter: a — with TEy, mode output,
b — with TEMy, output

The problem of efficient output converter is connected with the problem of
electron beam collector. Because electron beam power to be several tens of
megawatts the electron beam must be sprayed on a sufficiently large surface.
That is why, the beam collector appears as an axisymmetrical waveguide expan-
sion which provides efficient repetition of the incident field structure at its output
cross-section according to Talbot effect [6]. However, transmission efficiency in
the smooth cylindrical expansion is not high, therefore the collector profile has
been synthesized using FDTD technique [2] for field computation. Transmission
efficiency at the final, 14th iteration reached 99 % (the same value was obtained
by means of HFSS simulations), the E-filed distribution at this iteration is shown
in Fig. 4.

TEy,

—

Fig. 4. Instantaneous field distri-
bution in collector at the last
(14th) iteration of synthesis
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The third section of the converter has two modifications (Fig. 3a and 3b cor-
respondingly). In the first version the TEq, mode is converted into the TEy mode
of the cylindrical waveguide with power output along the device axis (such ver-
sion is attractive for accelerator’s application of the gyroklystron). In the second
version the TEg4 mode is converted into the Gaussian beam (TEMgy mode) with
output sideways (such version is aimed for radars and other applications).

The mentioned TEy; mode into the TEy; mode converter was synthesized at
length 350 mm with average diameter about 50 mm. The efficiency of conversion
at the level of about 99 % was obtained for 18 iterations (results of synthesis also
were checked up with HFSS code). The Fig. 5 illustrates the synthesized con-
verter shape and E-field distribution inside it (a half of the longitudinal cross-
section of converter is shown).

Fig. 5. Instantaneous field distribution in TEq~TEj mode converter at the last
(18th) iteration

The TEy mode into TEMy, mode converter (including a visor at the end)
was synthesized by means of the integral equations technique in frames of the
phase corrector approach [7]. Under the length 200 mm and diameter 50 mm it
has 97 % efficiency with losses in side-lobes of radiation pattern taken into ac-
count. The synthesized shape and field distribution on wall surface are shown in
Fig. 6 and Fig. 7 correspondingly.

Fig. 6. Shape of TEy,~TEMy, mode converter
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Fig. 7. Field distribution on surface of TEy~TEMy, mode converter

The low power tests were carried out with the TEy mode output version of
the three-section gyroklystron mode converter. In accordance with the scheme of
tests the TE;; mode was excited at the end of the tested converter so that we
could measure a field distribution at the cross-section in the beginning. The
measured radiation pattern was well coincided with the desired TEs; mode. The
efficiency, calculated by means of the described field measurements, was
[96 +2] %.

Conclusion

The iterative algorithm for synthesis of waveguide systems has been sug-
gested. It can be used for computation of waveguide converters as well as mirror
converters. Universality of the algorithm makes its application possible together
with such powerful codes like HFSS, Microwave Studio, and others. The exam-
ples show high efficiency, the results of synthesis are well agreed with other nu-
merical methods and results of low-power tests.
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GENERATION OF POWERFUL ULTRASHORT
MICROWAYVE PULSES BASED ON SUPERRADIANCE
FROM INTENCE ELECTRON BUNCHES

N. S. Ginzburg', A. S. Sergeev', 1. V. Zotova', M. I. Yalandin®, V. V. Rostov’

! Institute of Applied Physics RAS, N. Novgorod, Russia
2 Institute of Electrophysics RAS, Ekaterinburg, Russia
3 Institute of High Current Electronics, Tomsk, Russia

Superradiance (SR) of extended electron bunches can be considered as effective method of
production of ultrashort electromagnetic pulse. Different types of SR associated with dif-
ferent mechanisms (cyclotron, Cherenkov, bremshstrahlung) of stimulated emission were
recently observed experimentally at millimeter and centimeter wavelength bauds. Progress
in these researches has enabled a new type of generator to be created capable of generating
unique short (under 200-300 ps) em pulses at super high peak (several GW) powers.

One of the effective methods of generation of ultrashort electromagnetic
pulses is the stimulated emission of intense extended electron bunches [1-9].
Radiation of such bunches may be considered as a classical analogue of the well
known in the quantum electronics Dike's superradiance (SR) effect. Superradi-
ance of classical electrons may be associated with different mechanisms of stimu-
lated emission (cyclotron, Cherenkov, bremshstrahlung etc). Different types of
SR were recently observed experimentally at millimeter and centimeter wave-
length bands. Progress in these researches have enabled a new type of millimeter
band generator to be created capable of generating unique short
(200-300 ps) em pulses! at super high peak powers exceeding 1 GW in millime-
ter and 3 GW in centimeter waveband. Supplementary development of high cur-
rent accelerators allowed to realize repetitive rate regimes of generation with high
frequency (several kHz) and high average power (up to 2.5 kW).

Basic models and the first experiments

1. Cyclotron SR in the group synchronism conditions

Cyclotron SR is realised in the bunch of electrons rotating in the homogene-
ous magnetic field. Cyclotron SR involves the process of azimuthal self-
bunching and subsequent coherent emission of stored energy in the form of short
single em pulse. As it was shown in [3] the most favourable condition for ex-
perimental observation of cyclotron SR in waveguide is the group synchronism
condition, when the longitudinal velocity of electrons Vj is close to wave group
velocity V. In commoving reference frame this regime corresponds to radiation
near cut-off frequency @ and in this sense has number of advantages in common
with the interaction regimes in gyrotrons such as weak sensitivity to the spread in
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the electrons velocities. One more factor is the rather low rate of em energy ex-
traction from the electron bunch which results in the maximum gain of SR insta-
bility.

In comoving reference frame cyclotron SR can be described by the system of
equations included parabolic equation for wave evolution and non-isochronous
equations oscillators for electron motion:

.0%a da

2n n
+ 2 272G L [B.dsy s ([ -a-D=ia,
0

72 x
B, (t=0)=exp[i(, +rcos8,)], r<<l, 8,€[0,2n], a(r=0)=0.
Here P, = exp(idr)(B, +iB,)/B,, is the normalised transverse electron veloc-

ity, 1=182,0/2, a= (2eA(z,t)/mc('ﬁﬁio)J,,,_, (R®/c), Z=2B,®[c, A(z,1)

is the slow varying field amplitude, R, is in-
jection radius of the hollow electron beam
A =2(w), -®)/®B?, is detuning of the cy- -
clotron frequency in the comoving frame

from the cut-off frequency and G is the pa- 0.005—
rameter proportional to electron current. The
function {Z) describes the axial distribution ]
of the electron density. The initial conditions
are written under the assumption that in the
initial state the electrons are distributed uni- T
formly in cyclotron rotation phases, aside 0 10 20 30
from small fluctuations assigned by parame- Fig. 1. Pulses of cyclotron SR for
ter r. Temporal evolution of the radiation different parameter A that charac-

power P=Re(aaa'/82) for different val- 'cTizes detuning from group syn-

chronism regime.
ues of A is presented in Fig. 1. It is seen that
the maximum of growth rate and pulse peak power is achieved for A=0 that
corresponds to exact group synchronism regime. Detuning from this regime leads
to decreasing of the gain and the SR pulse peak power.

The advantages of group synchronism regime were confirmed experimen-
tally [4] based on the subnanosecond high-current accelerator RADAN which
generated single 300 ps, 200 keV, 200 A electrons bunches. The transverse ve-
locity with pitch factor ~1 was imparted to the electrons by the kicker (system
with strongly inhomogeneous magnetic field). SR pulses (Fig. 2a) were observed
in the regions corresponding to group synchronism with TE;, and TEq modes.
Maximal peak power of 40 GHz SR pulses was 400 kW for ultrashort pulse dura-
tion ~400 ps. According to theoretical consideration detuning from group syn-
chronism regime by the varying of the guide magnetic field leads to the dramatic
reduction of the SR pulse peak power (Fig. 2b).

@
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T

207



| P
'\ 400kW

L ' ] ¥
n 12 13thkoe
Fig. 2. Oscilloscope trace of cyclotron SR pulse (a). Experimental dependence
of peak power on guide magnetic field (b)

2. Cherenkov superradiance

Cherenkov SR can be produced by a bunch of electrons moving along recti-
linear trajectories in slow wave structures (SWS). Two varieties of Cherenkov
SR have been studied. The first one is associated with the forward wave interac-
tion in the dielectric loaded waveguide under synchronism condition ®=hV,,
where ® and h are the frequency and longitudinal wave number respectively.
The second type of Cherenkov SR occurs in the case of interaction with the slow
spatial harmonic of the backward wave in periodically corrugated waveguide

under synchronism condition: (o=(-ho +h )Vo, where h, is the longitudinal

wave number of the fundamental harmonic, & = 2n/d, d is the corrugation pe-

riod. Under the assumption of a small variation of particles’ velocity Cherenkov
SR in the both cases can be described by the equations:
3

aa e aze [ 89]'2' i

= to= x(Z e™de,, 1+v— Z)Re(ae'®), (2
where the upper and lower signs correspond to the interaction with the forward
and backward wave respectlvely Here we use the following dimensionless vari-
ables:

_0Ce-z/Vy) ,_oC a=eA(z,t)Ei(Ro)
v, ’ CvVymw
0=z —hz is the phase of electrons with respect to the synchronous harmonic,

E,(r,) is the transverse field profile, v, =(1-B,)""", v=2yiC.

C =(e1,,2 [2mey} )1/3 is the Pierce parameter, Z = 2¢” |E l(Ro)r / W’N is the
coupling impedance, N is the waveguide norm, /, is the electron current. The
function ¥(Z) defines the longitudinal profile of the wave coupling impedance
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(tapered, for example, by varying the corrugation depth). This function is normal-
ised as 1/ LIoLx(Z )dZ =1, where L=wCl/V, is the dimensionless length of the

interaction space. The function f(t) describes the current pulse profile. Below

we assume that electron density is constant within bunch duration apart from
small initial density perturbations:

8(Z=0)=0, +rcos6,, r<<l, 6,€[0,2n], 96/9Z(Z=0)=0. (3)

For em field amplitude initial and boundary conditions have the form:
a(t = 0)=0, a(Z = 0) = 0 in the case of forward and a(t = 0)=0, a(Z= L) =0 in the
case of backward wave propagation.

For uniform SWS (x(Z)=1) formation of SR pulse is shown in Fig. 3a and

Fig. 3b for forward and backward wave propagation respectively. This process is
caused by electron bunching and slippage of the wave with respect to the elec-
trons due to the difference between the wave group velocity and the electron lon-
gitudinal velocity. Slippage provides the coherence of radiation from entire vol-
ume of electron bunch.

Experiments with both forward and backward mechanisms of Cherenkov SR
have been carried out based on RADAN accelerator. In the experiments with for-
ward emission dielectric loaded waveguides were used. In these experiments SR
pulses with power about 1 MW and duration ~300 ps were generated [5].

Fig. 3. Formation of SR pulse for forward (a) and backward (b) wave propagation

SR pulses with much higher peak power were achieved for the “backward”
mechanism of SR in periodically corrugated waveguides. In the first experiments
in Ka-band the uniform SWS was used with corrugation period 0.35 cm, depth
0.075 cm and mean diameter D/A = 0.8 [6, 7]. For extraction of SR pulse from
SWS reflection from cut-off narrowing on the cathode side was used. High cur-
rent electron bunches were transported through the interaction space in a guide
magnetic field created either by a pulsed solenoid (B ~ 1.5-5 T) or by a super-
conducting magnet (B ~ 8.5 T). The dependence of the SR pulse peak power on
the value of the guide magnetic field is presented in Fig. 4a. Similar to the tradi-
tional BWO the fall in the power near the magnetic field value ~3 T is caused by
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cyclotron absorption when the cyclotron resonance condition for the fundamental
harmonic is matched. The maximal peak power of the SR pulse was obtained for
a value of the magnetic field exceeding the cyclotron resonance value. A typical
oscilloscope trace of the Ka-band microwave signal is presented in Fig. 4b. The
observed microwave pulses had duration ~300 ps and a rise time of 200 ps. For
the electron bunch with energy ~290 keV and current ~2 kA the peak power was
~150 MW in the single pulse regime [7]. Operation in the repetition rate mode at
25 Hz was realized with a peak power of the SR pulses ~60 MW [6].

To increase SR pulse peak power in the following experiments in Ka-band
advanced SWS has been used [8]. To diminish the influence of dispersion spread
a slightly oversized corrugated waveguide with D/A = 1.3 and a resonant reflector

10+ y SO
P/P,,,
08 a b
05.
03- 1ns
; 150 MW —
Y HT
00 T T T 1 ¥ )
00 20 40 60

Fig. 4. Dependence of SR pulse peak power on value of guide magnetic field (a).
Typical oscilloscope trace of the Ka-band microwave signal in uniform SWS (b)

for em pulse extraction have been implemented. In the experiments performed at
the RADAN-303BP with an electron current 2.1 kA and electrons energy of
290 keV guiding in high magnetic field (5.5 T) 200-250 ps microwave pulses
were obtained with a maximum peak power of 420 MW. In a low magnetic field
(~2 T) the peak power decreased to 240280 MW [8].

3. Superradiance in the process of stimulated backscattering

To generate SR pulses in high-frequency bands it is beneficial to use stimu-
lated backscattering of powerful pump wave by intense electron bunch. In this
situation, due to the Doppler up-conversion the radiation frequency can signifi-
cantly exceed the frequency of the pump wave. With the relativistic microwave
generator as a pump wave source such a mechanism is beneficial for generation
of the powerful pulse radiation in the short millimeter and submillimeter wave
bands.

Under assumption of the fixed pump wave amplitude A; superradiance in
this case can be described by the nonstationary equation for scattering wave am-
plitude A; and the averaged equations for electrons’ motion in the field of com-

bination wave:
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da, 1F 0’0 -
aZ+ 81: =if (T )a,g;!e °de,, ?=p,1m(asa,ge '°). 4)

Here Z=w,z/c, T=0.c(t—2z/V,)(}V, —-l,/Vo)—l . @, =eA, [2my,c* are
the dimensionless amplitudes of pump and scattered waves, 6 = @, —k_z is the elec-
trons phase with respect to the combination wave, ®. =, —®;, k. =h +h,, h,,
are the longitudinal pump and scattered wave numbers, W=Y;'B;’,
I= (eI,, / mc3)-(270h,ch2N, ).1 , I is the electron current, N; is the norm of the
scattered wave. Factor g=J, (k,R,)J, (k. R,)Q/(Q-w,) describes the
increase of oscillation velocity of electrons near the cyclotron resonance,
o, =eH,[/mcy, is the gyrofrequency, Q= +hV, is the bounce frequency,
k,;, is the transverse wave number, J,(x) is the Bessel function, n; are the

azimuth indices of the waveguide modes. The development of SR instabilities
starts from small initial density perturbations in electron bunches (3). As it fol-
lows from simulations the scattered radiation has the form of a single short pulse
(Fig. 5). The parameters of simulation were close to experimental ones. The
38 GHz 100 MW pump wave with 100 MW undergoes backscattering on
250 keV, 1 kA, 200 ps electron bunch guided in 24 kG magnetic field. According
to simulations duration of scattered 150 GHz SR pulse is about 50 ps with peak
power ~25 MW.

[

b

Scattered microwave power (MW)
H

e

100 200 300
Time (ps)

Fig. 5. SR pulse of backscattering radiation:
a - simulations, b — experimental oscilloscope
trace

Experiments on the observation of the stimulated backscattering in the SR
regime [9] were carried out based on two synchronized nanosecond and subnano-
second high-current accelerators RADAN303. The 4 ns electron beam from the
first accelerator was used to drive the pump wave generator (BWO). The pump
wave undergoes backscattering with frequency up-conversion on the subnanosecond
electron bunch produced by the second accelerator. Typical oscilloscope trace of SR
pulse with peak power 2 MW and duration 200 ps is presented in Fig. 5. Spectrum
measurements by a set of cut off waveguides showed that the scattered signal in-
cludes frequencies up to 150 GHz which was close to calculated.
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Production of SR pulse with peak power exceeding
the power of driving electron beam

It is important to note that in contrast with traditional microwave devices op-
erating in steady-state regime the SR pulse peak power can exceed the power of
the electron beam due to accumulation of energy from different electron fractions
by moving SR pulse. In this case the power conversion coefficient K = Py [P,

Fig. 6. Pulse amplification and shortening

can exceed 1. Obviously this fact does
not contradict the energy conservation
law because the full energy of the em
pulse is still smaller than the total en-
ergy of the beam.

In [10] cumulative effect was
demonstrated for Cherenkov amplifica-
tion of a short incident em pulse
propagating through a quasi stationary
electron beam. This process can be
described by Egs. (3), (4) (with upper

sign). But in this case boundary condition has a form: a(Z =0) =g, (t), where

function a,(t) describes the form of incident signal. Conversion coefficient in

‘this case may be presented in the form: K =(Y,+1)V |amax] /87,,. Results of

simulations are presented in Fig. 6. It is seen that due to the difference between
wave group velocity and electron transversal velocity input pulse propagates
through unmodulated electron fractions and effectively amplified. In this case the
power conversion factor achieves 3.5. This process is limited by negative influ-
ence by natural fluctuations of beam density.

2.0 1 P
1 Poeam
1.5 - ~2
1.0
0.5 1
] T
0.0

0 5 10 15

Fig. 7. Normalized SR pulse
power vs time: I — uniform
SWS, 2 - tapered SWS

The similar regime can be realised without in-
cident signal. For the backward wave interaction to
achieve a substantial excess of SR pulse peak
power over power of driving beam it is necessary to
use the non-uniform SWS with coupling impedance
x(Z) decreasing to the cathode end [11-13]. In

this case the SR pulse forming in the initial stage
propagates towards cathode through electron frac-
tions with rather small modulation and extract en-
ergy from them. For example, it is possible to use a
slow wave structure with a corrugation depth line-
arly decreasing to the cathode end along the first
half of the SWS length. In this case the peak power
of SR pulse exceeds the power of driving electron
beam in 1.8 times (Fig. 7).
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Generation of SR with peak power exceeding the power of driving electron
beam was realized experimentally in Ka- and X-bands. In these experiments SR
pulses with record power level have been generated.

In Ka-band the non-uniform SWS with increasing corrugation depth had a
length of about 12 cm (~14A) and a mean diameter ~1.3A. Electron bunch with
current 2.5 kA and energy 290 keV (power ~700 MW) is guided by strong mag-
netic field up to 6.5 T. The peak power of 300 ps SR pulse (Fig. 8) was over 1
GW. Correspondingly the power conversion coefficient achieved 1.4 [12].

The experiments with maximum conversion coefficient K was performed in
X-band by using the SINUS-200 compact accelerator forming 5 kA 330 keV 9 ns
electron beam (beam power ~1.7 GW). The corrugation amplitude increased
from 0.1 to 0.25 cm along the system. The waveforms of the vacuum diode volt-
age and microwave detector signal are presented in Fig. 9. The peak power of the
SR pulse with duration of 0.65 ns was ~3 GW which corresponds to a conversion
factor of 1.8 [13].

PV 12GW

2ns/div

Fig. 8. Oscilloscope trace of 1 GW Fig. 9. The waveforms of vacuum diode
300 ps Ka band SR pulse voltage and microwave detector signal for
X-band SR in tapered SWS

Repetitive generation of powerful SR pulses

To provide generation of powerful SR pulses in high repetitive rate mode
specialy designed hybrid modulators with solid-state opening switches were ex-
ploited [14-16]. At the same time additional tapering of coupling impedance by
using of special profile of guide magnetic field was used. This profiling allowed
to obtain the rather high conversion coefficient in decreased magnetic field lower
cyclotron resonance value.

Based on hybrid modulator SM-3NS in Ka-band the generator of 250 ps
300 MW (K ~ 0.5) SR pulses was realized with repetition frequency 1-3.5 kHz
and pulse train width ~1 s [14]. Average microwave power achieved 200 W for
repetition frequency 3.5 kHz.

In X-band for repetitive rate regime the high-voltage driver S-5N was used
[15, 16]. SR pulse peak power achieved 3 GW for pulse duration ~0.8 ns
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(K ~ 0.8). At a pulse repetition rate of 300 Hz average power was ~1 kW for train
duration 10-100 s. For shorter train (~1 s) at repetition frequency 700-900 Hz av-
erage power achieved 2.5 kW [16]. Regimes with a (20—40)-picosecond stabi-
lized phase of the high-frequency filling of SR pulses with respect to the acceler-
ating voltage pulse front have been observed at a BWO peak output power of
~1 and 3 GW.

This work was supported in part by the Russian Foundation for Basic Re-

search under Grants 08-02-01059, 08-02-00183, and 07-08-00083.
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DEVELOPMENT OF HIGH-POWER MICROWAVE SOURCES
IN KANAZAWA UNIVERSITY
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S-band superradiance with frequency of 5 GHz, output power of 400 MW and duration of
4 ns was obtained using a 600 keV, 6 kA, 14 ns intense relativistic electron beam injected
into a periodical slow wave structure. A new scheme of free electron maser with a hybrid
resonator, in which advanced Bragg structure is utilized as up-stream mirror, was studied.
Simulations demonstrated effective mode selection in this scheme.

Introduction

Microwave studies for high power and/or for high frequency have been
carried out at the particle beam laboratory in Kanazawa University. Intense
electromagnetic radiation sources are developed for applications in nuclear
fusion, particle accelerators, radars, etc. Quasi steady-state radiation sources are
successfully developed with output power of around 1 MW. However, radiation
sources with output power over 1 GW are still in an experimental stage. The
breakdown caused by the strong electric field of the radiation limits the output
power and the duration of the radiation. Stimulated emission from extended
electron bunches — superradiance (SR) is an attractive method of generation of
ultrashort electromagnetic pulses. The duration of SR pulse is much shorter than
the time that the breakdown occurs. One more advantages of SR it is high power
which even can exceeds the power of driving electron beams. Theoretical and
experimental studies of SR have been reported with different mechanisms of
stimulated emission (bremsstrahlung, Cherenkov, cyclotron) through the
frequencies 10-150 GHz [1-4]. We report here the experimental results of
S-band SR pulse production with slow wave structure.

On the other hands, reliable electromagnetic radiation sources with
frequency range of 0.1-10 THz, i.e. called THz gap, are eagerly expected. The
THz Gap lies between the upper frequency of classical electronic (electron tubes)
and the lower frequency of quantum electronics (laser).

One of the candidates of THz source among electron devices is a free
electron maser (FEM). Many successful experiments with narrow band mm-wave
FEM were performed by using the Bragg mirrors [5-7]. However, as the
frequency increase, the traditional Bragg mirror loses the selective features over
transverse indexes. The mode competition effects are a very severe problem for
FEM. Selective properties can be improved using an advanced Bragg structure
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(ABS) based on coupling of the propagating and quasi-cutoff modes [8]. Higher
mode selectivity of this scheme was demonstrated in simulations as it compared
with traditional Bragg mirror. In Kanazawa University, an intense relativistic
electron beam was prepared for experimental study of FEM with hybrid
resonator, in which advanced Bragg structure would be used as an upstream
reflector.

Superradiance

The corrugated cylindrical waveguide was newly designed for 5 GHz SR.
PIC simulation code KARAT was used to optimize the precise parameters. With
the new corrugated waveguide the microwave pulse with frequency of 5 GHz,
output power of 3.2 GW and duration of 3 ns was expected as shown in Fig. 1.
The length of the new structure was designed for the beam with duration of 12 ns.
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Fig. 1. Simulated microwave output (left) and frequency spectrum (right)

The experimental setup is shown in Fig. 2. An electron beam with energy of
600 keV, current of 6 kA, duration of 14 ns and radius of 56 mm was injected
into the slow wave structure. The axial magnetic field of 1.3 T was applied by a
solenoid coil. The radiated microwave was detected by a horn located more than
1 m far from output window. The microwave radiation received by the horn was
attenuated by two variable attenuators. Five low pass filters with cut-off
frequencies from 4 GHz to 8 GHz were utilized. Tunnel detectors detected
microwaves passing through the low pass filters. The variable attenuators, low
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Fig. 2. Experimental setup
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pass filters and tunnel detectors were calibrated by low power devices. The
output power was estimated from the angular distribution of the microwave
output. The output power was also estimated from the increase of the carbon
plate temperature (calorimeter) located at the just behind the Lucite window.

The signals detected by tunnel detectors through low pass filters are shown
in Fig. 3 (left). With corrugated waveguide, similar signals were detected with
the low pass filters having the cut-off frequencies from 5 to 8 GHz or without the
filter, though no signal was observed through the filter with the cut-off frequency
of 4 GHz. It shows that the radiated frequency of around 5 GHz. The detected SR
pulse duration was 4 ns that agreed with the simulated result. The angular
distribution of the radiated microwave was measured by the horn moved along
the circumference with radius of 1500 mm from the center of the Lucite window
(Fig. 4, right). Total output power was estimated to be 600 MW from the angular
distribution. Total output power estimated from the calorimeter was about
400 MW. Both output power showed a good agreement. By fluorescent tubes
located 500 mm far from the Lucite window, a donut like pattern was observed
and it corresponded to emission of TM,, mode (Fig. 4). This result agreed with
the microwave output with one peak around 20 degrees from the beam axis as
shown in Fig. 3 (right).

The frequency, the duration, the mode and the total power of the radiated
microwave were in reasonable agreements with the simulated results of SR.
Therefore, we concluded that the 5 GHz SR was observed.
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Fig. 3. Microwave output with 4.3 GHz low pass filter (upper), with 5.5 GHz and without
low pass filter (leff). Angular distribution of the microwave output (righ).

Fig. 4. Fluorescent tubes were located 500 mm far from the Lucite window (leff). Donut
like pattern was observed (right).
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FEM with Hybrid Bragg Resonator

The advanced Bragg reflector based on coupling of the propagating and
quasi-cutoff modes should be used in two mirrors resonator scheme as an up-
stream reflector. To avoid large Ohmic losses associated with excitation of cut-
off mode it is reasonable to use conventional Bragg reflector with rather small
reflectivity as a down-stream reflector. Hybrid Bragg resonator (HBR) is
composed of three parts as shown in Fig. 5. In free electron maser (FEM) with
HBR, electron beam interacts with the propagating wave, which provides
possibility of high Doppler frequency up-shift, while quasi cut-off mode provides
transverse mode selection similar to a gyrotron. As a result, a higher mode
selectivity is realized than in traditional Bragg FEM.

Advanced Bragg mirror

Traditional Bragg mirror

Fig. 5. Principal scheme of FEM with hybrid Bragg resonator

Simulation of nonlinear dynamics of the. FEM

The input mirror represents a section of a cylindrical waveguide with its
inner surface having shallow axially symmetric corrugation

r=(r/2)cos hz, 0))
where h, = 2n/d, , dy and r, is the period and the depth of corrugation, ro is the

mean radius of the waveguide. Under the Bragg resonance condition h=l7,
coupling and mutual scattering between the fields of cut-off mode

E =Re{E,(r)B(t,2)e™ (2a)
and the two counter propagating waves
E=Re{E,(r)(A,(h2)e™ +A_(t,2)e™ )™ (2b)

takes place, where @ is the cutoff frequency, EA‘B(r) functions specify the
transverse structure of the waves which is defined by the modes of regular
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waveguide. Electron beam is synchronous to the propagating wave A, . Mutual

scattering of partial wave beams and excitation of the synchronous wave can be
described in the quasi-optical approximation by the following system of
equations

A*+ 1 aA" —++GA, +2i6,B=J, oA +-l—ai+oA +2i6,B =0,

Z B, aZ B, ot 3

ic 9°B aB

>3 ar+GB+la‘(A +A)=0.

2n
Electron excitation factor J =1/'n:‘|'e‘“’deo can be found from the electron
0

motion equations
2
d 10
—+——| 6=Re{A "},
(az ﬁna‘] e{a)

_ 9,19 =
e|z=°_eoe[o,2n), [ aZ+ B at)eLo A. @

Output traditional Bragg reflector (Fig. 5) possesses corrugation

=(ay/2)coshz (h, =2m/d, , d, is period of the structure) and provides

mutual scattering of two counter propagating waves (2a) under resonance
condition 2k = k, , which can be described by the equations

aA+ +5La:+ io,A =J, _a_A‘.+Lai—iazA =0. &)
or

Amplification of the synchronous wave A, in the regular section of the resonator
is described by the equations (4), (5) where one should put @, = 0. In simulation
we assumed that external energy fluxes are absent so the amplitudes of partial

waves A, on the corresponding boundaries vanish. For the quasi cut-off mode

we use the boundary conditions taking into account the diffraction of the field
over the corrugation boundary

B+ =0. (6)

nigJt-v 0Z

The following normalized variables are used: T=¢C®, Z=2zC®/c,
(el Alux?
mc® 8mya,
G=0fhC is the Ohmic losses parameter, (A,)=(4,) ekp/(ymc®C*),

z=0,4,

1/3
) is the gain parameter, I, is the beam current,
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B=exuBN, /mcy,C*\JGN, , N,, N, are the mode norms. For the
A 0 B A B

scattering of the TE-type propagating modes into the TM-type quasiéritical mode
the coupling coefficients in the input and output Bragg structures are given by the
relations

o, = (R far, )m(v2 -m? )", o, = (r,f4r, Wil , @, =01, /R,

where v, is the Bessel function root, k =8, /B, is the electron-wave coupling

parameter, W=7y is the bunching parameter, A= ('o')'—hv” -hy, ) / ®C is
detuning from the undulator synchronism, k, =2n/D,,, D, is the undulator period.
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Fig. 6. Results of the simulations

Results of numerical simulations are
presented in Fig. 6 in which the process
of establishment of single mode single
frequency oscillations is shown at the
following parameters: lengths of the
input, regular and output sections are
correspondingly /; = 12.7 cm, I, = 6 cm,
lp = 40 cm, particles energy 0.9 MeV,
injection current 0.4 kA, amplification
parameter C = 0.005. We choose TE;
modes as the propagating waves. In the
input mirror at the corrugation period
4.1 mm and depth 0.5 mm the cutoff
frequency of TM;3 is close to the
operating frequency. The output mirror
has corrugation with period 2.1 mm and
depth 04 mm. The wave coupling
coefficients are o; = 0.8 cm” and
o = 0.03 cm™. In the signal spectrum at
t> 100 ns there is only one component
(Fig. 6¢), i.e. the single mode single
frequency oscillations are established.
Distributions of the partial waves in the
steady state regime are shown in the
Fig. 6b demonstrating that the signal is
amplified after the input mirror. As a
result the amplitude of the cutoff mode
B in the input Bragg structure is
relatively small. Correspondingly, the
Ohmic and diffraction losses associated
with this mode are also small. In such
conditions up to 90 % of energy extracted
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from the electron beam is radiated with the propagating wave A,. Thus the
simulation shows the possibility of single frequency oscillation in the described
75 GHz FEM scheme with efficiency about 15 % and the output power 30 MW.

It is important to note that considered Bragg resonator scheme provides
frequency stabilization when beam parameters vary in time. Simulations show
that in the full generation band the radiation frequency is close to the frequency
of the cutoff. As a result the frequency shift is less than 40 MHz over the particle
energy variation Ay/y=20% .

Electron-optical experiments

Using intense electron beams generated by a conventional pulse line and a
Marx generator, time evolution of diode impedance because of diode plasma
expansion makes the beam electron energy decrease in time. To prevent from
output impedance decrease for the pulse line, liquid resister was set in front of
the diode as a shunt register as shown in Fig. 7.
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Fig. 7. Shunt resister was set at the upstream side of the diode.

The diode voltage showed nearly flat voltage over 100 ns as shown in
Fig. 8 (left) by using the shunt register. Though the calculated diode impedance
decreased from 150 to 70 Q (Fig. 8, right), the diode voltage shows nearly flat
part over 100 ns because of the shunt register.

The output signals from magnetic analyzer shows the variation of beam
particle energy was less than 5 % (Fig. 9). The beam with energy of ~ 800 keV,
current of 400 A and diameter of 3 mm was propagated through the drift tube
with length of 2 m and diameter of 20 mm without radial expansion (Fig. 9). The
axial magnetic field with strength over 7 kGs was applied. The helical wiggler
coil has already tested successfully. The experiments of HBM will be started.
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Fig. 10. Damage patterns of the beam along axis (up) and beam currents (down)

Conclusion

Superradiance is an effective method of generation of ultrashort intense
electromagnetic pulses with high efficiency and without rf breakdown. The
frequency range of superradiance was expanded to S-band. A 5 GHz, 400 MW,
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4 ns superradiance microwave pulse was observed using the 600 keV, 5 kA,
12 ns electron beam injected into the slow wave structure.

A new scheme of FEM with hybrid Bragg resonator to improve mode
selection was studied. Advanced Bragg structure for mode selection can be used
as upstream mirror. Higher mode selection was demonstrated in the simulation
in comparison with traditional Bragg cavities. In Kanazawa University an IREB
with small radius and small energy spread was prepared for the proof of principle
experiment of FEM with HBR.

A part of this work is supported by a Grant-in-Aid for Scientific Research
from Ministry of Education, Science, Sports and Culture, Japan and Russian
Foundation for Basic Research.
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SPLITTING MODE EFFECT IN FEM
WITH OVERSIZED BRAGG CAVITY
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Splitting mode effect was observed in 30-GHz JINR-IAP FEM operated with Bragg reso-
nator with step of phase of corrugation. Theoretical description of this effect was devel-
oped in the frame of the advanced (four-wave) coupled waves approach. Results of the
theoretical analysis were corroborated by the 3D simulations, “cold” tests and data of the
FEM experiment.

Introduction

Potential applications of FEM-oscillators, in particular, for testing of micro-
wave components of high-energy accelerators, require increase of an output
power strictly in regime of single-mode operation [1,2]. In accordance with
simulation of Bragg FEM an output power enhancement could be achieved when
decreasing interaction length and simultaneous increasing corrugation depth.
However, following this way in experiment with the 30-GHz JINR-IAP FEM
based on Bragg resonator with step of phase of corrugation, which operates via
feedback loop in the form of two waveguide waves of different transverse struc-
tures (TE,, — forward wave synchronous to the electrons, TM,; — feedback wave),
we observed under the certain parameters a double-mode generation regime instead
of generation of a single fundamental mode of the resonator. :

In present paper the mentioned effect, called as a “splitting mode” effect, is
described in the frame of advanced (four-wave) coupling waves approach. Re-
sults of the theoretical analysis are confirmed by 3D simulations as well as
“cold” microwave tests. Data of the FEM experiment are discussed. Simulations
of the FEM with the resonator having split modes demonstrate that the single-
mode oscillation regime is established at the nonlinear stage via mode competi-
tion mechanism. Nevertheless, in the experiment the splitting mode effect leaded
to widening the FEM radiation spectrum and made worse stability of the single-
mode generation. This complicates the FEM application for feeding a high-Q
component of supercollider [3]. The developed methods to suppress the splitting
mode effect by profiling geometry of the Bragg resonator are discussed.

Theoretical model of the splitting mode effect

Cylindrical waveguide with axial-symmetrical corrugation [4, 5]

a -
=—cosh 1
5 z (¢}
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(k= 2m/d, d is the period and q, is the depth of corrugation) provides coupling
and mutual scattering of different pairs of counter-propagating waveguide modes
with the wavenumbers A, , which satisfy to the Bragg resonance condition
h +h_ =h. )
Obviously, increase of the transverse size of the resonator leads to overlap of
neighboring Bragg zones, which correspond to the scattering of modes with dif-
ferent transverse structure. However, even if the neighboring central lobes of
Bragg resonances are frequency separated, an influence of side-lobes still can exist.
Let us assume that two waveguides modes with different transverse struc-
tures E", and E’, are participated in the scattering process and present RF-field

inside the Bragg structure (1) in the form of the four partial waves: two waves
propagating in the forward (with respect to the electron beam) direction

Ali- E:- eiw-nh,‘z + A; E; eiux-ih{ z (3 a)
and two in the backward direction
A'- Evl- eio)HiIl.'z + A;EZ- eiw-'-ih{ z (3b)

In the coupling waves approach mutual scattering of these waves can be de-
scribed by the system of equations for the slow amplitudes A,f, (2) [5]

a4 +ib Al =iy, Ay +ioy AT, d4, +il Ay =0y, A7 +ioy L AT,
dz . ’ dz @)

E"ihlAl_ = =i, Ay —ioy AT, %"”’2’1{ = =il o Ay —i04 , AT,

where o._ .(z) are coupling coefficients for the waves “i”” and 4, which is pro-
ioj J p

portional to the corrugation depth a, . Note, that in (4) we neglect scattering of
the co-propagating waves. We assume also that the operating feedback circle is
completed at the waves A’ <> A; and the nearest in frequency is scattering of
the waves A; <> A; . At the same time, zone of the scattering A’ <> A is fre-

quency distant from the “operating zone”, thus, we will neglect scattering of
these waves. In such approximation Eqgs. (4) can be reduced to the form

+ da-
d:‘z +idal =ioy,,,a;, E‘—i&l,— ==it,,,a; »
.
dz’ +idal =io,,a +itt,, ;e ¢V Q)
da, .o __ . . -
—d;z._lsaz = =it 3 (2)a] =00, (2)aye ¢,

225



YT LIT, - -
2o 2T gr st S g vk -k, A=2k,—F. In the

case of resonator with the moderate transverse oversize and small wave coupling
coefficients parameter d is small while A-8§=h, —h is large. Averaging
Egs. (5) over the fast oscillating value A—8 one get two independent sets of
equations for scattering of two pairs of the waves: a <> a; and a; & a, . Ob-
viously, in the resonator with step of phase of corrugation these two sets of equa-
tions describes two degenerated solutions at the Bragg frequency @ (i.e. §=0),
which, in fact, correspond to the substitution z— —z (i.e. rotation of the system
at 180°). The analysis of Egs. (5) (see below) shows that the presence of the non-
resonant scattering of the waves A, <> A; at the “fast” frequency A—3 removes

this degeneration and leads to the scattering of the fundamental eigenmode of the
resonator.

where a =

Simulations of oversized Bragg resonators

In the simulations parameters of Bragg resonator were taken close to the
conditions of JINR-IAP FEM experiment [1, 2]. The resonator was composed
from two waveguide sections of the mean radius ry = 0.95 cm, which possessed
corrugation in the form (1) with the period d = 0.58 cm. In accordance with (2)
this corrugation provides effective zone of Bragg scattering for the pair of waves
TE,,; «» TM,, in the vicinity of 30 GHz (operating frequency of JINR-IAP
FEM). Waveguide sections were of the lengths of /; =20 cm and /; = 15 cm and
had step of phase « in the point of their connection.

Results of simulations of the resonator reflection coefficient based on Egs. (5)
are shown in Fig. 1. Simulations demonstrate that resonators with corruga-
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Fig. 1. Frequency dependence of the reflection coefficient from the Bragg resona-
tor found in the frame of the four-wave coupling waves approach: (a) a; = 0.2 mm,
(b) a; = 0.3 mm, (¢) a; = 0.4 mm, (d) a, =0.5 mm
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tions of small depth possess fundamental mode at the Bragg resonance frequency
® (Fig. 1a), which correspond to the drop of the reflection in the middle of the
Bragg zone. With the increase of the corrugation depth a4, (i.e. coupling coeffi-

cients) maximal reflection as well as Q-factor of the fundamental mode increase
(Fig. 1b). However, after some depth the splitting of the fundamental mode oc-
curs and two modes become distinguished in the middle of the Bragg zone (Fig.
1¢). These modes are approximately of the same Q-factors and possess frequen-
cies positioned symmetrically in opposite sides of the Bragg frequency. For more
deep corrugation Q-factors of the splitting modes enhance with increase in fre-
quency distance between them (Fig. 1d).
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Fig. 2. Frequency dependence of the reflection and transmission coefficients into different
waveguide modes found in 3D simulations (solid lines — reflection into TM,, wave,
dashed linés — transmission into TE;; wave): a; =03 mm (a), a; =04 mm (b),
a;=0.5 mm (¢)

To prove adequacy of the advanced (“four-wave”) coupling waves model
these Bragg resonators were also simulated using 3D electrodynamical code
based on FDTD method. At the left edge the TE,;; wave entered the resonator.
Simulations of frequency dependences of the reflection and transmission into
different waveguide modes are shown in Fig. 2 and coincide well with the ap-
proach described above (see Fig. 1). Results of the theoretical analysis were con-
firmed by “cold” microwave tests, which are presented in Fig. 3. Obviously,
splitting fundamental mode significantly reduces selective property of the Bragg
resonator with step of phase of corrugation.

Experimental studies of 30 GHz JINR-IAP FEM

The JINR-IAP FEM-oscillator is driven by the induction linac LIU-3000
(0.8 MeV /200 A /250 ns). Transverse velocity in the magnetically guided beam
is pumped in a helical wiggler of 6 cm period. The main features of JINR-IAP
FEM is the use of a reversed guide field [6, 7], which provides high-quality beam
formation in the tapered wiggler section with a low sensitivity to the initial beam
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spread, alongside with Bragg resonator having a step of phase of corrugation
[4, 5].

In experiments with FEM based on the resonator having split modes both
single-mode and multi-mode regimes of oscillations were registered (Fig. 4).
These regimes were tuned varying undulator and guide magnetic fields. Fre-
quency difference between two split modes amount 20-50 MHz for parameters
described above. The single-mode oscillation regime was established at the
nonlinear stage via mode competition mechanism. Nevertheless, the splitting
mode effect leaded to widening the FEM radiation spectrum and made worse
stability of the single-mode generation in the presence of beam’s jitter. This
complicates the FEM application for feeding a high-Q component of supercol-
lider [3].

. SRS
Fig. 3. Results of “cold” measurements of Bragg resonators having corrugations of
different depth: () a, = 0.3 mm, (b) @, =0.4 mm
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Fig. 4. Typical oscilloscope traces in different regimes of JINR-IAP FEM: double-
frequency (a) and single-mode operation (b)
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One of the ways to suppress splitting mode effect is a profiling of the resona-
tor geometry, which allows reduction of the influence of the neighboring Bragg
scattering zones each to other. The resonators with corrugation having profiling
amplitude were studied and demonstrated best stability of the single-mode FEM
operation when Bragg resonator with corrugation of high depth is used [2]. How-
ever, optimization of such resonators to obtain high efficiency of whole FEM
source seems to be more complicated.
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FIRST FULL-SCALE RESULT IN CLIC-JINR-IAP RAS
EXPERIMENT ON 30 GHZ COPPER CAVITY HEATING
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S. V. KuzikoV', E. A. Perelstein®, N. Yu. Peskov', M. . Petelin', S. N. Sedykhz,
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The joint CLIC-JINR-IAP RAS experiment has completed its preparation to investigate the
surface damage of 30 GHz imitator of the CLIC high gradient accelerating structure caused
by repetitive high-power RF pulses. After preliminary experiments the design of the test
cavity was substantially changed. The first full-scale experiment has shown that the copper
surface damage is clearly seen after 3 - 10* pulses with each pulse heating from 200 °C to
220°C.

Introduction

The project of high-energy (0.5-3 TeV center-of-mass), high-luminosity
(10*-10¥cm™ - s™) electron-positron Compact Linear Collider (CLIC) has been
in progress at CERN as a possible new accelerator facility for the post-LHC era
[1]. The room-temperature accelerating structure has the design accelerating gra-
dient equal to 100 MV/m at operating frequency of 12 GHz. One of the most
severe limits on the accelerating gradient at such high frequency and accelerating
field is damage of the structure wall due to very intensive cycling heating by
short high-power RF pulses [2]. The reason is that the heating velocity is faster
than the material expansion velocity, and the mechanical stress can exceed the
limit of elasticity. The design lifetime of the structure should be of the order of
20 years (about 2 - 10" pulses) with pulse heating of approximately 70 °C, so
direct experiments would have taken too much time. There are two possible ways
to investigate these phenomena: 1) application of non-RF mechanical stresses
with the repetition rate much higher than it is possible for powerful RF sources
(ultrasound vibrators); 2) RF pulse heating till significantly higher temperature to
observe the surface damage after a much smaller number of pulses.

Preparation for the joint experiment CLIC-JINR-IAP RAS to investigate life-
time of the 30 GHz high-gradient accelerating structure with RF pulse heating up
to 200 °C, has now been completed. After preliminary experiments which have
shown that pulse heating of the test cavity was only about 40 °C, the new design
of the test cavity has been offered. Particularly, the shape of the central ring of
the cavity has been changed and its Q-factor has been increased.

Experimental facility

The experimental facility is based on the 30 GHz Free-electron maser (FEM)
oscillator. It was developed by collaboration of the Joint Institute for Nuclear
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Research, Dubna, and the Institute of Applied Physics, RAS, Nizhny Novgorod
[3]. The oscillator uses the electron beam from the induction linear accelerator
and produces radiation with the output power up to 20 MW and pulse duration of
180 ns, while the spectrum width does not exceed 10 MHz. The repetition rate of
the facility is 0.5-1 pulse per second.

One of the main features of the FEM oscillator is a Bragg resonator which
produces the distributed selective feedback. It is transparent both for the electron
beam and radiation of all the frequencies except the resonant one. For the elec-
tron beam pumping we have used a helical 4-wire electromagnetic wiggler with a
big area of the uniform transverse field inside the waveguide and smooth field
tapering on the both ends.

Detector of the output wave
with a dielectric waveguide

TE,, - TE;, mode converter

Test cavity module input Detector of

the input wave

measuring

FEM output

magnos!ic film
Fig. 1. Layout of the experimental facility

The radiation of the FEM is extracted out into the air. It is convenient for
some applications, like biological experiments. That is why special attention has
been paid to the output waveguide. The output horn forms almost Gaussian
transverse distribution of the radiation most suitable for the quasi-optical trans-
mission line. The difference of phase velocities of partial modes leads to the
variation of the transverse distributions of the radiation along the oversized
waveguide. At the end of the 90 cm waveguide again almost the Gaussian wave-
beam has been obtained, but in the vicinity of 60 cm the distribution is almost
uniform — more convenient for the output window.

To measure the radiation power, we have applied silicon detectors and a
solid-state calorimeter with a big aperture. The spectral diagnostics is based on
the heterodyne facility with the on-line Fourier analyzer.

Radiation from the FEM output waveguide is passing through the thin diag-
nostic film to the symmetrical two-mirror quasi-optical transmission line. After
the oversized waveguide with an input vacuum window the radiation is trans-
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formed by the input horn from the Gaussian distribution into the TE;; mode and
then into TEy; mode by a specialized mode converter. After the output horn the
radiation is monitored by a detector with a dielectric waveguide and then it is
fully accepted by the calorimeter.

A specially designed test cavity operates at the mode TEy; with zero electric
field near the wall to prevent the inner discharge. It consists of two diaphragms
and the inner ring with a rather thin edge (Fig. 2). The most heated area is the
inner edge of the ring. The quality factor of the cavity is 1500. The precise fre-
quency matching of the cavity with the FEM oscillator can be achieved by
changing the distance between the diaphragms. The test cavity module has its
own vacuum system.

Fig. 2. Details of test cavity: vacuum box, central ring and input diaphragm

Experimental results

The radiation power pulse duration after the test cavity was 180 ns vs. 200 ns
after the FEM output waveguide. We have calculated correlations between the
pulse heating of the inner surface of the test cavity and RF pulse energy after it.
The stable operation of the facility corresponds to the temperature rise from
200 °C to 220 °C.

The visual diagnostics is applied to control the purity of the wave mode in-
side the test cavity. It uses metal fillings on the plexiglass plate, which are the
centers of air discharges in the high-intensity electromagnetic wave. The ring
image at the plate installed after the output horn indicates that the wave mode
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inside the test cavity is TEy,. The absence of the breakdown inside the test cavity
has been controlled by the visual observations through the output diaphragm.

The first full-scale experiment has been performed using the inner ring
manufactured from oxygen-free copper by turning with a diamond tool and with-
out additional annealing. A preliminary analysis of the microphotographs of the
ring before and after exposure (Fig. 3) has shown that the damage of the surface
is clearly seen after the number of pulses 3 - 10* while the pulse heating was from
200 °C to 220 °C. The surface damage is the key argument that the experimental
facility is now ready for regular investigations of the processes at the cavity wall
caused by repetitive powerful pulses of RF radiation.

Fig. 3. Microphotographs of the inner surface of the test cavity before experiments
(left) and after 3 - 10* pulses with pulse heating from 200 °C to 220 °C (right)

This result can be compared with the several-year activity of the CLIC col-
laboration investigating this limitation on the acceleration gradient. Figure 4
shows results of the CERN experiments using ultrasonic vibrators (number of
cycles 10’~10"" with equivalent pulse heating from 70 °C to 150 °C) [4], CERN
experiments on the surface heating with ultraviolet laser (number of pulses
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Fig. 4. Experimental results of different groups investigating the damage of the

cavity surface by ultrasonic vibrators (CERN) (diamonds), heating by an ultravio-

let laser (CERN) (rings), by RF radiation at frequency of 11.4 GHz (SLAC)

(squares) and 30 GHz (JINR) (the star)
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10*-10° with pulse heating from 120 °C to 450 °C) [5] and recent SLAC experi-
ments on RF heating at the frequency of 11.4 GHz with pulse heating from 70 °C
to 110 °C and number of pulses 10°~10 [6]. The correlation between our results
and the results, obtained in the CERN experiments with surface heating by the
ultraviolet laser, is rather good.

Conclusion

The facility for experiments on damage of the cavity wall due to RF pulse
heating has been developed and put into operation by the JINR-IAP RAS col-
laboration using the 30 GHz free-electron maser with the output power of 20
MW, pulse duration of 180 ns and repetition rate of 1 pulse per second. These
experiments are the part of the program to estimate the lifetime of the high-
gradient accelerating structure of the future linear electron-positron collider
CLIC.

The facility is now ready for experiments with pulse heating from 150 °C up
to 220 °C and the pulse number up to 10°, each experiment will take from several
days up to one month.

The first full-scale experiment has shown that the oxygen-free copper was
damaged after 3 - 10* pulses when the temperature rise was from 200 °C to 220 °C.
This result corresponds rather well to the CERN experimental results with sur-
face heating by ultraviolet, though the frequency of the electromagnetic field and
skin-depth in these experiments differ significantly.

The comparison of the damage character with similar experiments on RF
heating in SLAC would be very important and useful to investigate the parameter
influence such as pulse duration and RF frequency.
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HIGH-GRADIENT, QUASI-OPTICAL,
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A new accelerating structure which aims to provide high acceleration gradient (>150
MeV/m) for a next generation of multi-TeV linear collider is suggested. The structure i$
based on a periodic system of cavities operated with equidistantly-spaced on frequency ei-
genmodes. These modes are excited by the periodically bunched drive beam in such a way
that all fields in structure oscillate in time with bunch period and represent narrow peaks
separated by broad intervals of low fields. This principle promises an essential reduction of
exposition time at structure surface and a higher gradient in comparison with a single-mode
structure.

Introduction

We suggest a new accelerating structure which is based on chain of multi-
mode cavities with nearly equidistant eigen frequencies [1-4]. A multi-mode su-
perposition of fields localized in space is caused to bounce between the structure
axis and wall at the bunch period and thereby to accelerate the particles. This
principle is illustrated in Fig. 1, where particles are accelerated in a periodic sys-
tem of cavities that are decoupled from one another. RF power that flows in the
longitudinal direction is, for purposes of this discussion, neglected due to assumed
small cutoff holes that are only large enough for beam transmission.

beam line port

Fig. 1. Acceleration of moving periodic bunches by uncoupled cavities operated
with synchronized eigen modes
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The ideal electric field as seen by bunches along the structure is sketched in
Fig. 2 (curve 1 - fat solid), in comparison with the field in a single-frequency
structure (curve 2 — dashed). In the case of a limited number of modes used in the
proposed accelerating structure the resulted field looks like that in curve 3 — thin
solid. One notes that in the latter case the field is only strong during the short
time intervals where bunches are localized.

The proposed solution means that fields in any point are periodic functions
of time:

E(r,r+T,) = E(r,?), 1)
where T}, is the time interval between bunches. The same formula is valid for
magnetic fields too.

EII“ bunches
‘/‘/ \\.\.
L I
A Atcor
. . PR ;2
AdEA S AT~ AdEAS AdEA
\; !\,i \j \; \‘ "vi ‘\'I \‘ 3 1

Fig. 2. Time dependence of field in accelerating structures: I — igeat (desirable)
field dependence on time; 2 - field dependence in conventional single-frequency
accelerating structure; 3 - field in multi-frequency accelerating structure operated
with a limited number of modes

The condition (1) requires the RF field in each cavity to be represented as
superposition of equidistantly spaced eigen modes:
E(r,t) = Z a, -F,(r)-exp(in,?),
n 2
W, =0, +n-Aw, T, =q21/ Ao,
where A® is a distance between neighbour modes, Wy/A® = p/q; n, p, and q are
positive integers.
Duration of each power peak is determined by a condition that the phase dif-
ference between the lowest and highest modes is 7:
Az, =T/, —0,). 3)
We assume below that the ratio of peak’s width to time interval between peaks is
a small parameter:

—A-t-ﬂ <<1. “)
b
Hence, the field at an arbitrary point is pulsed in time with significant near to
zero field intervals between peaks.
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Comparison of multi-frequency and single-frequency structures

There are three main phenomena which do not allow increasing an accelerat-
ing gradient in “warm” accelerators: a dark current, a pulse heating, and a surface
breakdown. Let us consider all the mentioned phenomena comparing a single-
frequency structure and a new multi-frequency structure.

The dark current limitation means that foreign particles (always existing due
to not full vacuum as well as particle emission from surface by RF fields) might
be captured by accelerating wave. In a single-frequency structure the accelerating
gradient G is limited to that field magnitude which leads to acceleration of an
initially motionless electron up to velocity close to phase velocity of slow accel-
erating wave [5]:

nmc?
G a &)
where e, m are charge and mass of electron, A is a wavelength in vacuum, c is a
light velocity.

For a multi-frequency structure the capture condition requires that such elec-
tron reaches the same velocity within a time interval Az, Therefore, the limiting
gradient for a multi-frequency structure equals the threshold gradient of that a
single-frequency structure which works at a frequency ® = WAz,,,.

Surface degradation phenomena in high-gradient structures strongly depend
on temperature rise due to pulsed surface heating by the RF magnetic field [6-7].
The temperature rise in a single frequency structure at frequency ® with heating
diffusion inside a metal taken into account is proportional to square root of the pulse
duration t:

AT =o-H* T, ©)
where o is a constant, and His a

surface magnetic field. For the H4
same pulse duration and peak
magnetic field in a multi-

frequency structure with Az, =

VALY (VY VALY

= W, the temperature rise dur- AT% o
ing one pulse is smaller in pro- T
portion to the factor (At,,/T,)'",

because heating is absent be-

tween field peaks, although 2

within one peak this heating is

like in a comparing single-
frequency structure within a half-
period (Fig. 3).

A breakdown is compli-
cated phenomena those theory is

*1
Fig. 3. Magnetic field and temperature as func-
tion of time: / - in single-frequency structure,
2 — in multi-frequency structure
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still not well developed. Nevertheless, it is known that breakdown can be sepa-
rated at several stages. At the primary stage RF electric field produces electrons
to tunnel from microjuts, this effect is described by the Fowler-Nordheim law. At
the second stage the microjuts are melted and evaporated. The freed molecules
are ionized by oscillating electrons. The resulting plasma frequency grows up and
approaches the field frequency.

In [8-9] it is suggested to consider the first stage only in order to find criteria
of breakdown initiation. According to [8-9] the necessary condition to start the
second stage of breakdown is a heating of surface by emission currents up to
definite threshold temperature AT},

Let us consider the temperature rise AT as a function of time # is given by
formula (with heat diffusion into metal taken into account):

LY 2
AT() = A- [LEOED) 4 7
® j s ™
where j is a tunnel emission current, E is a normal to surface field component, A is a
constant. If to substitute Fowler-Nordheim tunnel current in (8), we obtain formula:

3 /.7 ,
E () expCY/ECX)) 40 ®)

N

where the expression behind integral is assumed to be different from zero if only
E(#) > 0, B and vy are constants. Exponential multiplier in (9) says that low field
fractions do not bring a contribution to AT. That is why, in [10] it is suggested to
calculate the integral (8) so that only contributions of E-fields which exceed 85 %
on magnitude of maximum are not ignored. The contributions of lower fields
than the mentioned value are neglected. Let us analyze formula (8). The simplest
conclusion is that threshold value E,, for RF pulses with rectangular shape is
approximately scaled with pulse duration 7 as:

E} -t'* =const or Ej, -t=const=1. Q)
Recent experimental data [9] are well agreed with this scaling law.

Another conclusion of analysis is that threshold value does not depend on
frequency o (it is assumed that 27/ << t), because AT{(t) is a constant for arbi-

trary frequency.

Ea

AT(@) = B~i
0

IA

Jp— Fig. 4. Magnetic field and integral / as
e function of time: I — in single-frequency
> structure, 2 — in multi-frequency structure




Analysis of Fig. 4, where the integral [ is plotted as function of time for a
single- and a multi-frequency structures, shows that in accordance with the crite-
rion (9) it is expected that the breakdown field threshold in a multi-frequency
structure should be higher by a factor (T}/At,,)"”® than in a comparing single-
frequency structure at frequency = WAz,

Simulations of two-beam, two-section accelerating structure

We propose a two-beam accelerating structure where a high-current drive
beam excites fields which accelerate a low-current beam, much as in the CLIC
(CERN) scheme. The structure consists of rectangular cross-section cavities with
approximate sizes @ X 2a X I, which have an infinite number of equidistant
TM,200 (n=1, 3, 5, ...) modes at frequencies: .

n-c

f;l,Zn.O J’i .a ’
where c is the light velocity. Modes with n =2, 4, 6, ... have zero longitudinal E-
fields near particle beams.
The bunches in either ¢*e” or e’¢” combinations move in parallel direction as
in Fig. 5 with different spacings L.

(10

Fig. 5. Two-beam two-section accelerating structure with aspect ratio 1:2 (frequency de-
tuning is not shown)

In order to not have an unreasonable number of drive beams along the accel-
erator, the structure should exhibit a high transformer ratio T (ratio of the magni-
tudes of fields felt by the accelerated particles to those felt by the drive particles).
For the case of finite cavity Q one can show that the transformer ratio T for a
single cavity mode is given by
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_ cos@+a-20-(Aw/w,)-sin@
1+acos@+20-Q-(Aw/w,)-sing’
where o = I, /1. is a ratio of accelerated to drive currents, @, is a drive bunch
frequency, A is a detuning of the cavity resonance away from wy, and @ is a
phase difference between I,.. and I ,.. The phase diagram for currents and gap
voltages in the cavity is shown in Fig. 6; it is seen that the drive voltage does

positive work on the accelerated current, while the accelerated voltage does nega-
tive work on the drive current.

an

L

Im

Voltage from drive current

Accelerated current -
AN Drive current
N /
&« >
/
Voltage from accelerated current

Fig. 6. Location of drive and accelerated bunches in the steady-state, relative to the wave
field in the cavity

Re

In accordance with (11) high-T values can be achieved only when the cavity
eigen frequencies are detuned slightly away from the frequency of the drive
bunches, in which case the electric field of the operating modes can be close to
zero during the times when drive bunches pass through the cavity, as shown in Fig. 7.

E Accelerated bunches
/\ /0 )
»
. - t
Dnve bunches

Fig. 7. Location of drive and accelerated bunches in the steady-state, relative to the wave
field in the cavity

With multi-mode operation, different detuning is required for each mode.
Moreover the steady-state situation as depicted in Fig. 7 evolves in time from the
start of the drive bunch train, where the peak fields occur right at the bunches; the
evolution time depends upon detuning, beam current, and cavity Q.

Simulation of the accelerating structure was carried out in a three-cell model
(Figs. 8, 9) with parameters of the drive and accelerated beams as given in the CLIC
project. Each cell with sizes 70 X 140 mm had 10 mm length and 3 mm iris thickness
operated with first three modes at frequencies near 3 GHz, 9 GHz, and 15 GHz.
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Results of simulations are depicted in Fig. 8 where cross-sections of drive
and accelerated beams are shown at three subsequent times, and Fig. 9 where
fields in the plane perpendicular to the beams in the central cell are shown. Times
inFig. 8 a, b, c are the same as those in Fig. 9 a, b, c, respectively.

9rive\bunch drive bunch

b p
accelerated bunch

accelerated bunch
Fig. 8. Instantaneous E)|-field structures in ~ Fig. 9. Instantaneous field structures in
drive beam plane (up) and accelerated transverse cross-section of the middle cell at
beam plane (bottom): g — bunches in center  three times corresponding to that in Fig. 8
of middle cell, b — bunches between cells,
¢ —bunches in final cell

The optimized parameters of the structure due to individual detuning of
modes are summarized in Table for accelerating gradients 100 MeV/m and 150
MeV/m. Note that the ratio of maximum surface electric field E; to accelerating
gradient is ~1.5:1, i.e. less than the typical value of 2:1 in single-frequency structures.

Summary of optimization

Bunch charge, Qo 33.6nC 33.6nC
Accelerating gradient, G 100 MV/m 150 MV/m
Drive current, 1, 100.8 A 100.8 A
Accelerated current, I, 1.2A 1.2A
Transformer ratio, T 28.0 212
Efficiency 332 % 212 %
E, max 146 MV/m 220 MV/m
Afilfy 3.610° 23107
Ablf -12:10° -8.4-107
ABlf 2.9-10° 2.0-10°
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Conclusion

The idea of a high-gradient multi-mode two-beam accelerating structure is
described. Preliminary analysis shows that the structure exhibits a number of
attractive properties:

1) High gradient due to decreased values of surface fields as well as de-
creased time of exposition by these fields.

2) High efficiency and transformer ratio from drive beam to accelerating
beam.

In addition the proposed structure uses all metallic cavities, requires no trans-
fer or coupling structures between the drive and acceleration channels, and has
cavity fields that are symmetric around the axes of the drive beam and the accel-
erated beam.
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The wakefields set up in a seven-zone symmetric THZ structure are studied. It is found that
for overall transverse dimensions 2.121 mm wide and 0.6 mm tall, two 5-GeV drive
bunches (3 nC, and x/y/z dimensions 0.3/0.3/0.12 mm® as available at SLAC) will set up an
axial wakefield ~350 MV/m in the witness channel. The symmetry of the structure assures
that not only small transverse forces are set up on the witness bunch, but also that the two
components of transverse force are equal and opposite at the bunch location that could en-
able dynamical stabilization in an accelerator comprising many modules. Transverse forces
on the drive bunch tails are small enough to allow bunches to move ~0.35 m without suf-
fering erosion. The use of multiple channels allows a transformer ratio ~20.

Recently a novel dielectric structure was proposed for a two-beam wake field
accelerator which is configured as a rectangular metallic pipe with five zones
formed by three parallel dielectric slabs creating two vacuum channels. One
channel is for a drive bunch and the other for an accelerated witness bunch[1, 2].
A 30 GH2 5-zone dielectric structure (DS) has been designed at present and is
under construction. A proof-of-principle test of this high transformer ratio accel-
erator is to be carried out at Argonne National Laboratory [3].-A 5-zone two-
channel DWA structure has many advantages: separate paths for drive bunch and
accelerated bunch; continuous coupling of energy between channels; good trans-
former ratio set by channel width ratio; a rectangular structure easy to construct.
However, the drive bunch excites unwanted modes which can destabilize the
accelerated (“‘witness’) bunch motion.

The cure is to use a 7-zone rectangular structure which eliminates non-
symmetrical modes, permits dynamical stabilization of the accelerated bunches
using many modules, and retains the good features of the 5-zone model. In this
paper we present the results of the design and simulation of a 7-zone accelerator
structure in the THz range. Computations based on the analytic theory and a 3D
EM code are described.

Design and Simulation of a Seven-Zone DWA

In Fig. 1 the geometry of the structure under studies is shown.

When using the analytical description of wakefield excitation in a multizone
waveguide structure we shall proceed from the nonhomogeneous equations for
components of electric and magnetic fields [4, 5] transverse to the dielectric
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Fig. 1. Schematic of the seven-zone structure studied
here. The vertical dielectric slabs (gray color) line the
witness bunch channel (center) and the two adjacent
drive bunch channels. Wall slots are for pumping. At
the top and the bottom of channels are deposited thin
diamond films (dark gray shade).

slabs. The first equation describes the excitation of LSM modes and the second
equation describes the excitation of LSE modes. These components are generat-
ing; other components are expressed through these eigen-functions. The designed
accelerating structure should provide a symmetric distribution of longitudinal
electric field in each of the vacuum channels and a high transformer ratio. For
implementation of these requirements we note the following. It is possible to
present the 7-zone dielectric structure as a particular case of a 9-zone DS where
. the dielectric permeability of all slabs is the same. The 9-zone DS consists of
three 3-zone symmetric structures. It is known that eigen-waves of any symmet-
ric 3-zone dielectric structure can be presented as a superposition of LSM and
LSE modes having a symmetric and nonsymmetric transverse distribution of ax-
ial electric field. For the acceleration purpose we are interested only in the sym-
metric waves. Therefore if we introduce the metal walls at the boundary of two
dielectric slabs, the distribution of the axial electric field is not changed. Now we
can split the 9-zone structure into three 3-zone dielectric structures surrounded by
a metal waveguide, compute the dimensions of slabs and vacuum channel for a
fixed operating frequency and, finally, combine the 7-zone structure from three
3-zone structures. After choosing the dimensions of the DS we can compute the
wakefield excited by electron bunches using the analytical theory [4, 5]. There is
an important provision: if we want to obtain a high transformer ratio, the dimen-
sion of the accelerating channel must be significantly less than the transverse
dimension of the accelerating channel.

Analytical computations have shown that the required condition of symmet-
rical distribution of axial electric field is satisfied by the LSMy,wave. For LSMy,
mode operation frequency of 1 THz the design parameters of a DS excited by
two co-moving drive bunches (each is located in the center of corresponding
channel) are presented in Table.

Along with the operating mode LSMy,, the pair of synchronously moving
drive bunches excite other modes. The main part of the radiated power is concen-
trated in the LSM,;, LSMy; and LSE,; modes. The frequencies of the LSMy, and
LSE;; modes are very close.

The composite axial forces in the center of the drive and the center of the ac-
celerating channels are presented in Fig. 2. At the second maximum the value of
accelerating force is ~350 MeV/m. The decelerating force is significantly less.
The average decelerating force acting on the drive bunch is 19.7 MeV/m. Thus
the designed structure provides a transformer ratio ~20.
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Parameters for a three-channel symmetric dielectric
wakefield accelerator module

LSM,, design mode 1003.4276 GHz
drive channels dimensions 2a; = 2a; 958um
accl. channel dimensions 2a, 100 ym
structure height 2d 600 ym
transformer ratio ~20
slab-1 and slab-4 thickness 13 ym
slab-2 and slab-3 thickness 39.5 pm
slab relative dielectric constant 5.7
bunch size 0.3%0.3x0.12 mm
bunch energy 5 GeV
bunch charge 3nC

For the numerical simulation of a wakefield build-up in the designed DWA
we used a wakefield solver of the Microwave Studio code. In this study, the two
drive bunches enter (from the left) of the three-channel structure and exit to the
right. The component of electric field E, (x, z) is shown in Fig. 3. The wakefields
excited in the central witness bunch channel are strong and periodic immediately
following the drive bunches, but these fields are attenuated and disorganized by
the “quenching wave” which follows behind at approximately the group velocity
of the modes in the structure [6]. The quenching wave arises from the need to
satisfy the boundary and initial conditions at the input to the structure. As the
bunches move further, their wakefields “outrun” the slower-moving quenching
disturbance so that a more periodic wakefield pattern dominates eventually. Peak
accelerating fields on a favorably-positioned witness bunch are ~350400 MeV/m.

) ) 0 18 20 ) 20 50 1000 1500 2000 2500 3000 3600 4000
‘distance from bunch head, mm 2pm)

Fig. 2. Axial profiles of composite Fig. 3. Accelerating field: the drive bunches

axial forces along center of accelerat- are located on the right in the centers of the

ing (1) line and drive (2) channels drive bunch channels. Apparent peaks at
z=3.25 mm and z=3.55 mm correspond to
the accelerating phase of field.

At this point the analytic theory has an important role to play. If the expres-
sions for the transverse force F, (all components, all fields) are expanded in the
vicinity of the axis of the drive bunch channel, it is found that F, = —F, , that is,
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there is a “quadrupole” like focusing/defocusing effect. The equality F, = —F, is
held if d << nyyA,,, /4 (d is a height of the DS, A, is operational wavelength,

Yo is the relativistic factor). For the parameters of the designed structure (see

Table) the specified inequality is well satisfied.

In Fig. 4 the example of witness electrons traveling in a cross section of the
rectangular DS is shown. At the initial time, the accelerated electrons are located
at the second maximum of the accelerating field (Fig. 2, z = 0.646 mm). It is seen
from Fig. 4 that the witness electrons are being focused in the
x-direction and defocused in the y-direction.

In Fig. 5 the drive beam electrons travel across the DS as shown. For calcula-
tions we take the particles located at the initial time at the tail of the bunch. In
comparison with the accelerated particles, the drive electrons are defocusing in x-
direction but are focusing in x-direction. The tail drive bunch electrons can travel
~0.4 m before they hit the dielectric.

A
T

B 0 % o
Z(mm)

Fig. 4. The trajectories of “witness” particles along the center of the accelerating channel.

The initial energy of the test particles is 5 GeV. The calculation uses 9 particles with ini-

tial positions (x;, y;) x; = x,. +x,(i/2-1), V= ¥, (jl2-1).
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Fig. 5. The trajectories of electrons located at the tail of the first drive bunch. The initial
energy of the test particles is 5 GeV. For the calculation we take 9 particles with initial

positions (x; ;) x; =X +x,(i/2=1), y;=y,(j/2—-1).

This excellent property of the 7-zone symmetric dielectric structure allows
modular sections to be used in a future accelerator. Let (see Fig. 4), in the first
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section, the witness bunch be defocusing across the dielectric slabs (x-direction),
and focusing along the dielectric slabs (y-direction). If we rotate the second sec-
tion through 90 degrees about the axis defined by the witness electrons, then the
second section will focus the electron bunch in x-direction and will defocus it in
the y-direction. Thus we can realize the alternating dynamical focusing of the
witness bunch.

It should be noted that the top and bottom walls of the structure are metallic.
Indeed this situation is not desirable, as there is a strong component of electric
field E, at these walls. We have studied the effect of lining these walls with a
dielectric layer (indicated as the thin dark gray shaded layer shown'in Fig. 1).
The dielectric will reduce the intensity of the electric field near the metal surface
by a factor ~5. Computations show that introducing this layer does not spoil the
representation of fields in terms of the LSM/LSE modes. The numerical results
showed, for all practical purposes (the dielectric film was 10 % of the thickness of the
dielectric slabs), the same field distribution as the case without the insulating slabs.

Thus we can conclude:

1. The seven-zone structure enjoys symmetry advantages which reduce trans-
verse forces on the accelerated bunch and favor long travel distances. The de-
signed structure allows realizing “quadrupole-like alternating focusing of the
accelerated bunch along the transverse x/y directions in pairs of structures.

2. The use of two symmetrically-located drive bunches increases the drive
energy available for acceleration.

3. Wall coatings can shield the metal surfaces from high fields and do not
disturb the LSM/LSE modes appreciably.

4. A small (~1 mm), but not microscopic, structure will permit THz accelerat-
ing fields to build up to “interesting” levels in connection with future colliders.
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Theoretical research and numerical modeling of excitation of a wake field in the dielectric
resonator by regular sequence of lengthy relativistic magnetized electron bunches are car-
ried out. The nonlinear system of the equations, describing multimode excitation of a wake
field in the completely filled dielectric resonator is obtained. Numerical modeling is carried
out and dependences of the maximal amplitude of a longitudinal electric field on length of
bunch are investigated. Physical explanations to the obtain dependences are given.

Charge particles acceleration in the wake field excited by relativistic electron
bunches (REB), injected in the dielectric resonator, is one of perspective methods
of acceleration, which is investigated and developed recently.

Formation of a wake field wave occurs due to spontaneous Cherenkov radia-
tion by REB. As the amplitude of a wake field wave is proportional to bunch
charge, and use of bunches with a greater charge is interfaced to a difficulties, for
the obtaining of high gradients of an accelerating field it is possible to use se-
quence of relatively low-current REB.

For accumulation of energy of fields from the great number of a regular se-
quence of bunches and achievement high gradients accelerations at rather low
charge of a single bunch the most effective is use of dielectric resonators [1].

The purpose of the given work was research of dependence of the maximal
values of a longitudinal electric field and the stored electromagnetic energy in the
resonator from length of bunch. According to results of the linear theory of inter-
action of electron bunches with the electromagnetic field excited by it in the
resonator [2], the amplitude of a wake field is the maximal for point-size bunches
and falls with increasing of the bunch length.

Consideration of the self-consistent interaction shows, that the intrinsic
bunch particles dynamics leads to new results.

Wake field structure in the cylindrical dielectric resonator

Let's consider the cylindrical resonator completely filled by dielectric with
dielectric permeability € along which axis with frequency f electron bunches with
a charge Q, are injected. Bunches are hollow cylinders with radius r;, and length
L;,. We shall model a bunch with method of macroparticles and to describe in
terms of the Lagrange variables. Effect of the drift channel on a dispersion we
will neglect, assuming its cross-section size small in comparison with those of
resonator. The distribution of charge and current density has the form of:
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where [, is the amplitude of a bunch current, which equal I, =Q,v,/L, (vpis a
start bunch velocity, and L, is the bunch length), # is the time of the macroparti-
cle injection into the resonator, Z,(t,t,) is longitudinal coordinate of a

macroparticle, 8(¢) is the Dirac function. The function ¥(z,) describes current

form at the input in the resonator, in case of a regular train of identical bunches
with homogeneous distribution of a charge it has the form of sequence of rectan-
gular impulses:
Np-1
‘I,(to) = Z e(to l rep) e(to T‘b rep)’ (2)

i=0

T, is the bunch repetition time, 7, = L, /v, is time duration of a bunch, summa-

tion in definition of function ¥(#,) is made on number N, of the injected
bunches. Integration in the expression (1) is made on the particles which are in
the resonator. This condition is described by function{ (z,£,) , which is equal to 1
if the particle is inside of the resonator and O if the particle has not entered yet or
has already left the resonator.

The self-consistent system of the equations describing interaction of se-
quence of charged bunches with fields in the resonator, excited same bunches,

consists of Maxwell equations for a field (3), and the moving equations of parti-
cles of bunch (4).

rot H= E‘-’—E+:‘-12,|,,, divH=0,r0tE = __B_H divE = —p,,, 3)
c ot cor’
dP (t.5) _ . (tz=Z,.r=p), dZ,(t.%) _ P, @

dt at 1B, Imey
where V,(t,1,), P,(t.t,), q,,and m, are velocity, momentum, charge and mass

of a macroparticle accordingly. It is supposed, that the system is placed in strong
enough magnetic field so transverse moving of bunch particles is not considered.

Subject to boundary conditions for fields on ideally conducting walls of the
resonator, having solved the wave equation for axial-symmetric oscillations we
obtain the expression for the longitudinal electric field:

81 A, A .
’-_eR’b ZJ’(A) ( r")Jo(—;i)(Ax, cos @, t+AR sma)mt)ooskmz, )

where R is radius of resonator, k,=mm/L is longitudinal wave number, J;(x)
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is Bessel function of the i-th order, A, is the Bessel function root J,(A,)=0;
a,=1, if m#1 and ,=1/2 if m=0; },=c’(k%+(A,/R)*)/s are eigen
frequencies of resonator. Using conditions of orthogonality of trigonometrical
and cylindrical functions, we’ll obtain equations for A,’,(¢) and A}’ (¢):

cos t t
ﬂﬂ::g=[ws ,t Idto‘P(to)Mcos k,Z, (t,t)I1(t,1,) —
o
. , ©
- 2 sinw, ¢ dto‘I‘(to)sinkaL(t,to)H(t,to)),
m,n 0
sin f [
dA’;:( ) =(sin W, 0 dzotr(to)ﬁdz—ij’ﬁlcoskmzm,to)n(z,to) +
1]
@

2

!
+ < ky cosw, ¢ j dto‘I’(to)sinkmz,_(t,to)l'l(t,to)}
0

m,n

Using the equations (4)—(7) we have numerically investigated the depend-
ence of the maximal energy stored in the resonator, and the maximal amplitude
of a longitudinal electric field from bunch length.

Before bringing the results of the nonlinear analysis of excitation of the di-
electric resonator we want to pay attention, that amplitude of a longitudinal elec-
tric field at a linear stage of excitation of the dielectric resonator is proportional
to quantity of the bunches which have been pass through the resonator,
and besides it is proportional to the interference multiplier
sin(w,, , L, /2V,)/(®,,,L, / 2V,). This multiplier is similar to multiplier, describ-
ing Cherenkov radiation in a waveguide of lengthy electron bunches (see, for
example, [3]). Thus, at a linear stage the maximum of amplitude of an excited
field is achieved for short bunches, when ,, L, /2V, — 0. We will compare now

this result to results of a nonlinear stage of excitation of the dielectric resonator.

Numerical simulation results

For numerical calculations the next parameters have been chosen: frequency
of bunches repetition f = 2.722 GHz, its energy 2 MeV, charge of bunch was
equal to —6.4 nC, radius of bunch r, = 0.5 cm, dielectric permeability € = 2.1.
Length and radius of resonator have been chosen in compliance with conditions,
present at [4], and for cylindrical geometry they are desctibed the expressions:

L=V,N, /2f, R=ALITN ,/eﬂ;-l, B,=V,/c, N, is a number of reso-

res
nance harmonic (in our case it is equal to 12). For given energy, frequency f, and
€L =64.7 cm,R=4.099 cm.
Results of numerical calculations of system of the equations (4)—(8) for vari-
ous length of bunch at fixed other parameters of bunch sequence and structure are

250



presented on Fig. 1 and Fig. 2. On Fig. 1 dependences of energy of the electro-
magnetic field stored in the resonator versus time are resulted, at continuous in-
jection in it bunch sequences, for different values of length of bunch. Vertical
dashed lines on the Fig. la correspond to time of 71 ns (the time when values of
energy for lengths of bunches L, =0.25 cm and L, =4.89 cm are equal among
themselves), and the time of 216 ns (at length of bunch L, = 0.25 cm energy has
already reach on saturation, and for the length of L, = 4.89 cm saturation has not
come yet, and energy continues to increase).

2,0 20,
[a ! : T=489cm b h=Sem
1] 1
18p E : l.‘uaem 8p
‘.uL , : L=0%5cm "
osf [ i s
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0 100 200 300 400 500 0 100 200 300 400 500
t, ns tns

Fig. 1. Energy of the electromagnetic field stored in the resonator versus time for
different values of bunch length.

As follows from the resulted in Fig. 2 dependences, the amplitude of axial
electric field and saturation energy, stored in the resonator, depends on bunch
length, and has a maximum. Numerical calculations have shown, that bunch
length at which the maximum is achieved, is close to half of length of a wave of a
resonant harmonic.

20
1,8}

Fig. 2. Saturation energy and ampli- :’: [

tude of an axial electric field (r = 0, ‘:2

z = 0) versus bunch length. Vertical 1ol

dotted corresponds to the bunch g ,a

length is equal to half of length of a :‘6 )

wave of a resonance harmonic. 0:4
02f
O 5 4 5 6 7 8 9 100

L. cm

To explain increase in amplitude of a field for lengthy bunches in compari-
son with point-size bunches it is possible, having assumed, that particles of
lengthy bunches are on the average in weaker decelerating field. This proves to
be true by view of phase portraits of bunches in the resonator for the different
moments of time.

In Fig. 3 phase planes for the time of 71 ns (a) and the time of 216 ns (b) (it
correspond vertical dashed lines on the Fig. la) for values of length of bunch
0.25 cm and 4.89 cm are presented.
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Fig. 3. Phase planes for time 71 (a) and 216 ns () for bunches length 0.25 and 4.89 cm

As shown in [5], saturation of the stored electromagnetic field energy in the
resonator is due to return influence of a field on bunches exciting it. Thus
bunches at the first half of resonator are in a decelerating phase of a field and lose
energy. Then bunches pass to accelerating phase and at second half of resonator
start to gain energy. Such dynamics is characteristic for bunches having the
length L, <A, /4, where A, is the resonant length of the wave equal for given

parameters 10.78 cm. It show phase planes on Fig. 3 for bunches in length L, =

0.25 cm for the time of 71 ns (Fig. 3a, before achievement of saturation) and the
time of 216 ns (Fig. 3b, after achievement of saturation). Phase space dynamics
of bunches in length L, <A /2 as the whole remains same, but inside of each

separate bunch it begins to vary. The velocity of particle transition from acceler-
ating in a decelerate phase is determined by force acting on it. The particles
which are being a maximum of the decelerating field stop to give the energy to
the field in the first place, and on a phase plane their dynamics is similar to dy-
namics of point bunch. In long bunch, in difference from point one, there is a
great number of particles which will continue to give energy, as shown on Fig. 3
for bunch in length L, = 4.89 cm. And due to presence of such particles energy

of saturation increases. At the further increasing of the bunch length the energy
of saturation starts to decrease. It is possible to explain it to that the part of bunch
of the train starts to be accelerated that leads to decrease in the energy transfered
by bunch train to a field.

Conclusions. Theoretical researches and numerical modeling of a nonlinear
regime of excitation of the cylindrical resonator completely filled a dielectric, by
sequence of relatively low-current relativistic electron bunches of finite length are
carried out. Results of the given researches have shown that dependence of a longi-
tudinal electric field and the stored electromagnetic energy in the resonator from
length of bunch has a maximum being near to half of length of resonant wave length.
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