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The Mission of AGARD

According to its Charter, the mission of AGARD is to bring together the leading personalities of the NATO nations in the
fields of science and technology relating to aerospace for the following purposes:

— Recommending effective ways for the member nations to use their research and development capabilities for the
common benefit of the NATO community;

— Providing scientific and technical advice and assistance to the Military Committee in the field of aerospace research
and development (with particular regard to its military application);

— Continuously stimulating advances in the aerospace sciences relevant to strengthening the common defence posture;
— Improving the co-operation among member nations in aerospace research and development;

— Exchange of scientific and technical information;
— Providing assistance to member nations for the purpose of increasing their scientific and technical potential;

— Rendering scientific and technical assistance, as requested, to other NATO bodies and to member nations in
connection with research and development problems in the aerospace field.

The highest authority within AGARD is the National Delegates Board consisting of officially appointed senior
representatives from each member nation. The mission of AGARD is carried out through the Panels which are composed of
experts appointed by the National Delegates, the Consultant and Exchange Programme and the Aerospace Applications
Studies Programme. The results of AGARD work are reported to the member nations and the NATO Authorities through the

AGARD series of publications of which this is one.

Participation in AGARD activities is by invitation only and is normally limited to citizens of the NATO nations.

The content of this publication has been reproduced
directly from material supplied by AGARD or the authors.
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High Power Microwaves (HPM)
Theme

This symposium was selected by the Panel in response to the new NATO strategies and technology needs, and in accordance
with the technology issues identified by the AASC. Close coordination with the AGARD Avionics Panel resulted in the
choice of this subject. In addition, cooperation with another NATO body working in the field of HPM (the DRG) resulted in
co-chairmanship of this Symposium.

EMC-related problems are of increasing concern to the military community, due to both the major role of sophisticated
electronics in systems, and to the diversity of radiating devices. Unwanted disturbances of military systems have thus
sometimes been experienced. Furthermore, very high peak power generators operating at microwave frequencies are already
available in the laboratory and the possible development of microwave weapons has to be considered.

Some of the related topics are already documented, and so an extrapolation of available results may only be needed: such is
the case for the coupling mechanisms of an incident pulse to a target, which at low frequencies is a classical NEMP (Nuclear
Electro-magnetic Pulse) related problem.

On the other hand, specific aspects have also to be accounted for, like the peak power handling capability of transmission
lines, antennas, and of the atmosphere.

The symposium identified the state-of-the-art in these rapidly changing arcas.
Topics covered:

— High Peak Power Generators

— Transmission Line and Antenna Peak Power Handling
— Atmospheric Microwave Breakdown

— Target Coupling Mechanisms

— Components and Subsystems Vulnerability

— Hardening Against HPM

— Test Facilities

Les micro-ondes de forte puissance (MFP)
Théeme

Le theéme du symposium a été choisi par le Panel pour répondre aux nouvelles stratégies de ’OTAN et aux besoins
technologiques tels qu’exprimés par I’AASC.

Le choix du sujet résulte d’un travail de coordination étroite mené avec le Panel d’avionique. En outre, le Panel a coopéré
avec un autre organisme de I’OTAN, le Groupe sur la Recherche pour la Défense (Ile GRD), travaillant dans le domaine des
micro-ondes de forte puissance, ce qui a eu pour résultat la co-présidence de ce symposium.

Les problemes liés 2 la compatibilité électromagnétique EMC sont considérés de plus en plus comme un sujet d’inquiétude
d’une part par la communauté militaire, et d’autre part, en raison du rdle prépondérant de I’électronique sophistiqué au niveau
des systemes et de la diversité des dispositifs rayonnants. Ainsi, certains systémes militaires ont parfois subi des perturbations
non prévues. En outre, des générations 2 puissance de créte trds élevée fonctionnant a des hyperfréquences sont déja
disponibles au niveau des laboratoires et il faut en tenir compte pour de possibles développements d’armes hyperfréquence.

Un certain nombre de ces sujets ont déja été traités et nous n’avons besoin que d’une extrapolation des résultats disponibles:
tel est le cas pour les mécanismes de couplage pour une impulsion frappant une cible, ce qui, a base fréquence, est un
probléme classique lié au NEMP (impulsion électromagnétique nucléaire).

D’autre part, il faut également tenir compte de certains aspects spécifiques tels que la capacité d’acheminement de la
puissance de créte sur des lignes de transmission, des antennes et de I’atmosphére.

Le symposium a défini I’état de I’art dans ces domaines en évolution constante.
Sujets traités:

— les générateurs a puissance de créte élevée

— la capacité d’acheminement 2 puissance de créte des lignes de transmission et des antennes
— les mécanismes de couplage de cible

— la vulnérabilité des piéces et des sous-systemes

— le durcissement contre les hyperfréquences a haute puissance

— les installations d’essais
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Preface

The last 40 years has seen an unprecedented and unparalleled growth in the development and use of electronics. Associated
with this has been an increase in concerns over electromagnetic compatibility (EMC), and this has led to a corresponding
growth in legislation to maintain standards, as well as in the test facilities to licence hardware of all types, from aircraft
control systems to consumer electronics.

The use of electronics in military systems has paralleled that in the consumer industry, even though the leadtimes to get
systems and subsystems into service are much longer. If anything the problems of EMC were realised earlier, and strenuous
efforts have been and continue to be made to counter not only the EMC problem, but also to harden against the threat from
nuclear EMP and lightning, as well as the more directed threats from our own or other EW systems.

Why, therefore, has the subject of High Power Microwaves come to such prominence over the last few years. There are
possibly three factors which contribute to this, namely:

¢ evidence (some qualitative; some quantified) that these waveforms can affect electronically rich systems
¢ the increase in the use of electronics in mission critical application, in both weapons and weapon platforms

¢ the developments in HPM source technology which have seen major reductions in size as well as increases in
efficiency

In isolation these could be considered as merely extra data points for consideration. However taken together this may be
considered to indicate a potential for the development of new offensive systems which could be used to affect the
performance of weapon systems.

The question to be answered is whether these systems are the “golden bullet” — methods of attack which are applicable to a
wide range if not all weapon systems and platforms, or whether they are applicable to only classes of weapons, or in the
minimal case are only effective against single systems. The question of whether they could be cost-effectively deployed
remains as an additional and vital issue.

Much work remains to be carried out, and groups such as the NATO AC243 Panel 1, RSG1 are taking the first steps
internationally to address these issues; this symposium was another major step. It brought together the current state of the art
in the major technologies which have a direct bearing on the current situation, and will stand as a reference point in the
understanding and development of these technologies.

This symposium was jointly sponsored by AGARD and the Defence Research Group (DRG) of NATO. These proceedings
are also published by DRG as AC/243 (Panel 1) TP/4, Vol. I (unclassified) and Vol. II (classified).

Dr. P.W. Reip

Chairman NATO AC243 Panel 1 RSG ]

WX2 Electronic Warfare Division

DRA Fort Halstead, Sevenoaks, Kent, TN13 2AL, UK
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PRESENT AND FUTURE TRENDS IN HIGH POWER GENERATION.

Rob M.E.M. van Heijster
Phystes and Electronics Laboratory TNO
P.O. Box 96864
2509 JG The Hague
The Netherlands (1)

Jan M. Schouten
Naval Electronics and Optics Establishment
P.O. Box 1260
2340 BG Oegstgeest
The Netherlands (2)

1. SUMMARY
Modern warfare requires high levels of microwave power for
various applications. Semiconductors are only suitable for low
and medium power levels, for high

power generation

microwave tubes are still the most effective solution.

The feasibility of high power levels is mainly dependent on
technology. The topics are given below:
- Tube type
- Tube design
- Electron beam
- Efficiency & cooling
- Operating voltage.
- Energy storage
The reliability requirements are strongly related to the modes of
operation.

Tube designs, production techniques and maintcnance greatly
determine tube reliability. Good power supply design can
strongly increase tube reliability and hence system reliability.
New power supply topologies also necessitate protection
systems for the tube to run under high power conditions.

The procurement costs, the limited lifetime of the tube and the
necessary maintenance are the main cost-drivers. Tube design
and efficient maintenance procedures will increase the lifetime
of the tube. The build-in test equipment of the power supply
will reduce maintenance costs.

New cathodes and higher efficiencies will allow for higher
output power. Reliability and lifetime will be increased by new
technologies and "smart” power supplies, the latter also being
responsible for decreasing maintenance costs.

(1) Rob van Heijster is project manager at TNO Physics and
Electronic Laboratory (TNO-FEL). He is chairman of
RSG-19 on "Micro- and millimeter wave tubes".

(2) Jan Schouten is deputy head of the RADAR and EW
department of the Naval Electronics and Optics
Establishment (MEOB) of the Royal Netherlands Navy.
He 15 also a member of RSG-19.

2. ABBREVIATIONS
The abbreviations used throughout the text are explained in this

section.

BIST Build-in Self Test

CFA Cross Field Amplifier, a tube type family.
Ccw Continuous Wave

EC European Community

EMI Electro Magnetic Interference

EOL End Of Live

EwW Electronic Warfare

FEA Finite Element Analysis

HV High Voltage

HVPS High Voltage Power Supply

MEOB Naval Electronics and Optics Establishment
MPM Microwave Power Module

MTBE Mean Time Between Failure

MTTF Mean Time To Failure

MTTR Mean Time To Repair

OE Operational Envelop

0)Y Operation Point

RSG Research Study Group

TNO Netherlands Organization for applied scientific

research
TNO-FEL TNO Physics and Electronics Laboratory

TWT Travelling Wave Tube, a tube type.

3.  INTRODUCTION

Modern warfare requires high levels of microwave power for
various applications. Semiconductors are only suitable for low
levels,  for
microwave tubes are the most effective solution. The paper will

and  medium  power high  power generation
give an overview of present and future trends in high power

microwave systems, based on electron beam tubes.

Modern warfare requires high levels of microwave power, often
in combination with wide bandwidth and high duty cycles. For
many years, the generation of high power levels was the domain
of microwave tubes, such as: Magnetrons, Klystrons, CFA's and
TWTs.

Paper presented at the Sensor and Propagation Panel Symposium on “High Power Microwaves (HPM)”
held in Ottawa, Canada 2-5 May 1994.
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In the past years, the reliability of the microwave tubes and the
related power supplies proved to be limited. High maintenance
cost and the vulnerability to single point failures accelerated the
design of solid state replacements in the 70's. The design of new
tube technology and HVPSs (High Voltage Power Supply)
ceased.

The development of high power solid state amplifiers in D, E
and F band amplifiers started. The designers made use of
medium power amplifiers, called books, the power of which
was combined. This made the solid state amplifier very reliable
and user friendly.

The design of solid state microwave amplifiers had to rely on:

- The development of the combiner.

the Wilkinson
combiner proved to be very successful. The bandwidth,

The design of combiners, specially

combining losses and power handling were well
predictable and the production method well within the
present technology.

- The availability of transistors.
The development of high
transistors slowed down. The expected 200 to 400 W
transistor was only met in the D-band. For the other bands
the power stopped at 150 W (E/F band) to 5 W (J-band).

The large quantities of transistors required in the high

frequency high power

power amplifiers brought the price of the amplifiers out of

the range of many users.

The interest in the usc of microwave tubes returned. System

designers took full advantage of:

- The development and studies in scandate cathodes;

- The use of dedicated cathode-types in specific tubes;

- Improved brazing technology and tube processing;

- Increased understanding of the operational use by the
manufacturer;

- The fine tuning of the HVPS, the protection circuits and
R.F. circuits to the tube.

Within NATO, RSG-19 is assigned to develop a new standard

for the reliability of high power microwave tubes.

For the assessment of the various reliability aspects of tubes and
their HVPS the concept of the OE (Operational Envelop) 1s a
useful tool. It also helps to adept the feasibility of tube and
HVPS concepts.

This paper will first address the concept of the OE. Feasibility,
reliability and cost-effectiveness are the three aspects that will
be covered next.

4. OPERATIONAL ENVELOP

To model all various aspects of tube reliability, RSG-19
introduced the "operational envelop” concept. Three definitions
will clarify this concept:
- Operation point (OP):
Any combination of voltages and currents (temperatures,
shock, vibration etc. may also be included) that is applied
to the tube or is present on the HVPS.
- Valid operation point:
Any OP that the tube or HVPS can handle for prolonged
time (the specified lifetime).
Valid OPs are often subject to time constraints, their
validity is restricted to a given pulse width and/or duty
cycle.
- Operational envelop :
The boundary of the set of all valid OPs.

As long as the tube is operated within the OE, the stress factors
are within the limits and the (well designed) tube will exhibit a

good reliahility.
During switch-on, the tube will run under a number of OPs,

varying from "all voltages zero" to the chosen OP. All OPs
should be within the OE.

Energy handling

Tubes

100 f\
o 80
£ Iy
E 60 "
£ /
=1 I
£ /
3 40 £
£ / [ \
5 4
2 5 /// \

O ey S ————r

0 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15

Operating voltage

l — Operational envelop =~~~ invalid start-up ===+ valid start-up |

Fig. 1. Operational envelop with valid and invalid start-up

curve.

An example is given in fig. 1. A given tube can handle 100 %
energy at 10 kV, due to beam defocussing the energy handling
capacity is decreased for other voltages. This leads to the shown
OE. Two switch-on curves are given. One clearly has OPs
outside the OE, so it is an imvalid start-up curve. The other
remains within the OE, giving a valid start-up.




5. FEASIBILITY
The feasibility of high power levels is mainly dependent on
technology. The topicy are given below:
- Tube type
The requirements for coherency, stability and bandwidth
mainly determine the most suitable tube type and hence
the maximum obtainable peak power.
- Tube design
New tube designs and production techniques allow for
higher power levels. Three aspects reguire our special
attention:
- Electron beam
The electron beam converts DC power to RF power.
The ability to generate and focus high encrgy
electron beams is of major influence on the power
level that can be achieved. We will focus on modern
cathode design and cathode materials to investigate
how the beam current can be increased.
- Efficiency & cooling
Increasing system efficiency allows for more output
power at the same level of dissipated heat. Better
cooling implies «a higher level of allowable
dissipation and hence output power.
- Operating voltage.
Higher operating voltages increase output power,
however they also increase the electron velocity and
hence require a major change in tube design. This
limits the operating voltage in being a tool to
increase output power.
- Energy storage
High peak power levels requive large energy storage and
cause, due 1o fast switching, high levels of Electro
Magnetic Interference (EMI). Modern techniques to store
and control energy, under both operational and error
conditions, will be addressed.

The system specification is the technical translation of the
operational requirement. This specification dictates the class of
tube and the technology to be used in the tube. In this paragraph
the tube type, design, power supply and interface will be
discussed.

5.1 Tube type

The tube class is driven by:

1 Frequency and bandwidth;

This determines the use of a TWT, klystron or magnetron
etc.. For a wide frequency band, up to 2 octaves, a TWT
will be the best choice. For a limited bandwidth but
tuneable over a 4 to 5 % bandwidth, a klystron is a good
choice. A magnetron will be the best alternative for up to
3 % bandwidth.

Power output;

8%}

For the power output and the related duty cycle a TWT
and klystron is capable of delivering medium peak powers
(200 kW) with duty cycles up to 20%. The use of a
magnetron will give high peak powers (1 MW) but low
duty cycles up to 1%.

3 Stability;
Stability in a tube depends strongly on the power supply
of the system. For stable, good AM and PM noise figures
<-100dBc/Hz the TWT and klystron is the best choice.
For a magnetron special measures have to be taken in a
coherent system, -60 dBc/Hz can be reached.

4 Reliability;
The reliability of the three tube classes mentioned above
depends on the stress that is applied to the tube. This will
be discussed further in paragraph 6.

An overview is given in table 1.

TWT Klystron Magnetron

Freq. tuning External External Fixed/

source source tuned
Bandwidth Octave(s) Tuneable Tuneable

W.I. S.I.

Peak power Medium Medium High
Duty cycle Up to CW Up to CW 1% max.
Coherency Excellent Excellent Poor
AM/PM noise
in dBc/Hz <-100 <-110 <-60
Stability Depending Depending | 0.2%

on on

external external

source source
Reliability 20.000 hrs 20.000 hrs | 3.000 hrs

Table 1,  Overview tube types

w.r. = wide range, > 3 %.
s.r. = small range, <3 %.

5.2 Tube design

The system application plays a major role in the design of a
high power tube. It dictates the materials and the constructions
to be applied to the tube. Each application has its own specific
design restrains, A search radar will be operational during a
long period of time. A tracking and illumination radar will be
used during a short period of time only. EW systems are active
over short periods and are in a Standby mode for a long period.
This is also the case with fire control and illumination radars
whose reliability must be very high upon activation. Systems
that are in standby for long periods, often exhibit arcing. Due to
the long standby hours, ions may be collected around the
cathode and the evaporation of barium oxide out of the cathode
may pollute the ceramics and grid structure. Applying the HV
(High Voltage) to the tube an arc may be induced by those
effects. Failure will cause extreme danger to the platform on
which the radar and/or EW 1s mounted.

In communication systems the operational use is different from
the earlier mentioned systems. The tube is in the operational
mode for long periods of time. The ions produced are collected
by the beam and the evaporation of barium oxide is less due to
the beam cooling of the cathode surface and the equal
temperature over the gun parts. During the design of the cathode
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special measures on, cathode material, oxide, B or M type
cathode, grid and thermal stress and stability have to be taken.

The platform that carries the system will dictate the mechanical
stress applied to the tube. Land-based systems do not show high
shock and vibration levels. Missile applications show high
levels of shock, vibration and acceleration during the start.
Fighter airplanes will shock and vibrate over a long period of
time. Tubes on board ships will see low frequency vibrations
over long periods of time. The three described situations all
require special attention to the construction of the different parts
in a tube. Restrictions apply to design also. In missile and
fighter applications the weight of the tube and its power supply
will be limited while for land-based and shipborne applications
the weight is less stringent. This implicates that the tube
designer has to be aware of the platform on which the tube will
be used. Finite Element Analysis (FEA) proves a valuable
instrument here. It allows the tube designer to predict the
mechanical strength of his design and to simulate the impact of
various stimulations.

The second part of this paragraph will focus on future strategies
and techniques to cope with the above-mentioned problems.

5.2.1 Strategy

Future trends will focus on an increasing use of computer aided
design. Libraries of tube parts (e.g. cathodes, RF-structures etc.)
will be built up. A new tube will be designed by using the
library-parts. More attention will be paid to the tube parts
during their design, since they can be used in many tube
designs. This will result in thorough FEA and thereby good
mechanical strength, in good electric figures, in high reliability
and in as simple as possible manufacturing. The manufacturer
tube design to specific user

can easy adapt a given

requirements,

The users will tend to apply standard tube types and HVPS. The
manufacturers can produce larger quantities of these standard
products at lower costs. This allows for the application of many
tubes, mini-tubes or MPMs (Microwave Power Module) in a
high power amplifier to increase output power.

5.2.2 Cathode

Tube development will benefit from improved cathode design.
Higher current densities and longer lifetimes are required. The
development of coatings for the cathode, to lower the work
function, are under investigation. Scandate proves to be very
successful. Research is still required as the understanding of the
physics is still not fully understood. A new development is the
Field Emission Cathode Array (see fig. 2). High current
densities can be reached m a medium vacuum environment.
Figures of 40 to 400 A per square centimeter are attainable in a
vacuum of 1.10-6 torr. Heaters are not required for this type of
cathodes. TaSi2 is a basic material for this type of cathodes. The
limitation 1s the short life of the cathode. This 1s due to the
relative fast deterioration of the tips in the TaS12 array. Further
research using other materials and alloys are proceeding.

Fig. 2, Field Emission Cathode Array.

5.2.3 Cooling

The cooling of the tube has a major effect on the power
handling of the tube. By efficient cooling of the R.F. structure,
the power handling can be improved by at least 3 db. There are
three distinctive groups of R.F. structure: Helix, Coupled Cavity
and Ring Bar. In the coupled cavity and ring bar tubes the
cooling of the structure is limited by the surface area of the
structure. In the helix tube the heat transfer from the structure is
limited by the heat resistance of the isolation material between
the helix and the body. In general Beryllium Oxide or
Aluminium Oxide is used. The use of diamond rods is under
investigation, which promises a reduction of the heat resistance
by a factor of 4. FEA proves a valuable instrument here. It
allows the tube designer to predict the thermal behaviour of his
design and to simulate the impact of various thermal stimuli.

5.2.4 Focussing

Higher efficiency and improved focussing will reduce the
energy absorbed in the RF-structure of the tube. Stronger and
more reliable magnets, such as Samarium Cobalt magnets, are
key elements. Due to the reduced thermal load of the RF-
structure, the tube output power can be increased.

5.2.5 Structure

The use of special plastic mandrills for manufacturing the RF-
structures are investigated. This technology make use of a
mandrill on which material, such as copper, is electroformed
thereby creating the RF-structure. The mandrill is etched out of
the structure and the RF-structure remains. Due to the limited
amount of brazing high accuracy and high yield can be reached
by this technique. It will also reduce the RF-losses in the
structure and improve the R.F. efficiency.

5.2.6 Microwave Power Module

Hybrid technology combines the best of two worlds, the high
power of the microwave vacuum tube and the gain of the solid
state amplifier. To increase power (gain) of a tube higher
electron velocities are required. This implies an increase of the
operating voltage of the tube. There are a number of
disadvantages. Higher voltages will add extra difficulties to the
design and reliability of the power supply and increase the
complexity of the design and production of the tube. In solid




state higher gains are available. By combining the gain of the
solid state amplifier and the power output of the tube a cost
effective solution can be found. The low gain of the tube will
reduce the high voltages of the tube. When the HVPS is added
to the combination of tube and solid state amplifier the MPM is
obtained. The MPM has the advantage of no external HV
connection and no complex wiring, only three connections have
to be made: input, output and power (e.g. 28 or 270 Vdc).

So far this approach has been seen in medium power amplifiers
of 200 W and frequencies up to 18 GHz. The AM/PM noise
performance of the MPM is only fair due to the poor
stabilization of the HVPS. The high power per cubic centimeter
rating results 1n stringent cooling requirements. It can be
foreseen that a further development to higher power levels is
achievable. Future developments will focus on improvement of
AM/PM noise performance and cooling.

MPMs are pertfectly suited for active phased array applications,
where each antenna clement (or set of antenna elements)
requires its power amplifier. The advantages and disadvantages
of the MPM versus solid state amplifiers is given in table 2.

MPM Solid state
Power 50w 5W
Efficiency 40 % 15 %
AM/PM noise | fair good

Table 2,  Comparison of an average MPM versus solid state.

The increased power of the MPM can be used either to decrease
the number of units or to increase output power, depending on
system requirements. both MPM and solid statc amplifier
require extensive cooling systems.

5.2.7 Mini tube

A way of increasing the system power output is the use of
multiple mini tubes. The voltage required with mini-tubes is
reasonably low, about 4 kV. By combining the power in a
Wilkinson combiner or Rothman lens and using multiple power
supplies, a reliable high power amplifier will be designed.

5.2.8 Dual mode tube

The development of dual mode tubes started in the 80's. The
difficulties with the design of the vacuum envelope and gun
slowed it down. New interest, specially for the designs from the
former eastern block countries, can be seen in this type of tubes.

5.2.9 Klystron

The limited instantancous bandwidth has been a disadvantage of
klystrons. New developments in the E.C. have been started on
the design of inter active klystrons. This design will give the
klystron a bandwidth comparable to that of a TWT,

52.10

One of the life shortening effects in the magnetron is the wear-

Magnetron

out of the cathode and the secondary emission of the cathode
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trends shown for TWT and klystron. The effect of secondary
emission can greatly be reduced by adding an appropriate
coating to the cathode stem and by decreasing the stem
temperature,

5.3 Power supply

The feasibility of a microwave power generator is not limited
by the voltage and current ratings of today's HVPS. More
important however 1s the protection and control of the power
supply. The power supply should be kept within its OE under
all conditions. The OE of the HVPS should include that of the
tube, so the power supply can never be damaged by any
operation condition of the tube. Both control and protection
greatly enlarge the HVPS OE.

Present HVPS developments benefit from resonant switching
converter topologies, that have among others "the following
advantages:
- Low EML
Due to the sinusoidal current EMI is reduced;
- Low stored energy.
The resonant converter allows for higher switching
frequencies which, in combination with low EMI, leads to
simple output filters with a low amount of stored energy;
- Tight control.
The high operating frequency and simple filtering allow
for high control bandwidth and tight converter control;

The low converter EMI allows for fast acting control and
protection circuits without the disadvantage of erroneous
operation. Semiconductor protection devices are available that
can react in nanoseconds and can handle several hundreds of
amperes. They can make the HVPS virtually insensitive to the
most extreme tube OP: the HV-arc.

The sinusotdal converter current reduces the electrical stress on
the converter semiconductors which on the one hand increases
reliability and on the other hand allows for an increased power
handling. Also the switching losses are reduced resulting in a
higher efficiency and, consequently, smaller heatsinks.

The high frequencies allow for small capacitors, transformers
and, due to the sinusoidal current, simple filtering.

Future trends will bring small and efficient power supplies. The
main design effort will be on protection and control. The OE
will be widened by adequate protection. The control electronics
will be programmed to exactly monitor the OP and keep it
within the OE unconditionally.

5.4 Interface :
The power supply has two major tasks in relation with the tube,
it should deliver enough power and it should keep the tube
unconditionally within the tube OE,

Tight control of the OE will gradually allow for higher output
power without over-stressing the sensitive parts of the tube.
Tube design will be influenced by this trend, and gradually go
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towards tubes that allow for very high powers in return for a
very narrow OE.

The OE will become more and more important in the future. It
enlarges the possibilities of power tubes at the expense of
increased risk to destroy tube or HVPS in case the OE is not
properly maintained.

5.5 Energy storage

The energy, necessary to generate high power microwave
levels, 1s drawn from the HVPS. The energy, supplied by power
invertors, is temporarily stored in capacitors. In case of tube, the
stored energy is uncontrollably released into the tube, which can
be destroyed eventually. There are several techniques to avoid
this energy release:

- Application of a crowbar.

- Limitation of energy storage.

- Application of HV switches.

These techniques are discussed more in detail below.

5.5.1 Crowbar

A crowbar is the conventional solution to avoid excessive

energy release. It provides a low impedance pad for the energy

source, thereby diverting the energy off the tube. Crowbars

however show several drawbacks:

- Their reliability 1s limited due to sensitivity to wear;

- Their ability to "fire” 1s often not unconditional;

- Their reaction time is fair, a part of the stored energy is
still released in the tube before the crowbar fires;

- The operation principle unplies high currents compared to
the operating current;

- The operation principle implies high current rise-times,
the resulting EMI may easily cause damage to HVPS
electronics.

55.2 Limited energy storage

The energy storage is limited to the maximum rating for the
tube. This state of the art technique requires electronic circuits
to compensate the effect of limited energy storage. Modern
semiconductor  technology  provides  high  bandwidth
components with sufficient voltage and current rating to enable
these control circuits. The compensation electronics guarantee

operation within the OE.

5.5.3 HV switch

HV-switches between energy storage and tube can block the
energy release. Certain tube types (CFAs) require the switch
also to switch the tube on and off. The conventional switches
have drawbacks about equal to the already mentioned crowbar.
To avoid these drawbacks, the HV-switch is often replaced by a
low voltage, high current switch combined with a pulse
transformer.

stacked transistor
topologies. This emerging technology enables fast reacting

Future developments will bring the
reliable switches that can handle high voltages and high current
levels. Today these switches still are bulky, in the near future
they will be available in the same size as conventional switches.

Stacked transistor topologies also enable control of rise- and

fall-times, thereby reducing the amount of EMI. Moreover,
operation within the OE, both under operating and error
conditions, can be guaranteed by adequate control of the

stacked transistor system.

6. RELIABILITY

The reliability requirements are strongly related to the modes of
operation. The paper will address various aspects, including
Mean Time Between Failure (MTBF) and the certainty that a
tube will run upon switch-on.

Tube designs, production techniques and maintenance greatly
determine tube reliability. Good power supply design can
strongly increase tube reliability and hence system reliability.
New power supply topologics also include the necessary
protection systems for the tube to run under high power

conditions,

This chapter will focus on reliability of power tubes and HVPS.
The system reliability is not only determined by the sole
reliability of the tube and HVPS but also by the tube-HVPS
interaction. The concept of the OE is a useful tool to describe
the various reliability aspects.

6.1 Tube

The TWT is taken as example, since it has all functions in
physically separated areas:

- Electron generation in the cathode;

- Beam control in the grid;

- Beam focussing & acceleration;

- RF is generated/amplified in the RF structure;

- Electron collection in the collector.

Other tube types have some or all of these elements. The CFA
family generally lacks beam control and focussing, electron
collection is done by the RF structure. The klystron has the
same outline as a TWT, however the RF structure is distinctive
and they often lack a beam control grd.

In relation to general tubes, the MTBF of high power tubes is
more related to:
1 Cathode stress.
High output power requires high current densities in the
electron beam and thus at the cathode surface. This asks
for new cathode (micro-) structures and materials. It can
be necessary to operate the cathode at elevated
temperatures. The latter will decrease cathode life and

increase the out-gassing process.

(887

Electrical stress.

High power tubes generally run under high voltages. This
makes the tube sensitive to flash-overs due to gas in the
vacuum envelope or contamination of the ceramics.
Eventually this will lead to the inability of the tube to
withstand the HV,

3 Thermal stress of the helix.

Due to imperfections in beam focussing a part of the
electron beam 1s intercepted by the RF structure. The high
speed of the electrons causes high heat dissipation in the
RF structure.




4 Thermal stress of the collector(s).
All energy supplied to the tube is either converted to RF-
energy or to heat. Almost all heat is, under normal
conditions, dissipated in the collector. Overheating may
cause the collector to melt or to evaporate metal (copper)
which will form conductive layers on isolating ceramics.
Collector cooling therefore is an crucial factor in tube
reliability.

5 Vacuum.
Due to (thermal) stress in the brazing and/or hot spots
anywhere in the tube, micro-leaks can develop, thereby
causing loss of vacuum. High surface temperatures of
parts inside the vacuum envelop can cause oul-gassing,
thereby destroying the vacuum. Also the evaporation of
barium out of the cathode can have this effect.

Under certain circumstances, a "quick-start” is applied to the
tube. The OE is "widened" to include the OPs with high inrush
currents which can be done with special cathode and heater
design. Special grids can keep the tube from operating thereby
allowing for a fast switch-on of the HV.

The certainty that a tube will run upon a "quick-start” can be
checked by the BIST (Build-in Self Test) of the HVPS. The
heater can be tested upon resistance, where the quality of the
vacuum can be proved with a static HV test. Tubes, equipped
with an 1on pump, can maintain their vacuum and allow for an
easy check of the quality of the vacuum.

Tube technology nowadays moves to a "narrowing” of the OE
in favour of an increased reliability. Better knowledge of
thermal cathode behaviour can result in an OE that, under strict
control of the OP locus, will allow for quick-start.

6.2 HVPS

HVPS reliability is, of course, subject to gencral reliability
aspects that apply for all electronic devices. Due to its high
power and voltage handling some specific aspects are
noteworthy:

1 Electrical stress.

Semiconductors are used as close as possible to therr
maximum ratings, which requires adequate derating to
meet the reliability specifications. The sinusoidal currents
of resonant converters lack high dV/dt and dl/dt which
reduces the electrical stresses.

Thermal stress.

Most of the components are operated close to their

o

maxunum operating temperature, once Iore requiring
derating. Resonant converters, running with sinusoidal
currents however exhibit greatly reduced switching losses
that allow for  reduced operating temperatures and
enhanced reliability.
3 Switching
The high voltage levels implicate high levels of stored
energy in parasitic capacitances. This energy is released
upon switching and can destroy semiconductors. Resonant
converter topologies can reduce rise-times, thereby
reducing the current through the parasitic capacitors. This
also can compensate certain parasitic capacitances.
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4 EMI
The high pulsed output power causes high levels of EMI,
which can destroy other parts of the HVPS. Once again
rise-time reduction can reduce EML.

BIST equipment does not increase reliability in statistical terms.
A failure cannot be avoided by BIST. The certainty that both
tube and HVPS will run upon switch-on however can greatly be
increased by proper BIST procedures. This reliability aspect is
especially important for missile systems, fire control and EW
systems, since they are (only) switched on when life-threatening
situation occurs.

6.3 Tube-HVPS control.

Tubes and HVPS strongly interact. As far as reliability is

concerned, malfunction of either one can destroy the other. The

increase of reliability depends on the HVPS that has to fulfil
four requirements:

- It has to keep the tube within the tube OE;

- It has to keep itself within the HVPS OE;

- It has to be able to withstand all the tube's possible
operating points, including arcing (=short circuit of the
HVPS!). The HVPS OE itself should be wide enough to
enclose all the tube's operating points;

- It has to be fail-safe: never should the tube be put in an
invalid OP due to power supply failure.

The above-mentioned requirements can be met by new power

supply technology. The power supply control has, apart from

regular HVPS functions, four major tasks in tube & HVPS

control:

- Monitor the OP of the tube;

- Compare the OP with the internally stored OE;

- Take corrective actions to keep the OP within the OE;

- Shut-down the power supply in case the OP is near the
edge of the OE. At shut-down, the OP should remain
within the OE.

Monitor bus |

Voltage & Vf
current
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Control bus

Fig. 3, Power supply with full OE control and BIST.

Given the above mentioned guide-lines concerning reliability of
tube, HVPS and their interaction, a power supply was designed
at FEL-TNO in the Netherlands. This power supply has
extensive control electronics to guard the OE and BIST to check
the power supply and the TWT. It has a display panel indicating
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which part of the TWT or HVPS is malfunctioning. The
prototype still mects all reliability requirements after a more
than four year test period. The lay-out of the HVPS is given in
fig. 3.

6.4 Mini-tube

At a first glance, the choice between a "mini" and a "normal”
tube has no impact on reliability. The mini-tube however works
with lower electron speeds and hence lower voltages. This
factor enables a significant increase in reliability of both tube
and HVPS.

The major drawback of the mini 1s its relatively low peak output
power. The mini is easier to produce, especially in series
production, which allows for a lower price and a strict quality
program. The mini has the potential to run at a significant lower
dollar per watt rating than its bigger opponent. Even with the
extra costs of combiners, large amounts of power can be
generated cost-effectively by using a sufficient number of

minis.

The mini will be the future solution in many RF power

generators.

6.5 Microwave power module
The consists of a solid-state pre-amplifier, a (mini) TWT and a
HVPS, all combined in one housing, see fig. 4.

The MPM further increases the reliability that is obtained by the

use of mini-tubes:

- The gain is obtained by the solid state amplifier so the
gain requirement for the tube is minimal. The tube
designer can concentrate on reliability instead of on gain.

- The MPM runs at lower voltage than the mini tube.

- The tube and the HVPS can be perfectly matched with
respect to thewr OE.

- Maintenance personnel does not have to handle HV-parts,
which both increases reliability and safety.

The MPM has, as already stated, a lower power rating than the

mini. For the same reasons however, their dollar to watt rating

can be reasonable. The main application for MPM 1s the phased
array antenna that benefits from the multiple amplifier concept
and from the power combination that is done "in free space”.

Solid
state
Amplifier

Power

Al . Out
Amplifier :

|

Power Supply
& HVPS

Fig. 4, The Microwave Power Module.

7. COST-EFFECTIVENESS

The procurement costs, the linited lifetime of the tube and the
necessary maintenance are the main cost-drivers. Tubes also
require maintenance when they are non-operating or in storage.

Production technology is in an on-going process of decreasing
production  costs, however tubes are labour-intensive o
produce which strongly limits the cffect of production
technology on tube procurenment costs.

Tube design and efficient niaintenance procedures will increase
the lifetime of the tube. The build-in test equipment of the power

supply will reduce maintenance costs.

The maintenance cost of a system is not only the cost of repair
and periodic maintenance, but also the cost of the logistic
system.

The repair of the microwave tube is complicated and can in
general only be done by the manufacturer at high expenses. The
microwave tube has to be returmned to the tube manufacturer for
analysis and repair. This causes long turn-around times,
meaning extra investments in spares tubes.

Repair of the defective HVPS may be performed by the
maintenance organization of the system owner or may be
contracted to the system manufacturer, requiring spare HVPSs

due to long turn around times.

Maintenance personnel can only perform a limited fault
analysis. A key factor is the limited time available for repair. A
system has to be operational within the specified MTTR, often
less than 1 hour. The maintenance engineer however has to
determine whether tube or HVPS is defect. Effective HVPS
BIST however can give a quick, good and well specified
analysis of the fault.

Periodic maintenance can greatly be reduced by BIST. As long
as tube and HVPS are operated within the OE, there is no
objection to use the tube as a test load for the HVPS and/or the
HVPS as a test device for the tube. This however requires auto-
calibrating facilities, fail-safe BIST and fail-safe OE control.
Human interference, if necessary, then is limited to maintenance
that requires specific equipment.

Periodic maintenance can also be reduced by training of the
maintenance engineer m fault diagnostics on microwave tubes
and HVPS. The basic principles on microwave tube theory and
tube maintenance has to be part of his education.

Tubes do change their OE over lifetime. Maintenance engineers
often report increased lifetune due to slightly changed voltage
settings. When aging is included in the OE programmed in the
HVPS, this can increase tube lifetime. The operation within the

OE itself also increases lifetime.

Failure data comprise a great amount of information regarding
reliability and MTTF. With data, obtained from BIST,
maintenance engineers (following a well defined procedure) and
factory repair engineers, an in-depth analysis of the failures can




be made. Here the use of HV and STANDBY hours is of major
importance and a real MTBF can be calculated. Special
circumstances such as land-based and ship- or airborne, type of
system fire control, illumination, search radar or jammer, have
to be taken into account. The results of the analysis have to be
available to the system user, tube manufacturer andfor the
system designer. Depending on the results of the analysis
operational procedures, system modifications or tube
modifications have to be discussed.

8. CONCLUSIVE REMARKS

New cathodes and higher efficiencies will allow for higher
output power. Reliability and lifetime will be increased by new
technologies and "smart" power supplies, the latter also being
responsible for decreasing maintenance costs.

After a decreasing interest in the use of high power vacuum
tubes in the 70's and 80's, new developments started in the field
of cathode technology, efficiency, power supplies and tube-
HVPS interfaces. This brought the tube back into the newly
developed systems as a reliable microwave power source.

The combining of power, as is common practice for high power
solid state amplifiers, showed its benefits at the introduction of
the mini tube. The marriage of the low power solid state
amplifier and the mini tube resulted in the MPM, a versatile and
easy to use power amplifier.

The development of new tube technologics will depend on the
performance requirements of systems. The active phased array
antenna act as a technology push into the development of
MPMs.

The OE will be increasingly important for tube and HVPS
design and development. Future developments will benefit from
tight OE control. Close corporation between the designers of
tube, HVPS and system is necessary to formulate the OE.

New technologies as scandate cathodes will allow for higher
output power. Tube designers will take advantage from OE
control to further increase output power.

Effective BIST will reduce maintenance costs.

The power amplifier of the future will consist of a number of
(cheap) standard tubes, in most cases mini tubes or MPMs. The
system will be virtually maintenance free, indicating the
defective tube or HVPS part in case of a failure. The latter
results in repair by replacement.
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DISCUSSION

E. SCHWEICHER
Do the cooling problems you mentioned about HEMT's or MESFET's explain the

cooling difficulties encoutered by TI and Westinghouse in the development of the
active phased array antenna of the radar of the ATF F-22 ?

AUTHOR'S REPLY
I am not in a position to discuss the problems that are encountered during the

development of the F-22 radar system. However TNO-FEL has a vast experience with
the development of active phased array antennas, as for example used in the PHARUS
universal SAR radar. Cooling of active phased arrays is difficult due to :

- the low efficiency of the semiconductor power amplifier

- the high power density involved

- the (virtual) absence of conduction cooling in two-dimensional array's. A medium
(e.g. air, water or freon) is used to transport heat. This leads to an elaborate cooling
system.

The higher efficiency of MPM's give them a strong advantage as far as cooling is
concerned. The required cooling capacity for MPM can be down to 50 % when
compared to a solid state amplifier with the same RF output power.

E. SCHWEICHER
What do you think about the power capability and the reliability of HEMT's and

especially pseudomorphic HEMT's ?

AUTHOR'S REPLY
The amount of heat that can be dissipated by a HEMT (or any other transistor) is

limited by its chip surface. The efficiency and chip surface determine the power
capability of the HEMT. In relation to other semiconductors the efficiency is the main
factor. However in relation with MPM's the chip surface becomes a main factor, since
it cannot be increased beyond a given limit.

As my presentation indicates, almost any reliability can be achieved, as long as
operation is limited to a given operational envelop. For HEMT's this will in general
mean that high reliability is achieved for a limited temperature range, input voltage
range and supply voltage range. When the device is "pushed to its limits" the

reliability will decrease.
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HIGH-POWER MICROWAVE DEVELOPMENT IN RUSSIA

Sylvain Gauthier,
National Defense Headquarters, DSTI,
101 Colonel By Drive, 18ST
Ottawa, Ontario, Canada, K1A 0K2

SUMMARY

This is a survey of Russian research
and development in high-power
microwave (HPM) sources. It
emphasizes those sources of
nanoseconds pulse duration time which
have potential weapon as well as radar
applications. It does not cover the
whole range of Russian HPM research
and development but concentrates on
those aspects which may lead to
military applications. Russian
investigators have achieved many world
firsts in HPM generation; for example,
a multiwave Cerenkov generator with a
peak output power of 15 gigawatts.
Their successes are based on their
impressive capability in pulsed power
technology which has yielded high-
current generators of terawatt peak
power. They have transformed the
energy of these currents into microwave
radiation using tubes of both
conventional and novel designs
exploiting relativistic electron beams.
Recently, the development of high-
current mini-accelerators has moved
relativistic electron-beam (REB) HPM

generation out of the laboratory and
enabled the development of deployable
military systems with peak powers in
the gigawatt range. As a result, they
now see development of a REB-based
radar systems as one of the most
promising directions in radar systems.
Details of such a system are described
and the implications for HPM weapons
are considered.

INTRODUCTION

This briefing is on HPM development
in Russia and is presented at the
unclassified level. The paper starts by
a brief review of the most active
Russian research groups working on
HPM technology. This is followed by
Russian development in high-current
accelerators used to drive HPM
devices. Then, the slow-wave devices
such as magnetron, backward-oscillator
(BWO), multiwave Cherenkov
generator (MWCG), and relativistic
diffraction generator (RDG) are
examined, and finally, a brief review of
fast-wave and plasma devices is
presented.

Paper presented at the Sensor and Propagation Panel Symposium on “High Power Microwaves (HPM)”
held in Ottawa, Canada 2-5 May 1994.
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RUSSIAN INSTITUTES

The Institute of Applied Physics (IPF)
in Nizhniy Novgorod, formerly Gorky,
is seen as the leading Russian institute
in the area of HPM technology. This
institute has worked on most types of
HPM devices such as slow-wave and
fast-wave. The only area in which they
have not been working is in plasma
devices. The IPF is internationally
known for its development of fast-wave
devices such as gyrotrons, and
cyclotron autoresonance masers
(CARM), which have produced the
highest average power in the mmw
band.

In Tomsk, the Institute of high-current
(ISAH) has been working extensively
on development of slow-wave devices
such as BWO, MWCG, and RDG.
They have focused on the wavelength
band 0.8-3cm. This institute has been
working on HPM generation in both
single pulse and repetitive operation,
and as part of this program, they have
developed compact repetitive
accelerators. This institute is well-
known for its research in multiwave
devices which have produced the
highest peak power in both centimeter
and mmw bands.

The Institute of Nuclear Physics
(IYAF), also located in Tomsk,
specializes in development of relativistic
magnetron, vircators, and resonator-
storage sources. They have been

working mainly in the s-band (3-GHZ).
This institute is a key center for
development of compact repetitive
accelerator based on linear induction
accelerator. These systems have been
used to drive their relativistic
magnetron in repetitive operation.

In Moscow, the Institute of General
Physics (IOF) has been working
extensively on HPM plasma devices
such as plasma filled devices, plasma
Cherenkov masers (PCM), Vircators.
This institute has also developed a very
successful system based on plasma for
the conversion of HPM radiation into
electrical current [1]. The IOF is also
known to have worked on some fast
wave devices such as gyrotrons and free
electron lasers (FEL). The Moscow
Radiotechnical Institute is another group
that has been active in HPM research.
Their main interest has been mainly in
Vircator and plasma devices. It is
suspected that a close cooperation exists
between the IOF and the Moscow
Radiotechnical Institute, since they have
been working on similar devices.

HIGH-CURRENT ACCELERATORS

Russian scientists have been very
successful in the development of
compact accelerators used to drive their
HPM devices in repetitive operation.
The ISAH, and the IYAF in Tomsk are
two key Russian institutes in developing
compact repetitive accelerators. The
ISAH started its development of




compact accelerators in the late 1960’s
[2]. They were intended specifically to
drive relativistic BWO. By the late
1970’s, the Russians came up with the
SINUS-series of small-size accelerators
based on capacitive storage line. Since
that time, the ISAH has developed
many models of its SINUS-accelerators
which are able to generate beam
currents with several gigawatts of peak
power. Pulselength ranges from a few
nanoseconds to tens of nanoseconds.
Originally, the repetition rate was
limited to 50 pulses per seconds (pps).
In 1990, the ISAH succeeded to operate
these accelerators at a repetition rate of
1000pps [3]. This was made possible
through their analysis of the high-
voltage spark gap behaviour in
repetitive operation. Russian scientists
found out that these switches are
destabilized by the appearance of a gas
region near the electrodes. By
removing it at the repetition rate of
operation, the numbers per pulses per
seconds was increased to 1000HZ.

The key-feature of the Sinus-
accelerators is the tesla-transformer
used to charge the capacitive storage-
line. The transformation factor makes
possible the use of a low-voltage
capacitor as primary source. As a
result, the accelerators are more
compact, and capable of repetitive
operation. In the past, the ISAH has
been using the spark gap, and thyratron
as high power switches in these
accelerators. Recently, however, they
have been using thyristors which are
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high-power semiconductor switches.
This is significant, since Russia is the
world leader in development of high-
power semiconductor switches. Use of
these switches is likely to make the
accelerators more compact and capable
of higher repetition rates.

Since the mid 1980’s, the ISAH and
IYAF have been working on a new
design of high-current accelerators
based on inductive storage line which is
capable of a two order increase in
density energy storage [4]. This is
particularly important for development
of compact accelerators. The key
components for magnetic storage
accelerators is the opening switches
which must change quickly from a state
of very low-resistance to very high-
resistance. Originally, the ISAH has
been using plasma-opening switches
which they have been extensively
working on. In 1987, The ISAH
succeeded to operate a small-size
accelerator capable of generating beam
current at a 25 gigawatts peak power
level, with pulselength of 80
nanoseconds duration time [5]. Since
the early 1990’s, the Russians have
used solid-state semiconductor switches
as opening switches. They have
already obtained an electron beam with
maximum energy of 400 KeV, and a
current of 6 KA, when the pulse
duration was 30 nanoseconds. As
opposed to plasma-opening switches,
the semiconductor switches offers
greater simplicity of construction,
stability of parameters, and the
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possibility of repetitive operation.
These switches can find wide usage not
only in small-size accelerators but also
in large ones.

The Russians have also developed
compact repetitive sources of high
voltage current based on linear
induction accelerators [6]. These
accelerators have been developed by the
Institute of Nuclear Physics in Tomsk,
and have been used to drive their
relativistic magnetrons [7]. Repetition
rates up to 100pps in steady state, and
160pps in a train of three pulses have
been produced in these accelerators.

In pulsed power technology, Russia is
substantially ahead of the West in
development of magnetic cumulative
generators (MCG) which are driven by
explosive charges [8] [9]. They have
produced the world record in generation
of single current pulse with an energy
of 100 megajoules and current of
300MA. The pulselength of these
generators is about 20 microsecond
which is also relatively fast when
compared to large capacitor facilities
which range in the millisecond duration
time. One hundred megajoules of
energy is quite impressive, when we
think that a state-of-the-art large
capacitor facility using about 250 tons
of capacitors can only produced 10 MJ
per pulses. Russia has developed a
desk-size version of MCG, 16 inches-
wide by 40 inches-long (40 X 110 cm),
which can be incorporated into missile
systems.

SLOW-WAVE DEVICES
Relativistic magnetrons

Russian research in relativistic
magnetrons have been very extensive.
The small-size of a magnetron, and its
high reliability, stability and efficiency
are key features that have been driven
Russian research. In late 1970’s, peak
power at the gigawatt level with
efficiencies of 40 percent were already
produced in relativistic magnetrons
[10]. In the late 1980’s, Russia was
able to generate a peak power at the 10
gigawatt level from their magnetron [6].

In 1989, Russia created a world first by
operating a relativistic magnetron at an
operating frequency as low as 1.2 GHZ
[11]. Microwave radiation of 130ns
duration time at the 210MW peak
power was produced. The efficiency of
the relativistic magnetron was 6
percent. Russian scientists said that this
research has been driven by potential
HPM application in the decimetric band
which seems to indicate a new trend in
Russian HPM research.

In 1987, Russian scientists operated a
relativistic magnetron in repetitive mode
[7]. Peak power of 360MW at a
repetitive rate of 160pps in a train of
three pulses was produced at that time.
In the experiment, they used as a source
of high-voltage their new linear-
induction accelerators which is very
compact. Since 1987, Russian




scientists have continued to investigate
repetitive operation of relativistic
magnetrons.

Relativistic Backward-wave oscillator
BWO)

BWO is one of the HPM devices in
which Russia has been working the
most. They were the first microwave
devices to be driven by relativistic
current, back in 1973. By late 1970’s,
these devices almost reached their
maximum capability in terms of peak
power microwave. Research to
increase the peak power capability of
BWO led to the development of
oversize waveguide structures, and then
of Multiwave Cherenkov generators
which will be examined later. Russian
research in BWO has been concentrated
on increasing the efficiency of these
devices, and operating them in a -
repetitive mode.

The Russians have shown, theoretically
and experimentally, that the maximum
efficiency of BWO using regular
electrodynamic structures is around 20
percent. In early 1980’s, they started
investigating the use of irregular
structures to produce an inhomogeneous
coupling over the interaction space
[12]. Inhomogeneous coupling is
obtained by increasing the amplitude of
the periodical structure. In the first
experiment a peak power of 320MW
with an efficiency of 29 percent was
produced from an irregular BWO tube.
A similar BWO with regular structure
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produced only 20 MW of peak power
with an efficiency of 11 percent. Since
that time, Russian scientists have shown
that the use of inhomogeneous coupling
can increase the efficiency above 50
percent. In 1992, the Russians showed
that BWO efficiency can be further
increased by use of inhomogeneous
phase velocity [13]. This is obtained by
increasing the periodicity of the
electrodynamic structure. Russia has
found that the electron beam transfers
the greater part of its energy at the
beginning of the interaction space. As
the electron beam loses its kinetic
energy, a certain equilibrium is reached
between the beam and the
electromagnetic wave; and the
conditions for efficient energy transfer
are less and less favourable. In
increasing the phase velocity of the
wave, this equilibrium is broken, and
transfer of the electron beam energy is
optimized over the entire interaction
space. The Russians have verified
experimentally their new theory. They
have produced in the 3.2 cm band, a
peak power of 200MW with pulselength
of 12 ns, and efficiency of 40 percent.
This was close to their theoretical
prediction for this specific case, and
confirms the possibility of increasing
the efficiency of BWO through the use
of inhomogeneous phase velocity.
Russia have shown that for moderated
relativistic electron beams, gamma=2,
efficiency can be as high as 70 percent.
As opposed to inhomogeneous coupling
which has been considered only for
ultra-relativistic electron beam, this new
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techniques is valid for moderated
relativistic electron beam such as those
used in compact repetitive accelerators.

Relativistic BWO have been the first
Russian HPM devices to be operated in
repetitive operation. The Russians have
been using the SINUS-series of compact
repetitive accelerators to drive these
BWO. In 1978, peak power of
100MW at rep-rate of 50pps was
produced from the relativistic BWO.
During the 1980’s, repetitive BWO
produced gigawatt peak power of
nanoseconds pulses at a repetitive rate

of up to 100pps.

Advanced radars

In 1992, the Russian had already
developed a high-power short-pulse
radar based on their repetitive
relativistic BWO [14]. The radar
transmitted up to 100pps at the gigawatt
peak power level. Frequency of
operation was of 10GHZ and
pulselength was only of 5 nanoseconds.
In field testing, the radar was able of
detecting aircraft targets flying at 50
meters above the ground, up to a
distance of 50 KM. The radar systems
has also enhanced capabilities for
detection of small ship targets. Russia
concluded that used of HPM devices in
radar systems is a new and extremely
promising direction in contemporary
system.

High repetition rate

Russians are working very hard to
increase the repetition rate of the
repetitive HPM devices. In 1990, the
ISAH in Tomsk has been able to
operate relativistic BWO and Orotron
devices at a repetitive rate as high as
1000pps [3]. The key system for this
research is the compact repetitive
accelerators that ISAH has designed and
manufactured. This accelerators can
produces beam, currents up to SKA, and
electron energy up to 800 KeV, with
pulselength of 10-20ns. The relativistic
BWO was operated at the 3-cm
wavelength band, and the orotron was
operated at the 8mm wavelength band.
Radiated pulselength was around 15ns
for both HPM devices. In their
experiments, the Russians first used a
regular BWO. In single pulse
operation, peak power of 600MW and
efficiency of 15 percent was produced.
At high repetition rates, peak power
and efficiency dropped to about
300MW and 7.5 percent, respectively.
Russian scientists have also investigated
repetitive operation of irregular BWO.
At a repetitive rate of 100pps, they
produced a peak power of 500MW at
efficiency of 20 percent. This is a
three fold increase in efficiency over
the previous regular BWO. In their
investigation of orotrons, single pulse
operation produced a peak power of
200MW and efficiency of about 12
percent. At a repetition rate of
1000pps, peak power of 100MW and
efficiency of about 6 percent were
produced. This research in HPM
devices at a high repetition rate is likely



to lead to the development of advanced
high power radar and jammers.

Multiwave Cherenkov generators

MWCG)

In the early 1980’s, Russian scientists
started a series of experimental

~ investigations to increase the peak
power and length of microwave
radiation from BWO [15]. Finally, the
ISAH came up with a new device,
called a multiwave Cherenkov
generator, consisting of an oversize
waveguide structure containing two
periodic sections separated by a drift
space. The first section modulated the
electron beam which imposes its
structure on the radiated field of the
second section. In 1983, a peak power
of 5GW was produced in the 3cm
wavelength band. Pulselengths were of
30 to 50ns, and efficiency was around
10 percent. In 1987, Russia produced
from their MWCG, a peak power as
high as 15GW with efficiency of 50
percent [16]. This was the highest peak
power produced up to that time, and is
still the highest published in Russian
literature. Pulselength of the radiated
wave was 70ns which means that the
each pulse has one kilojoule of energy.
This is very high as compared to a few
joules seen for radar applications.
Another Russian HPM device that is
known to have produced around
kilojoule of energy per pulse is the
relativistic diffraction generator (RDG)
[17]. It has produced gigawatt peak
powers 60GHZ. Pulselength was as
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long as 700ns. In fact, RDG are very
promising for generation of
microsecond duration at the GW peak
power.

Dielectric Cherenkov Masers (DCM)

In 1983, Russia showed that DCM can
be used as HPM generators [18]. At
that time, peak power of S80MW at the
3cm wavelength were produced.
Pulselength were of 55ns, bandwith of
17 percent, and efficiency of 17
percent. Since that time, Russia
research in DCM has been very
extensive. They have shown that
efficiency in DCM can be as high as 40
percent. The extreme simplicity of
DCM is one the key factors driving
Russian research in DCM. In early
1990’s, Russian scientists set up a new
direction in DCM by showing that they
can be used as an ultra-broadband HPM
amplifier [19]. This capability has not
been known before since previous
experiments on DCM have been using
propagation channels with diameter
superior to the radiated wavelength.
For such conditions the beam-wave
coupling fall off rapidly as the
frequency increases. As a result, broad
band amplification is not possible. If
the propagation channel diameter is
inferior to the radiated wavelength then
beam-wave coupling is virtually
independent of the frequency. As a
result, ultra-broadband amplification is
possible. In experiments, 40db of gain
was obtained with bandwidths as large
as 40-50 percent at 10GHZ and higher.
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Russians have used electron beam
energies typical of compact
accelerators, which might indicate the
intention of developing repetitive DCM.

PLASMA-DEVICES

Vircator is one of the most promising
HPM devices due to its simplicity and
compactness of construction [20]. One
of the key advantages of Vircator is
their simple frequency tuning, which
can be done by varying the external
magnetic field, or the vircator geometry
such as the space anode-cathode.
Experimentally, these devices have
produced peak powers at the GWs
level, in the frequency range 1-10GHZ
with efficiency up to 20 percent. Some
of the best achievements of the IYAF in
Vircator research are shown in table 1.

In 1989, the IYAF in Tomsk developed
a new type of monochromatic HPM
generators based on a vircator devices
coupled to an electromagnetic
resonator-storage [21]. Basically, the
electromagnetic energy is slowly
accumulated, and then rapidly
extracted. This increases considerably
the peak power of the initial radiation.
Although this scheme is a new design
for HPM devices, the use of resonator-
storage to increase peak powers of
microwave radiation is much older. In
fact, the IYAF has been working on
resonator-storage driven by
conventional microwave source for
more than two decades. On the other

hand, this is the first record of a
resonator-storage system driven by a
relativistic source. The IYAF claimed
that resonator-storage is very promising
for development of long-range impulse
radars which have strong capability
detecting stealth targets.

Experimentally, the vircator generated a
frequency spectrum of 2.7-3GHZ with a
peak power of 20MW. The
accumulation time was 250
nanoseconds, and the energy was
extracted in 10 nanoseconds. The peak
power at the resonator-storage output
was as high as 400MW. This is very
promising as a source of HPM radiation
due to the simplicity and compactness
of this new system. An interesting
result of the experiment is the
generation of a very monochromatic
radiation from a wide-frequency source.
Monochromatic radiation would be
very difficult to obtain from a vircator
alone, and is very important in radar
applications. The Russians consider
that vircator/resonator-storage are very
promising as HPM sources of
nanoseconds coherent radiation at the
gigawatt peak power level with a rep-

rate up to 1000pps.

FAST-WAVE DEVICES

The Institute of Applied Physics (IPF)
is a world leader in the development of
fast-wave devices such as gyrotrons.
According to the Russians, gyrotrons
are currently the only devices capable




of generating MW output power at
frequency higher than 100GHZ [22].
Some of the best results of the IPF are
given in Table 2. In the early 1990’s,
the Russians said that a gyrotron with a
frequency operation up to 80GHZ with
output power of 0.5MW and pulse
duration of around one second had been
developed. They were then working on
similar devices but with higher output
power and at higher frequency. In
figure 2, some estimations of the
maximum output from gyrotron devices
as a function of the ratio of the
diameter of the waveguide and the
radiated wavelength is shown. More
than one MW output is seen as possible
for gyrotron operating at a frequency of
300 GHZ.

In the late 1980’s, Russian interest in
cyclotron autoresonance masers
(CARM) increased significantly [23].
The Institute of Applied Physics said
that theoretical calculations have shown
that for the 1-2mm wave band
(150GHZ-300GHZ), average power of
1-10MW are possible. In 1990, the
IPF hoped to get such average power in
the nearest future. We have no
information on the current level of this
technology in Russia.

CONCLUSION

Russia is currently among the world
leaders in development of HPM
technology. The future of Russian
research in HPM is full of uncertainty
due to the Russian economic problems.
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However, we suspect that it will remain
a high priority due to its military value.

TABLE 1. VIRCATORS FROM
IYAF

Peak F effi- pulse- H
power ciency length field
(GW) (GHZ) (%) (ns) (KG)

1.2 2.9 17 120
0.3 3.1 13 1000
1.5 3.1 6 30 1.8
5.4 5.4 4 30 54

TABLE 2. GYROTRONS FROM IPF

fre- power effi- pulse-
quency ciency length
(GHZ) MW) (%)  (ms)

82 1.5 36 0.1
100 2.1 30 0.1
143 1.0 47 0.1
167 0.5 30 1.0
T Pimw)
2

{50 GHa
14
/ /300&”1

VA

10 20 20 40 5:0
FIGURE 2. Estimation of maximum
power from gyrotron
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DISCUSSION

E. SCHWEICHER
How does the frequency jitter of relativistic magnetrons compare to the frequency

jitter of conventional magnetrons ?

AUTHOR'S REPLY
I really don't know. I have been following the technology from a general point of view

without going much into details.

F. CHRISTOPHE
En complément de cet impressionnant panorama des travaux russes sur les

générateurs de puissance, avez-vous des informations sur les travaux dans le domaine

des antennes ?

AUTHOR'S REPLY

Je sais que les russes ont travaillé sur des antennes a trés large bande de fréquence
(ultra-wideband) telles que les "cornets" et les log-periodic. Cependant, ces travaux ne
semblent pas étre destinés aux transmissions des ondes de hautes puissances.

Translation:

Q.
In addition to this impressive overview of Russian work on power
generators, do you have any information on work in the field of

antennas ?

A.
I know that the Russians have worked on ultra-wideband antennas,

such as horn antennas and log-periodic antennas. However, this
work does not seem to be aimed at high power wave transmission.




3-1

High Efficiency Backward-Wave Oscillators for High Power Microwave
Generation: Present Status and Future Trends
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Department of Electrical and Computer Engineering
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Summary

The efliciency of high peak power microwave
generation in vacuum X-band backward-wave
oscillators is described. Nonuniform slow wave
structures are driven by the Sinus-6, a short
pulse, repetitive relativistic electron beam ac-
celerator. Peak microwave power exceeding
500 MW at 9.45 GHz has been measured in
an 8 ns pulse. The corresponding beam-to-
microwave power conversion efficiency was
17%, although efficiencies approaching 25%
have been achieved at lower power levels. The
ability to acquire a large amount of data using
the Sinus-6 accelerator facilitates comparisons
with electromagnetic particle-in-cell simula-
tions and analytical theories. In a companion
set of experiments, a modified PI-110A sin-
gle shot electron beam accelerator is used to
study backward-wave oscillators with param-
eters comparable to the Sinus-6 experiments,
except at pulse durations approaching 0.5 ps.
The goal of these studies is to extend the du-
ration of microwave generation in high power
backward-wave oscillators to several hundreds
of nanoseconds. Technological innovations,
such as ferroelectric cathodes and thin film
metallic coatings, are expected to yield signifi-
cant advances in long pulse operation.

1. Introduction

High power backward-wave oscillators (BWOs)
have been studied experimentally and theoret-
ically for about 25 years (Ref 1). The resur-
gence in interest in these classical microwave
tubes coincided with the development of pulsed
high current relativistic electron beam accel-
erators. Researchers in the United States pri- -
marily use single shot electron beam accelera-
tors whose energy store is a Marx bank (Ref
12. The electron beams propagate through
slow wave structures with uniform ripple am-
plitudes and periods, transported by a strong
axial magnetic field. Researchers in the Former
Soviet Union, on the other hand, developed
several generations of repetitively-pulsed elec-
tron beam accelerators based on Tesla trans-
former technology with very high coupling ef-
ficiencies (Ref 1). In addition, they developed
complicated slow wave structures which were
motivated by theoretical analyses showing that
nonuniform BWOs can be designed to yield
higher beam-to-microwave power conversion ef-
ficiencies than uniform BWOs (see Refs 2 and
3, and references therein). In a nonuniform
BWO, variations in the coupling impedance or

phase velocity affect the interaction between
the electron beam and electromagnetic modes
along the length of the tube. The coupling
impedance between the slow space charge wave
on the electron beam and the surface harmonic
of the backward TMy; mode can be modified
by varying the ripple amplitude, or by vary-
ing the magnetic field distribution within the
tube. The phase velocity of this harmonic can
be varied along the length of the tube by grad-
ually changing the period of the ripples. The
efficiencies for converting input beam power
into RF radiation using uniform BWOs have
been reported to be as large as 15% (Ref 2).
Work in the former Soviet Union on nonuni-
form BWOs has shown experimental measure-
ments of RF efficiencies exceeding 40%, and
theoretical predictions indicate efficiencies may
reach 75% in the absence of space charge ef-
fects (Refs 2 and 3).

The high power BWO program at the Univer-
sity of New Mexico seeks to define the physics
of efficient microwave generation in uniform
and nonuniform BWOs in both the short pulse
and long pulse regimes. Basic understanding
is gained from experiments using the Sinus-

6, a repetitively-pulsed relativistic electron
beam accelerator developed jointly by the High
Current Electronics Institute (Tomsk, Russia)
and the Institute of Electrophysics (Ekater-
inburg, Russia). This basic understanding is
then transferred to the PI-110A long pulse ex-
periments. It is expected that technological
innovation will lead to advances in long pulse
BWO operation beyond the 100 ns barrier that
researchers have typically faced (Ref 1).

2. Sinus 6 Experiments

The experiments using the Sinus-6 described
below seek to quantify the use of a shallow
ripple-amplitude initial section of a nonuni-
form BWO as a prebuncher to increase the
microwave generation efficiency.

Figure 1 is a cut-away diagram of the Sinus-6.
The Tesla transformer (1) steps up the voltage
from 300 V to 700 kV. An open ferromagnetic
core is used in the Tesla transformer, which
provides a high coupling coeficient between
the transformer windings. The pulse form-

ing line is contained within the Tesla trans-
former, permitting both increased efficiency
and an overall compact system. The high volt-
age switch (2) is a nitrogen-filled spark gap,
which is pressurized to 16 atmospheres. By ad-
justing the pressure the spark gap voltage can
be varied from 350 to 700 kV. The oil-filled

Paper presented at the Sensor and Propagation Panel Symposium on “High Power Microwaves (HPM)”
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adiabatic transmission line (3) matches the 22
Q2 impedance of the pulse forming line to the

~ 1002 impedance of the vacuum diode. The
magnetically insulated coaxial diode uses an
explosive-emission graphite cathode (2 cm di-
ameter with a 1 mm annular wall thickness).

A uniform magnetic field up to 3.0 T in magni-
tude, used to confine the electron beam, is gen-
erated by a pulsed solenoid system (4). The
pulsed system provides a magnetic field pulse
duration of 3 ms and requires 10 s to recharge.
The Sinus-6 can generate electron beams at a
pulse repetition rate of 200 Hz, but is presently
operating at 0.1 Hz due to constraints imposed
by the magnetic field system.

The Anode-Cathode (A — K) gap spacing and
applied magnetic field were held constant and
the resultant diode impedance was about 125
Q, depending on the cathode potential. The
electron beam pulse has a full width, half max-
imum (FWHM) temporal duration of about

12 ns. Cathode voltages are measured using

a capacitive divider, and beam currents are
measure using a Rogowski coil. By adjusting
the pressure in the spark gap, cathode voltages
from 400 to 650 kV are generated with corre-
sponding beam currents ranging from 3 to 5

Total peak radiated power measurements were
made using both a semiconductor microwave
detector and a crystal diode detector (set-up
shown schematically in Fig 2). Power density
measurements were made 1.6 m downstream
from a conical horn antenna which has a max-
imum diameter of 15 em. The total power was
calculated by numerically integrating the radi-
ation pattern that was experimentally mapped.
The radiated frequency was measured by het-
erodyning the RF signal against a known oscil-
lator frequency.

The basic tube studied in this work is a nonuni-
form amplitude configuration referred to as the
“Long Tube”. This tube is a two stage slow
wave structure constructed from individual
rings for each ripple period, and was designed
based on the work of Kovalev and colleagues
(Ref 2). Each ring is a trapezoidally shaped
annulus with a width of 1.5 ecm (corresponding
to a ripple period of 1.5 cm) and a maximum
radius of 1.65 cm. Four different rings were
used, and their parameters are listed in Table

1.

In addition to this basic tube, variations re-
ferred to as Short Tubes #1-#3 were also
studied to elucidate the role of the initial stage
of the Long Tube. As is evident from Table

2, the short tubes are variations of the sec-
ond stage of the Long Tube. These short tubes
have a start current in the range of the start
current for the Long Tube.

A typical mode pattern radiated by the Long
Tube and measured 1.6 m from the output an-
tenna is shown in Fig 3. The beam parameters

used were 500 kV and 4 kA, and each data
point was the average of 3 to 5 shots. The cal-
culated TMy; radiation pattern (Ref 4) for a
total peak power of 500 MW is indicated by
the solid line in Fig 3. For comparison, the
data points were integrated numerically to
yield a total power of 450 MW, in good agree-
ment with the calculated mode pattern. Since
the radiation pattern was found to be insensi-
tive to slight changes in frequency, it was suffi-
cient to measure the power density at the max-
imum electric field in order to ascertain the
total radiated power.

Figure 4 shows the dependence of peak radi-
ated power using the Long Tube on electron
beam current. Each data point represents the
average of 5 shots and the error bar represents
the typical scatter in the data. The beam cur-
rent was changed by varying the pressure in
the spark gap switch and the applied voltage
to the cathode. The A — K gap and applied
magnetic field were held constant for all shots.
The results from Long Tube over a range of
parameters are summarized in Table 3.

In this parameter scan the measured frequency
remained constant at 9.45 £ 0.05 GHz.

At beam currents above 4 kA air breakdown
near the output window was observed. Time-
integrated photographs showed a bright an-
nular ring of plasma consistent with a TMgy;
radiation mode pattern. In order to suppress
the air breakdown, a gas bag filled with SFg
was placed in front of the horn antenna. The
amplitude and pulse duration from the crystal
diode detector were observed to increase when
the gas bag was used. Figure 4 shows the ef-
fect of using a gas bag on the microwave power
measurements.

To elucidate the role of the prebuncher on the
efficiency of the Long Tube, experiments were
performed with various short tubes (parame-
ters summarized in Tables 1 and 2). Sections
of cutof pipe were added to the modified tubes
to ensure that the A — K gap and the tapered
magnetic field at the end of the tube remained
constant. The beam parameters were approx-
imately 4 kA and 500 kV, which were chosen
to avoid air breakdown associated with the
Long Tube. Data showing the peak output mi-
crowave power generated by the Long Tube
and the three short tubes are given in Table

2. Tt is clear that none of the short tubes are
as efficient as the Long Tube, and Short Tube
#2 is the most efficient, with an efficiency of
about 15%. Consistent with the lower relative
powers indicated, air breakdown was never ob-
served with the short tubes, even when they
were driven at the highest input beam pow-
ers. Because the growth rate of the RF fields
must decrease with the difference between the
beam current and the start current, it can be
inferred from the RF pulse widths in Table 2,
that the start currents for the Long Tube is
between the start currents for Short Tubes #2




and #3. Therefore, the increased efficiency of
the Long Tube is a result of the prebuncher
and cannot be attributed to the ratio of beam
current to start current.

TWOQUICK (Ref 5) particle-in-cell (PIC)
simulations provided a comprehensive picture
of the prebunching of the electron beam in
the initial section of the nonuniform ampli-
tude slow wave structure. The results from the
PIC simulations indicate that, in addition to
the surface harmonic of the backward wave,
the forward traveling volume harmonics may
play an important role in the energy exchange
process in the BWO. Based on these results
it may be possible to design an uniform BWO
where the forward traveling volume harmonics
can serve the role of a prebuncher (Ref 6).

3. PI-110A Experiments

The accelerator used in the UNM Long Pulse
BWO Experiment is a modified Physics In-
ternational Pulserad 110A. An 11-stage Marx
bank with an energy storage capacity of 2.75
kJ is used as the main energy store and ini-
tial pulse forming device in the accelerator.
The Blumlein which previously followed the
Marx bank has been replaced with an LC filter
network. When erected, the Marx bank and
the LC network together form a 2-stage pulse
forming network (PFN). An equivalent circuit
for this is shown in Fig 5. The pulse duration
and impedance of the accelerator in this con-
figuration are approximately 500 ns and 40 Q,
respectively. A balanced resistive voltage di-
vider (not shown in the figure) has been placed
between the Marx bank and the LC network
to monitor the Marx voltage. The electron gun
immediately follows the LC filter network, and
its configuration is nearly identical to the one
on the Sinus-6. The cathode holder is stain-
less steel and is curved to follow the magnetic
field lines. At the end of the holder is a 2 cm-
diameter carbon knife-edge tip from which an
annular electron beam is emitted. Either 6

or 7 field coils can be placed around the slow
wave structure to produce a guiding field for
the electron beam. The field strength on axis
is typically 3.0 T. After traveling through the
slow wave structure, the electron beam follows
the magnetic field lines to the beam dump,
which consists of a section of stainless steel
screen surrounded by a larger, concentric sec-
tion of copper pipe that is lined with carbon
on its inner surface. The microwaves that are
produced in the slow wave structure travel
past the screen into another section of circular
waveguide, and then to a conical horn where
they are radiated into an anechoic measure-
ment area.

Two Rogowski coils are used to monitor the
beam current, one around the cathode holder
and the other to be located just upstream of
the beam dump. In addition, a capacitive
voltage divider has recently been installed
just behind the first Rogowski coil to enable
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measurement of the cathode voltage during
experiments. To measure the microwave ra-
diation, two different kinds of detectors have

been used. One is a simple B probe which di-
rectly measures the magnetic field intensity of
the microwave radiation. The other detector
is similar to the one presently being used on
the Sinus-6 experiments. It consists of a small
piece of a semiconductor material placed inside
a short section of waveguide. Before the accel-
erator is fired, a negative voltage pulse having
an amplitude of approximately 50 V and a du-
ration of 100-120 ps is sent to the detector.
When microwaves enter the waveguide and im-
pinge upon the semiconductor, the impedance
of the semiconductor changes, causing a ripple
in the amplitude of the reflected voltage pulse.
From the amplitude of the ripple the power
density of the incident microwave radiation can
be determined.

Long pulse vacuum BWO experiments have
begun using uniform slow wave structures.
Initial results from these experiments yielded
microwave pulses with FWHM durations ex-
ceeding 100 ns. Typical signals from the first

Rogowski coil and the microwave detector (B
probe) are shown in Fig 6. The radiated power
was estimated to be about 10 MW. By posi-

tioning the B probe at various angles with re-
spect to the center axis of the horn, a crude
map of the radiation was obtained and in-
dicated that the radiation is emitted in the
TMp; mode. Frequency measurements have
not been performed at this time. However,
several PIC code simulations of the slow wave
structure were performed and the results in-
dicated a frequency of approximately 10 GHz.
It should be noted that there was evidence of
breakdown inside the slow wave structures on
these shots.

4. Technological Innovations

The extension of microwave radiation in long
pulse, high power BWOs beyond the typical
100 ns timescale is dependent on technological
innovations. Two innovations that are being
studied as part of the program at the Univer-
sity of New Mexico are ferroelectric cathodes
and thin film metallic and ceramic coatings.
Ferroelectric cathodes are potentially a new
source of electrons for high power, electron
beam-driven microwave devices. These cath-
odes have the potential to extend the pulse
duration of high power BWOs beyond the 100
ns regime. Typically high power BWO exper-
iments utilize explosive emission cathodes.
These cathodes form plasmas which can ex-
pand into the anode-cathode gap and hence
cause a change in the diode impedance. Fur-
thermore, plasmas and neutrals inherent to the
explosive emission process can adversely affect
the BWO interaction over time scales longer
than 10’s of nanseconds. Ferroelectric ceram-
ics have the potential for providing sufficient
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current to operate a BWO without the above
problems (Ref 7).

Ferroelectrics are materials possessing a spon-
taneous electric dipole moment when the tem-
perature is below the Curie temperature and
above the Curie-Weiss temperature. Since
these materials have a spontaneous dipole mo-
ment, ferroelectrics may be characterized by

a bulk surface charge density which depends
upon the magnitude and direction of the po-
larization of the sample. These materials are
promising as advanced cathode materials be-
cause it is possible to liberate electron charge
from the sample. The emission mechanism
_consists of the following sequence of events.
The material is placed in a state very close

to a phase transition. A large electric fleld is
then applied across the cathode. If the electric
field is of the proper polarity, a phase tran-
sition occurs, causing the cathode to become
paraelectric and forcing the spontaneous elec-
tric dipole moment to zero. When the phase
transition occurs, a large amount of surface
charge remains momentarily unscreened on the
surface of the cathode. This charge may be
liberated as electrons. For example, the fer-
roelectric lead lanthanum zirconate titanate
(PLZT) has a surface charge of 55 mC/cm?,
corresponding to about 10'* electrons/cm?.
Furthermore, since the amount of unscreened
charge is initially quite large, the emission en-
ergy of electrons from the surface can lie in the
kilovolt range.

The ferroelectric experiment at the University
of New Mexico consists of a ferroelectric sam-
ple placed in the triode configuration shown in
Fig 7. A circular grid 0.27 cm in diameter with
20%% transmission forms the emitting surface
on the top of the PLZT wafer. The thickness
of the wafer is 0.33 mm and the grid and plate
are separated by 2.7 cm. The cathode con-
tact on the back of the wafer is grounded. The
drive circuitry is also shown in Fig 7. A bias
voltage, used to produce a preset dipole mo-
ment in the sample, is applied to the grid, and
the pulsed coercive field is applied through a
coupling capacitor. A DC voltage of up to 20
kV is applied between the plate and the cath-
ode contact. Current viewing resistors (CVRs)
provide measurements of the grid current and
plate current, while a current toroid and Ro-
gowski coil have been used to measure current
in the grid-cathode gap. Voltage measurements
are obtained using resistive dividers.

Preliminary results from these experiments in-
dicate that the initial state of the ferroelectric
clearly affects the electron emission process.
Emission occurs only when the ferroelectric be-
comes saturated. Electron charge on the order
of 10’s of milliCoulombs have been measured
at electric fields on the order of 10 kV /cm..
Ferroelectric cathodes compatible with high
current accelerators are expected to be devel-
oped during the course of this investigation.

Finally, in an attempt to increase the thresh-
old electric field for vacuum breakdown in slow
wave structures, a quasi-DC experiment was
performed to study the effectiveness of ion
sputter-deposited thin film metallic and ce-
ramic coatings on planar electrodes. Electric
fields as high as 60 kV/mm were sustained
across a 1 mm gap for pulse durations ap-
proaching 10 us. It is believed that electron
emission was suppressed by the 500 nm thick
coatings because whiskers were covered and
localized field enhancements were minimized

(Ref 8).

Future trends in efficient high power microwave
generation using vacuum BWOs will incorpo-
rate new physics, such as carefully taking ad-
vantage of the backward and forward propa-
gating volume harmonics of the TMp; mode,

as well as technological innovation in the form
of ferroelectric cathodes and novel thin film
coatings.
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Illustrations

Table 1. Parameters of slow wave structure rings.

Ring Typd Maximum | Minimum | Average | Ripple Ripple
Radius Radius | Radius [Amplitude| Period
[cm] _fcm] [cm] fcm) [cm
A 1.65 1.45 1.550 0.100 1.50
B 1.65 1.38 1.515 0.135 1.50
C 1.65 1.20 1.425 0.225 1.50
D 1.65 1.15 1.400 0.250 1.50
Table 2. Summary of tube configurations.
Tube Configuration Relative [ Crystal Diode | Frequency
Power Detector [£0.05 [GHz]
Pulse Width
[ns]
Long Tube A-A-B-B-B-C-C-C-D-D-C 1.0 8.7 945
Short Tube #1 C-C-C-D-D-C 0.2 7.2 9.60
Short Tube #2 C-C-C-C-D-D-C 0.7 7.7 9.50
Short Tube #3 C-C-C-C-C-D-D-C 0.5 10.0 9.60
Table 3. Summary of Long Tube results.
Cathode | Beam input Total RF Diode
Voltage | Current | Power Peak (Conversion]|Impedance
[kV] [kA] [GW] Power | Efficiency | [ohms)]
[MW]
475 3.49 1.66 371 0.22 136
508 383 1.95 420 0.22 133
533 4.06 2.16 453 0.21 131
566 4.39 248 487 0.20 129
576 4.52 2.60 494 0.19 128
601 4.86 292 519 0.18 124
627 5.19 3.26 545 0.17 121

Fig 1. Cut-away diagram of Sinus-6. (The var-
ious components are described in the text.)
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Applications of Relativistic Klystron Amplifier Technology

M. Friedman, V. Serlin, M. Lampe, R. Hubbard
Plasma Physics Division, Naval Research Laboratory, code 6732
Washington D.C. 20375

1. SUMMARY

Over the past decade, development of the relativistic
klystron amplifier (RKA) at NRL boosted high power
microwave (HPM) technology by an order of
magnitude. RKA has set world records in peak RF
power generation. Using RKAs, microwave power in
excess of 10 GW has been generated, at a frequency of
1.3 GHz and with energy of 1 kJ per pulse.

Even though the NRL RKA constitutes a major advance
over previous HPM technology, practical applications
continue to be limited by size, cost and immobility of
the equipment; relatively low efficiency (35%);
breakdown at high power level, particularly in the
output . gaps; and unfavorable power scaling at
frequencies above 1 GHz. However, we developed
plans for a new generation of RKAs that will leapfrog
all of these limitations, providing a technology with the
following characteristics: (1) Compact, cheap, and
efficient. (2) Avoiding gap breakdown. (3) Equally
efficient from .5 to 10 GHz (>75%).

This development can be achieved by using two major
innovations:

(1) An annular "triaxial” RKA structure to modulate the
electron beam. This innovation provides the desired
power, frequency and compactness.

(2) An inductively loaded wide gap to efficiently
modulate the electron beam and to extract microwave
with high efficiency (>75%), while avoiding breakdown
and DC space charge limits.

A triaxial RKA could also be designed with an
impedance of 1 ohm or less, which could be ideal for
matching to an explosive generator. Such a device
would be sufficiently compact for use in a missile or an
airbone bomb. The microwave output would be
overwhelming (possibly > 1MJ). A single shot could
irradiate an area hundreds of meters across, with
microwave energy more than sufficient to wipe out
electronics. This would permit blackout of ships, bases
or missiles.

2. BACKGROUND

The physics of intense relativistic electron beams
(IREBs) is govemned by the beam electric and magnetic
self fields. There are many applications of IREBs that
exploit these self fields; for example high power
microwave (HPM) generation™. The U.S. Department

of Defense has an interest in this area of research and
supported our effort for the last fifteen years. A new
family of high power microwave generators, named
Relativistic  Klystron Amplifier® / Oscillator®
(RKA/RKO), emerged from this research utilizing the seif
fields to modulate IREBs and to generate pulsed RF with
peak power in the multi-gigawatt range. Moreover, we
found (experimentally and theoretically) that these
devices can operate in different modes:
(1)  An amplifier® with a gain of 50 dB and with phase
stability of better than 2°.
(2) An oscillator® with a frequency agility of 10%
between pulses and with fast tuning capabilities.
(3) Low or high beam impedance (1 ohm - 200 ohm).
(4) Short or long pulse duration (nanoseconds to
microseconds).
All of this can be achieved at frequencies equal or lower
than 10 GHz and with an efficiency > 40% (the
efficiency may reach 70% which is, theoretically, the
highest efficiency of classical klystrons).

In this paper we describe RKA/RKO devices with the
characteristics outlined above. In chapter 1 we describe
DC processes that govern IREBs in drift tubes and
influence operations of RF tubes. In chapter 2 we discuss
the RF characteristics of the two gaps used to modulate
an IREB and extract RF power. Chapter 3 describes the
physics of RKA/RKO devices and how they differ from
classical klystrons. Chapter 4 describes an RKA of a
triaxial geometry. Chapter 5 describes a future frequency-
agile RKO with a frequency bandwidth > 10%. Chapter
6 presents some applications of the RKA technology.

3. DC PHENOMENOLOGY

In this chapter we describe the DC physics of propagation

of Intense Relativistic Electron beams (fig. 1). A practical

way to transport an un-neutralized IREB is to immerse it

in a strong external axial magnetic field. We assume here

that:

(a) The focusing axial magnetic field is infinitely large.

(b) The IREB is in equilibrium and its parameters are
time independent

(c) The electron flow is laminar and does not support
virtual cathode and counter streaming electrons.

(d) The drift region through which the IREB
propagates is made out of infinitely conducting
materials but it is axisymmetric in geometry.

(e) The self magnetic field is of little importance and
does not affect IREB propagation.

Paper presented at the Sensor and Propagation Panel Symposium on “High Power Microwaves (HPM)”
held in Ottawa, Canada 2-5 May 1994.
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Figure 1 Geometry and fields of a propagating
IREB

Under this assumptions one can caiculate the potential
energy e® associated with IREB propagation and the
kinetic energy of an electron E, in the IREB.

M
eVy=(Y=1)mc 2 =ed(r,) +E, =ed(r,) +(¥, - )mc?

where, eV, is the injected energy of the electrons:
(v-Dmec?,

The potential energy is found by solving simuitaneously
Poisson’s and the continuity equations. For example,
the height of a potential hill created by a stream of a
thin annular electron beam with a current I, propagating
at a radius r, inside a smooth metallic drift tube of
radius r,, is

(/v

2ne,

D(r)=- In(r,/r) @

where, v, is the streaming velocity. Equations 1 and 2
can be solved numerically for v,.

Some conclusions can be drawn from this analysis.
(a) The potential energy increases (and v, decreases)
when I, and/or (r,/r,) increases.

(b) When an axisymmetric gap in the drift tube is
introduced, a potential hill is created in the gap
preventing slow electrons from crossing the gap
(electrostatic insulation® of high voltage gap), but, at
the same time, reducing the electron kinetic energy.
These effects have been observed experimentally and
play important parts in the operation of RKA/RKO
devices.

(c) The potential energy residing in the IREB is large
and can reach a value e®(ry)=(y-¥?)mqc?, which is

larger than the kinetic energy E.=(y-1)mc?=(y*-Hmc’

We showed™ that the large potential energy helped in the
modulation process of IREB but that RF energy could not
be extracted from this potential energy. Since gaps are
used in RKA/RKO to modulate an IREB and to extract
RF energy from the modulated IREB, it is very important
to design them so as to take into account the above two

effects.

Two geometries for gaps have been used in RKA/RKO
devices:

Rl

Figure 2 Narrow and extended gap geometries

(a) A narrow gap (fig. 2 top) with a length smaller than
a quarter of a wavelength. Its precise length is a
compromise between a long gap needed for electrostatic
insulation and a short gap needed for reducing the
potential energy. This length was found by trial and error
and it is typically (for the high power L-band RKA
discussed below) 2 cm. In an extraction gap of such a
length an electron beam of a current of 30 kA and an
energy of 1 MeV will have 30% of the total energy in
potentdal energy. This energy can not be converted to RF
energy and is lost as heat and X-rays.

(b) An extended-interaction gap with a length equal or
larger than half a wavelength. To reduce the potential
energy in an electron beam propagating through a long




gap we stacked the gap with thin grounded metallic
washers (Fig.2 bottom). The presence of the washers
was to increase the so called limiting current or,
alternatively, decrease the potential energy residing in
the beam. The reduction in the potential energy is
accompanied by an increase in the kinetic energy. Since
the washers are connected inductively to ground, the
gap RF field is not affected.

4. CHARACTERISTICS OF RF GAPS.

In order to generate a high RF power RKA/RKO
devices have 1o handle large DC currents. This is being
achieved by using an annular IREB that propagate close
to the drift tube walls. In this geometry the potential
energy (and the kinetic energy) changes considerably
with small changes in any one of the experimental
parameters i.e.

3
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The larger the potential energy is, the more sensitive it
becomes to changes in the experimental parameters.
This property is unique to RKA/RKO, however, it does
not require IREBs, as it can be also achieved with a
mildly relativistic intense electron beam.

When an RF voltage superimposed on the gap,
electrons will gain and lose velocity, not only from the
RF field but also from changes in the potential energy.
The potential energy during the acceleration phase will
decrease with further electron acceleration. The
potential energy will increase during the deceieration
phase with a further slowing down of electrons. At the
limit of a sufficiently high RF voltage at the gap, the
increase in potental energy during the deceleration
phase will be so large as to cut momentarily beam
propagatation (the gate effect®).

In most klystron-like devices the RF voltage applied on
a gap is unidirectional, and the gap length has to be less
than a quarter of a wavelength to be effective in beam
modulation. This sets limitations on the voltage and
frequency that can be applied on the gap. We are
investigating different cavities in which the gap length
is more than half a wavelength (Fig. 2 bottom). Here,
the gap electric field is bi-directional. Due to finite
transit time electrons will "see” mostly a unidirectional
electric field.

As stated earlier, the long gap is stacked with thin
metailic washers. The purpose of the washers is 10
neutralize the DC space charge of the beam, while
sustaining the longitudinal RF field which couples the
beam to the cavity, or extracts RF energy from the
beam. With appropriate choice of RF mode, it appears
that a gap width exceeding half a wavelength can be
used for high frequency modulation of IREBs, as well
as for extraction of RF energy from the modulated
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beam with high efficiency.

The gaps and cavities have been chosen so as to
accomodate a large diameter annular electron beam. In
the past we have used coaxial cavities. In this geometry
the wavelength was proportional to the beam diameter,
which in wrm was proportional to the current. Hence, the
RF power was proportional to the wavelength (or even to
the wavelength to the power of n>1). Lately we have
found that this power iaw does not exist in triaxial
cavites. In the future, triaxial cavities will be used for
RKA/RKO. These triaxial cavities can support many RF
modes, most of them being dangerous to the RKA
operation. The TE modes will not be excited if high
tolerance in the symmeltry of the experimental parameters,
such as geometry, electron beam, and magnetic field can
be maintained. Two additional modes can be excited in
the system (figure 3). These modes combine the separate
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Figure 3 SUPERFISH simulations showing different
modes in the triaxial RKA. The radial
electric field vectors in the coaxial cavities
are parallel (top) and anti-parallel (bottom),

TEM coaxial modes in each of the radially opposing
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cavities. The two modes differ by the relative directions
of the radial electric field vectors in two radially
opposing cavities; parallel or anti-parallel. The RF
power of one mode, for which the radial electric field
vectors are parallel, will leak out from the gaps to the
drift tube as a propagating TEM mode. This mode is
not useful to modulate an electron beam and can be
harmful to the RKA operation. The other mode
combines the two coaxial electric field configurations to
generate a TM mode in the drift tube. This TM mode
is below cutoff and can be used to modulate the beam.
At first glance the two modes seem to have the same
resonance frequency and can exist simultaneously in the
triaxiat RKA. However, using the SUPERFISH
computer code we found that this degeneracy was
removed due to a different gap capacitance associated
with each mode. The resonance frequencies of these
modes differ by 20 MHz, and since the RKA is an
amplifier, the external RF source can be tuned to
generate the required electric field configuration.

5. THE PHYSICS OF RKA/RKO (LINEAR

PICTURE)

The bunching mechanism of an electron beam of
anyenergy and current occurs after a velocity
modulation was imposed on the electron beam, and
after propagation through a drift region. The modulation
of the electron beam can be described as an interference
of two space charge waves that are excited by the RF
voltage. At low current, the dispersion relation curves
‘of these waves are symetric with respect to the beam
line w/kvg=1, k=2n/A. At high current level, where the
electric self field of the beam is large, the dispersion
relation curves are not symetric with respect to the
beam line. This asymetry makes the bunching
mechanism for RKAs unique and novel. The RF current
and voltage at a distance z from the exitation point are:

I,=j(V ¢/ Z)sin(op6)
@)

V=V o(cos(apb)+jEsin(op6))

Where V,, is the applied RF voltage, 6=wdz/Bc, and
o, p, 8, and E(<0) depend on the experimental
parameters. Using the relativistic Tonk’s theorem®”
together with equation 4 one gets

Real(§E,xH,dS + E(V,y/Z)sin*(apd)) =0 (5)

where, E, and H, are the RF electric and magnetic field
componnents and $ is the drift tube cross section.
The above relationship means that during IREB
propagation dc energy is converted to ac kinetic energy,
which in turn is converted to electromagnetic energy, so
as to maintain power conservation.

In contrast, for a low density classical electron beam

eq.5 will become
$E,xH,dS =0 6)

Theory and particle simulations were performed, showing
that even at the non-linear region, the IREB modulation
is strongly affected by the seif electric field in a way to
increase the amplitude of the electron bunches.
Experiments showed full electron beam modulation at
frequencies of 1.3 and 3.5 GHz.

It is well known that RF power can be extracted from
modulated electrn beams. We will now describe the
operation of high power RKAs.

5.1. The NRL RKA operation at a frequency of 1.3
GHaz.

The present high power RKA at NRL consists of four
parts (Fig. 4):

1. A source that generates an IREB. The electron beam
is annular in shape, 13.2 cm in diameter, and 0.4 ¢cm
thickness. An external axial magnetic field, B,=10 kgauss,
focuses and guides the electron beam in drift regions that
are evacuated to a base pressure of 10° Torr. 2B
second part of the device is a multi-mode coaxial cavity
that is loaded with RF energy from a 500 kW RF source
for a duration of 1.5 microseconds. The stored energy
generates an oscillating gap voltage with an amplitude of
30 kV and with a 1.3 GHz frequency. Current modulation
appears after the electron beam propagates through the
cavity. At any point z downstream the amplitude of the
modulation is

I,=[1.59sin(0.04¢2)], ,

3. The third part of the RKA is a coaxial cavity that
is placed downstream. The gap of the cavity is positioned
at a place for which I, is maximum (=1.5 kA). The cavity
has a characteristic impedance of 10 ohms and its length
could be varied under "hot” operation (i.e. a mechanically
tuned cavity). The mutual interaction between the cavity
and the partially modulated electron beam resuits in
boosting the RF current amplitude in the beam to at least
17 kA.

4. The last part of the device is an RF converter,
transforming the electron kinetic energy into an RF pulse.
Reproducible RF pulses with peak power of 6 GW and
140 nsec duration, have been generated. Higher RF
puises, of peak power > 15 GW were also obtained*.
However, the operation at the high power level was
erratic in nature’. We showed’ that these power levels are
upper limits for an RKA with the geometry shown in
figure 1.

5.2. High frequency RKA®.

At NRL, we have attempted to scale the RKA operation
to frequencies of 3.5 GHz and 9.4 GHz. We found that
the output power scales as the (wavelength)™ where n>1.
At 3.5 GHz we demonstrated full modulation of the
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Figure 5 Comparison of coaxial RKA (old) vs. triaxial RKA (new) in propagation, modulation and RF extraction

(from left to right).

intense electron beam with excellent phase stability, but
the extracted RF power level was around 10% of the
DC beam power. When an additional passive cavity
was inserted in the RF structure, in front of the
converter, and was tuned to the 3.5 GHz, the efficiency

increased to >60%, but only for a duration of 50 nsec.

The 94 GHz RKA did show beam modulation, but
operated erratically even at low power (< 500 MW).
These experiments clearly show the limitations of the
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present coaxial RKA geometry:

5.3. Limitations of coaxial RKAs.

During the last three years we have investigated the
erratic behavior of RKAs at high power and/or high
frequency. We found many effects that contribute to
this behavior. For example:

(1) Beam loading of high voltage gaps influences the
effective gap length, the resonance frequency, and the
"Q" of the cavities.

(2) Alterations of the electrical and magnetic properties
of stainless steel under intense x-ray bombardment,
strong quasi-DC magnetic field, and high power RF
electromagnetic energy. The stainless steel was used as
a construction material of the RKA.

(3) Emission of electrons from surfaces subjected to
high RF electric field.

These and other problems led us to the conclusion that
we have reached the power and frequency limits of the
present coaxial RKA. Any further improvement of
operation should involve radical modifications of the
RKA.

6. NEW DEVELOPMENT - THE TRIAXIAL RKA’
We are now conducting research in the RKA
technology with a goal of achieving operation at high
power and with high efficiency. A geometry for RKA
which can handle higher DC power and generate higher
RF power is a triax. In this geometry the annular
electron beam is surrounded on the outside and inside
by metallic structures. Figure 5 compares the "new"” and
"old" structures. One can see two major differences
between the two structures: 1, The presence of a
grounded conductor inside the electron beam can
increase the propagating beam current by a factor of
two (since the so called limiting current is twice as
high). 2. The new RKA can be of a large radius, since
the cutoff wavelength does not depend on it. The
shortest wavelength that can be generated is equal to
twice the separation between the inner and -outer
structures (which can be very small - of the order of
1 cm.). A large diameter RKA can handie a large
diameter electron beam of high current and a high
power. Theoretically, there is no limitation on the
current and power handling capabilities of the new
RKA, and the output power is independent of the
frequency (as long as the wavelength is iarger than
twice the separation between the two structures).

The critical parts of the new RKA are: (1) A high
voltage pulse generator. (2) A diode. (3) Magnetic field
coils (to confine the electron beam), and (4) The RF
structure. Figure 6 shows schematically the new
Triaxial RKA operating in a single pulse mode. It
consists of a Marx generator (marked 1 in fig. 6)
charging a Blumlein transmission line of 7 ohm

impedance and electrical length of 140 nsec. (marked 2).

The electron beam emerging from the diode will be of
500 kV voltage and of 70 kA current (total power 35
GW). It will be confined and guided by magnetic field
coils (marked 5 in fig. 6).

The RF structure surrounding the electron beam consists
of an annular drift tube, in which four gaps feeding
coaxial cavities (with the same resonance frequency) are
inserted (marked 6-9 in fig. 6). One of this cavities
(marked 6) is energized by an external RF source. (The
triaxial RKA is in the construction stage. Parts 1 to 4
were built and are being tested. One magnetic field coii
was purchased. We hope to finish the construction in a
few months).

Using a large diameter intense relativistic electron beam
can give us a better control of the length of the RKA,
especially at high frequencies. From the RKA equations
one can find that a large diameter annular intense
relativistic electron beam is necessary for a non-vanishing
length of a high frequency RKA. The length of an RKA
is of the order of

L=([(B, c)/(4£8))/an ™)

where B, c is the beam velocity, 8 and o depend on the
DC beam parameters and on the geometry. Typically
1< 8 <2 and ap is proportional to A/R, where A is the
width of the annular channel inside which the beam
propagates and R is the beam radius. Hence, the
requirement will be for smail A and large R so as to
have L of the order of 10 cm or larger. For such
parameters the beam RF impedance will be around 1
ohm. This low impedance will necessitate new kinds of
cavities and HV gaps.

The interaction between the IREB and the cavities of the
triaxial RKA at a frequency of 1.3 GHz was modeled
using a simulation code and was discussed in an earlier
paper. Similar calculations'® were performed at 11 GHz
to confirm the high frequency capabilities of the triaxial
RKA. The geometry shown in fig. 7 consists of an
annular channel in which two coaxial cavities were
inserted. These cavities were tuned to a frequency of 11
GHz. A 30 kA IREB of 10 c¢m radius propagated inside
the channel. RF power was pumped into the cavity at 11
GHz and an oscillating voitage of 50kV amplitude was
established across the gap. At 20 cm downstream the
current profile was

I=(30 + 10 cos(wt)) [kA] 8)

The calculations are in excellent agreement with the RKA
theory.
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Figure 6 Schematics of the Triaxial RKA.

7. A FREQUENCY-AGILE RELATIVISTIC
KLYSTRON OSCILLATOR (RKO)

A frequency wnable klystron oscillator was first built in
the 1940’s. The device consists of two cavities
traversed by an electron beam. RF feedback channel
connected the two cavities. The device was brought into
oscillation when the real part of sum of the circuit
admittance and beam admittance was < 0. The
frequency of oscillation was determined by equating the
imaginary part of the total admittance to zero. Beam
admittance depended on the transit time, and hence, on
the velocity of the electrons and the distance between
the cavities. These early devices utilized changes in
beam voltage for change in transit time to induce
frequency tuning.

A frequency agile RKO utilizes an IREB with a high
potential energy. The potential energy can be varied by
a change in geometrical parameters, such as beam
radius (Eq. 1). This in turn changes the kinetic energy

of the electrons and their transit time.

A local change in the axial magnetic field can compress
or de-compress the radial dimension of the IREB at the
region between the two cavities. This in turn changes the
electron velocity and the transit time, resulting in a
frequency shift. The schemati