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Preface

In 1989 the “Handbuch der Vakuumelektronik” (Handbook of Vacuum Electron-
ics) was published in the R. Oldenbourg Verlag, Miinchen, Wien, edited by J. Eich-
meier and H. Heynisch. During the past 18 years considerable progress has been
achieved in the fields of vacuum electronic components, systems and procedures. In
the present book a group of 36 well-known experts from industry, scientific institutes
and universities report about the fundamentals, state-of-the-art, recent developments
and their own experiences in all important areas of Vacuum Electronics.

The operation of vacuum electronic components and devices is based on the mo-
tion of electrons or ions under the influence of electric, magnetic or electromagnetic
fields. Presently, research activities are concentrated on microwave tubes, especially
travelling wave tubes, klystrons, gyrotrons and cross-field devices; switching tubes
and vacuum relays; photomultipliers, image converter and image amplifier tubes;
vacuum and plasma panel displays; electron and ion beam systems; particle accelera-
tors; electron and ion microscopes; ion and plasma propulsion systems; light sources
and gas lasers; X-ray tubes; gas discharge systems; vacuum electronic systems for
semiconductor technology; and finally, vacuum technology and vacuum measuring
techniques.

Vacuum electronic components, systems and procedures are applied in informa-
tion, measuring and control engineering and also in high frequency, nuclear, plasma
and biomedical engineering. This book presents the current state-of-the-art of vac-
uum electronics in research, development and production. Its reader should have a
basic knowledge of electronics, especially the principles of vacuum electronics. It
may be a useful source of proper information for students of electrical engineering
and physics and also for engineers and physicists who develop or apply vacuum elec-
tronic components and devices in a variety of technological fields. The literature cited
is the most appropriate for further reading. All the chapters begin with a historical
note, and the references credit the scientists and engineers who were responsible for
major breakthroughs and advancements in the various fields of vacuum electronics.
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On behalf of all co-authors, the editors thank Springer-Verlag, Berlin, Heidel-
berg, New York, for the careful lay-out and printing of this book. The editors thank
all co-authors for their excellent contributions.

Munich, Karlsruhe J.A. Eichmeier
January 2008 M.K. Thumm
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Microwave Tubes

G. Faillon, G. Kornfeld, E. Bosch, and M.K. Thumm

1.1 Introduction

1.1.1 Review of State-of-the-Art and Present Situation

For more than 60 years, microwave tubes are used in many applications as oscillators
and, in particular, as powerful amplifiers of electromagnetic waves at frequencies
ranging from about 300 MHz to several hundreds of GHz, with some even reaching
the 1 to 2 THz range.

A number of microwave tube types exist, classified on the basis of their operating
frequency and output power. At the same time, they may be divided into two general
categories: pulse wave tubes and continuous wave (CW) tubes. The power/frequency
relationships of the most commonly used microwave tubes are shown in Fig. 1.1.

Microwave tubes may be broadly used in three main areas of applications:

e radio, TV and telecommunications;
* radars and military systems (especially airborne);
¢ industrial, scientific, medical (ISM).

Even though microwave tube performance is generally described in terms of
power, efficiency and gain, other factors of specific and professional interests to each
user should also be taken into consideration: bandwidth, linearity, signal/noise ratio,
mode of propagation, tube and transmitter weight, reliability, etc.

1.1.2 Historical Development

One century ago, in 1904, Sir J.A. Fleming discovered the valve, or the diode,
immediately used to detect the electromagnetic waves recently demonstrated by
H.R. Hertz. In fact, the diode was the first vacuum tube, with a poor vacuum, al-
though vacuum. A few months later, in 1906, Lee de Forest has been inspired to
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Fig. 1.1. Peak and CW power of various microwave tubes vs frequency

add a 3rd electrode, and in that way the triode was born. After about 10 years of
tests and discussions, this new vacuum tube has been used as a very attractive ampli-
fier, which gave rise, in the 1920s, to a rapid expansion of the broadcasting and the
radio-links.

At the same time, research was carried not only to improve the triodes, but also
to consider other vacuum devices at higher frequencies. In 1920, H. Barkhausen in-
vented the retarding-field tube (or reflex triode), which can be regarded as the first
transit time tube. The magnetron has been discovered by A.W. Hull in 1921, followed
by E. Habann and A. Zacek. Twelve years later, K. Posthumous understood the oper-
ating principles of such an oscillator, and in 1939 H.A.H. Boot and J.T. Randall used
“klystron” type resonators for confining the RF fields. The introduction of the oxide
cathode with a high secondary emission coefficient was also a major improvement.
During World War II, the urgent need for high power microwave generators for radar
transmitters led to the development of the magnetron to its present state.

In 1953 W.C. Brown introduced the crossed-field amplifier (CFA), a magnetron
with an interrupted RF circuit to provide input and output connections. At the same
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time the backward oscillator (MBWO), or “carcinotron”, derived from the CFA but
with an injected beam and a specific delay line came into light on both sides of the
Atlantic Ocean. This oscillator offered the advantage to be electrically frequency
tunable over a very large band.

Nevertheless, neither the triodes nor the magnetrons were high frequency and
large gain amplifiers. In 1934-35, A. & O. Heil were the first scientists to imag-
ine the use of a periodic and localized electron velocity variation in order to get
bunches. After the registration of patents in 1937, Hahn & Metclaff and especially
R. & H. Varian gave the exact description of the multicavity klystron. The first proto-
type delivered ~ 50 W at 3 GHz with a gain of 30 dB, and very soon 30 to 50 dB gain
1 to 10 GHz klystrons have been widely used, for instance, on radars and particle
accelerators. Born from the principles of this klystron and from previous studies on
electron reflectors free of microwave fields, the “reflex klystrons” made great strides
as local oscillators in radars.

The possibility of traveling wave interaction has been described in 1942 by
R. Kompfner, who developed the first TWT, one year later, using a helix as the de-
lay line. But the real starting development of the TWTs took place after 1946, when
J.R. Pierce made the theory of these tubes and gave solutions to suppress many par-
asitic oscillations. The coupled cavity TWT appeared in 1950. The evolution of the
TWTs is impressive, when we know that they are still nowadays used — in modern
versions — for many purposes.

From that time, and because of important military and civilian needs, the mi-
crowave tubes entered into their industrial period. Of course the R&D was strongly
going on, not only to improve the present devices and to replace them, according
the new user requirements — higher frequencies, longer lifetime, greater power and
bandwidth — but also to compete with the transistors and the solid state devices or,
especially now, to collaborate with them.

The last 40 years period can be characterized by the following main events [1]:

* Coaxial magnetron, frequency agility magnetron.
Mass production of magnetrons in the 1960s to provide the microwave ovens.

e Brazed and pressed helix TWTs, mainly used up to the 1980s in radar transmit-
ters and ground radio-links.
Variable pitch helix TWTs improving efficiency.
Gridded electron guns and introduction of the impregnated cathodes in the 1970s.
Then, development of TWT depressed collectors and radiating collectors.
From 1962 space TWTs are used on satellites.

e Tunable klystrons or TV and communications. 10% instantaneous bandwidth
klystrons. Inductive output tubes (IOTs).
Multibeam medium power klystrons, mainly used in soviet countries from 1960
to 1980.
Vapor cooled collectors, and 300 kV pulsed electron guns.
High efficiency (>65%), pulsed power (tens of MW) and CW (>1.3 MW) kly-
strons. Multibeam high power klystrons (MBKs) from 1995.
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* Recently born gyrotrons, which are the only tubes capable of delivering very high
power (MW) at very high frequencies (>100 GHz).
In 1959, without knowledge of the astrophysicist R.Q. Twiss’s work, J. Schneider
in USA and A.V. Gaponov in Russia proposed an explanation for the amplifying
mechanism based on free electron gyro radiation. But the first successful exper-
iments took place in the 1970s and became really attractive in the 1980s, thanks
to the support of the thermonuclear fusion plasma community, especially in Eu-
rope. And now after having solved many severe technological problems, such as
the superconducting electromagnets and the sapphire or diamond windows, the
gyrotrons and the associated low loss overmoded waveguides or quasi-optical
transmission lines are manufactured and their development is still progressing.

From about 20 years, the market configuration is slowly changing and the require-
ments are now more specific, more severe and exacting, to the detriment of mass
production. Nevertheless, after the merging and the reorganization of many tube
manufacturers, the applications are mainly oriented as shown in Sect 1.1.

At the same time new research and developments are conducted in the direction
of better performance [1] as higher frequencies and greater power, but also towards
advanced technologies, such as the field emission and cold cathodes, nanotechnolo-
gies, compactness and optimization of the whole amplifiers.

1.1.3 Basic Operating Principles and Definitions
Basic Operating Principles

A microwave tube may be defined as an evacuated envelope (vacuum), inside which
an electron beam interacts with an electromagnetic wave [2, 3]. This interaction
means that the electrons of the beam give up a part of their kinetic or potential energy
to the electromagnetic wave, thereby generating or amplifying this wave.

Since it is relatively known how to generate and then to accelerate or, in other
words, to give energy to an electron beam — especially thanks to the high voltage
electron guns — the objective of this book is to go further and to present the physics
behind the interaction and the transfer of the beam energy to the electromagnetic
wave. Such a process involves several separate or simultaneous physical phenomena
as follows.

1. Formation and acceleration of an electron beam.

2. Periodic bunching of the electrons at a frequency f. This bunching is started
up by the RF input or drive power Py4 in the case of an amplifier, or by the
electromagnetic noise in the case of an oscillator.

3. Deceleration of the bunches (or reduction of their relativistic mass) in such a
way that their kinetic or potential energy is converted into an electromagnetic or
a microwave energy at the frequency f.

4. Forwarding of this microwave energy outside the tube, which yields the tube’s
output power Pourt.
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Characteristics and Definitions

To operate a microwave tube [4], the first step is to heat the electron-emitting cathode
by connecting the attached filament to a source of electric power Pr = VgIr. Then a
power supply (Pyp = Vplp) is connected between the cathode and the anode in order
to generate the required energetic electron beam, which will travel at a velocity vy,
carrying a current /oy, given by the two non-relativistic expressions (the relativistic
ones will be given in the following pages)

mvg/Z =eV, (1.1)

I =PV, (1.2)
with P being a factor related to the geometry of the gun, called perveance.

A magnetic field is used to focus the beam [5]. This field is created either with
permanent magnet(s) or just by an electromagnet with a power consumption Proc.
In the case of an oscillator, there is no RF input signal, and the tube directly converts
the beam energy to microwave energy at the frequency f. Let Poyt denote the tube
output power. Then the overall tube efficiency is given by n = Pout/(Pr + Volo +
Proc), while the interaction efficiency is Dinteraction = Pout/ Volo-

The oscillation does not begin immediately with the application of the voltage
Vo, but after a fluctuating starting time 71, as shown in Fig. 1.2. Then, during the rise
time 7, the output power increases up to the nominal level Poyt. The frequency f
changes during this time 7, and then stabilizes.

The power Poyr is dependent on the anode current Iy and on the load impedance
71, as shown in the Rieke diagram of Fig. 1.2. A pushing ratio A f/A Iy and a pulling
ratio Af/A¢r, measured at constant reflection coefficient from the load (or standing
wave ratio, SWR), characterize the frequency sensitivities of the oscillator tube. ¢r,
is the phase of the load impedance Z . It is sometimes useful to lock or to control the
oscillation frequency f by means of a controlling signal P, < Poyr at a frequency
fc (close to f), which is injected into the tube via its output. For a given P, setting,
the Adler relationship gives the total range of frequencies over which this frequency
locking is possible, A fmax = 2 f/Qx+/Pc/PouT.

In the case of an amplifier, a microwave signal of power Py, at frequency f, is
injected at the tube input and is then amplified up to Poyt. The amplifier overall effi-
ciency is determined in practically the same way as for oscillators, n = Pout/(Pr +

Cathode high voltage V,

RF output power Poyr

Ty: Starting time
13: Rise time

t
AfiAly: Pushing S~——"

AfiAD, (VSWR constant): Pulling

Fig. 1.2. Definitions: oscillators
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Fig. 1.3. Definitions: amplifiers

Volo + Proc + Pa), and the interaction efficiency again is %interaction = Pout/ Vo - 1o-
The ratio G = Poyr/Pq is the gain, which is often written in decibels (dB) as
G = 10log;y(Pout/ Pa). Usually, the Poyt/Pq transfer curve (Fig. 1.3) shows an
almost linear relationship at low signal levels and a saturation part at large signals.
The bandwidth, generally measured at —1 dB, is defined on the basis of the vari-
ation of Poyt versus the frequency, with Py adjusted, at each frequency, to maxi-
mize Poyt. The bandwidth can also be defined with Py constant and, for instance,
adjusted to the value giving maximum Poyr (Fig. 1.3).

The group delay 7, = d¢/dw represents the signal delay inside the tube amplifier,
¢(f) being the phase shift between the input and the output. The influence of the
load impedance Zy is given by the Rieke diagram where the PoyTt(ZL) curves are
plotted.

Basic Physical Laws of E-Beams

Equation of Motion and Relativistic Corrections

The only non-negligible forces which influence electrons in microwave tubes dur-
ing their interaction with the RF wave are the electromagnetic Lorentz forces. All
other forces, e.g. due to its spin or the gravitation, are typically 11 or 16 orders of
magnitude lower, respectively.

From the relativistic equation of motion of a single electron

d(me-ve)/dt = —e(E + ve X B), (1.3)

mo

V1= (ve/c)?

Ve = c\/l —1/(1 4 (V/ V)2 (1.5)

=mo(1 + V/Vy), (1.4)

Me =
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(with the charge e = 1.60 x 107!° C, the relativistic electron velocity ve, the rela-
tivistic mass m., the rest mass of the electron my = 9.11 x 10731 kg, the velocity of
light c, the acceleration voltage V and V, = moc2 /e = 511KkV, the acceleration volt-
age to produce the equivalent of one electron rest mass as relativistic mass increase),
we can easily conclude that the kinetic energy of an electron (or another charged
particle) can only be changed by the electric field E but not by the magnetic field B,
because the magnetic Lorenz force vector F1, = —e(v x B) is perpendicular to both,
the velocity v and B, and because the scalar product of two orthogonal vectors is
always zero. Therefore, the energy transfer from an electron beam to a RF wave or
vice versa employs always only the electric field components of the RF wave and
space charge bunches

dExijn = F-ds = —e(E +v x B)-vdt = —eE-vdt, (1.6)

where ds is the line path element along the trajectory. This does not mean that the
magnetic fields B are not very important. Conversely, magnetic fields are required to
maintain the focused beam properties, as we will see in Sect. 1.3.

Maxwell Equations

Since in a beam the number of electrons is far beyond the computation power of
modern computers, the particle picture can be replaced for many considerations by
the continuum theoretical approach of the Maxwell equations. Here the fields E and
B are self-consistently determined by the local charge and current densities p and
J, which themselves depend on a set of differential equations, boundary and start
conditions on the fields E and B. The Maxwell equations cannot describe localised
collision processes or even the passing of particles, which occurs in RF tubes close
to saturation. Nevertheless, they allow drawing helpful general conclusions and sym-
metry considerations and are also the platform for a lot of computer simulations and
modelling.

divE = p/eo; Charge density is a source of E-fields; 1.7
rot E = —§B/ét; Induction law; (1.8)
divB = 0; Magnetic field is source free, no magnetic
single poles; (1.9)
rot B = —poj + eopod E /St (= —uo j for stationary beams). (1.10)

From the stationary Maxwell equations one can conclude that the electric and mag-
netic fields E and B can be derived from a scalar potential ¢ and a vector potential
A in the form

E = —grad ¢, (1.11)
B =rotA. (1.12)
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Inserting these definitions into the Maxwell equations (1.7) and (1.10), one obtains
equations for those potentials defined by the space charge density p and the beam
current density j, respectively:

divgrad¢ = —p/ep; Poisson’s equation (the Laplace equation for p = 0);
(1.13)
rotrot A = —uoj. (1.14)

Since the influence of the beam current density j on the magnetic field can be in
most applications completely neglected compared to the externally applied magnetic
fields, the fourth Maxwell equation (1.10) reduces for the stationary case simply to

rot B = 0; For negligible current contributions

to B-field; (1.15)
B = —pupgrad £2;  with B-field defined by scalar potential £2; (1.16)
div grad £2 = 0; Magnetic equivalent to the electric

Laplace equation. 1.17)

In this case, like for the scalar electric potential ¢, one can define a magnetic scalar
potential £2, and (1.17) becomes the magnetic equivalent to the electric Laplace
equation (1.13).

Busch’s Theorem

As a direct consequence of Maxwell equations in axially symmetric (rotational sym-
metric) systems, the Busch theorem is very useful for the analysis of magnetically
focused linear electron beams (Fig. 1.4). It states a surprising conservation law, valid
along an electron trajectory, by saying that the sum of its angular momentum mevgr
with respect to the z-axis and the magnetic flux @ parallel to the symmetry axis
through a circle area with the trajectory radius r and multiplied by the factor e/2r is
a constant.

mevgt + e/2m-® = constant; Busch’s theorem, valid along trajectories
meé’or2 + %fb = constant; of charged particles in rotational (1.18)

symmetric systems (Fig. 1.4).

Fig. 1.4. Illustration for Busch’s theorem in rotational symmetric systems
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Since the angular velocity is zero at cathode emission, according to the Busch the-
orem (1.18) the angular velocity vg or 6 in S is just defined by the two flux values
@k, @ and the radius r (with 6 = angular velocity around z-axis). There are a lot
of other applications for the Busch theorem. Some of them will be introduced in the
chapter on beam focusing.

Scaling Laws

Geometrical scaling of microwave tubes is often appropriate when an approved ex-
isting design at a given frequency f has to be transferred to a new frequency f>.

Since the tube dimensions scale with the RF wavelength A or the reciprocal of
the frequency f, the tube scaling factor y for all linear dimensions is

y = M/A = fi/f2 Scaling with frequency. (1.19)

Now the question arises how the electromagnetic properties of the tube have to
be scaled in order to get identical beam trajectories in the scaled coordinate sys-
tem xp?

The answer is obtained with the help of the Maxwell equations. It can be easily
shown by insertion that the Maxwell equations remain invariant in the scaled, new
coordinate system x» when the following scaling laws are applied.

Xy =y-X1; Linear geometrical scaling of all dimensions in system
x1 with the factor y in the

new coordinate system Xx»; (1.20)
E, =y LEy; Electric field; (1.21)
B, = y_1~Blg Magnetic field; (1.22)
¢ = y0~qb1; Electric potential; (1.23)
Ay = y0~A1; Vector potential; (1.24)
Jjr= y_z-jl; Current density; (1.25)
L = yo-l 1 Total current (from gun); (1.26)
P, = y0~P1; Perveance P = [V 3/2, (1.27)

With the above scaling laws, we can easily understand why the power handling ca-
pability Poyt of a given microwave tube design scales roughly with frequency f2
or Pour f 2 — constant.

Let us assume a tube scaled with y = 1/2 for the doubled frequency f> = 2 f7.
If all the electrode potentials are kept constant, also the total currents and power con-
sumptions are kept constant. But since the current densities are scaling with y ~2, we
get a 4 times higher thermal loading at the critical areas. Therefore, to maintain the
same material loading at the thermal material limits, the power handling capability
in the doubled frequency case is roughly only Y. A reference for the topic of scaling
is given in [6].
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Beam Formation in the Electron Gun

First, we consider the emission of electrons at the cathode surface. Now mainly Ba-,
Ca-Aluminates impregnated dispenser cathodes are used. Since they are in detail de-
scribed in Chapter 10, we limit ourselves here to reproduce the emission laws of
this type of thermionic emitters described by workfunction ¢ and cathode tempera-
ture T.

Thermal Cathode Emission

In the temperature limited emission regime (all emitted electrons are drawn away
from the cathode surface), the saturated emission current density j; is given by the
Richardson—Dushman equation (1911; Nobel Prize 1928)

jo=Ax (1 —r)T?e Pk (1.28)

where A = 4mwempk? / h3 = 120 A/(cm? K?), k is the Boltzmann constant and the
quantum-mechanical reflection coefficient r at the metal/vacuum surface is set to 0.

A more refined elaboration by Schottky includes the electric field E at the surface
and is called the Richardson—-Dushman—Schottky equation

js =Ax T2 % e_¢/kT * eKa>¢<El/2
(1.29)
with Ka = (¢ /4me0)!/2/ KT

Space Charge Limited Emission

Normally, due to space charge limitation the maximum emission current jg is not
obtained during operation of a linear beam microwave tube. The gyrotron cathodes
only are operating in the temperature limited mode. The electron charges, emitted
into a certain volume, defined by the boundary conditions for the electrostatic poten-
tial ¢, modify the potential distribution inside this volume. As a consequence, this
volume is transparent or perveant only for a limited current, the space charge limited
emission current. The following gives the space charge limited emission for a planar
diode configuration (Fig. 1.5):

Cathode Anode
01 0V Va Vv

i va(2)
_—

Fig. 1.5. Planar diode configuration
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Jjo =2.335x 1076-V33/ 2 /d*; Child-Langmuir law for space charge
limited current density in a diode; (1.30)

Iy = F/d2-2.335 X 1076-Va3/2; Child-Langmuir law for total current;

P = F/d2~2.335 X 1076; P = diode perveance;

F = diode area. (1.31)

It is important to note that this space charge limited current does not depend neither
on the cathode temperature nor the nature of the emitting cathode (workfunction ¢),
but only on the applied voltage and the gun geometry; here is the diode distance d
and F is the diode area (see Figs. 1.6 and 1.7). The result (1.30) can be generalised
as

Iy = P- 33/ 2; Child-Langmuir law for total current. (1.32)
We remind of the result of the scaling laws (1.27) that the perveance P remains
constant in case of a linear scaling in all dimensions.

Ix A S an
pace chalﬁregion 1T
. 2
Jsoz / T’ > T
json d
(N J
Retarded field Y
current reih)n/ Temperature limited region (I)

0 Juo

Fig. 1.6. Cathode emission vs the square root of applied anode voltage. For sufficiently high
voltages the current is limited by the Richardson—Dushmann—Schottky saturation current

A Ik Space charge limited region (II)
Temperature limited region (1) A
A f | - U, > U,
1
L U
” 1
Relarded field
cuyrent region (IIT)
] A
“ U=0
} | peemm— N
0 T, 1 T, kneel T, knee2 T2 T

Fig. 1.7. Cathode emission vs the temperature. For low temperatures of the cathode the emis-
sion is in the temperature limited regime. At the so-called knee temperature the emission
becomes space charge limited and independent of temperature
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1.2 Klystrons

1.2.1 Klystron Amplifiers
Introduction

Klystrons are amplifier microwave tubes, designed mainly for use at high frequencies
from about 0.3 GHz to approximately 30 GHz. They are characterized by high gains
(around 50 dB) and high output powers:

e 3kW CW tunable from 14 to 14.5 GHz with efficiency n = 40%,
e 60MW with 4 us pulses at 3 GHz (n = 38%),

e 1.3MW CW at 352 MHz with 1 going up to 65%,

e 500kW CW at 3.7 GHz with n = 45%.

However, almost all klystron instantaneous bandwidths are fairly limited.

In a klystron (Fig. 1.8), the main functions are separated, which means that de-
sign and technology factors can be optimized for each function. These functions are
the electron emission, the magnetical beam focusing, the electron bunching or the

Water

Iris_

lon pump 7
\../'/ [~ Collector
Load ——— \'|'I
output (Pgyr) gl Output cavity
Window Cavity lips
T Cavity (5)
Output circuit Tunning system (5)
Electromagnet

Drift tube (4)

RF input (P} —— |

Electron beam

Anode \
Cathode

HYV isolator \
e E

HV connections
( F: filament, FK: filament and cathode)

Fig. 1.8. Klystron cross-section
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beam density modulation, the extraction of the microwave energy and, lastly, the
dissipation of residual energy.

Interaction in a Klystron: Modulations and Energy Extraction

Thanks to a high voltage —V{ applied to the cathode in regard the anode, a Pierce
type electron gun generates an electron beam which carries the current Iy = PVO3 2
according to (1.2) and which is maintained approximately cylindrical thanks to a
magnetic field B, (z) over the entire length of the tube.

After leaving the anode, the electrons travel across the first cavity, or the input
cavity. This cavity is excited by the weak input signal Pyq which is to be amplified
and whose frequency f is about fy, the cavity’s resonance frequency. This cavity
is designed to resonate at its fundamental mode TMj¢ (rectangular) or TMy;¢ (cir-
cular) with a maximum electric field E| at the center where the electrons pass [7].
Moreover, this electric field is increased by the fact that the drift tubes, placed on
both sides of the cavity, are reentrant (Fig. 1.9).

Electrons traveling across this narrow gap of the cavity are under action of the pe-
riodic electric field E1e/®’. They are accelerated for a half of period and decelerated
for the other half (Fig. 1.10). Consequently, the fast moving electrons from a given
half-period catch up with slow moving electrons from the preceding half-period, re-
sulting in the creation of electron bunches. In other words, the velocity modulation
produced in the first cavity creates a beam current modulation in the following drift
tube, which is expressed as Iy (z, t) [8, 9].

electron Pq

beam " b

/

/4 Z ga,, | 2 -
d, d,
v, Vv,
& drift tube 2a
L2

1% cavity 2" cavity

'
°<
<

Iv (2)
I (2)

0 4 Ly Li+d,

nY

Fig. 1.9. Beam modulation along a klystron
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4

2" cavity
d, D222 2L A7

Fig. 1.10. Applegate’s diagram z(t)

A second cavity (Fig. 1.9) is then added at the distance L; where the bunches
form. The beam current Iy (z, #) induces a current I, in this cavity which gives rise
to a voltage Vo, = Z» I, (or an electric field E») at the gap ends, Z, being the cavity
impedance. On its turn V> (or E») gives rise to a new velocity modulation, generally
to an extent far exceeding the former modulation. Again, a third cavity is added at a
distance L», etc.

The process is repeated at each drift tube and each cavity along the klystron, un-
til the last, or the output, cavity is reached where the bunches are very narrow and
dense. In this last cavity the very high induced current Iy gives rise to the large cav-
ity voltage VN = ZnIN. Then the bunches are strongly decelerated by this voltage
VN (or EN) so that they are themselves generating. In that way, they give up a large
part of their kinetic energy to the electromagnetic field which builds up in this cavity
and maintains Vi (or EN). This energy stored in the cavity yields the output power
Pour = VN2 /271 routed to the load, through an iris or a coupling loop and a window
(Figs. 1.8 and 1.11). Poyr represents the power Py which is amplified by the kly-
stron. Typically, klystrons have four to six cavities, gains (Pout/Pq4) of about 50dB,
and interaction efficiencies (Pout/ Volp) of about 35% to more than 65%.

From the First to the Second Cavity

Assuming several simplifications, the relationship between V| and Py is given by

R 29—1
Vi = 8<5>Q(Q/Qx)Pd[l + QZ(% - ?) ] (1.33)

with fo, the cavity resonance frequency, and f, the operating frequency [8, 9, 11].
Solving the equation for the movement of an electron entering the gap of the
cavity at a velocity vg (1.1) yields the velocity v(d;) at the output of the gap,
MiVi

U(d]) = U()(l + Z—V()ejwl>7 (134)

where ¢ is the time when the electrons pass the center of the gap and
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M, is called the coupling coefficient. The electrons leave the cavity and travel in the
following drift tube at the velocity given by (1.34).

Due to the periodicity of the modulation (Fig. 1.10), their respective positions
change over time (some electrons bunch, other separate) and bunches form, once
per period. The velocity modulation caused by the first cavity therefore results in
electron spatial density modulation, i.e. current modulation in the drift tube. This
current along the z-axis is given by

o0
Iy(z,t) = IO—G—ZIOZJn(nX) cosn(wt — wz/vop) (1.35)
1

with X = M- (V1/2Vp)(wz/vo), J, = Bessel function, Iy = DC or average beam
current, and M given just above. Equation (1.35) shows harmonics. The first har-
monic (n = 1) maximum is 1.16/y and is located at a distance z = L; from the
center of the gap of the first cavity such that X = 1.84. The second harmonic (n = 2)
maximum is 0.961j and it is located at z = L, such that X = 1.54 [8, 9]. The sec-
ond cavity is usually located near z = L; where the electron bunches are strongly
formed.

Contrary to the first cavity entrance, both the electron velocity v(L1, t) from
(1.34) and the current I(L1,t) from (1.35) at the entrance of the second cavity
change over time and are time-modulated. The beam current I(z, t) travels inside
the gap (width d») of the second cavity. I;,(z, t) is an instantaneous current along z
at time 7.

Each electron induces a positive image charge in the walls at the ends of the drift
tubes and especially in the cavity. Thus, at time ¢, the current />(¢) induced inside
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the cavity is the sum of all the charges induced by the electrons in the gap at time ¢.
This can be expressed mathematically by stating that />(¢) is the integral of Iy(z, t)
from Ly to L + ds.

After calculations, I>(¢) comprises the three main terms:

e [y, the average current, which does not interact with the cavity;

= M2-Iblejwt (1.36)

with Iy;e/! = the first harmonic of the beam current Iy (z, 7) at L, + d» /2 and
M, the coupling coefficient given by (1.38) below;

Iy = jGo(V2/Dy)lexp(—jD2/2)][cos(D2/2) —sin(D2/2)/(D2/2)]  (1.37)

with Go = Io/Vp and D> = wd;/vg. The voltage V5 induced in this second
cavity (between the ends of gap d») is given further in the Sect. 1.2.1.

Behaviour of the Second Cavity

The coupling coefficients, for instance M, are always <1 and express the fact that
the field E, = —Vyel®! /d> experienced by an electron is a function of time and
changes during the traveling of this electron through the gap.

Up to now, the above calculations assumed an ideal gap with imaginary grids [9].
If we now consider a real gap with the electric field extending inside the adjacent
drift tubes on the left and right and varying in both the axial and radial directions,
the general expression of M; is given by

1 a ptoo )
My = / / Ea(z, r)e!”*/Mr dr dz, (1.38)
? f(;l ffooo Er(z,0)rdrdz Jo J-oo 2

where fj:oo E»(z,0)dz = Vs.

The narrower the gap d and the smaller the radii a or b, the more M> ap-
proaches 1, and only when D, > 1.2 rad and wb/vg > 1 rad, M5 drops off to
any large extent. These factors determine the orders of magnitude of the gap d»,
the drift tube diameter 2b, and the electron beam width 2a, given that the filling
coefficient a/b =~ 0.6 and that b and d> are also related to the R/Q values of the
cavity.

I/ V> looks like a conductance Yy = Gy + jByp). This is known as the beam
loading conductance. A positive Gy value means that an energy is taken from the
modulated electron beam, whereas a negative one means that an energy is given
to the electron beam. Gy is at a maximum for D, = 7 and becomes negative after
D, = 2m. Thus, if a cavity has a gap such that D; = (wd>/vg) > 27, Gy is negative,
Gyl + G can be also negative, and an oscillation (known as “monotron” oscillation)
can occur. G, is the conductance representing the cavity losses. w = 2 f is related
not only to the operating fundamental mode of the cavity, but also to anyone of the
numerous resonances at higher frequencies.
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The expressions given above determine the equivalent schema for the second
cavity as for any of the other intermediate cavities. This equivalent schema is an
oscillating circuit, as represented in Fig. 1.11a, driven by the induced current /51 and
loaded by the “losses” conductance G and the beam loading conductance Yy).

Space Charge

Up to now, we have neglected the space charge, i.e. the repelling force between
electrons which naturally tends to separate them, thereby hindering bunching. If we
disturb an electron beam in a state of equilibrium by moving an electron in relation
to the other ones, this electron is firstly repelled by its neighbours and then returns
to its position of equilibrium, which it overshoots, before turning back again towards
the equilibrium position, like a swinging pendulum. This movement takes place
within a beam moving at a velocity vg. The frequency of this oscillation phenom-
enon (known as the plasma frequency f, = w,/27) is given by a)g = (e/m)(po/€0)
with pg = Jo/vg, the beam charge density, and Jo =~ Iy /naz, the current den-
sity [10]. Nevertheless, this expression is somewhat inexact because the true plasma
frequency f;, must take into account the metal or conducting walls of the drift
tubes.

Taking the space charge into consideration, it changes the second term of v(d, 1)
in the expression (1.34), which has to be multiplied by cos(wqz/vo). Furthermore,
the expression (1.35) also changes when the space charge is included. X becomes

Mi(Vi/2V) 2 sin<%>.
q Vo

At wg = 0, this yields the original expression.

From the Second Cavity to the Output Cavity

The current I, creates a voltage Vo = Z»(f). I across the gap of the second cavity.
This voltage in turn modulates the velocity of the electrons, whereby this modulation
is not necessarily in phase with the preceding modulation but is considerably greater
in magnitude. In the drift tubes between cavities 2 and 3, the new velocity modulation
is transformed on its turn into a density or a current modulation (Fig. 1.10). This
iterative process continues until the addition of another cavity has quite no effect on
the modulation [9].

This last cavity is the output cavity and is characterized by a high degree of
coupling to the external load, that is the user’s device to which the tube is connected.
In practical terms, a loop or an iris is used for this coupling (Fig. 1.8).

The equivalent circuit presented above applies to all cavities, including the last
cavity which is coupled to the load (Fig. 1.11b and Fig. 1.11c). If we now assume
that the beam loading expression has no imaginary part (Yy; = 1/Zy1 = Gyp)) and the
load too (YL = 1/Z1 = GL = 1/(R/Q)QL), this yields
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IN=(1+2j0nA)/(R/Q)ON (1.39)
with A & (w — wp)/wo = (f — fo)/foand 1/On = 1/Qc + 1/Qp + 1/0L. Then
W = IN/ YN (1.40)
Therefore, Poyt can be written as,
1 1
Pout = EVI\Z,GL =3 SGLOR(R/Q)?/(1 +40%A%). (1.41)

This expression can be used to yield the gain G = Poyt/ Py and the interaction
efficiency n = Pour/ Volo.

The methodology we have applied since the Sect. 1.2.1 shows how Poyt can
be deduced from Py throughout the formulae (1.33) up to (1.41). However, it is im-
portant to bear in mind that these expressions hold only at “weak fields or signals”.
As soon as Py increases in magnitude (i.e. modulation increases), we are no longer
dealing with linear problems and the equation for Poyr, as given by (1.41), becomes
more complex, and in fact, even ceases to be analytical. The nonlinearities are pri-
marily due to electron bunching and space charge forces.

This being the case, more complete and complex calculations are required, neces-
sarily drawing on computer processing power. In fact, computer permits us to analyze
considerably more than just the non-linear phenomena; it also allows us to incorpo-
rate radial movements (neglected in previous calculations), the 3D nature of certain
events, relativistic effects and reflected electrons. Schematically speaking, this in-
volves solving the electron movement equation for varying electromagnetic fields
and space charge fields.

Output Power Optimization

Most of the time klystrons use 4, 5 or 6 cavities. These cavities gradually increase
the RF beam current Iy, then Iy and Poyr, despite the space charge forces, which
become very disturbing when Iy, is more and more large. At the same time, to op-
timize Poyr, the velocity dispersion must be kept low, (v — vg)/vg < 10 to 20%,
in order to avoid reflected electrons from the output cavity. Therefore, the interme-
diate cavities are carefully frequency tuned to adjust the gap voltages in amplitude
and in phase and, at the same time, to control the RF beam current and the velocity
dispersion.

Some klystrons use a second harmonic cavity which resonates at a frequency
slightly lower than 2 fjy. Such a cavity is excited by the second harmonic of the beam
current and generates a voltage which reinforces the bunching and the efficiency.
This cavity is usually located after the second one, where the electrons are already
concentrated in a phase extension <.

Due to the values of the impedance Zp, the absolute value of Viy = Zn I can ex-
ceed V), which is the voltage corresponding to the average electron velocity. Were Vi
to exceed V), the electrons would be decelerated, but some would even be reflected
back towards the cavities and the cathode, which would generate beam interception
and lead to klystron malfunction or even permanent damage.
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The output cavity behaves at large signals like a current generator with an inter-
nal impedance R* around the operating point. Therefore, PoyT is maximum when
Z1, = R*. Since the coupling iris or the loop transform the load impedance at the user
device (radar or transmitter antenna, accelerator structure) to the load impedance at
the cavity, these coupling devices have to be adjusted so that Z; = R*, in order to
maximize the output power.

Klystrons Engineering and Technologies

This presentation of different steps of the interaction in a klystron allows us to un-
derstand the klystron structure which is designed around the electron beam on one
hand and the cavities and the drift tubes on the other hand.

From a technological point of view, as shown in Fig. 1.8, the constitutive ele-
ments of the klystron tube are:

* The Pierce type electron gun, especially with the high voltage insulator and the
cathode. The high voltage insulator is a cylinder made of alumina located be-
tween the anode and the cathode. Its dimensions are such that the DC electric
fields are smaller than the breakdown limit. The electron emissions from the
triple point are minimised thanks to a screen, called anticorona ring. The anode is
grounded for electrical safety reasons, explaining why the gun and the cathode
are usually raised to a negative voltage;

e The modulating cavities (usually frequency tunable in a factory);

e The last or output cavity coupled to the output waveguide thanks to a coupling
loop or iris;

¢ The output window(s) which is located in the waveguide(s) and which separates
the external atmosphere from the internal vacuum (~10~% Torr) inside the tube.
The drive power to be amplified is usually injected inside the first cavity through
a coaxial connection which is also vacuum tight thanks to a small input win-
dow;

* The collector whose function is to collect the electrons after their interaction in
the last cavity and to dissipate their remaining energy. Moreover, it must be able
to dissipate the whole electron beam energy, when Py = 0 and then Poyt = 0.
Therefore, it has to be efficiently cooled. The collector is usually at the same
potential than the body or the anode;

* The magnetic circuit including an electromagnet, or permanent magnet(s), and
the two pole pieces located near the anode and between the collector and the out-
put cavity. These pole pieces concentrate the magnetic flux to get the required
focusing By parallel to the axis (Br/ Bz better than several %o).

The vacuum is usually maintained thanks to a small ion getter pump. However, this
pump is not always necessary, because the beam itself has also a pumping function.
The accelerated electrons ionize the residual gases. Then the generated ions are elec-
trically attracted by the beam and slowly drained toward the cathode.
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1.2.2 Multibeam Klystrons

Limitations in the Increase of Poyrt in a Klystron

As explained in Sect. 1.2.1, the space charge forces are opposed to a perfect electron
bunching. These repulsion forces appear in the form of the plasma frequencies wq or
wp, which is proportional to the square root of the perveance P.

In a conventional klystron, the perveance of the beam is in the range 0.5 to
2.5 x 1079 A V=32, A perveance P = 2.5 x 107 A V=3/2 is the practical limit,
beyond which the electron beams are difficult to be maintained fairly cylindrical and
to be focused without notable body interception. When the perveance is high, the
efficiency is low. At the same time the instantaneous bandwidth is enlarged to ~5%
or more, instead of the usual 1 to 2%. This last point is explained by the high value
of the beam loading conductance Gy, proportional to PVO1 / 2, which damps all the
cavities.

On the contrary, a perveance P = 0.5 x 107 AV~=3/2 is the practical lower
limit under which the smallness of the current I dictates unacceptable high beam
voltages V) and involves many electrical insulation difficulties on the tube itself and
on the whole transmitter or equipment. But the low perveances are favourable for
high interaction efficiencies because a strong bunching can be achieved.

In conclusion, larger output powers are obtained by increasing either the beam
current I or the high voltage Vj. In the first case the perveance is important; the
efficiency notably decreases, but the instantaneous bandwidth is enlarged and the
limitations are the control and the focusing of the beam. In the second case the per-
veance is kept low; the efficiency is therefore high, but the main limitations are the
breakdowns and the practical use of high voltages.

The Multibeam Klystrons (MBKs)

The MBKs give the possibility to reach larger RF output powers with high efficien-
cies and, at the same time, acceptable high beam voltages, despite very high per-
veances. A conventional or one beam klystron (OBK) uses just a single electron beam
which travels along the common axis of the tube and the magnet. On the contrary,
the MBK, as shown in the Fig. 1.12, uses several (V) electron beams which travel
all together through the same cavities, but each one has its own drift tube. Therefore,
each electron beam has a low current iy giving rise to a high efficiency n. The whole
current Nig is important; then, for the same RF output power Poutr = VonNip, the
cathode voltage is modest and even small. For example, the number of beams is 6
or 7. The perveance of a single beam is about 0.5 to 0.6 x 10~ A V=3/2 and the total
perveance P = N ioV0_3/ 2~ 3t04 x 1075 AV~3/2, The interaction efficiency is
around 65%.

In comparison with a OBK, the cathode voltage Vj is usually reduced by ~40%.
Consequently, the electrical fields Eg are decreased and the product EqgVy (kVZ/mm),
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Fig. 1.12. Multibeam klystron cross-section (4 beams)

which interprets the breakdown occurrence, is also reduced by more than 50%, giv-
ing rise to the possibility of much more safe and reliable operations in longer pulses
or DC voltages.

The cavities are cylindrical. The RF resonant mode is generally the conventional
one, the TMOOIO, and the re-entrant drift tubes, where the beams are passing through,
are concentrated around the axis [7], as shown in Fig. 1.13. The RF field pattern
allows, of course, an in phase interaction of each electron beam, but also high cou-
pling factors M between the electrons and the RF electric field E, despite a non-
negligible variation of E versus the radius and the possible influence of the RF mag-
netic field.

The overall high perveance of the electron beams increases the conductance of
the beam loading of the cavities. Consequently, the instantaneous bandwidths be-
come larger, by a factor of 5. Finally, the cavities are designed in such a way that

21
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Fig. 1.13. MBK cavity (7 beams)

the adjacent modes are very far from the operating one. The reason is to prevent
monotron oscillations (see Sect. 1.2.1), encouraged by the large whole beam cur-
rent Nio.

The focusing of the electron beam is difficult because the beams axes are offset
and not identical with the tube axis, generating an important radial magnetic field BR.
Therefore, the electromagnet is equipped with specific multiple pole pieces. Between
those the axial field is nearly constant, and the relative radial components Br/Bz
smaller than a few %eo.

In short, the main characteristics of the MBKSs are the significantly lower cathode
high voltages and the larger efficiencies and/or the broader bandwidths. The results
are:

¢ Smaller dimensions and size and reduced electrical supplies;

* Lower breakdown or arcing risks. HV insulation in air and less and less in oil;
* Less X-rays parasitic radiations;

e Better reliability.

However, the designer has to take into account the following two difficulties:

* Focusing and transmission of the N beams, N — 1 of which (at least) being offset
in respect to the axes of the tube and the magnetic field;

* Elimination or damping of parasitic oscillations in the cavities, which can present
many high order modes.

1.2.3 Inductive Qutput Tubes (I0T)

In the lower part of the frequency spectrum, for instance around 500 MHz in the
TV bands, the ground transmitters are now equipped with Si and SiC transistors in
parallel. But the RF output power is limited to several hundreds of W. To achieve
much higher output power in the range of tens of kW, vacuum tubes are still used —
and for a long time — thanks to their proven reliability and great efficiency. The tubes
are triodes, tetrodes [11], klystrons and now mainly IOTs.

The gains of about 13 to 15 dB of triodes and tetrodes are very low. On the other
hand, the large size and the unpracticable frequency tuning of the TV klystron cav-
ities are not very attractive. That’s why a hybrid tube, the IOT, has been developed
about 20 years ago for the main use with transmitters operation in the 470-830 MHz
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range, at power of several dozen kW and gains of 20 to 23 dB compatible with solid-
state drivers.

IOTs represent a modification from conventional coaxial grid tubes towards a
linear beam structure close to the one of the klystrons, but with just one cavity
(Fig. 1.14). A Pierce type electron gun fitted with a cathode and a spherical mod-
ulation grid G| creates a converging electron beam, with an average current Iy, mod-
ulated by a periodic voltage Vi at the microwave frequency f.

To avoid any malfunction, no microwave interaction must take place in the large
accelerating gap between the grid and the anode. This is why the gun is designed so
that no microwave energy enters this gap. Such an energy could come from the tube
outside or because of leakages from the coaxial cathode—grid resonator and from the
output cavity through the anode. Also, no oscillation may occur in this gap; therefore,
microwave resonances must be eliminated.

The electron bunches between the grid and the anode are accelerated by high volt-
ages Va going up to 30kV or more, which is considerably higher that the 8-10kV
limit of triodes. After the anode, the bunches are traveling across a klystron type
resonating cavity where much of their kinetic energy is transferred to a waveguide
or coaxial cable, in order to yield the output microwave power Poyt. The process
is exactly the same as in the output cavity of a conventional klystron. It should be
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noted that a too high deceleration voltage in the cavity can reflect electrons towards
the cathode and damage the tube.

Finally, the remaining energy of the electrons is dissipated in the collector. Be-
cause the beam is short and don’t include any cylindrical part, the focusing is sim-
plified; just a permanent magnet around the anode is needed.

From a technological point of view, the most critical part is the grid gun, not only
because the grid is located very close (1 mm) to the hot cathode, but also because
the drive power Py must be injected in the gun assembly which is raised to a high
potential of —Va &~ —30kV. This is done thanks to a coupling loop and RF traps
that are difficult to design. By the way we note that, in most of the tubes, the anode
is grounded for electrical safety reasons, explaining why the gun and the cathode are
raised to — V.

Before to conclude it should be point out that:

* the presence of a grid close to the hot cathode and the design of the coaxial
resonator limit the operating frequencies to 1.5 GHz maximum,

» and the high voltage V4 is practically limited by the necessary use of air — and
not of oil — to insulate the gun including the cathode—grid resonator.

Finally, IOTs are very attractive specific grid tubes operating below 1.5 GHz, at high
voltages of about 30 kV. The gains are around 22-23 dB and efficiencies around 55%,
for microwave output power of 10 to 100 kW.

1.3 Traveling Wave Tube (TWT)

1.3.1 Introduction

Looking back from the beginning of the 21st century to the history and evolution
of microwave tubes (as described in Sect. 1.1.2 of this book), we might wonder
why the TWT (Lindenblad, 1940; Kompfner, 1942), as the purest realization of
the microwave generation principle in electron tubes, was invented after the mag-
netron (A.W. Hull, 1921, to K. Posthumus, 1933) and after the klystron (R.H. &
S.E. Varian, 1937). The limited information exchange during the war might have
been the reason why the U.S. patent of Lindenblad [12] was not known by Dr.
Rudolph Kompfner, an Austrian refugee working on microwave tubes for the British
Admiralty, and why it took again years from their documented inventions of the TWT
principle to Kompfners publication [13] in 1946.

In fact, the TWT shows all the necessary elements for RF generation in a tube
in a pure, geometrically separated and physically subsequent form. Those elements
are electron beam formation and acceleration in an electron gun, power transfer from
the electron beam to the amplified RF wave in an interaction section and collection
of the decelerated spent electron beam in a collector. Additional elements are the RF
input and output couplers at the beginning and the end of the interaction section and
the magnetic beam focusing system.
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In contrast to its clear physical principle, the TWT employs the most challeng-
ing manufacturing technology amongst the microwave tubes. The necessity to focus
a high power density electron beam through a tiny helix with length more than 100
times the diameters ranging from 0.3 mm (60 GHz) to 4 mm (1.5 GHz) requests mas-
tering of very small tolerances between beam forming structures and the magnetic
focusing system. The fragile delay line structures limit the obtainable RF power com-
pared to the bulk resonator structures of magnetrons or klystrons. The difference in
technological maturity and power handling capability at time of TWT appearance is
shown in Table 1.1.

Though the basic difference in the power handling capability was remaining over
the years (see Fig. 1.1), TWTs have developed since that time, due to their excel-
lent linearity and broadband capability, to the major microwave amplifier used in
terrestrial and especially in space telecommunication. Other TWT applications are:
coherent microwave sources for radar surveillance and guidance systems, satellite
based Earth observation radars and as broadband Electronic Counter Measurement
(ECM) amplifiers.

1.3.2 TWT Design and Operation Principle

Figure 1.15 gives a cross-section through a permanent periodic magnet (PPM) fo-
cused electrostatic 4 stage collector TWT showing the essential functional elements.

Table 1.1. Output power and application of early C-band magnetrons, klystrons and TWTs
around the time of first industrial production of TWTs. Data are from [14—16] for magnetron,
klystron and TWT, respectively

Parameter Magnetron Klystron TWT
Year 1942 1949 1952
Manufacturer  Western Electric Stanford University, Var- STC
ian
Type WE 718 Mark IIT
Application Radar Linear Electron Accelera- TV, Ground Link
tor Communication
Frequency 2.7-2.9 GHz 2.85GHz 3.6-44GHz
Output power 193 kW, pulsed 12MW, 1 ps pulses 2W,CW
RF input permanent magnet RF output
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Fig. 1.15. Cut through a PPM focused, electrostatic 4 stage collector TWT
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Fig. 1.16. Electric circuit of a CW-TWT with double stage collector

Figure 1.16 provides the electrical circuit needed for its operation (only 2 collector
stages are shown). A vacuum envelope, comprising the electron gun, the RF inter-
action section and the collector is evacuated to the 10~ mbar range. Metal/ceramic
brazing technology is used for the electrical feed-through to the electron gun and
collector and for the windows at RF in- and output. In the further description we
follow the electrons from emission to collection.

Electric Circuit and Electron Gun

To emit the electron current /g from the cathode surface, a thermionic cathode is
heated to its operating temperature 7c of about 1000°C brightness by a filament
power supply which provides filament voltage Vr and filament current /g on a neg-
ative cathode potential Vxk = — V. Application of positive voltages Vg2, Vi, Vei,
V2 let the electrons flow through the vacuum to the respective electrodes and from
there in closed circuits through their respective power supplies back to the cathode.
Looking closer, they first form an accelerated electron beam which is focused by a
PPM focusing system through the helix and is mainly collected by the collector elec-
trodes. The kinetic beam power Ppeam = Ik- Vi of the accelerated electron beam en-
tering the delay line section at ground potential had to be spent as potential power by
the various electrode power supplies when pumping the negative charged electrons
from their electrode potentials Vga, Vi, Vi, Voo to the negative cathode potential
Vk = —Vu. Thus the major power supplies are the collector power supplies because
anode and helix supplies have to provide only very small powers Pgy = Ig2- Vg2 and
Py = Ig-Vy due to the small interception currents Ig, and Iy.

The electron beam entering the delay line is formed by the electron gun optics to
a small diameter electron beam characterized by the area beam convergence factor
CF as the ratio of cathode surface to beam cross-section area. For various TWT
applications CF can vary in the range 1-100. For very good beam focusing properties
CF should be maintained below around 30.
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Focusing System and Delay Line/RF Interaction Section

The delay line, as the structure with the largest interface to the TWT environment,
is kept on ground potential. This has the advantage that the interception current Iy
with the electron beam, which needs to be controlled in safe operational limits, can
simply be monitored on ground potential. Here the subscript “H” reminds of “helix”,
the RF delay line used in many TWT designs. To avoid the interception with the
delay line due to the repulsive radial space charge forces in the beam, compensating
magnetic forces have to be introduced by a focusing system. Constant axial fields
produced by solenoids or periodic fields created by alternating permanent magnets
can be used. Sufficient details of the focusing concepts will be discussed later in
Sect. 1.3.2.

The RF power P is fed through the RF input window to the delay line. It travels
on the delay line with reduced phase velocity v, approximately equal to the velocity
of the electrons in the beam. Interacting with the electron beam, the RF wave gets
amplified towards the output to the RF power P>. Normally, the delay line is divided
into an input and output section to limit the gain in each section. At the centre sever
of the delay lines the RF wave is attenuated to avoid reflections and oscillations in
the sections.

The maximum RF gain can be obtained when the electrons are slightly faster
than the RF wave. At that condition the phase velocity is equal to the moving elec-
tron density bunch vpynch Which is forming in the decelerating phase of the RF wave.
It is the velocity of the slow space charge wave on the electron beam moving back-
wards with the velocity —vg. or, looking from outside, with the velocity ve — vgc.
Thus

Up = Ve — Usc = Ubunch (1.42)

is the fundamental synchronism condition of a TWT. The understanding of this
interaction and RF amplification process can be enlightened by the following
everyday observation. Assume that electrons, moving across the decelerating and
accelerating phases of the RF field, behave like a steady stream of cars moving over
a hilly highway. On the uphill side the cars become decelerated and the car density
becomes higher. The opposite occurs on the downhill side. Thus we create a bunch-
ing of cars on the uphill side, which can remain with time at the same hillside position
even when the single cars move over the hill. Back in our electron picture this means
that the electron bunch remains and growth for some time in the same decelerating
phase with respect to the RF wave. Due to deceleration of bunch electrons, resulting
in a growing of bunch space charge density and thus growing of RF current, a max-
imum amount of kinetic electron energy is at this synchronism condition transferred
to the amplified RF wave. Thus at ideal synchronism we get the maximum power
gain of the TWT. A quantitative approach to the beam/RF interaction process was
given by Pierce, see Sect. 1.3.3.

At the end of the delay line we find: (a) an amplified RF wave with power P> cou-
pled via the RF output coupler to a load, and (b) a decelerated spent electron beam
with a wide electron velocity spectrum. Depending on the interaction efficiency, the
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beam has still about 65% to 95% of its initial kinetic power left, which can be recov-
ered up to approximately 80% in the electron collector.

To support the understanding of the interaction physics further, it is mentioned
here that a linear accelerator (LINAC), which transfers power from a propagating
RF wave to a stream of charged particles (e.g. electrons), can be understood as an
inversed TWT. To accelerate electrons in a growing bunch, it requests for its optimal
operation the coupling of the RF wave to the fast space charge wave on the particle
beam, and thus the LINAC synchronism condition is given by

Up = Ve + Usc = Ubunch- (1.43)

That means, in a LINAC the RF wave has to be faster than the charged particles
(e.g. electrons) in order to maintain synchronism with the growing bunch during
acceleration of single particles in the bunch. In other words, the accelerating phase
of the wave front densifies the slower moving single particles in a growing bunch
moving with the RF phase velocity.

Having this inversion in mind, we might wonder again why the TWT was in-
vented only in 1942, because the LINAC principle was described already in 1924 by
Gustaf Ising, a Swedish physicist, and it was built already in 1928 by the Norwegian
engineer Rolf Widerde.

Collector

The first TWT collectors built were like klystron collectors, single stage collectors
on ground potential (Vc = Vg). At the grounded collector electrode the current loop
is closed for the dominant portion Ic of the electron beam current Ipeam. Since the
spent electron beam entering the collector carries still a lot of kinetic power, this
power is thermally dissipated when the electrons hit the collector walls. Now we
want to know this dissipated power Pc_giss-

Assuming that the generation of the RF power P, has slowed down only the
electrons entering the collector, we can write, because of conservation of energy for
the dissipated power in the single stage collector,

Pc giss = Ic-Vc — P, (1.44)

where P, is the RF power (fundamental and harmonics) created in the delay line
circuit. The goal of TWT designers is to reduce all losses, but due to its dominance
especially the collector losses. According to (1.44) this can be done for a given out-
put power P> in two directions: first, by reducing the beam current and thus the
collector current /¢ required to produce the output power P, which needs improve-
ments of the beam to RF interaction in the delay line section; second, by reducing the
collector voltage V¢ with respect to the cathode. This collector voltage depression
is possible as long as the slowest electrons in the spent beam entering the collector
have sufficient kinetic energy Exin min to arrive at the electric potential of the collec-
tor surface,

Eyin,min > le-(Va — Vo). (1.45)
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Here e is the elementary charge of the electron. In modern space application TWT’s
a depression ratio up to (Vg — V)/ Vi = 0.55 can be obtained. Since for a constant
pitch helix the beam power efficiency 7g is about 13%, it was a breakthrough, when
H. Wolkstein [17] reached in 1958 with a single stage depressed collector TWT 30%
efficiency.

Similar consideration can be made when i collector stages are introduced to fur-
ther decelerate the fast electrons in subsequently depressed collector voltage stages.
In the formula (1.44) the term Ic-Vc, the electric power provided by the single stage
power supply, can be replaced by the much smaller sum over the electric power sup-
ply stages i, and the dissipated power in a multi stage collector becomes

Pc diss = Z Ic,-Vc, — P2, (1.46)

1

E;xin > le:(Ve; — Ve o)l (1.47)

In (1.47) the entrance condition for the residual kinetic energy of electrons in stage i
is related to the increase of potential energy of electrons entering the stage i + 1.

An exotic extreme with 10 depressed collector stages was reached by Neuge-
bauer and Mihran [18] in 1972. It allowed increasing the efficiency of a certain
klystron from 54% (single stage) to 70.9%. In modern space TWTs the best com-
promise between efficiency improvement and complexity is found in the range of 3
to 5 depressed collector stages depending on the width of the spent beam velocity
spectrum. There, with 4 collector stages a total TWT efficiency up to 74% can be
obtained.

1.3.3 TWT Physics

After the qualitative introduction to the TWT concept and its global DC-power op-
eration, we give in here a basic description of the TWT physics and a deeper re-
view of the TWT components. For a detailed study additional textbooks are required.
Amongst others, the three English language books [6, 19, 20] are recommended.

Pierce Electron Gun for Space Charge Limited Beams

The Pierce electron gun starts a beam from a cathode surface which is larger than
the final beam cross-section in order to keep the cathode current density in the or-
der of a few A/cm?, and thus the required operating temperature as low as possible.
As Fig. 1.17 shows, this can be obtained with a spherical concave shaping of cath-
ode surface. The equipotential lines are concentric, and the electron trajectories start
perpendicular on those from cathode surface.

The perveance of such a Pierce gun can be analytically approached by the model
of a conical segment of a spherical diode as calculated by Langmuir and Blod-
gett [21]. Here we limit ourselves to show in Fig. 1.18 the dependence of the gun
perveance on the geometrical properties.
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Fig. 1.18. Perveance P of different electrode configurations measured in A/ V3/2 The
Wehnelt (Pierce) electrode is kept on cathode potential in all cases. The perveance increases
with smaller cathode to anode distance and larger half-cone angle 6 (width of cathode)

Now computer codes allow to calculate the perveance and the electron trajecto-
ries of all wanted gun geometries.

Beam Focusing Over Delay Line Length

Before dealing with the external measures to focus an electron beam, we look to the
self-forces acting on the beam due to its charge and current density.

Repulsive Space Charge and Attractive Magnetic Forces in a Beam

For a uniform cylindrical beam with uniform axial velocity v, it can be shown that
the radial forces at radius r on a charged particle are given by
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Fig. 1.19. Electron distribution and space charge potential using XOOPIC, a 2.5 dimensional
particle in cell code developed by the Berkeley University in California. Simulation parame-
ters: Iheam = 110mA, Vpeam = 7.5kKV, rpeam = 0.25 mm radius beam rype = 0.5 mm radius
grounded tubing

Fsc = Qe/(2mrep); outward radial space charge force; (1.48)
Fn = Qeuov2 /Qmr); inward radial magnetic force, (1.49)

where Q is the total charge per unit length inside the radius r.
Inserting the physical identity gopo = 1/¢? into the ratio of both self forces one
simply obtains
Fy/Fm = ¢? /0% (1.50)

Above equations have two noteworthy consequences:

* The radial outward space charge force is dominating the magnetic pinching effect
for all beam velocities, since v < c. But, there can be the exception that positive
ions are neutralising the electron beam space charge which then can lead to a
dominance of the contractive magnetic self force. (Example: vacuum switches,
there this destructive effect is counteracted by an applied axial magnetic field.)

e At the inner edge of a cylindrical hollow beam the inside charge Q is zero, thus
electrons on the inner radius of a hollow beam do not see a radial space charge
force!

Universal Beam Spread

In Fig. 1.19, we plot the beam expansion and potential depression of an unfocused,
typical beam required for a 200 W Ku-band TWT in a grounded tubing with 1 mm
diameter and 20 mm length. We see that within 1 cm length the beam would expand
to hit the inner diameter of a helix. The potential depression at the origin is —45.6 V
and reduces due to the beam expansion.

Magnetic Focusing

Inserting the same beam into an axially constant magnet field with B, = 0.33 T, as
it could be produced by a solenoid, we get a beam with a small so-called scalloping
ripple, as seen in Fig. 1.20. The potential depression is now almost uniformly 45.8 V.
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Fig. 1.20. Particle in cell simulation of a 110 mA, 7.5kV, 0.25 mm radius beam in a 0.5 mm
radius grounded tubing as simulated with XOOPIC, in a homogeneous magnetic field with
B, =0.33T

Fig. 1.21. Particle in cell simulation of a 110 mA, 7.5kV, 0.25 mm radius beam in a 0.5 mm
radius grounded tubing as simulated with XOOPIC in a PPM magnetic field with 0.33 T peak
field

Figure 1.21 shows the overlay of scalloping and PPM ripple period (7 mm magnet
period) for the same beam and a periodic peak field of 0.33 T. In comparison to
the uniform magnetic field case, we recognise a much stronger beam ripple due to
the overlay of scalloping and magnetic field periodicity with a pronounced potential
variation on the axis of 16 V compared to 3V, respectively. Note: The potential traps
along the axis can cause ion oscillation phenomena by ionisation of residual gas in a
TWT. In practical life, small disadvantages of a PPM magnet system are more than
compensated by large savings with respect to mass, power, reliability and interface
complexity.

Brillouin Flow

There is only one special case, known as the Brillouin flow, without any beam and
potential ripples. A straightforward derivation from the Busch theorem gives the Bril-
louin flow field B;p; as function of beam current /, beam voltage V or electron ve-
locity ve and beam radius a:

2.1 Me
Bp: = g0 -7 -atve e
(5]

(I/A)!/2 (1.51)

@)

BzBr

Voo = 8.3 x 107
s/cm
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Helical electron flow in PPM focused TWT:
large period due to cathode flux
(larger for lower cathode flux)

small ripple period in angular
velocity due to PPM flux period

Fig. 1.22. Envelope of an electron beam with a “golden edge trajectory” from cathode sur-
face into the PPM focused interaction region of a typical Ku-band space TWT. Parameters
of the modified Pierce gun are: / = 150mA, V = 7.5kV into a ¢ = 1 mm, e grounded
tunnel, Bpeax = 0.325T. (Simulated with 2D-gun program and visualised with virtual re-
ality shareware code by W. Schwertfeger, TED, Ulm. Different relative scaling, r = 8 x z
direction)

Electron Beam Magnet Ring Spacer Fe Pole Piece Delay Line Magnet Field
I L
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Fig. 1.23. PPM magnet stack with Fe-pole pieces and nonmagnetic spacers braced to a tight
vacuum envelope

Equation (1.51) is used as a design rule for TWT magnet systems: the peak PPM
magnetic field should be 1.2 to 2 times the Brillouin field to guarantee a save focusing
of an electron beam over the interaction length of a TWT.

Another design rule, the focusing stability requirement, is valid for the length of
the magnetic field period /i, in a PPM system:

%
Iy < 418+ —— - 2, (1.52)
zBr ¢

Figure 1.22 visualises the helical movement of the electrons in the PPM focused
beam. A technical realisation of a PPM focusing system is sketched in Fig. 1.23.

Delay Line System and RF Interaction
Types of Delay Lines

Depending on the application and power level, several types of delay lines are used:

e Helix; low power, very broadband (up to several octaves), needs ceramic sup-
porting rods.



34 G. Faillon et al.

Fig. 1.24. a Helix delay line: the pitch angle v defines the RF phase velocity vp = c-tanyy =
c-2ma/p, c = speed of light, p = axial pitch; b Double helix delay line

(OO, ~=AEAEAE

a)

)

Fig. 1.25. a Ring and bar line; b Interdigital or comb line; ¢ Coupled cavity line

* Counter wound double helix; suppresses backward wave oscillations (due to me-
chanical complexity scarcely used), needs ceramic supporting rods.

* Ring and bar line; suppresses backward wave oscillations, needs ceramic sup-
porting rods.

e Interdigital line; rugged and compact delay line for high power high frequency
TWTs, reduced bandwidth.

* Coupled cavity; low bandwidth, high power capability.

Figures 1.24 and 1.25 give a survey on the major types.
RF Input and Output

Depending on the delay line concept, several configurations for the RF input and
output are known. We give in Fig. 1.26 only two examples for waveguide windows,
as used, e.g. for a coupled cavity TWT input, and a coaxial feed through, as often
used for low power helix TWT input and output.

Small Signal Theory (Pierce)

At the time Pierce developed his TWT theory, the Eulerian approach was the only
success promising approach. It treats the electron beam as a charged fluid, charac-
terised by a current / with beam velocity vy or beam voltage Vj and the space charge
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Waveguide transition Coaxial transition
to coupled cavity delay line of a helix delay line

Vacuum seal LII '—l Step transition
__ for matching

o 1

Coupling slot

Fig. 1.26. Left: waveguide input transition with a Chebyshev step transformer for matching.
Right: coaxial output transition from a helix with coaxial matching and A /4 ceramic window
for the vacuum seal

TG—‘L =({dz =

z

Fig. 1.27. Equivalent transmission line model for a helix delay line

bunches as an AC current i propagating with the same frequency as the RF wave.
As indicated before, this approach is limited to the small signal behaviour of the
TWT because saturation effects cannot be treated. The ingenious concept of Pierce
combined this Eulerian view of the electron beam with the replacement of the delay
line as propagation structure by an equivalent transmission line model consisting of
distributed inductances L and capacitances C, as shown in Fig. 1.27.

As a result of his derivation, he obtained a fourth degree equation for the wave
propagation constant § which is known as the so-called determinantal equation

Be B*Be 3
0=1 . 2C°, 1.53
T B _pR B (153)
3 _ I . Z
¢ = (1.54)

where C is the Pierce parameter. It has four roots corresponding to (1.55)—(1.57),

Bi2=PBe+ BeC/2 j\/gﬂeC /2; Solutions for exponentially
increasing and decreasing

slow waves; (1.55)
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Fig. 1.28. The four waves propagating along the delay line of a TWT

B3 = Be(1 = C); Solution for a fast forward
wave with constant amplitude; (1.56)
Ba = Be(C /4 — 1); Solution for a fast backward

wave with constant amplitude. (1.57)

The meaning of the solutions becomes clear by reminding that the waves vary pro-
portional to /@2 Figure 1.28 sketches the four solutions. Considering only the
exponentially increasing solution, we get from (1.55) the linear power gain G over N
wavelengths of the TWT in dB

G = 10log 10e¥37CN =473 . CN. (1.58)

To satisfy the boundary conditions when launching the four waves at the tube en-
trance, one gets an additional so-called distribution loss, and (1.58) becomes

G =-9544+473-CN, (1.59)

which is the total linear power gain of the tube with distribution loss. It should be
mentioned here that above solutions are not limited to helices, but are valid for
all type of delay lines when introducing their respective equivalent circuit proper-
ties.

Cutlers Beam and RF Signal Characterization up to Saturation

A great improvement in the understanding of the nonlinear behaviour of the TWT
was reached when Cutler [22] published his test results on RF circuit voltage (dashed
line), beam velocity (solid line) and beam current (vertical width of shaded area) at
the TWT output relative to the undistorted signal phase as function of drive level
(see Fig. 1.29). His findings for the 15 drive conditions from —22 dB input back off
to 49 dB overdrive level are interpreted as follows. With respect to the circuit volt-
age, one can define an acceleration and a deceleration zone for the beam electrons.
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Fig. 1.29. Results of Cutler experiment in 1956

Due to the acceleration or deceleration we find the relative velocity vy of the elec-
trons to be increased between acceleration and deceleration zone and smaller than
zero in the other regions. Also, we see that v, starts to become double-valued for
drive levels larger than 14 dB input back off because some electrons are reflected
back from the deceleration zone into the acceleration zone. The amount of beam
current (shaded area) is larger in the deceleration zone till saturation, where the elec-
tron bunch in acceleration zone becomes about equal due to decelerated electrons
moving into this zone. Two bunches in one period means that a harmonic frequency
wave has been created on the circuit. This reaches its maximum after saturation.
At higher overdrive level, the electrons are smeared out again more uniformly over
the relative phase. If one makes a vertical cut through the electron velocity body
and integrates that over various relative phases, one gets the electron velocity spec-
trum at the tube exit as a function of drive. This exit velocity spectrum is entering
into the collector and plays an important role for the total efficiency of the TWT as
we will see in the next section. Here, it can be summarised that most of the elec-
trons are decelerated, but few of them are accelerated compared to the start veloc-

ity vo.
Large Signal Theory (Rowe) and Simulation Results

It is not space enough to report on the numerous theoretical approaches which deal
with the nonlinear effects occurring closer to saturation drive of a TWT or even in
overdrive. It should be sufficient to refer the reader to the compendium of Rowe [23]
and to declare that no analytical solutions exist for the large signal operation of
the TWT. The theoretical approaches are mainly based on the Lagrangian concept



38 G. Faillon et al.

which treats the electrons as particles or as representative particles and which allows
multi-valued velocity distributions of electrons at a given space or phase location.
Still today, fully 3-dimensional numerical simulations are too heavy for useful de-
sign work. A lot of 2.5-dimensional codes (2-dimensional axially symmetric elec-
tric and magnetic fields and 3-dimensional movement of representative electrons)
(layers and shells of electrons, or statistically distributed “heavy electrons”), are
providing reliable design information on gain, output power, nonlinear phase shift
and even intermodulation distortions as a function of input drive and frequency as
well as the trajectories of the representative electrons in the real space and phase
space. As an input information to the code, they need from the delay line side only
the coupling impedance K (f, r, z) as a function of frequency, radius and position,
the phase velocity v,(f,z) as a function of the frequency f and the axial posi-
tion, the RF attenuation «(f, z) as a function of the frequency f and the axial posi-
tion.

For the beam, the representative charge p (7, zo) and current density j(r, zo) in-
formation is required at the entrance zg of the delay line. Figure 1.30 gives for a
modern Ku-band space TWT the simulated relative phase of the electrons, being
uniformly distributed over 27 at the delay line entrance, the outer electron beam di-
ameter and the small signal and saturation drive gain over the length of the delay
line.

For Fig. 1.30a we note the crossing of electrons approaching saturation at the
very last centimetres before the delay line end. From Fig. 1.30b we see again the
magnetic ripple on the beam and the moderate increase of the beam radius as the
electron velocity slows down close to the exit. From Fig. 1.30c we recognise the in-

a) : ' b)

S0dB | t

&) [

Fig. 1.30. a Applegate diagram of electrons (relative phase with respect to RF wave); b Outer
diameter of electron beam inside delay line; ¢ Small signal (crosses) and saturation (circles)
gain along tube axis
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sertion loss at the delay line entrance, the extended sever region where RF power is
transported by the electron beam and the difference between small signal and satura-
tion gain of less than 5 dB, which is important for excellent linearity characteristics
of the tube.

Electron Beam Collector
Collection of an Electron Beam with Distributed Velocities

Figure 1.31 shows a typical velocity spectrum of a highly efficient Ku-band space
TWT at saturation drive as a cumulative distribution function. It gives on the ordinate
the amount of the current ratio I /Iy which has a higher axial velocity than that cor-
responding to the reference acceleration voltage given on the abscissa. The original
zero drive velocity distribution corresponds to the depicted rectangular distribution
(all electrons have uniform velocity corresponding to helix voltage of 6250 V). The
shaded areas correspond to the recovered power Precover in the collector if the re-
spective current contributions are gathered at their corresponding reduced collector
potentials of a multistage collector.

Potential Depression in an Ideally Focused Cylindrical Beam

Assume an ideally focused cylindrical beam with / = 110mA in a metallic tube
at potential ¢(b) = 0 with the mono-energetic beam voltage corresponding to the
negative cathode potential ¢. = —7500V, as shown in Fig. 1.32. With the beam
velocity

v = 2n(¢p — ¢)'/?, (1.60)

Proportion of beam current with a velocity greater than V
Collector voltage depression IV
127 — —

-
unmodulated beam

_.l.

|~ Power recovered b
depressignof V. V.,

0 1000 2000 3000 4000 5000 6000 7000 8000
anergy (in elactron Volts)

Fig. 1.31. Typical velocity/energy spectrum of the spent beam at the collector entrance
and recovered power proportions (shaded area) of a Ku-band TWT with Vg = 6250V,
Ver = 3250V, Ve = 2500V, Ve = 1750V and Vg = 450V with respect to cathode.
The collector efficiency is represented by the ratio of the shaded area to the total area below
the spent beam distribution curve
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b 1 ®(b)=0V

@ e ®(a)=-26.7V
110 mA, 7.5 keV e beam —»

0 z ®(0)=-45.9V

Fig. 1.32. Cylindrical electron beam of radius « in a tube with radius b and potentials ¢ (0) at
the beam centre, ¢ (a) at the beam edge and ¢ (b) at the grounded tube
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Fig. 1.33. Focused beam with voltage @peam entering a collector iris at a reduced collector
potential V¢

we write the approximately valid analytical formulas for the depressed beam poten-
tial:

¢a) =) — I-In(b/a)/2meovy; Potential at beam edge;
(1.61)

¢(0) =¢(b) — I-(In(b/a) + 1/2) /2w epvy,; Potential at beam centre.
(1.62)

It is quite satisfying that the results for the potential depression at the beam edge and
the beam centre, ¢(a) = —26.7V and ¢(0) = —45.9V, is in agreement with those
from the particle in cell code XOOPIC simulation (see Figs. 1.19-1.21), where we
used the same parameters / = 110mA, ¢(b) = 0, ¢ = —7500V and b = 2a =
0.5 mm.

Collector Current Limitation by Space Charge Effects

Assume the beam of Fig. 1.32 approaching a collector entrance iris at a reduced po-
tential, as shown in Fig. 1.33. The question arises about the limited beam current
Timit Which can pass without reflections into the collector tunnel at a depressed col-
lector potential V. Note: V¢ is measured with respect to the cathode potential.

As we see from (1.63) below, the maximum current depends on the ratio of the
collector tunnel radius to the beam radius b/a pressed to avoid reflection of parts of
the beam for a given beam current and the ratio of the collector entrance radius b to
the beam radius a (Fig. 1.34),
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Fig. 1.34. Transmission current limit as a function of beam (collector) voltage for 3 values of
tunnel to the beam radius ratio b/a = 1, 2, and 3. As we see for the example of a 110 mA
beam, the lowest beam voltage (depressed collector voltage) can be achieved if the beam is
uniformly filling the collector tunnel (b/a = 1)

Table 1.2. Minimum collector voltage for a 110 mA electron beam as function of the tunnel-
beam radius ratio

Ratio b/a 1 2 3
Minimum collector voltage for a 110 mA beam 260V 500V 620V

3/2
linibfa) = meo/emo i (S0 = V0 ) (163
Equation (1.63) has again the form of a perveance or here acceptance, ljim =
A /a)-(Vc)3/ 2 which means that the scaling laws apply (see Table 1.2).

The findings imply a theoretical limit to the collector efficiency. Depending on
the width of the electron velocity spectrum, 3 to 5 collector stages are found to give
an optimal compromise between the total tube efficiency and system complexity.
Amongst the MDCs the two categories, electrostatic collectors and magnetically fo-
cused collectors, are distinguished.

Electrostatic Collectors

Due to the deceleration of the beam at the collector 1 entrance, the radial space
charge force in the beam increases and the beam expands radially. This beam expan-
sion affects the slower electrons more than the faster ones and is therefore used to
separate the slower electrons from the faster ones which land further down-
stream.

Figure 1.35 sketches the electron trajectories in a 6 stage (5 stages +1 spike on
cathode potential) collector as it was used in the 1980s for the 250 W space TWT TL
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Fig. 1.35. Electrostatic 5 stage 4 spike collector used for radiation cooled space TWT

Fig. 1.36. Distribution of primary reflected and secondary electrons in an electrostatic 4 stage
collector simulated with the Thales Electron Devices PIC program Collect 3D for a 150 W
Ku-band TWT

TL12310 Large Diameter Collector (371.345 646)
Geometry and Axial Magnet Field from TWT 902

Y Axis [mm]

Magnet Field Bx [kAim]

_20 X Axis [mm] -100

Fig. 1.37. Collector geometry, axial magnetic field and simulation mesh of a magnetically
focused 4 stage collector for a 300 W Ku-band TWT (the transverse magnetic fields are not
shown)

12250. It achieved typically 48% total efficiency. Figure 1.36 shows the design of a
modern electrostatic 4 stage collector used in some Thales Ku-band TWTs with the
simulated distribution of primary (green), reflected (blue) and secondary electrons
(red) in the collector volume, which achieves about 68% total efficiency.

Magnetically Focused Collectors

These collectors minimise the radial dimensions of the collector by continuing the
magnetic PPM focusing of the electron beam with an adapted periodicity and
strength of the magnetic field into the various collector stages. Figure 1.37 shows
the principle for a modern 4 stage collector used for a Thales 300 W Ku-band TWT.
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Fig. 1.38. PIC-simulation of electron distribution in the magnetically focused 4 stage tilted
field collector at zero drive (left) and saturation. Primary electrons (green), reflected (blue)
and secondary (red) simulated with the Thales Electron Devices PIC program Collect 3D

The magnetically focused collector allows an optimised beam filling of the col-
lector at saturation drive as shown on the right side of Fig. 1.38 and thus a maximum
efficiency up to 74%. To minimise backstreaming of electrons, the most advanced
magnetically focused collectors are using tilted electric and magnetic fields produc-
ing compensating deflection effects in downstream direction to focus the fast elec-
trons into the collector 4 tunnel and enhanced deflection in backstreaming direction.

Relation between TWT Total-, Beam- and Collector Efficiency

The TWT total efficiency ny and the beam power efficiency npeam (or basic effi-
ciency 7g) can be simply defined and rewritten as

Pfynd _ Nbeam* Poeam _ Nbeam* Poeam
Pel PRF + Plosses Pbeam - (Pbeam - PRF - Plosses)

where Ppypg is the fundamental RF power at the TWT output, Prr is the total RF
power (including fundamental and harmonic RF power and RF losses), Ppeam =
Vi Ik is the electron beam power and Pjgsses are the thermal losses produced in the
tube. A short analysis of the thermal TWT losses Pjosses provides

(1.64)

Ntot =

Plosses = PColl,losses + PH,therm + PA,therm + (Pﬁlament)- (1-65)

Neglecting the small quantities (filament power, helix and anode losses), the term
Precover = (Poeam — PRF — Plosses) in (1.66) becomes approximately equivalent to
the recovered kinetic electron beam power by reduced collector voltages. With the
definition of the collector efficiency nc as the ratio of the recovered power to the
entering beam power

nc = Precover _ Ppeam — PRF — Plosses ’ (1.66)
Penter Poeam — PRrF
we get a simplified relation between the total beam power and collector efficiency by
the further neglecting the harmonic power and the RF losses in Prg and by division
with Ppeam

Prund _ Nbeam* Pbeam _ Nbeam
P Poeam — nc(Poeam — PRF) I — nc(1 — Nbeam) ‘

(1.67)

Ntot =
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Total Efficiency as Function of Beam and Collector Efficiency

Simplified : N5 = Nggam/ {1-Neon * Neoam * Neon)
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Fig. 1.39. Total efficiency as function of the two variables beam efficiency and collector effi-
ciency. The historical path from single stage collector tubes (station 1, 10%) to 4 stage tilted
field collector tubes with enhanced beam efficiency (station 7, 70%) is sketched for Ku-band
TWTs. The figure is adapted from Kornfeld et al. [24]

Typical Ku Band Travelling Wave Tube of Today
Relative Contributions of Loss Mechanisms in Saturation
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Fig. 1.40. Total distribution of thermal losses in a modern TWT

The failure in making these simplifications can be estimated from Fig. 1.39. In
Fig. 1.39 the relation (1.67) is plotted. It indicates further the historical development
axes for TWT efficiency. First this occurred via the collector efficiency improvement
and later by essentially improving the beam efficiency with tapered helix concepts.
Though Fig. 1.39 seem to imply that beam and collector efficiency are independent,
this is physically not the case. The larger the beam efficiency becomes, the wider is
the electron velocity spectrum entering the collector with detrimental effects on the
collector efficiency.

Loss Analysis of a Typical Ku-Band Space TWT

From Fig. 1.40 we can see, that further efficiency improvements need to reduce
mainly the collector losses (45%) and the skin effect losses (35%). The other losses
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in a developed space TWT are well below 10%: harmonic power 8%, helix intercep-
tion losses 6%, cathode heater 5%, and reflected RF power 1%.

1.3.4 TWT Applications

Table 1.3 gives a survey on the different application fields of TWTs. We note that the
helix is the most used type of delay line. For communications the reason is its large
bandwidth and very good linearity. For military radar and ECM, again its extreme
bandwidth, which for some type of ECM tubes can achieve up to 3 octaves. In the
following we provide application examples based on the Thales Electron Devices
product spectrum.

Communication TWTs
TWTs for Ground Station, Airborne and Shipboard Communication

Following an internal TED communication of Francis Payen, we give a review of
these TWT applications.

Depending on the system architecture, the microwave tubes used in ground-
based, airborne or shipboard communications system transmit signals to a satellite
(up-link) or to a ground based receiver (point to point or point to multipoint commu-
nication). Though in some communication systems, due to power requirements, also
klystrons are used, TWTs are becoming predominant, because the relative bandwidth
requirements are becoming more and more demanding (usually more than 10% are
required). Table 1.4 presents the relative bandwidth and the output power capability,
as a function of frequency, for the TWTs made by TED for up-link communications
systems.

Some examples of ground-based or airborne communication systems using TED
microwave tubes are DirecTV, Echostar and Astra for DBS, Iridium for commercial
systems and Milstar, Syracuse, Stentor, SBIRS for military systems.

Table 1.3. Application fields for different types of TWT delay lines

Application Communication Radar and ECM

Sub- Ground Earth Ground Airborne Missile ECM
application station Space Observation & Ship Radars Radars  Seekers

Helix ° . . . ° . .
Ring & Bar . °

Coupled Cavity e

Interdigital Line e . ° °

Table 1.4. Survey on up-link TWTs

Frequency band C X Ku Ku Ka Q
GHz 5.85-7.1 7.9-84 12.75-14.5 17.3-18.4 25.5-31.5 43.5-455
Relative bandwidth Upto 20% 6% Upto13% 6.2% Upto20% 4.5%

CW output power  3kW 25kW  1kW 500 W 350 W 250 W
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Table 1.5. Comparison of historic C-band tubes

First TWT First First European Modern Space TWT
in Use Space TWT  Space TWT
Program TV-Ground Link Telstar 1 Symphonie Measat
Manufacturer STC Bell Lab AEG TED
Year 1952 1962 1973 2003
Frequency 3.6-4.4 GHz 3.7-42GHz 3.7-4.2GHz 3.4-42 GHz
Output Power 2W 2W 13W 70W
Gain 25dB 40dB 46dB 56dB
Efficiency ~1% <10% 34% 71%
Nonlinear Phase ? 50° 50° 38°
Mass >5000¢g >1000¢g 640 g 800 ¢g
Collector 1 stage 1 stage 1 stage depressed 4 stage depressed
Focusing Syst.  Solenoid PPM PtCo PPM PtCo PPM SmCo
Cathode Oxide Oxide Oxide MM Dispenser

TWTs for Space Communication

The major requirements for microwave tubes used in satellite transponders for trans-
mitting down-link signals are:

* long useful operating life and high reliability (> 15 years, <100 FIT, respectively;
more than 35 000.000 h accumulated in orbit),

* high total electrical efficiency (>60%),

* high linearity (nonlinear phase shift <48°),

* low mass (depending on output power and radiation or conduction cooling).

TWTs meet all these demanding requirements and beat by far the competition from
solid state amplifiers especially with respect to life, reliability and efficiency. The
driving force for the impressive improvements in all those parameters was in the past
and is still today the economical pressure to save power by improving the efficiency
and to reduce the mass of space amplifiers. Two figures are best characterizing this
environment: the savings in launch and system costs per satellite are for DC power
saving 3.000€/W and for mass reduction 20.000€/kg. Therefore, it might be of
interest to have a short look on the history of some of the most important space TWT
parameters as reviewed by Kornfeld et al. [24].

Table 1.5 shows the performance characteristics of historic C-band space tubes
and compares them with the first operational TWT built as TV relay tube by STC in
1952, D.C. Rogers [25]. Though the output power was increased from 2 to 70 W, the
mass was reduced.

Figure 1.41 gives the efficiency improvements vs time of the leading space tube
manufacturer. The significant improvements obtained in the first 30 years after the
TWT invention led in the late 1970s to the impression that the TWT technology
might be completely mature and will provide only little space for further improve-
ments. In contrast to this, a steady and for the 1990s even accelerated efficiency
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Efficiency Development of Thales" Satellite TWT's
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Fig. 1.41. Efficiency improvement of space TWTs (courtesy of TED)

improvement was found for the space TWTs of more or less all commercial man-
ufacturers. The main reason for this performance explosion was the availability of
codes to simulate the large signal beam to RF wave interaction in improved tapered
helices. It is expected that efficiency might finally approach a level between 75% and
80%. Table 1.6 presents the frequency band, the output power, efficiency and future
expected trends in the respective applications.

As seen from Table 1.6, there are many different applications for space TWTs
ranging from standard telecommunication systems, TV- and digital radio broadcast-
ing to modern digital internet and multimedia services. Also Earth observation with
pulsed radar TWTs becomes increasingly important. New applications where the
satellite TWT technology might be used are local multimedia services from small
satellites or stratospheric balloons over big cities. Also, for the low Earth orbit satel-
lite fleet of global positioning systems (GPS, Galileo) and their continuous upgrade,
powerful and highly efficient TWTs might be used.

Radar and ECM TWTs

Several types of microwave tubes are used for radars: magnetrons, crossed-field am-
plifiers (CFAs), klystrons and TWTs.

From a historical point of view, the magnetrons were the first microwave tubes
to be used in radar transmitters, more than sixty years ago. But they are oscillators,
and most of the radars, since several tens of years, require transmitters using a coher-
ent amplification chain. Among the three types of amplifiers (CFAs, klystrons and
TWTs), the TWTs are most widely used, thanks to their wide instantaneous band-
width, high gain and noise free coherent operation.

Surface Radars

Surface radars are ground based or are used in naval systems (shipboard radars). The
main types of surface radars are:



48 G. Faillon et al.

Table 1.6. Space TWT applications for communication and Earth observation

Application Band Power efficiency  Future trend power
frequency/GHz efficiency
Direct Digital Radio L-band 50to 150 W 250 W
Navigation/GPS & Galileo 1.1-1.5 55% 65%
Communication/TV- S-band 70-90 W 120W
broadcast 2.3-2.6 59% 65%
Direct digital radio for S-band 200240 W 200-250 W
automotive 2.3-2.6 61% 68%
Telecommunication & C-band 20-130 W 150 W
broadcasting 3.4-42 60-69% >T73%
SAR, for Earth observation, C-band S5kW >5kW
Radar TWT, pulsed 5t06 40% 45%
Scientific applications & deep X-band 25/120-170 W 25/120-170 W
space missions 7-8.5 60% 65%
Earth observation, radar TWT,  X-band 4kW >4 kW
pulsed 7-8 40% 45%
Telecommunication and Ku-band 25200 W 25-300 W
broadcasting 10.7-12.75 62-68% 68-75%
Internet Multimedia services
Altimeter; radar application Ku-band Up to 100W 150 W
for Earth observation, pulsed 13-15or 12-18  55% 60%
Telecommunication and Ka-band 15-130 W 15-220 W
multimedia Services 17-22 55-66% 55-70%
Deep Space & Scientific Ka-band 20-30 20-100
Mission 27-32 54% 58%
Multimedia Services for low Q-band 40W 40-100 W
orbit Satellites or Stratosphere ~ 40-45 40% 40-45%
Balloons
Inter satellite links for V-band 20 W 20-100 W
multimedia Services 58-64 35% 35-40%

* long range surveillance radars for Air Traffic Control (ATC),

e air defence radars,
e tracking radars,

» fire control radars; those are most time integrated into weapon systems,

* trajectography radars.

Table 1.7 presents the relative bandwidth and the output power capability, as a func-
tion of frequency, for the TWTs (Ku- and Ka-band) and klystrons (up to and includ-

ing X-band) made by TED for surface radars.
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Table 1.7. Survey on surface radars

Frequency band L S C X Ku Ka

GHz 1.26-1.36 2.7-35 5459  85-105 15-18 33-38
Relative bandwidth 3% 3t015% 5t010% 10% 10t020% 3 to 10%
Peak output power 4 MW 20MW 1MW 120kW  2.5kW 1kW
Average 12kW 20kW 20kW S5kW 200W 200W

Table 1.8. Survey on missile radars

Frequency band X X X Ku Ka W
Type of tube Helix TWT CC TWT Magnetron TWT TWT TWT
Relative bandwidth (%) 2 3 Tunable in 600 MHz 20 3 1
Peak output power (kW) 20 120 220 2 1 0.15
Average output power (W) 800 1500 200 400 200 15

* The Ka- and W-band TWT use interdigital delay lines; W* under development

Airborne Radars

Microwave tubes (magnetrons and TWTs) are used in airborne radar transmitters in
two categories:

e multimode and multifunction radars; TWTs are widely used, either with coupled
cavity slow wave structure or Helix;
e Terrain following radars; generally, TWTs are used.

Missile Seekers

The requirements for microwave tubes (magnetrons, klystrons and TWTs) used in
active RF missile seekers are small size and weight, high electrical efficiency, very
short start-up time, capability to withstand very severe environmental conditions and
high reliability after long storage periods.

Some examples are new generation MICA, ASTER and PAC3 missile seekers.
The main performances are presented in Table 1.8. It shows the relative bandwidth
and the output power capability for magnetrons and TWTs made by TED for airborne
radars or missile seeker applications, as a function of frequency.

ECM Applications

The requirements for microwave tubes used in ECM Systems are very wide instan-
taneous frequency bandwidth (more than one octave), small size and low weight and
high electrical efficiency.

The only microwave tube which can meet a specification with more than one
octave bandwidth is the Helix TWT. Table 1.9 presents TED’s helix TWTs made for
ECM systems.
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Table 1.9. Survey on broadband ECM tubes

Frequency band 6 to 18 GHz 18 to 40 GHz
Pulsed TWTs Peak output power 2kW -

Average output power 80W -
CW TWTs CW output power 200 W 80W

1.4 Extended Interaction Klystron EIK

1.4.1 Introduction

Similar to klystron and TWT, the extended interaction klystron (EIK) is a linear
electron beam device which tries to combine the advantages of both, the ruggedness
and high power capability of a klystron and the larger bandwidth of a TWT. There-
fore, the EIK is especially similar to the rugged coupled cavity and interdigital line
TWT.

Since the EIK can be considered as a refinement of both microwave devices, it is
not easy to mention an inventor. The main work on EIKs seems to go back to Tore
Wessel-Berg [26] and his “A General Theory of Klystrons with Arbitrary, Extended
Interaction Fields” issued in 1957. He was working at SLAC where he improved
efficiency and power capability of klystrons for the linear accelerators. Further pio-
neering work was done by Chodorow and Kulke [27] in the 1960s. It was recognised
by those groups that the circuit impedance is enhanced proportional to the extended
interaction region and that larger gain bandwidth product and higher efficiency could
be obtained relative to the conventional klystron circuit, particularly in the submil-
limetres/millimetres region. These characteristics suit today requirements for Ka- to
W-band air and space borne radars (see [28] and [29], respectively) and also ECM
applications.

1.4.2 Extended Interaction Circuit Design

Figure 1.42 compares the principle cross-sections of a conventional two cavity kly-
stron with an extended interaction klystron. The number of cavities and interaction
gaps can differ depending on the required application. A 3-dimensional impression
of a multicavity multigap design of an EIK is given in Fig. 1.43. This and the previ-
ous figure are taken from [28].

The extended interaction oscillator (EIO) is a single cavity device with interac-
tion gaps (segmented drift tube) that function like a coupled cavity TWT structure
with extremely strong cavity-to-cavity coupling. At sufficiently high beam currents,
oscillations are sustained. Variation of the beam voltage allows 0.4% frequency tun-
ing.

1.4.3 Typical Performance and Applications

The today leading manufacturer of EIKs, CPI-Canada, describes the typical
frequency and power range as follows (Table 1.10) [30]. The instantaneous band-
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Fig. 1.43. Left: Rising sun type tunable EIK ladder circuit. Right: a 3-dimensional cross-
section; b top-view; and ¢ side-view of an EIK five gap structure in a cavity

Table 1.10. Typical power levels of pulsed and CW EIKs at various frequencies

Pulsed EIK CW EIK

3000 W at 30 to 95 GHz 1500 W at 30 GHz
400 W at 140 GHz 100 W at 95 GHz
50W at 220 GHz 30W at 140 GHz
5W at 280 GHz 1wV at 220 GHz

width of those EIKs is about 1%. Because of these device characteristics, EIKs have
been used for the following military, scientific and commercial applications:

o fire control radar e radio astronomy

e seeker e satellite communication
e illuminator e cloud radar

e tracking radar e radar modelling

e low noise cw radar o fusion diagnostics

e surveillance radar e plasma heating
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1.5 Backward Wave Oscillator (BWO)

1.5.1 Introduction

To find the roots of the backward wave oscillator (BWO), one has probably to go
back to Rudolf Kompfner, one of the TWT inventors (see Sect. 1.3.1) and the pe-
riod around 1950 to 1952. In 1951 S. Millmann [31] published on a spatial har-
monics amplifier for 6 mm wavelength where the energy transport in backward di-
rection with respect to the electron beam is clearly a device feature. Kompfner,
working in this period intensely on microwave sources capable of electronic fre-
quency tuning, mentions Millmanns work in his US patent filed in 1952 [32] on
Backward Wave Tubes. How closely the work on the oscillator type of tubes was
related to the amplifier devices is indicated by the patent filed by Kompfner and
Williams [33] at the same date on Backward Wave Amplifiers. His work published
together with N.T. Williams in 1953 [34] belongs also to this period of early in-
vestigations on Backward Wave Tubes. The investigated devices were based on lin-
ear electron beam/slow wave circuit interaction, using periodically disturbed wave
guides but also helices. H. Heffner contributed in this period with his Analysis on
Backward Wave Traveling Wave Tubes [35].

The application, these pioneers had in mind for the oscillator type of devices, was
frequency modulated signal generation. Interesting information on this period can be
found in J.R. Pierces review article on R. Kompfner and his work [36]. To avoid
confusion, it should be mentioned that in some literature the BWO is also called the
carcinotron.

1.5.2 BWO Operation Principle

The basic idea of the BWO is to use the space charge bunches of an electron beam
interacting along their path with a periodic delay line structure (the first space har-
monic). The delay line can be of all types (helices, periodically corrugated wave-
guides, folded waveguides, interdigital lines, etc.). The preferred type depends, as in
TWTs, on the frequency range and power level of interest. When passing the periodic
structure, the space charge bunch initiates a wave propagating in backward direction.
If the phase velocity and the bunch velocity are such that the total phase delay in the
loops is 6,, = n-2m, a backward wave oscillation can start.

In Fig. 1.44 the situation is illustrated by an electron beam passing along a tape
helix. The phase delay 6, in a closed loop between two adjacent gaps in the delay
line is given by the sum of the phase lag 6. = Be p during the time the electron bunch
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Fig. 1.44. Electrons adjacent to a tape helix interacting with the fields in the helix gaps.