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' ABSTRACT

i et mem——

A review of TWT technology is presented comparing selected aspects
and design procedures relative to application.

The general theory of operation of various types of TWT designs
is discussed together with a review of principles of their construction
and trade offs.

e U

RESUME '”[:a<%ﬁ¢ f

Une revue de la technologie des tubes & ondes progressives (TWT)
est présentée, comparant certains aspects et procédures par rappart aux
applications.

La théorie générale d'op&ration de plusieurs modéles de tubes &
ondes progressives est présentée, avec une revue des principes de fabrication
ainsi que des avantages et desavantages de chaque type.
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1.0 INTRODUCTION \>

The travelling-wave tube (TWT) was invented by R. Kompfner in 1943,
and the principle of TWT amplification was demonstrated by him at Birmingham
University in the same year. A small signal theory of this device was
extensively developed by J.R. Pierce.

The TWT has been constructed to operate at many wavelengths, ranging
from one wmeter to one millimetre. It has found wide application primarily
because at any glven frequency or power level, it offers much more bandwidth
than any of its competitors.

The travelling-wave tube, though structurally simple, is a YCon-
structed Complication“. Because of its structural simplicity, TWTs have
been built to operate at frequencies as high as 50 GHz., Modern require-
ments for TWT amplifiers often call for very wide bandwidths combined with
high power cutput.

For any practical application an ideal IWT is seldom available as an
Poff-the-shelf¥ item mainly because wore tham two dozen independent paraweters
are requived in order to completely describe the tube. e

]

With the introduction of the TWT two cuief limirations of Magnetrons
and Klystrons, nawmely, their narvov bandwidth and slcw Zuniang capabilities,
were largoly overcome. 7The {leld ef Electronic Counter Mcasuras (ECM) has
immonsely bvanefived from che unique capabilivies of the IWT.

The TWT is ona of the thoroughly researchad technologies. Therefore,
appropriate references should be consulted if the reader i intereated in
further datails on any of the toples described in this veport., Several
references used in the preparation of this roport ave listed.

2.0 DESCRIPTION OF THE TWT

The TWT is a device to transier energy from a styeawm of elections Lo
an alternating, radio frequency, cutrent, (Flgure 1). Unlike Klystrons and
Magnhetrons which depend upon standing waves to produce the high frequency
fiolds with which the beam interacts locally, the TW! makes use of the princ-
iple of a distributed interaction mechaniem between the electron besm and the
travelling clectromupgnetic waves. Referring to Figure 2, the TWT consiste of
a Gun assembly (heater, cathode and :.ode) which produces a stream of electrons
called an olectron beam, a beaw focussing system which produces sufficient
longitudinal magnetic field to keep the electron brawm from spreading, a
collector to absorb the spent beawm, a cooling system to help dissipate
excess heat and a helix through which the electron beam passes before belag
absorbed by the collector.
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3.0 BASIC OPERATION

Referring o Figure 2, at the input the wave is transferred from a
wave gulde to the helix by means of a short antenna and, similarly, at the
output the wave is transferred from the helix to a shor: antenna from which
it is radiated into the output wave guide. The purpose of the helix is to
slow down electromagnetic wave which is travelling, nominally, at the speed
of lisht, to some required velocity. The signal amplification of a TWT is
created from the interaction between the electron beam and the electromagnetic
wave travelling through the helix. The amplification 1s most effective when
the speed of the electrons in the beam and the speed of the travelling wave
are about equal. For example, the speed of electrons produced by a beam
voltage of 1500V is about 1/13 of the speed of light. Therefcre, in order
to slow down the electromagnetic wave travelling at the anominal speed of
light, a helix wade of a wire of length 13 times the length of the helix
itself is required.

The helix, in the absence of the electron stream, supports the pro-
pagation of a wave with an axial electric field and such a wave may travel in
cither direction. It 1y found that in the presence of the electron beam the
wave travelling against the electron motion is little affected, but the wave
travelling in the direction of electron motion is broken up into three
compononts, For a lossless helix onc of these forward waves is attenuated,
one is unattenuated, and the third increases in awplitude as it travels (or
expariences negative attenuation). Ga the average, the electrons travel &

Clittle fastor than the awplified wave.

As the electrons move in synchronien with the seplified wave, they
become bunched. These bunches, while moving rapidly in opposing field regilons
of the helix, give up energy to the field. For a given electromagnetic energy
cravelling down the helix, the stronger the field that acts on the clectrons,
the wore the bunchiug and the more energy the bunches give up to produce
greater signal asmplification. It is found that us the frequency is increased
the EY wave tends to ¢ling close to the helix such that the electric field
intensity decreases neay the axis of electyon flow. For this reason the gain
tends to decrease as the frequency increases because the field is conscrsined
closer te the heldix. At very low frequencies the helix will be only 4 few
vavelengths long and thevefore the gain is low at very low fregquencles. We
thus obtain a droad gain wmaximum with respect to frequency.

4.0 THE CHARACTERISTICS OF TWI'S AND VAR10US CONFIGURATIONS

Two basic types of slow-wave structures {or circuits) have recedved
considerable attcention as the interaction structures for travelling-wave tubes.
These are the helix and the pericdically-loaded wave guide. which {8 a baund-
pass microwave filter.
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The helix has many advantages when used as a travelling-wave
propagation structure. It is by nature a broad band device to which it
is relatively easy to couple over a wide frequency range. Attenuation
may easily be added at various places along the helix to prevent the tube
from oscillating when used as an amplifier.

Howevsr, high power requirements coupled with broad bandwidrh
persuaded scientists to design many wmodified forms of helices, each one
specifically suited for a particular application. In spite of all these,
pulse operated power tubes requiring outputs of several megawatts, with
duty cycle ranging from a fraction of a percent to several percents, were
required. However, the voltage handling limitation of the helices was
found to be 10 KV giving a peak RF power output of a few kilowatts. Beyond
that, the pitch of the helix became coarse and the RF coupling to the beam
became very poor,

Therefore, loaded wave guides or transmission lines found increasing
application as circuits for TWTs. These structures are filter type circuits
consisting of wave guides wizh periodic loading to slow the wave velocity to
that of the electrons in the beam. They have advantages over the helix-type
structure by being much more rugged and are capable of dissipating wuch larger
amounts of heat, because the entire structure is made out of metal that can bde
easily cooled, These coupled-cavity circuits ave the fundamental building
blocks of an extremely important class of high-power TWIs. The versatility of
the coupled~cavity cirveuit is Jemonstrated by the fact vhat it is widely used
from L-band to milliweter waves and for power levels from 1-500 KW.

Though helix and coupled cavity clrcults are two different structures
to meet the same requivements, there are some distinguishing differences
between then,

One logical criterien for a high gain circuit is its lmpedance value,
given by '

V v-.a in .
2oz E 128°1 )

vhere E = {5 the peak axial field strongth
P = {5 the power flowing in the helix

B = ig the phase constant ani is defined by w, vhere w is the

radian frequency and v is the velocity ofvthc wave,

One way to make Zp large is to decrease che power, w
function of stored energy for a given field scrength. 9§n a; e?:zgtéza:heti~
vave, half of the stored energy is alectric and half {g cagretic. Thus )
to make the toral stored cnergy for a given field strength small, we uu;t
make the energy stored in the electric field emall, For a broad:band
aoplifier the phase velocity wust be constant; that is, 8 must be proportional

to the frequoncy. Therefore, two desirable circuit pr
’ Y opertiesw £ y
are high impedance and constant phase velocity. Prop ? for high gatn




4,1 Gain, Bandwidth and Efficiency

The principal factors which causes the gain to vary with frequency
are: 1) wvariation in the velocity of the wave on the circuit with which
the beam interacts; 2) variation in the effective length of the tube in
wavelengths; 3) variation in the strength of the axial electric field
interacting with the beam; 4) wvariation of the impedance match at the
input and output transducers, and at the attenuator.,

The effect of increasing the beam thickness on the gain vs. fregquency
characteristic of the forward wave amplifier is to increase the frequency at
which the gain is a maximum, for a given beam radlus, and to increase the

bandwidth.

The gain of a travelling-wave tube 1s proportional to the number of
wavelengths in the tube at the electron velocity. The gain per wavelength is
increased by increasing the beam perveance, and the wavelength is decreased

as the voltage is decreased.

The physical size of a travelling-wave tube tends to be inversely
proportional to the centre frequency. As the frequency is decreased, it
becumes a major design problem to keep the tube size from becoming too large.

Coupled-cavity TWTs are used for applications for which Klystrons
have insufficlent bandwidth. These applications include communication systems
requiring multiple carrier operation, radar applications, and electronic
counter measures (ECM). Coupled-cavity TWTs are used in these systems as
the output amplifiers and sometimes as drivers for crossed-field amplifiers.

D R e e,

Coupled-cavity TWT interaction is simlilar to helix TWT interaction
in one respect, that is, power flows along the circuit. Coupling between
adjacent cavities is introduced to obtain increased bandwidth. {(Coupling
is achieved by means of slots or loops in the cavity end walls.) The cavities
are normally highly over-coupled, resulting in a bandpass-filter type of
characteristic. One of the important functions in coupled-cavity TWT {nter-
action is the phase change occurring between cavities as a function of

- frequency. A decreasing phase characteristic is obtained if the mutual
- inductance of the coupling slot is positive, and un increasing phase
characteristic is obtained for negative mutual inductive coupling of the

slot.

_ The electron bean interacts with a component of the circuit field
‘that Pas an increasing phase characteristic with frequency. Bacause of the
perindicity of the coupled-cavity circult, the electric and magnetic fields
can b2 exprecsed mathematically in terms of a Fourler expansion. Therefore,
the cirsuft periodicity can give rise to field components. For the circuit
having positive mutual inductive coupling between cavities, the electron beam
velocity is adjusted to be approximately equal to the phase velocity of the
first forwvard-wave space aarmonic. For the circuits employing negative mutual
inductive coupling, the fundamental component of the circuit wave i{s suitable
for synchronlam with the electron beam. Examples of ccupled-cavity TWT




circuits having fundamentally forward wave chsract=ristic, and hence negative
mutual inductive coupling, are clover leaf and cen*ipede c .rcuits. Examples
of circuits having positive mutual coupling Letwe:n cavities ace space
harmonic and long-slot circuits,

Optimum interaction characteristics are obtained by proper design of
the cavity geometry. The cavity resonant frequency in the absence of magnetic
coupling determines the high frequency cut-off of the interaction mode. The
coupling slot in turn determines the amount of bandwidth in the interaction
mode and interaction impedance is determined primarily by the cavity height
and by the gap and tube geometry.

Coupled-cavity TWTs are constructed with a limited amount of gain
per section of cavities to ensure stability., Each cavity section is terminated
at each end, either intc a matched load or the input or output line, in order
to reduce the gain variations with frequency. The sections are normally
"severed" with coupling between sections only through the electron beam
interaction, and with negligible amount of RF leakage through the beam hole.
Cavity sections are cascaded to obtain higher tube gains than can be tolerated
in one section of cavities preducing stable gain greater than 60 dB over about
30 percent bandwidth.

The gain of a toupled-cavity tube 1s quite sensitive to the beam
velocity. In designing the tube, the beam voltage and cavity period are
typically adjusted to give a flat gain characteristic with frequency. This
adjustment does not necessarily give the best power transfer to the circuit
at the tube output. Thevefore, some further adjustments in beam velocity or
circuit periodicity are required at the output end of the TWT, Typically,
this adjustment has been made by reducing the period of the last few cavities
(taper) to improve the energy exchange. Alternatively, beam voltage can be
increased near the tube output, slso resulting in a similar improvement in
tube efficiency. Also, an improvement in efficiency can be obtained in helix
TWTs by increasing the circuit period in an appropriate manner.

The overall efficiency of the tube is determined by the amount of
energy converted to RF energy relative to that dissipated by the collector.
Overall efficiencies of 20 to 55 percent have been obtained, including the
energy recovered by collector depression,

Another factor affecting the design of coupled-cavity TWTs is the
tube stability, where oscillations can be predicted from the calculation of
gain, The most severe oscillation problem occurs when the beam is approximately
synchronous with the band edge frequency. This corresponds to the "n" phase
shift-per-cavity frequency for clover leaf circuits and to the "2 u" phase
shift-per-cavity frequency for space harmonic clrcuits.

4.2 The Sever

The simple TWT has one serious disadvantage because of a possible
feedback path from output to input by way of the slow wave structure. Any
power reflected at a mismatch on the cutput terminal travels back down the
structure and, a3 there {s usuully a mismatch at the fnput, is reflected




again to give a feedback signal. Whenever the amplitude of this signal rises
above a certain value and its phase is such as to give positive feedback the
tube bursts into oscillation.

It might be argued that it should be possible to adjust the phase of
the reflected signal so that the feedback 1s always negative. Unfortunately
in a wide band amplifier containing a large number of wavelengths between
input and ovtput there 1s always likely to some frequency at which there is
sufficient gain to cause oscillations. This situation is further complicated
by the fact that reflections at the input and output may well reverse their
signs over the frequency range. Therefore, some sort of non-reciprocal
element which inserts loss only into the feedback path may be used. One
method of fntroducing a non-reciprocal element is to sever the slow wave
structure as shown in Figure 3, where each end of the break is terminated in
a matched load. For fairliy low average power operation lossy buttons may be
placed internal to the cavity structure. For higher average powers, circuit
matches are made by wave guides (or coaxial lines) which are then terminated
in resistive loads. Wave guide water load terminations are especially good
for very high power tubes if the water is used as the coolant medium. Water
coolant is accomplished by inserting a hollow reramic cylinder across a
section of wave guide and water is passed through the ceramic cylinder. The
water acts as the lossy medium in which the RF power is dissipated.

4,3 Tower and Perveance

When discussing the power capability of TWTs it is important to
make a clear distinction between the peak and average power since these
two are limited by totally different consideratinons. The average power at
a given frequency 15 almost always limited by thermal considerations
relative to the RF propagating circuit. The electron beam focusing is
never perfect, and a gizable fraction of the total beam power is intercepted
by the RF circuit, At some point the circuit temperature may approach the
melting peint of coppar or the Curie temperature of iron in the case of a
Periodic Permanent Magnet (PPM) TWT, 1In both cases the tube is close to
destruction, and this condition defines the average power capability of that
device, Peak RI powver capability is closely dependent upon the voltage for
which the TWT is designed. The beam current varies as the 3/2 power of the
voltage, that is

3
Io=x\!°/2 (2

whera,

Ig = is the beam current
Vo = is the beam vcltage

R = {8 a corstant known as perveance

iy Y s -
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7
The beam power, PB’ is given by
PB = IQVQ
5/2
=K Vg (3)

Perveance is a function of gun geometry only and dones not depend
on absolute dimensions. It is generally limited to a value not much greater
than 2 x 107° (MKS) and most existing TWTs utilize a value between 1 or
2 x 10, Once the perveance is tixed, the required voltage for a given
peak power may be determined.

It will be noted that if the voltage 1is increased, the peak and
averapge power capabilities increase considerably. This variation is a
direct consequences of the way in which the circuit dimensions are selected.
Large circuits will accommodate larger amounts of thermal dissipation, and
higher beam power will perait more peak RF power. At come point the peak
RF power will be limited by wave guide arcing problems and voltage breakdown
in the electron - gun regiom.

In general. for very large percentage bandwidths, the average
power capanili~~ may have to he reduced as much as 50 vercent.

4.% Large Signal (N-n-linear) Operation

For small signal (lineav) analysis one of the assumptions made is
that the space charge forces vetween electrons are negligible. However,
under large signal concitions, the space charge field is not negligivle,

ud in some cases way eve: be much greater than the circuit field.

The large signal behaviour of the TWT is difficult to predict,
Any adequate theory requircs a detailed non~-lineaxr analysis which is both
time consuming and expeasive without assurance that all important factors
such as space charge, coupling narametsr, loss etc., can be included
correctly.

Most TWT zppiicatione require operation well into the nom-linear
region of the amplifier. At large signal level the gain i{s reduced
approximately 4 to 6 dB in cowmparicon to small signal gair, The effect
of operation near saturation (maxiv = possible power output) for single-
frequency input is to reduce the effect of chaange in input power on tha

power output or to reduce the ampiitnwd: changes as a function of freq:.eucy,

coupnrad to the small-signal amplitude response.

Opetration at large~signal levels produces harmonic outputs that
are typically 30 dB below the fundocwmental. The phase rasponse doec rot
deteriorate at large signals as does the amplitude response and at a single
input frequency the phase increases as the input power is increased, This
happens because the beam slows down aa cnergy is exchiaged with the RF wave,
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A measure of this phase change with drive power is called the AM to PM
conversion coefficient. Also, intermodulation is produced as a result of
large signal effects and this will add noise in the frequency band of
operation.

In large signal operation the field along the slow-wave structure
is composed of an infinite number of components orthogonal to one another.
Phase velocities of the space-harmonic fields are lower than thnse of the
fundamental field. The electron beam will interact appreciably only with
the fundamental field since the beam is approximately in synchronism with
the phase velocity of the fundamental field. Consequently, the space-~
harmonic fields in a helix may carry power along the slow-wave structure
but not contribute to the gain of the amplifier. The presence of space~
harmonic fields lowers the actual helix impedance.

4.5 Noige

The noise figure of an amplifier is defined as the ratio of the
total available noise output power to that part of the total available noise
power output which is due solely to the noise generated by the source. The
source of noise is due to thermal noise (Boltzman) which may not be solely
dependent upon the noise temperature of the source, for e¢rample, when an
antenna 1s connected to the input.

Sources of neise are: 1) from streams of electrons emitted from
a temperature limited cathode (shot noise); 2) thermal noise due to tewpera-
ture; 3) noise generated bty the grids of the gun system (partition noise);
4) pressure; 5) anode-helix sepa:ation; 6) degrees of space charge in
the gun; 7) power supply ripple modulation of tube elect odes.,

In practice the noise figure may be reduced if:
1. The elactrons are not allowed to be inter-
cepted by other electrodes (less number
of electrodes).

2. The beam current is constant over the beanm
length. '

3. A strong magnetic focusing field is applied
so that electrous cannot move transversely.

V6.6 Millimater-wave Tube

The TWT interaction takes place when the electron velocity {s equal
to the phase velocity of the wave., However, if the electron velocity is very
much slower than the phage velocity of the wave, the interaction can still
take place between the clectrons and the first harwmonic of the electro-
magnetic wave. In operating the amplifier in this harmonic mode rather than




the fundamental, the electron gspeed is reduced by a factor (2w + 6), (the

d
* beam voltage by the square of this factor) where § = ZA“ , theephase dis-

placement between centre of adjacent slots separated by a distance d, and
. A is the wavelength in the structure.

For higher order spatial harmonics the reduction factor in the
electron speed is given by (2m+08). However, there is little or no

practical advantage in extending the principle of spatial harmonic beyond
n = 1, since this would not lead to wider resonator slots for any given
voltage.

In general, millimeter wave tubes utilize very low perveance
electron guns which create some unusual electron beam focusing problems
associated with the proper containment of the "thermal" electrons. Hence,
millimeter-wave tubes have frequently been equipped with heavy solenoids.,
Aside from the focusing structure, the major chailenge in the manufacture
of millimeter-wave tube is the precision and tight tolerances required for
extremely small and fragile circuit parts.

4,7 Backward-wave Amplifier

As explained earlier it is possible for the electron beam to cause
the signal to build up along the structure in a direction opposite to the
movement of electrous. The power flow and the electron flow are then in
opposite directions, as shown in Figure 4. Therefore, backward amplifica-
tion is possible, This is not a broad band phenomenon as in a normal TWT,
for at any given beam voltage there is only a narrow band of frequencios over
which there is substantianl gain. The backward wave is inherently regenerative
due to the fact that the beam interacts with oppositely directed group and
phase velocities,

An {mportant property of backward waves is that the phase velocity
is a strongly-varying function of frequency. Therefore, for a given beauw
velocity, interaction can take place only over a narrvow band of frequencies,
and for a fairly weak interaction, the device acts as a narrow-band regenera-
tive amplificr. Since the frequency at which this interaction takes place
depends on the eloctron velccity, the amplifier can be continuously tuned in
frequency by clianging the beam voltage.

A careful analysis will show that as the beam loses energy to the
wvave, the wave tends to grow in amplitude. $Since the backward wave, with
which the beam ig interacting, catrries power in a direction opposite to the
motion of the beaw, the effect is for the wave to grow towards the gun end
of the tube. This causes even stronger bunching of electrons, and the
result 46 a built-in feedback of a vegenerative nature. For a given
physical length of the tube there is a critical beam current, called the
"Starting Current" above which the regeneration is strong enough to cause
the tube to oscillate at certain frequencies. Below the starting current,
a signal which 1s introduced at the input: (collector end of the tube) will
be awplified Lif its frequency is near this value. As with all regenerative
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amplifiers, the gain can be very large, but is critically dependent on beam

current and signal frequency.

The large signal calculations for backward-wave interaction

including space-charge effects may be compared with small signal analysis

as follows:

4.8 Saturation

As the phage lag between the alternating component of the beam
current and the field increases, currents which normally interact with the

l.

At small-signal levels, the phase velocity of the

circuit wave is unaffected by the presence of

the electron beam even when space-charge effects
At large signal levels, the phase

are included.
velocity of the circuit wave is only slightly
altered by the presence of the beam.

The starting current of the backward-wave
osclllator decreases initially with an
increase in the output voltage amplitude
when space charge effects are small.

When these effects are large, the starting
current increases at all times for an
increase in the output amplitude.

The large signal gain of the backward-wave
amplifier decreases with an increase in
space charge effects.

A major part of the current is collected on
a very short section of the circuit. This
limits the average power capabilities of the
crossed~field devices since a sl ort section
of the circuit must dissipate wost of the
bean power,

The individual electron trajectories at
large signal levels differ appreciably
when cases in which space charge effects
have been included are compared with
similar cases in which space charge
effects are neglected. The shape of

the bunched beam is not significantly
changed.

field ¢o deliver power to the circuit eventually come into phase where

they substract power from the circuit.
the circuit begins to fall and the tube is said to be saturated,
maximum power is obtained at this point and 4t is useless to allow inter-
w.lon to continue beyond this condition,

When this happens, the power on

The
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The actual amount of power that can be extracted from the beam
T depends to what extent the bunches can be slowed down before saturation.
The efficiency of the tube improves as the beam velocity is increased
above the synchronous value. However, there is a limit to this process.
‘ If the beam velocity is made too high the gain falls off and eventually
amplification drops. Ia general the beam velocivy which gives maximum
efficiency is higher than that which gives maximum gain.

JRERSSIRPIPRUPSRIRRIE L sl A R

Retardation in the phase of beam current is not the only factor
causing saturation. The bunches, being a transient phenomena, have
: appreciable electron velocity spread which contributes to their destruction
before any useful energy transfer is completed. Space charge forces also
cause a debunching effect which must be taken into account.

As explained above, saturation is to some 2xtent due to the
reduction in beam velocity caused by the overall transfer of kinetic
energy from the electrons to the field. This suggests that the efficilency
could be improved if the circuit was modified so that the phase velocity
i of the circuit wave also decreased toward the output end of the tube.
; Then, even though the bunches lose energy to the field and are therefore
i slowed down, they still keep in "step' with the field and continue to
deliver power to the wave. This is called 'velocity tapering'. In
addition to increasing efficiency, velocity tapering has another important
effect, that is, the beam veltage at which maximum gain and maximum
efficiency occur become the same, In an untapered tube, particularily
one in which space charge forces are relatively low, the beam voltage which
produces the best efficlency is greater than that which produces the highest
gain. If the taper is designed correctly these two voltages can be made
the same, particularily in those tubes which employ highly dispersive slow
wave structures.,

To look at the velocity tapering another way, at the output end of
the tube, where the majority of the power transfer from the beam to the wave
takes place, it is desirable that the bunches should be in the maximum
decelerating field so that the beam current and the wave are in phase and
the power transfer between them is maxiwum. This can be done by increasing
the beam velocity to exceed the phase velocity of the wave, However, then
the bunching process suffers and gain falls off, The best bunching occurs
when the beam 18 near synchronism with the circuit wave, but then the
phase of the beam current is imcorrect for power transfer.

. Tapering provides oae method for improving the power factor,
however, it is advantageous only when space charge forces are relatively
low, As the space charge increases the beam voltage for maximum gain
also increases and becomes more nearly equal to that which gives maximum
efficiency. Again, with large space charge, debunching tends to destroy
the bunches before there is any question of them becoming "out of step"
with the circuit field, due to loss of kinetic energy.




12

4.9 Dual Mode

A subject of serious concern to the ECM systems engineer is a dual
mode TWT. The purpose of such a device is to provide two different power
levels In a single amplifier with no major changes and with good efficiency
for both conditions. Typically the higher power level is the pulsed mode
with duty cycle requirement of 10 percent or less, and the lower power mode
is CW for noise, barrage, jamming. The higher pulsed power can be accommoda-
ted by merely pulsing the grid of the electron gun with a positive signal to
increase the beam current and thus the beam power. Since grid modulation
can be accomplished with a relatively simple, compact, solid-state circuit,
the system is quite flexible in meeting different types of radar threats with
only one output TWT.

If two separate TWTs are employed rather than one, the flexibility
and performance parameters can be somewhat improved. The driver is normally
a CW tube, which must be more powerful than in the conventional system to )
overcome the insertion loss of the output tube. The overall efficiency of
such a chain can be made very significant.

4,10 Modulation and Control

Amplitude or phase modulation can be produced in a travelling-wave
amplifier by apprupriate variation of the beam current or beam voltage.
This property makes possible a number ¢f attractive master-oscillator and
power-amplifier applications.

Auplitude modulation results when the beam current is varied, usually
by meana of a control grid in the gum, while a constant signal level is applied
at the input. Incidental phase modulation is also produced in this case, and
thus the method may be limited to these applications where the RF phase is
relatively unimportant,

Phase modulation occurs when the helix voltage changea, because of
the change in the velocity of the beam as a function of the number of wave-
lengths along the tube, Since the gain of the tube depends rather critically
on synchronism betwecn the wave and the beam, the helix voltage can be
changed only by a small amount before incidental amplitude wodulation
becomes sarious,

A wide variety of combinations of amplitude and phase modulation
is possible with a TWT, which allows the synthesis of practically any kind
of microwave spectral distribution within the bandwidth limitztions of the
tube and its wodulating electrodes. For example, balanced or suppressed-
carrier medulation can be accomplished by amplitude~modulating with a full-
wave-rectified signal, and simultaneously reversing the phase with a square-
wave version of the signal applied to the helix.

————— o s o e C e e - e e evar At mevm e em—Aran © eies . e e waees
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Thus, the travelling-wave amplifier is an extremely flexible device
for producing a wide range of different kinds of microwave signals, and is
capable of accompl.ishing this over a large frequency range without the need
for any mechanical tuning adjustments.

4.11 The Crossed-field TWT

The fundamental distinction between a crossed-field travelling-wave
tube and the normal TWT lies in the arrangement of the steady electric and
magnetic fields used to form and maintain the electron beam,

In a normal TWT the electrons are drawn from the cathode and are
accelerated to the correct velocity by a steady, axial, electric field in
the gun region. Subsequent beam spreading is prevented by applying an axial
magnetic field. All this field does is to inhibit transverse motions of the
electrons; it does not play any major part in the RF process. As long as it
is of adequate strength to keep the transverse motions within the beam tunnel,
its value 1is not critical.

In the crossed-field TWT Figure 5, the steady electric field is
applied between two parallel electrodes, one of which is the slow wave
structure, The magnetic field is applied in a direction perpendicular to
the electric fileld., If the electrons are injected into this system with
correct velocity they move in a straight line perpendicular to both electric
and magnetic fields.

Although the crossed-field TWT also involves interaction between
travelling waves and electrons moving at nearly the same velocity, it
differs from the ordinary TWI in two principal ways, First, the means
for focusing the beam uses an adjustment between crossed electric and
magnetic fields., Second, the electron's loss of energy to RF fields is
accomplished by the extraction of potential energy from the static electric
field as the electrons propagate in the circuit. Thus, the interaction
process does not extract net kinetic energy from the beam; the electrons
stay in synchronism with the circuit wave to convert large amounts of
potential energy intc RF energy. TFor this reason crossed-field TWTs
provide high efficiency. Power capacities of these tubes may be increased
by operating at higher voltages, by improving the interaction efficiency,
or by increasing the beam current.

The crossed~field arrangement has the practical advantage of
providing a wuch more convenient magnetic field configuration. Because
the magnetic field has only to be applied across the width of the tube,
the air gap in the magnet is considerably less than in the case of an
ordinary TWI. Therefore, less magneto-motive force is necessary and this
often results in a considerable saving of weight, particularily when
permanent magrets are used.

However, crossed-field systems have some drawbacks. One is that,
if the high efficiency is to be realized, the slow wave structure is likely
to receive much more intense electron bombardment than in an ordinary TWT,
and this imposes limitations on its average power-handling capacity. Also
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there is a very high noise content in the output of crossed-field TWTs and
there are severe difficulties in preventing feedback and obtaining stable
gain operation.

5.0 SLOW-WAVE STRUCTURES

The following sections discuss design considerations for the
development of slow-wave structures for TWT applications.

5.1 Amplification Process

Travelling-wave amplification takes place when the electron velocity
is approximately equal to the phase velocity of the travelling electro-
magnetic wave. In practice, electron velocities range from about two-thirds
the velocity of light, in very high power tubes, to about one-tenth the
velocity of light, in low power tubes. On the other hand, the phase
velocities of an electromagnetic wave tupported by normal transmission lines
are usually either equal to or greater than the speed of light. Therefore,
in order to make use of the property of travelling-wave amplification means
must be provided to slow the propagating electromagnetic waves down to a8
spead equal to the velocity of electrons in the beam. It is for this
situation that the use of slow-wave circuits or slow=wave structures
becomes important. The purpose of a slow-wave structure is, therefore, to
slow down the propagating electromagnetic wave to velocities corresponding
to the electron beam velocity.

A wide variety of slow-wave structures are available; a few of
these which have found practical application will be considered here.

As shown in Figure 6, slow~wave structures may be divided into two
distinct groups, namely, uniform structures, like the helix, and periodic
structures with filter-like properties such as the coupled-cavity arrange~
ments,

5.1.1 The Helix

A "loaded" transmission line such as a helix is the simplest slow-
wave circuit. To a first approximation the helix can be regarded as a
spiral slot transmission line around which the energy propagates at
approximately the velocity of light. When an electromagnetic wave is
made to propagate down the helix, the fringing field adds up to give a
longitudinal travelling field along the axis, expressed by,




15

-2
EF =E sin w(T v) (4)
p
where,
E = the longitudinal electric field
w = the radio frequency
z = the axial distance along the helix
Vp = the phase velocity of the axial field
where,
V =¢sin y
P
and,

Y = the pitch of the helix

This approximation is only valid over the range of about four turns
per wavelength, When a large number of turns per wavelength are used the
petal between the slots tend to short out the current associated with the
adjacent slots, and this will alter the propagation contants, For a helical
slow~wave structure, if the frequency is not too low, the RF wave travels
esgsentially along the wire at the velocity of the light, go that the
components of its velocity along the axis of the helix is roduced by
approximately the helix pitch, P, to the helix circumference. The fields
inside and outside can be found by solving MAXWELL's equations.

The helix is often used as a siow wave propagating circuit in a
TWT, because it is easy to construct and it can propagate a wide-band, non-
digpersive, forvard wave which has relatively high impedance. Based on theory
and measurement the helix is far superior to any other type of propagating
structure. The low power helix TWT {s still the 'king of bandwidth' because
it provides virtually constant phase velocity at all frequencies. The helix
type TWTs have bandwidths in excess of an octnve. Since the helix geometry
does not involve large metallic surfaces, the stored snergy for a given
power level, as compared. to other atructuree, is very low. It can produce
waxioum axial electric field in the region of the electron beam and it can
maintain constant phase velocity (no dispersion). The helix also possesses
a very manageable wode structure which is another rearon for ite superiority
over other structures. Because of its natural uniformity it can provide a
strong interaction between the electric field and the beam. This phencamenon
is referred to as the circuit impedance even though it relates to the electric
field which is available for interaction with the electron beam and ig not
the same {mpedance generally euployed in ordinary microwave circuits. Helix
type TWIs are quite capable of delivering several kilowatts of CW pouer at
S~band and C-band over an octave of frequency coverage.
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Aslde from purely electrical considerations, the helix is an ideal
gtructure from the mechanical standpoint because of its simple and precise
fabrication and it can be accurately assembled in structures with minimum
cost.

5.2 High Power Limitations

A helix cannot be designed to work with high voltage electron beams
which is necessary for high power. The electron velocities at high voltages
are very damaging for the helix, because as the helix pitch becomes coarse
the RF coupiing to the beam becomes poor. Therefore, the limit of helix
TWTs is about 10 KV and a peak RF power output of a few kilowatts. Also at
higher power levels, the bandpass characteristics of helix slow-wave
structures leads to band-edge oscillation problems. Furthermore, both
forward and backward waves may propagate on the RF structure, leading to
the possibility of backward-wave oscillations. In order to avoid backward-
wave oscillations it is necessary that the cperating point of the TWis be
set around 4 turns/wavelength.

Although the helix TWT is a broad band device its relatively low
pover output may be explained as follows. In order to increase the power
output, beam power must be increased. In order to maintain the power
density in the beam at rcasonable levels it 1s necessary to increase beanm
diameter which requires an increase in helix diameter. At high voltages .
the increased helix diometer is advantageous as far as the iateraction
between the beam and the travelling-waves are concerned. However, the
increased diameter makes the helix an open structure and the increased
velocity of electrons causes the space~charge te build up. Then the
efficiency and the fundamental helix impedance will be greatly reduced
and the tendency toward backward=wave oscillation incresses considerably.
Thus the only altewnative (with a single helix) is to return to smaller
helix diameters and higher power densities in the beawm, Because of its
limited cooling pcssibilities the helix is limited in the smount of power
it can dissipate.

Another important practical limit is the value of the axial magnetic
field required to confine the electron flow to exactly axial directions.
There comes a point when this fleld is so high that the magnetic system
needed to provide the axial field becomes uneconomical in size, weight and
power consumption. Also, at 1onger wavelengths, the field has to be maintained
over a longer length.

When the economic limit to the beam current is resched, the only
way to raigse the power level ie to increase the voltage. As the voltage is
increased the pitch angle should be increased to raisa the phase velocity.
Then more and wore energy goes to the transverse fialds which are not useful
for interaction with the electron beam. As a reésult of this loss in energy
the impedance aud efficiency falls.
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5.3 Other Helical Structures

a)

b}

Twin Crosswound Helix

The twin, crosswound helix circuit shown in
Figure 7 consists of a right hand spiral of wire
guperimposed on a left hand spiral of the same
radius, This arrangement suppresses the odd order
space harmonics and the useless magnetic componsnt
of the field, so that all the energy goes into the
even-order electric fields. The regult is an
increase in coupled impedance and for a given
pitch angle the phase velocity is higher than for
a single helix. This means that the crosswound
helix can be operated at higher voltages. However,
as the crosswound helix is dispersive (i.e. phase
velocity varies with frequency), the bandwidth is
reduced so that the TWT is only capable of main-
taining synchronism over a limited range of
frequencies.

Sheath Helix

The sheath helix shown in Figure 8 is a right
civcular cylinder tube which is perfectly conducting
in a heliecal direction and non-conducting at right
angles to this, The sheath helix is a perfectly
smooth structure which is capable of conducting a
backward mode, that is, one whose phase and group

-velocities arce oppositely directed.

The sheath helix may be consideved as & mulzifilar
helical structure as the nusber of wvires increases '
without limit while tha wire size 1s correspondingly
reduced to be equal to the wire spacing. Because of
i1ts cylindrical symmotry, waves which have exponential
dependence on distance (horizontal axis) exist and
these correspond to waves guided by the helix.

In a sheath helix an infinite set of wodes exist
characterized by diffexont angular variations and
sook of these may have their phase and group velocities
in opposite directions. The sheath helix cun cause
high dispersive characteristics under certain
cond itions.

One of the striking differences between a sheath
helix and o unifilar helix is that the forwer does
not have forbidden operating reglons, although its
jwnedance 158 relatively higher. This subject will
be discussed later.
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c)

d)

A great deal of research work has been carried
out on the sheath helix, Some types are, the helix
surrounded by a dielect:iic medium or surrounded by
a metallic outer coaxial counductor or surrounded
by a concentric cylinder that has finite r-sistance;
a helix with a coincident finite resistaiuce surface
surrounded by a perfectly conducting coaxial shield
and a sheath helix with or without an outer coaxial

uniformly-conducting shield.

As a special case, when the pitch angle ¢ = 0,
the shgath helix becomes a sheath ring and when
¢ = 907, the sheath helix becomes a sheath tube.

Tape Helix

Although the sheath helix yields much insight of
scientific importance the limitations resulting from
the omission of the periodic character of the helix,
as well as the finite wire size, are serious. These
limitations can be overcome if the tape helix, shown
in Figure 9, 1s used. Vor analysis purposes the
tape hellx is assumed .o be wound of infinitely
thin conducting tame. This model restricts current
flow to a tape anc is a refinement of the sheath
model which only restricts current flow to a
preferred dircction. The impedance calculated
from the tane helix model is about half that
obtained from a sheath helix model analysis.

As before more work has been done in this ares,
such as, shielded and unshielded tape helices,
narrvow gap tape helix, etc.

Bifilar Helix

In TFigure 10(a) two helices, wound in the same
rotary direction, are concentrle and : ;aced axially
by nalf theilr pitch. Thie can be regarded as a
cylinder with two spiral slot transmission lives
around which waves travel with constant phase velocity.
The characteristics are similar to the twin crosswound
helix. In the analysis one must take account of the
fact that in a twin helix the electron has only to
travel the half pitch length between gaps. The
bifilar tape helix, Figure 1C.%) has th: combined
qualities of the bifilar wire helix and the tape
helix. The strapped bifilar h.lix, Figure 10(c),
provides extremely wide bandwidth cowbined with its
ability to operate at large values of the ratio
of circumference to free-gpace wavelength. The
advaatage of the strapped biiilar helix compared
with the simple bifilar helix lies iun the suppres-
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sion of the anti-symmetric mode which would otherwise
cause backward-wave oscillations. A large increase
in peak power may also be derived from this sort

of structure,

e) Ring and Bar Contrawound Helix

Crosswound helizes are more dispersive due to the
finite size of the crussing points which cause periodic
loading. Because¢ they are difficult to manufacture
to the high tolerances necessary, they have found
little practical gpplication. A Ring and Bar
structure, Figure 10(d), 1s comparatively easy
to meaufacture. It coneists of, as its name
implies, a series of rings connected one to
another by bars at alternate ends of a diameter.

Since the cross points are now the bars, it
creates even heavier periodic loading. This
siructure 1s even more dispersive than others.

5.4 "Forbidden" Zones

Under certain .onditions a helix made of a single wire can
radiate power iato free space. When this occurs the slow waves are
rapidly attenuated by radiation losses ov the propagation is termed
“"Forbidden". The forbidden zones exist only if the helix is in free
gspace. If it is surrounded by a conducting shield the radiation is
confined by reflections from the shield and propagation without loss
can occur.

5.5 Dielectric Loading

Another reason why practical helices often operate differently
than thelr design expectations {s that they have to be hald in positiom
by dielectric supports.

Such surorta impose a perjodic capacitive loading which lowers
the impedance and decreases the phase velacity. In low power TWIs support
is done by means of three glass or ceramic rods contained in ar outer glass
or ceramic tube which can be the vacuum envelope. In high power tubes the
helix can be soldered to three vanee made of high thermal conductivity
dielectric such as beryllia.

5.6 Derived Structures

Just as the helices are derived from _he spiral transmission line,
other types of stxuctures can be derived from diffeient configurations of
wave gnides and dicc to achieve the basic r~quired principles.
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5.6,1 Folded Transmission Lines

A folded line structure consists of a zig-zag, folded, parallel
plate, transmission lime. In this structure the fast waves travel around
the long path formed by the folded line, while the electrons take the
short path through the tunnel, The foiding produces a geometric phase
reversal of T at each crossing, so that travelling-wave amplification
takes place whenever the phase delay around the circuit differs from that
along the electron beam by an odd multiple of m., The direct consequence
of this geometric phase reversal produced by folding is that the fundamental
slow wave for this structure is a backward wave. Thurefore, this
structure is ideal for backward-wave tubes. Again the presence of box
walls creates a low frequency cut off.

Other variety of slow-wave structures are the ones which can
operate with strip beams (interdigital line), periodically loaded wava
guides, disc loaded rod, internal helical wave guide atructures, slotted-
ridge wave guide and apertured-disc structure. Some of which are shown in

Figure 1ll.

5.7 Coupled-Cavity Structures

ot L

Another class of structure which can be considered is a stack of
resonant cavities coupled together by apertures in theilr common walls to
give the required bandpass characterigtics as shown in Figures 12, 13 and 14.
Coupled cavity structures are important because, by an appropriate choice
of cavity height, they can be made to work with high voltage electron
beams, that is, at very high peak power levels., Furthermore, their
E geometry is such that there 1s a good heat path away from those parts
of the structure which intercept electrons.

e S o0 A -t vt

A coupled cavity circuit is a complete departure from the helical
structure both in electrical behaviour and in mechanicsal conf{iguration,
4 Becaugse of 1ts tremendous flexibility it constitutes the fundamental
N building block of an extremely important class of highpower TWIs, Its
inhereant superior qualities are summarized below:

1, Excellent electrical characteristice in
terms of f{wpedance, bandwidth and mode
gtructure,

2. Mechanical simplicity.
3. 1Ideally suited to PPM focusing.

4, Rugged from both a mechanical and
thermal point of view.

5. Very versatile; simple procedures for
scaling frequency, power and bandwidth.
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It 18 widely used from L band to millimeter waves and for power
levels from 1 to 500 KW, Probably 90 percent of highpower TWTs employ this
type of filter structure.

In a coupled cavity structure the coupling of the magnetic field is
provided by a long slot in the wall of each cavity in such a manner that the
pass-band of the circult is primarily a function of the geometry of the slot,
For small slots or holes the pass-band 1s quite narrow and when the slot angle
is gomewhat larger than 180, the pass~band is close to its practical limit.
The length of the cavity 1s determined by beam interaction considerationms,
but the optimum design for a given bandwidth is not a critical function of the
gap length, In fact, all the important cavity dimensions can be adjusted
over a broad range to accommodate tradeoffs between thermal requirements and
electrical performances without seriously degrading the circuit capability.
However, once the dimensions are set, the tolerances of the circuits dimensions
must be very closely maintained.

Each half-cavity section can be fabricated in laminated form from high
purity iron which is subsequently plated with copper to reduce RF losses. The
iron structure channels the magnetic field in a very efficient way to the beam
region where its effectiveness is maximized.

Perhaps the most outstanding advantage of the coupled cavity circuit
is its natural adaptability to light weight PPM focusing. It 1is also relatively
easy to provide channels for liquid cooling so that the TWT may be used for
higher power levels.

If the slot siz is fixed the bandwidth then depends on the beam
voltage. As the phase change per cavity is fixed the only way to alter the
phase velocity is to vary the cavity height. Therefore, if the beam voltage
is to be raised the phase velocity must be increased by making the cavities
higher and it is not a very practical solution. Therefore, the meximum pass-
band that can be obtained from this kind of structures is less in high voltage
versions than in low voltage versions. Again the chances for self-oscillation
is higher due to reflection and feedback.

A number of coupled~cavity structures are described below:

The structure shown in Figure 12, consists of a
series of drift tubes supported on the axis of 3 tube
by crosspieces, but it can be considered to be a
stack of cavities with two aligned holes in their
adjacent walls. If the coupling holes are kept within
the limitations of resonance considerations the pass-
band between cutoffs is about 207 for a high (10C KV)
voltage structure. At lower voltages the bandwidth is
generally limited by partial resonance effects and is
rarely much wider. Moreover, this structure has a
backward fundamental and, therefore, must be used
in the second space harmonic if it is to be a forward-
wave amplifier, This also causes some stability probleus.
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This structure 1s ideally suited for applica-
tion of periodic maguetic focusing.

Other forms of structures may also be used for
this purpose. Examples of such structures are:
rectangular, parallelogram, "hour-glass' and clover-
leaf structures, Figure 15,

Cavities made in the shape of parallelograms
are capable of giving larger bandwidths, when used
with windows or irises which allow negative mutual
inductance coupling, than are rectangular cavities
at the same resonant frequency. The "hour-glass"
structure shows considerable promise as a travelling-
wave tube circuilt, since, the bandwidth is adequate
for some applications and can be improved by refine-
ments in design.

The "cloverleaf' structure is the easiest way
to obtain the desired coupling. It has been found
to have considerable application, is easy to
manufacture, and has high impedance, good thermal
dissipation, but limited bandwidth.

6.0 THE ELECTRON BEAM SYSTEM

The second most important agent which causes amplification in the
TWT is the electron beam. Basically the electron beam is produced by a
gun system and the spent beam is absorbed by collectors. Means must be
provided to confine the beam to a constant crosg-section and this is
usually done by a focusing system.

6.1 Electron Guns

The electron guns used in TWTs are generally of the Pierca type,
non-coverging or converging, depending on the focusing system used. Plerce's
method is based on the electron flow between concentric spheres where the
inner surface of the outer sphere is coated with an emissive material and
the inner sphere (anode) is made positive with respect to the outer sphere
(cathode). This principle is used ir 8 practical gun but the anode is
apertured for passage of the beam. The electrons originate from a cathode
with a low work-function surface, typically obtained by coating niskel with
a mixture of barium and strontium oxide then heating to around 800 C.
Basically, the current density required in the electron beam should be
considerably greater than the emission density that csn be drawn from the
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cathode surface. Therefore, it is necessary to make the cathode area larger
than the beam area and design some method of focusing the electron flow in
the gun.

The field pattern in the immediate vicinity of the aperture is
assumed to act as an ideal thin diverging lens and beyond the anode, the
only fields acting are those resulting from the space charge of the beam
itself. The space charge fields produce a radial repulsive force which
pre ents the beam from achieving a point focus. Instead, the beam converges
to a minimum diameter beyond the anode and then diverges again., As shown in
Figure 16 immediately after passing through the anode the beam is converging
towards the centre of the spheres (anode and cathodes). However, as it is
now in a field-free region, and the beam begins to spread under the space
charge forces and at some point M the beam will have its minimum diameter
Zrm (Figure 16). In low power tubes the beam 1s made to pass through the

anode aperture covered by a fine mesh grid. One of the reasons for using
megh grid is that the aperture, without mesh grid, reduces the convergence
of the beam as it paasses through the anode, Thus the minimum diameter
increases and the point at which it occurs will be extended.

In the gun design by Pierce the electron flow is agsumed to be
esgsentially laminar in character with no crossing of paths. The factor which
most seriously limits the achievable convergence of the gun at a given
perveance is the non-linearity of the electron flow, that is, electron path
cross-overs.,

6.1.1 Lens Compensated Cuns

In the two-anode gun suggested by Pierce, Figure 17, as the electrons
pass through the first anode they acquire an outward radial velecity, which,
in the presence of the magnetic fileld, is converted into cycloidal motion.
Sometime later they return to the starting radiue and then have an inward
radial velocity equal but opposite to those passing through the first anode.
The second anode is introduced at this point and potentials are adjusted so
that the diverging eiffect of the aperture is equal to that of the lens at
the first anode. The radial velocity is then cancelled and the beanm is
launched with all the electrons flowing axially.

The anode focal length may be adjusted by changing anode potentials,
in such a way that when the potential of the first anode (close to the gun)
is increased the focal length is reduced and when the potential of the 2nd
anode is increased the focal length is increased.

Since beam perturbation increases as anode potentials are altered,
the lens compensation is only suitable for a fixed value of voltage and
current., Thig is not very convenient since beam voltage needs to be adjusted.
Ring demonstrated that this type of gun becomes much more tolerant of electrode
potential variation if the transit botween the two anodes is made one complete
cyclotron period.
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In King's gun the anode voltages and spacing can Be adjusted so that
the two lenses are of opposite sign. The opposite polarities of the lenses
are used in such a way that, within a whole cycle between the lenses, altering 1
the potential at one lens modifies the strength at the other in a compensating
manner and substantially a parallel beam may be produced.

The gun described above works quite well for a perveance up to
1 x 107, Above this value the effect of the ungridded anode aperture is
used to reduce the actual perveance obtained in practice.

Ancde and cathode spacings may be reduced to increase the perveance.
Thus, the reduction due to the anode aperture can completely offset the
increase otherwise to be expected from the closer spacing. Then no further
increase in perveance can be obtained by bringing the anode closer to the
gathode

6.1.2 Anode Frojection - Muller's Principle

To overcome this limitation, Miller suggested an anode tube
projecting into the focus electrode toward the cathode, Figure 18. ot

Although this modification helped to increase the perveance, it

produced serious non-uniformity in the current distribution, both in the
final beam and at the cathode surface.

6.1.3 Anode-lip Gun (Mathias and King Version of Miller Gunm)

Mathias and King designed guns based on Muller's principles but
modified for high voltage as summarized in Figure 19. The effect of anode-
lip is to draw current predominantly from an annulus of the cathode. The
weak field on the axis causes the electrons from the centre of the cathode
to diverge and eventually crose-over to form the outside of the beam. These
effects might be reduced by making the cathode some shape other than the cap
of a sphere and also by having a suitably shaped magnetic field in the
cathode-anode region.

6.1.4 Hollow Beam Gun

Although, in principle, it should be possible to extend Pierce's
principle to the design of hollow beam guns, in practice there are many
difficulties. The real difficulty starts when it {s necessary to build a
convergence syatem with the gun as it is difficult in maintaining the
hollow beam. This will be discussed further in a later sectiom.

P L ———— I ——— P p—
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7.0 THE BEAM AND THE FOCUSING SYSTEM

Generally TWTs require a long electron beam of constant cross-
gection., But because of the mutually repulsive forces between electrons,
the tendency of the beam is to spread within the structure ruining the
possibility of maximizing or optimizing the key parameters of the TWT.

One method of suppressing the beam spreading is by applying a
strong uniform magnetic field in the direction of the beam. Another method
is by employing a series of magnetic or electrostatic electron lenses which
periodically converge the beam to a required diameter.

7.1 Magnetic Field Parallel to the Axis

When a strong magnetic field is applied in the direction of the
electron flow the space charge forces, which causes the beam spreading, act
against the magnetic field which in turn forces the beam to become confined
into some desired cross-section. As a result a "scalloped" profile is
developed as shown in Figure 20.

When the beam is acted upon by a magnetic field, there is a minimum
amount of field that can confine the beam to the desired diameter. Under
this condition the beam current is called Brillouin flow, and the minimum
field is often referred to as the Brillouin field for the beam. A typical
arrangement for obtaining Brillouin flow is shown in Figure 21, A parallel
beam of electrons is formed by purely electrostatic means and injected into
the magnetic fleld through a hole in a soft iron pole piece before appreciable
spreading under space charge forces can occur,

Unfortunately, Brillouin flow works only if the current density in
the beam remains constant. This 1s not true in the case of power tubes,
since the large RF currents cause local increases in the current density by
two or three times. The beam then expands to about twice its radius and may
collide with slow-wave structures. Also, in practice, the space charge
effects are very unpredictable due to the presence of positive ions which
neutralize the electron space charge causing periodic contractions in the
beam. For these reasons Brillouin flow is seldom used in TWTs.

In an attempt to avoid or minimize these effects, it is required to

work with magnetic filelds considerably above the Brillouin value, Also it

is necessary that a design be achileved where the cathode is linked by a
correct amount of flux and it must, therefore, be partially shielded from

the field, However, when fields higher than the Brillouin value are used

the outer electrons travel faster than the inner ones, producing annular
shearing of the beam. Electrons may be made to start from different radii
in order to compensate this effect.

Correct flux linkage on the cathode may be achieved by means of
making final adjustments on a "bucking coil" as shown in Figure 22,
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Beam control electrodes are used either as an on-off switch for
the beam or to adjust beam current independent of beam voltage. A basic
difficulty is that the adjustment of the control electrode voltage from the v
dasign value will not only change the total beam current but will also
alter the shape of the electron trajectory within the gun. This will in
general, result in beam scalloping and beam interception on the circuit.
This difficulty increases at higher convergences and perveances.

One of the common types of control electrodes is shown in Figure
23. If the focusing electrode of a solid beam gun is biased cufficiently
negative with respect to the cathode, the beam current may be reduced to
zero. To avold significant interception, the focus electrode must not
exceed the cathode potential during the beam on-time. However, this beam
control device is essentlally an on-off switch and cannot be used to adjust
beam current because of serious defocusing of the beam trajectories when the
focus electrode voltage substantially differs from the cathode voltage. The
interelectrode capacitance is somewhat higher because of the close proximity
of the control electrode to the anode. »

The most significant development ia recent years is the introduction
of the non-intercepting gridded gun. This technique uses two, closely
spaced, aligned grids, one near the cathode at cathode potential, and the
other slightly removed and at a positive potential. The first, or shadow
grid, suppresses electron emission from those portions of the cathode which
would give rise to interception at the second or control grid. This
approach has been used for tubes at varilous power levels.

Two other forms of non-intercepting gridded guns are: 1) high
transparency, spider web patterned, grids near a smooth cathode and; 2)
lower transparency grids having many round apertures each drawing current
from a corresponding diople in the shaped cathode surface.

7.2 Beam Focusing

Most tubes require a relatively long and thin beam, A length~to-
diameter ratio of 100 is not unusual. At higher power levels near perfect
beam transmission (over 907) is required, but for very low duty cycle beanm
transmission as low as 607 can be tolerated, The space charge spreading
effect, for a drifting beam, becomes appreciable in a drift distance of
about 1 beam diameter and completely limits beam transmission beyond about
5 diameters in the absence of a focusing system. ’

The basic types of beam focusing system use uniform axial magnetic
fields, periodic magnetic fields, or periodic electrostatic fields. I

The magnetic field used to confine the electron beam may be genera-
ted elither by an electromagnet or by a permanent magnet. If the field
strength of the magnet is not kept to a constant value, and the general
direction of the field is not aligned with the axis of the TWT, the initial
component of th. electron velocity at right angles to the direction of the
field may be converted into a spiralling motion.




27

7.2.,1 Uniform Magnetic Field

Ordinarily, the focusing magnetic field is derived from a long
solenoid which has iron shielding around the outside diameter and pole
pieces with small apertures for the beam at both sides. The magnetic
field strength used is generally between 200 to 3000 zauss, but some-
times as high as pole pieces magnetic materials will permit, such as,
in the neighbourhood of 10,000 gauss for high frequency tubes. Wire
wound solenoids are least expensive, Size, weight, and power requirements
can be reduced by increasing the packing factor of the conductors. 1In
cases where welght and power savings are of extreme importance, such as
in airborme applications, foil solenoids wound directly on the tubes have
been used successfully.

One of the difficult tasks is to produce a distortion free (uniform)
magnetic field, Two common problems are shown in Figure 24.

Unless the pole piece area is large compared with the spacing there
will be considerable bowing of the field lines. Unfortunately, large area
pole pleces lead to high fluxes and very massive magnets.

Pole pieces may be made in appropriate shapes in order to minimize
bowing, as shown in the C-magnet, Figure 25.

A better arrangement is to employ a combination of solenoid and
pole pieces Figure 26. The pole pleces act like magnetic mirrors, effectively
extending the solenoid to infinity. However, even the highest-purity soft
iron is not a very good "reflector" and it is usually necessary to boost the
corrent at the ends of the solenoid to avoid field distortion.

Cooling must be provided for most electromagnets., For fields up to
400 to 500 gauss forced air cooling is generally sufficient, but for higher
fields, liquid cooling is usually necessary. Some foil-wound magnets,
however, have been made to work with air cooling in the 1000 to 2000 gauss
reglon.

Many tubes requiring only a short interaction region may be focused
with a permanent magnet. The end pole pieces of such tubes are joined by
external permanent magnets. A cylindrical "pot" permanent magnet closed at
each end by soft iron plates may be used in some cases, as shown in Figure
27.

For higher fields a barrel-shaped magnet with re-entrant pole
pieces can be designed, However, as the length of the magnetic material is
increased, the leakage flux rises and the cross-section has to be increased.
However, the weight of the wmagnet will soon copple the advantage in field
strength obtained.

Although the magnet power and cooling requirements have been
eliminated by using permanent magnets they are heavier tham comparable
solenoids by at least a factor of 2, However, the advent of samarium
cobalt will now perauit a substantial reduction in the weight of the
permanent magnet.
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7.2.2 Periodic Permanent Magnet (PPM) Focusing

PPM focusing is achieved by a series of magnetic lenses. The beam
is focused within each lens and spreads from space charge repulsion between
the lenses. As the spacing of the lenses 1s increased from zero, the
necessary lens strength first rises and then falls. However, the farther
apart the lenses, the greater the variation in beam diameter.

, The periodic magnetic field is usually obtained by stacking pole
pieces alternately with axially magnetized ring magnets as shown in Figure 28,
The ring magnets are generally made of high coercive force magnetic material,
An alternative configuration is the radial PPM structure, which employs
radially magnetized sectors of rings at the outer diameter of the pole pieces
and an iron outer sleeve to provide a magnetic flux return path. This design
requires magnets with a high flux-carrying capacity, and since the focal
length of the lenses depends only on the magnitude of the field and not its
direction field reversals are immaterial. On the other hand, reversing the
field greatly reduces the leakage field. Thus the magnets may be made much
smaller in cross-section with a considerable saving of weight (sometimes more
than 10 times). It is this feature that gives PFM the advantage over non-PPM
focusing.

Converging magnetic lens focusing, Figure 29, was initially used
in helix TWTs and subsequently has found application in high power coupled
cavity TWTs.

Recent improvements in magnetic materials have increased the ease
of providing PPM focusing, The older Alnico (aluminium-nickel-cobalt alloy)
and barium ferrite magnets have been superseded by Alnico 8 and Alnico 9 which
have higher flux carrying capabilities, lower temperature coefficient, and
higher coercive forces. (Samarium cobalt has four times the magnetomotive
force of Alinco 9, per unit length of magnetization,)

One drawback of PPM focusing is that the beam is not well focused

for voltages below operating value. This may create tube body dissipation
problems in cathode-pulced tubes during pulse rise and fall times.

7.2.3  Periodic Electrostatic Focusing (PEF)

Periodic focusing may also be produced by a series of electric lenses.
A system of alternating positive and negative lenses of equal stremngth can
be used to focus the electron beam, ’

Some of the reasons why PEF has failed to find universal acceptance
are difficulty of analysis, fundamental limitations of capability to focus,
and the relative complexity of tube construction. Unlike PPM focusing, the
beam is focused equally well at all beam voltages because electrostatic
trajectories depend only upon the geometry of electrodes as long as all
vyoltages are held in proportion.
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An important limitation to achieve high power and high frequency
operation is voltage breakdown between lens electrodes and the tube body.

7.3 Collectors

The collector is an electrode used to absorb the spent beam and the
residual energy of electrons, In low-power tubes the design of the collector
rarely presents any problem, but in high-power tubes it is essential to ensure
that the power dissipated over any area on the collector surface does not -
exceed the safe limit for the material and the cooling system.

It is usual to remove the beam-confining magnetic field by passing
the electrons into the collector through a hole in a soft-iron pole piece.
The beam after entering the collector entrance spreads, in the absence of a
magnetic field, under the influence of its own space charge effect.

In beams having smooth flow at fields above Brillouin the electrons
acquire angular velocity upon leaving the confining field and suusequent
beam spread will be faster., ¥or this reason cylindrical pot collectors,
shown in Figure 30, are designed to collect some of the beam current on the
side walls.

The size of the collector is determined by both average and peak
power, Average dissipation density is normally limited to about 1 KW/Cm2.
Since beam interception in the collector is quite non-uniform, the surface
area must be several times larger than that determined by average collector
power. For pulsed tubes, the temperature rise during the pulse may become
a limiting factor. Two problems must be guarded against, ‘namely, surface
melting during the pulse and cyclic stress in the material caused by
expansion and contraction during pulsing. These phenomena are particularly
important for tubes in the umegrwatt range.

7.3.1 Depressed Potential Collectoxs

In order to increase overall tube efficiency, it is frequently
advantageous to collect the spent beam at a voltage below the interaction
structure voltage. Since electrons of various energy classes are present,
this is done most efficiently by segmenting the collector and biasing each
poxtion at a different voltage. The amount of permissible voltage depression
is ‘etermined by the velocity distribution in the spent beam, which differs -
from one device to another. The depressed collectors, Figure 30, are
moatly used on TWIs which have a lower interaction efficiency (from 20 to
30 percent). Typically, using a single-stage cellector, 40 percent depression
can be achieved in a high average power device, and 50 percent depression
at the lower power levels. <Collector insulation, therefore, must be
substantial, The amount of depression is ultimately linked by the
r«curned electrong from the collector, which cause heating of the inter-

1on gtructury aud provi&es RF faasdback. :
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These returning electrons (secondary current) may be suppressed by
fitting a plate, with an aperture just large erough to pass the beam, across
the mouth of the collector as shown in Figure 31. A tilted plate is used
to collect the electrons that are turned back.

Finally it should be noted that the collector depression only
allows the D.C. power input to a tube to be reduced. It does not allow
the RF output to be increased since to do this it would be necessary to
increase the beam power, and presumably this is limited by other considera-
tions.

7.3.2 Methods of Cooling

For typical linear-beam tubes, from 50-80 percent of the D.C. input
power is converted to heat. Substantial cooling of components must, there-
fore, be provided if the average power is high. Although most of the
cooling is required in the collector, some cooling is also necessary for
the interaction structure because of its heating by intercepted beam current
and RF losses.

Cooling is accomplished by convection, conduction, forced air,
vapor phase and heat pipe, and forced-flow liquid, in the order of increasing
dissipation density requirements.

Convection and conduction cooling are limited to devices of a few
hundred watts RF power output. Forced air, however, is used extensively up
to several kilowatts level. Air cooled collectors are usually larger tham
water-cooled collectors because of the lower tolerable power density and
larger fans,

Forced-flow liquid cooling is by far the most commonly used system
for high power linear-beam tubes. Although water is preferred as the
cooling medium various concentrations of ethyleme glycol solutions are
used for low-temperature environments, and hydraulic fluids such as ailicone
oile are used for airborne applications.

Vapour phase cooling takes advantage of the latent heat of water
evaporation by allowing it to boil at the collector surface. The stean is
then condensed in a heat exchanger and returned to the collector, forming
a closed system. Vapour phase cooled collectors have found application in -
tubes up to the 50 KW output leyel.

8.0 MATHEMATICAL FORMULATION OF TWT

In order to obtain some theoretical understanding about the
behaviour of the TWT a number of assumptions are necessary to eimplify -
the analysis. Using swmall signal avalysis the equations governing the
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eiectron flow can be linearized by deleting certain quantities which are
negligible and a wave type solution can be achieved.

Some of the main simplifying assumptions used to arrive at a
solution are:

a) Electrons in the electron flow are acted on
by the same AC field when the diameter of
the electron beam is small (constant axial
field).

b) Electrons are displaced in the axial
direction only, (no transverse motion
of electroms).

c) The attenuation in the slow-wave structure
and the effect of space charge are neglecced.
{lossless circuit).

If one considers that the signal current in the circuit is the
result of the distributed electron stream acting on the circuit aund the
disturbances on the electron stream is the result of the fields of the
circuit acting on the electrons, the problem caun then be divided 1nco

two parts.

i) The Circult Problem = to find the field acting on
the beam in terms of the
driving current supplied by
the bean,

ii) The Electronic Problewm - to find the current in the
" bean {n texms of the €ield
acting on the beam,

5
E,
i

-

Overall behaviour of a IWT may be obtained by coubining the
Asolntisns of these fwo parts. -

The wathematical model for the small signal operation of a IWT
can be developed from the work of Grittins and Plevrce. In & travelling-
‘wave tube both the veltage and the current converge to tha same rate of

' . exponential growth snd reach a constant phase difference. This suggests
that the travelling-wave amplification can be expteaied in terma of a
 wave equation of tha furn. ‘ A _

i e
.- , " 3

A espQue - T,2)

uhece I 4s the complex propagation cuastant,

The equivalent circuit used by J.R. Pderce has distributed series inductance
L and shunt capacitance C with current 1 and voltage V, as shoun in Figure
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32(a). Because the charge density in the electron beam at any point varies
periodically with time it induces a current J, in the capacitors given by,

1 = %?—dz (5)

where p is the AC component of the charge per unit length,

However, conservation of charge states that,

Sp _ _ 4
8t 82 (6)
From (5) and (6)
. .84
I = -5 dz (7

From Figure 32(b) and (c) we get

-(;—‘Zl = - juLI (8)
81
0L = _(uev + B 39)

£

Since all quantities vary as exp (jwt - I'Z) equations (8) and (9)
way be written as

v = jull
and 'l = jwCV - TI
Elininating I, we get
V= - jIwLi (10)
If4yiLe
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_' Assuming that the electrons pass very close to the slow-wave
structure, the field E acting on che electrons is given by

_ _8v _  4rfunt (11)

E= - o=
8z r2wwiLe

. The total convection current must be equai to the total charge
l density times the total velocity.

S taarit
Jo————
=

(I +1) = B, (oo +p) + vip, + p) (12)

Y

where uo is the average beam velocity
p 1s the average charge per unit length

L ! . v 1s the AC component of the electron
e velocity

o o p 1is the AC component of charge per
' unit length

£ I 1is the DC beam current (negative
per electrons beam)

R ' Neglecting the product terms of AC quantities equation (12) reduces
to

1=yp+vo, 13)

Since we ave interested in small signal analysis we oaly want to
deal, with linear differential equations. Therefore, we can replace the
differentiation with respect to time by multiplication by jw and differentia-
tion with respect to distance by multiplication by ~['. Thus, the conservation
equation (6) becoumes.

'

Jwp = Ti

or p = J—E&. (14)
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Substituting equation (14) in equation (i3)

W PV
2 (15)

is—n
wﬂJO 4T 8

Electron velocity v is a function of electron mass m, and tha
electron charge e.

The time rate of change of velocity 1is equal to the charge-to~mass
ratio times the electron gradient.

. + o
d(uo V)
dt

[\

-—

Z

Rl

Under small signal conditions, the AC wvelocity v can be shown,

&
m [V (16)

V E @ cmame—ver
Ju-Ty,

Substituting equation (16) in equation (15) we get

jIOBFV

= v Gen? an

w ) L]
where B = uo. I° = pouo and My = 2 - Vo
where vO is the D.C. beam voltage.

Equations (10) and (17) involve both V and { and, therefore,
combining them we get the overall equation.

J18IMnz
2 9 a1l (18)

7V, Qg7 (12177




where Zo is the characteristic impedance = V%:‘-

and T; = jw vIC, the natural propagation constant.

Equation (18) applies for any electron velocity, specified by B and any wave
velocity and attentuation, specified by the real and imaginary parts of the
propagation coanstant T.

Equation (18) contains the fourth power of the propagation constant T and,
therefore, this suggests that the travelling-wave amplification may be
expressed by four waves.

A complete analysis of this fourth power equation will reveal:

a) one wave which is increasing, travelling slower
than the beam;

b) second one which is decreasing, travelling slower
than the beam;

¢) third one which is unattenuated, travelling faster
than the beam;

d) the fourth one which is an unatcenuated wave,
travelling backwards.

In the forward direction, there 1s a cumulative interaction between
waves and electrons because both are moving at about same speed and the
increasing wave becomes dominant. The wave travelling against the electron
flow 1s less affected because the wave and electrons are moving in opposite
directions.,

Two physically significant parameters are ghe power flow in tha
circuit and the alectron field aseociated with it which acts on the electron
stream. In terms of the magnitude of the voltege the magnitude of field is
given by, E = [V,

The power tlow in the circuit is given, in terms of circuit
voltage, by
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Therefore, Zo = 3T%p

8.1 Travelling-wave Tube Gain

The most valid relationship betweern gain and power output is given
by Pierce. It can be seen that the process of calculation of gain is rather
complex and involves large number of parameters.

For the case of a no-loss circuit and an electron velocity equal to
circuit phase velocity, the three forward waves are set up with equal
voltages, each given 1/3 of the applied voltage.

That is {21)

\
3 (22)

where V is the total beam voltage at distance Z = 0. If Vz is the voltage
at distance Z, the gain can be expressed as

' v
G = 20 log ;i (23)

Expanding this concept, Plerce suggested the fundamental equation for gain

= (A + BCN) dB (24)

where A is the loss in initiating the amplified wave {approx.
10 db)

B is the factor depending mainly on the exact -
relation of the bean to the circuic velocities

C is the gain parameter

N is the number of active wavelengths in the
tube.

The quantity C is related to the characteristic. impadance, A o’ and
the beam impedance by,
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I
3 0 (25)
¢ zo 4y
)
E [+]
or ¢ =(3"—> &
rép vo

Therefore, ¢? is the circuit impedance times £ the beam impedance.

8.2 The Effect of Space Charge

In deriving the above equations one of the assunptions made was

that the effect of space charge in the system was negligible. However, in
practice there 1s an additional force on the electrons due to their mutual
repulsion, and this can be accounted for in terms of a space charge finld.
Pierce suggested tchat the effect of space charge could be represented by a
coupling capacitor between the bgam and the circuit as shown in Figure 33.

The space charge field is. - %g%— where C; 1s a new parameter which has the
dimensions of capacity per unit length, If the currvent thiough this capacitor

iI'd

is - %%- or I'i; then the voltage dropped across the capacitor is - %ET

The equivalent veltage acting on the beam, Vo =V - %g% (26)

where V 18 the circuit voltage.

The total field acting on the electrom, El S8 - %%

2
s IV - ‘3%;"1‘ @27
Now equation (10) can be rewritten in terts of Iy, and Zo. ag

I Zoi : (28)

Ve -
(rr )

imilarily equation (11) becozes

T z 1
B o=l (29)
(r2~r12) .
o T ) i AR
. FNNE IR
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Thus equivalent voltage, equation (26), and total field, equation (27),
becomes.

I‘I'IZO 4T
= - i 30)
Vx [(Flzmrlj. Q}Cl] . , (
and
rsrz 2 .
By = e o Al gy (31)

(I\lz_rﬁ> wCq

Equation (18), the overall equation, may be modified as

jr8r IT 2z, .. .
v, @EDE AT u "

Equation (30) may be simply written as

where V_ is the voltage due to the space charge. The terms in the bracket
cf equa@ion (30) represent impedance, If the wavelengtn of the impressed
current is long or if the wave is faster tham the natural phase veleccity
of the circuit, the inductance has a higher impedance then the shunt
capacitance to ground; the capacitive effect predominates end the circuit
impedance 18 capacitive.

8.3 The Helix as a Spiral Slot Transmigsion Liue

As discussed earlier, the heli.: carn be regarded as a spiral slot
transmission lina, around which the energy propagates at. approximately the
velovity of light. The longitudinal travelling field ou the axis is of
the form, ' '




E sin w (¢ - 2 (33)
P

The phase velocity of the axial field is given by vb = ¢ gin Y* where ¢ is
the velocity of light and ¥ 1is the helix pitch angle.

The radial propagation constant Y is defined by

where 8 = %}: and Bo = from which,
P _

E‘l (35)
5 : _

Bo is the phase constant of the wave travelling with the speed of
light, which would vary with distance in the z direction as exp (-jBoz).
The actual phase constant, 8, varies with distance as exp (~jBz).

8.4 Phase Velocity and'Group,Velocigy

The velocity of the axial field of a helix of pitch angle ¥ is

given by

v, ¢ ¢ sin X (36)

On a w-§ diagram (frequency-phase diagrum) the phase velocity at any point
is the slope of the line joining that point to the origin, as

AThis éppfoximation is valid over the range around four turns per wave-
length where helices are normally operated. It ceases to be valid when
there are large number of turus per wavelength.
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The electron beam can be represented by a straight line through the origin,
whose slope is the beam velocity. Where this line cuta the frequency-phase
characteristic, the beam and natural circuit wave velotities are equal and
conditions are right for synchronous operation.

The slope of the frequency-phase characteristic is given as the
group velocity, Vg

v, = ‘-;% (38)

Group velocity is the velocity at which the energy travels in the slow-wave
structure, It is the velocity with which the group of frequency components,
making up the pulse, travel down the circuit. It is the propagation velocity
of the energy stored in the electric and magnetic fields of the circuit.

Figure 34 shows a radio frequency pulse varying with time as f(t).
The envelope varies with time as F(t), The pulse may be produced by
modulating a radio frequency source with F(t).

Mathematical analysis show, if a pulse envelope, as shown in
Figure 34, is applied at the input, the output will be of the same shape
as the input, but arrives a time T later, where

df :
T ) (39)

when £ is the length

This implies that it travels with a velocity vg. where,

vV = a6

g

Ajx

Since Vp =
Rearranging the equation for phase velocity._we get

=iE

, the group velocityAv8 may be derived as follows.

w o | | : -
B=% . | (4l)
P




»
i
A
b
i

: fﬁ;{‘

Differentiating

o @

from (40),

= P - ' (43)
W
Q- g;' asz

For interaction of electronw with a vavé to give gain in a TWT, the elqétrons _

wmust have a velocity near the phase velocity vp. Hence, for gain over a
~.broadband of frequencies, VP must not change with fraquancy and if V does

dav
not change with frequency then, -—2-- 0 and Vg = Vp.

8.5 Coupled-Cavity Structures - A Lumped Circuit Model

The general hehn&iouf of coupled~cavity atructures may be studied

~ by analysing its lumped circuit anslogy.:  This approsch is much easier than
- using Maxwell's. equation which bacowes very difficult due to the complicated o

boundnry conditions imposed by tha geonacty of the structures.

Tho ChadOtow~Nalon-acructure, dincunsed earlier, may be repreatntad

- by ita lumped circuit shown in Pigure 35, Each cavity can be represénted by
'a resonant circuit made up of a condencer C;. and an 1aductlnce L;. ln-thnt

“the reaonsnt fraquan»y, w 13 sivcn by:

et
¢ VTG
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The coupling slots between adjacent cavities are represented by a parallel
clrcuit made up of C2 and L. Thus the slot rescnant frequency ws’

w = 1

8 L2Cs

The circulating current in each cavity can be divided into three
parts, one which links the coupling slot to the previous cavity, another
which links the coupling slot to the following cavity and the third one
with no linkage. This has been represented by splitting L; into the

parallel structures of magnitude ztl, 2;1’ (lgi) where k is the fraction

of the coupling current whic% takes part in the coupling. These are shown
in the lumped circuit model, Figure 35(a). This circuit may be reduced to
the basic cells shown in Figure 35(b).

The values of Z are shown below, where,

X ZB and Z

c

2§l
Z = crermeole
A K

2jwL
JuL

1~k - w?LC,

JuwL
———eBas

1l - (ﬂszCg

c

It ie suggested that the reader conaulc Gittine for a thoeoubh
discussion of this aubject. ' :

8.6 Hollow Beams

, The physical size of the TWT tends to be inversely proportional
“to the centre frequency. The use of hollow ele¢tron beams provides much
‘higher values of total pervaance thereby offaetting the requirement for a
. larger tube size. Typical hollow beams used in VHF tubes have pervéances
" of the oxder of 100 x 10~® as compared with typical high frequency solid
bean tube perveance of the order of 1 x 10~%. The results of operation at
these high values of perveance 1s the possibility of using much lower beaw
- woltage for a given beam power that can be used in low perveance tubes, - P
.- The gain of the TWT in dB is proportional to the number of vavelengths in .~
the tube at the eleutron velocity and co gain per uaveleushh‘ “The gain .
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per wavelength is increased by increasing the beam perveance and the wave-~
§; length is decreased as the voltage is decreased, so both factors favour a
* ' shorter tube when perveances are increased.

4 The bandwidth and the gain may be Iincreased, as the frequency is
increased, if the thickness of the beam is increased. However, as the
current in a thick hollow beam ‘s increased, the potential of the innner
electrons is depressed in comparison with the potential of the outer
electrons, as ¢ result of an increasing space charge in the beam.

Under certain conditions hollow beam: become unstable in that the
beam breaks up into separate beams. In the presence of the magnetic field
the excess charge preduces a dispiacement of the nearby electrons. As the
beam current is increased from a very low value the initially circular
trace Jeparts from circular symmetry, both in shape and brightness.

Further increase causes the beam to curve away in a number of places,
eventually forming a saparate veam. The number of beams depends on the
% current dersity and the magnetic field.

Electrostatic focusing methods may be ugsed in order to completely
? eliminate the magnetic field in the circuit region of tlie tube. This method
is uniform in contrast to the various periodic focusing systems and is '
advantageoua .or certain applications. See Figure 36 for gun designs.

The interactlon impedance of a lossless helix is given by

2
z = E—-——
°  p®p

whera E is the-electric field in the direction of beam velocity,

g = %-,.Vp being axial phase velccity of the wave
P ‘

g = '%. ¢ being the velocity of light

e ' o P = power tramsmitted for a field E
2 2 _p2
V= B -8

#

- For a hollow-beam'ac a vadius to,,(Figure 37) .- the impedaace st ro_ia '”V',,f;
- glven by : N : P
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where 'a' is the radius of the helix.

Foxr voltages, below 10 Kv, B>>B° and Y and § may be used interchangeably.

30 . ~-2y(a-x )

r
B00

Thus Z =
Q

30 -2v(a-r)

® (v v Y,

P

9.0 CONCLUDING REMARKS

The TWT is a 'moture device' and no major break-through in its
- techuology is anticipeted, However, thave is ample room for 1mprovements
;practically in every agpect of TWY varametere.

Because ‘of the higu power, and lacriased bandwidth requirenante.
radar and electronie countérmeasures sre turning their attontion gorn and
‘wore to TWIs. TWIs have also penatrated deep inte Communications Satellite
Technology. ' T ' - '

, The use of the computer in simulating and analysing IWL paraseters
will be a key factor for future improvemeats. A good exsuple of this is the
developuent of a large signal computer program to study the beam-circuit

1nteraction in the 200w TWI uged for the COmmunicaciuns Techuology sacellita.

. As powet level 1ucreaae and high frequency bands baconme zore
attractive, TWIs will remsin unchallenged in years to come.
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FIGURE 1 - PORTION OF THE TRAVELING-WAVE AMPLIFIER PERTAINING

T0 ELECTRONIC INTERACTION WITH RADIO-FREQUENCY
FIELDS AND RADIO~FREQUENCY GAIN

FIGURE 2 - SCHEMATIC OF THE TRAVELING-baVE ANPLIPIGR
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FIGURE 3 - TWO-SECTION SEVERED TRAVELLING-WAVE TUBE
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FIGURE 4 - DIAGRAM SHOWING DIRECTIONS OF ELECTRON AND PONER PLOW -
FOR: (a) NORMAL TRAVELLING-WAVE TUBE (FORWARD VAVE'
ANPLIFIER); (L) BACKWARD WAVE AMPLIFIER :
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FIGURE 11{a) - INTERDIGITAL LINE
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 FIGURE 11(d) - DISK-ON-ROD CIRCUIT
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FOCUSING ELECTRODE
FIGURE 21 - A PRACTICAL ARRANGEMENT FOR LAUNCHING BRILLOUIN FLOW
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FIGURT 22 - A PRACTICAL ARRANGEMENT FOR LAUNCHING SMOOTH FLOW AT
FIELDS ABOVE BRILLOUIN
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LRSS bk ke s SRR i S s A

Fild distortion chacteristic of finite pole pieces.

FIGURE 24 - BOWING OF FIELD LINES
POLE PIECE

TWT

L. Y

\RON CORE  Bull: U cow
FIGUKE 25 - C-MAGNEY

BARS GIVING RETURN
PATH FOR FLUX

SOLENGID
END PLATES P/ coiL
(SOFY {RON)
SPACE FOR TWY. POLE
R¥. FEERS ETC. PIECES
AN




64

MAGNETIC MATERIAL

TWT POLE —
\\/ : in : 2
\‘
TWT
Amxsuem POLE

PIECES

FIGURE 27 - CYLINDRICAL POT PERMANENT MAGNET

|7 7
W2\

ELECTRON 6

FICURE 28 - PPM-FOCUSING STRUCTURE EMPLOYING AXIALLY MAGHNETIZED RIA@
EAM SOFT IRON POLE PIECES

e IR

-__,..)J*.."

Rirertine. S 2>

PERMANENT MAGNETS

FIGURE 329 - EBRICDIC FOCUSING BY CONVERGING MAGNS‘TIC LEAJSES




GUN SLOW-WAVE STRUCTURE
(CATHODE) (ANCOE) COLLECTOR

FIGURE 30 - DEFRESSED COLLECTOR T.W.T.
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FIGURE. 31 - A DEPRUSSED COLLECTOR WHICH SUPPRESSES SECOUDARY CURRENT .
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