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HIGH-EFFICIENCY, 200-WATT, 12-GIGAHERTZ TRAVELING WAVE TUBE*

by Henry G. Kosmahl, B. D. McNary, t and Otto Sauseng**

Lewis Research Center

SUMMARY

Design and performance of a highly efficient experimental 200-watt traveling wave
tube for space communications are described. The tube uses a coupled cavity slow wave
structure with periodic permanent magnet focusing. A two-step velocity taper is incor-
porated in the slow wave structure for velocity resynchronization with the modulated
beam. The spent beam is reconditioned in a refocusing section before it is collected in
a novel multistage depressed collector. The collector is radiation cooled and heat in-
sulated from the tube body. At saturation the tube provides a peak output power of
240 watts with a 35-dB gain and an overall maximum efficiency of 56 percent.

INTRODUCTION

The tube to be described here is intended for use in an advanced high power satel-
lite communication system (Communication Technology Satellite). For the use of high
power tubes in communication satellite systems it is highly desirable to achieve:

(1) Overall efficiency of more than 50 percent
(2) High reliability with a tube-life of at least 2 years
(3) Radiation cooling into space environment

(4) Compliance with strict communication performance requirements
(5) Survival of the tubes during the severe vibrations of the launching operation.

These are rather high performance requirements for a 200-watt tube at 12 gigahertz,
especially with respect to efficiency. The tube design incorporates, therefore, several

*Presented in part at the IEEE International Electron Devices Meeting, December 5,
1973.

tLitton Industries, San Carlos, California.
**Litton Industries, San Carlos, California; now at Hughes Aircraft Co., Torrance,

California.
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advanced features, including a novel radiation cooled multistage collector configuration

developed at NASA Lewis Research Center (refs. 1 and 2). This collector makes pos-

sible an overall efficiency of more than 50 percent in spite of relatively large circuit and

interception losses. Heat transfer to the space environment is thereby accomplished at

moderate temperatures.

SYMBOLS

a tunnel radius

B magnetic induction

BW bandwidth

b Pierce velocity parameter, (uo - v )/vpC

C Pierce gain parameter (K/4R )1/3

d Pierce attenuation parameter

f frequency

h cavity height

Ic  collector electrode current

I1 dc cathode current

K interaction impedance

L loss on circuit, dB

21 c magnetic focusing period

P power

Q quality factor of cavities

QC Pierce's space charge parameter

R°  beam impedance, Vo/I °

R s  shunt resistance of cavities

uo  dc electron velocity

V potential, V

Vo  cathode to body voltage

Vg group velocity

vp phase velocity

y radial propagation constant
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77 efficiency

Xp plasma wavelength

4' phase shift angle per cavity, radians

P angular velocity, radians/sec

w 2nf

Subscripts:

c collector

ct circuit

dis dissipation

in input

n collector electrode number

o standard section of TWT

out output

rec recovered

rf radiofrequency

T tapered section of TWT

TWT traveling wave tube

CHOICE OF SLOW WAVE STRUCTURE

The coupled cavity slow wave structure was selected over a helix-type slow wave

circuit because its all-metal structure provides better heat transfer and thermal capac-

ity with lower temperatures. This choice is especially important above 200 watts be-

cause it is expected to result in higher tube reliability and longer tube life.

THERMAL AND MECHANICAL DESIGN

Figure 1(a) shows an experimental version of the tube with its support structure,
and figure 1(b) shows the cross section through the tube. The tube is mounted on the

spacecraft in such a way that the collector protrudes outside the spacecraft envelope so
that it can radiate directly into space. The collector envelope is comparatively large

so that the radiation temperature of the collector surface is kept within moderate limits
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(less than 2000 C with a measured heat dissipation of 90 W at saturation). Heat transfer
from the collector electrodes to the collector envelope is also by radiation. Local hot
spots on the collector electrodes are estimated to be less than 4000 C. The collector is
thermally insulated from the tube body by a heat choke. The waste heat from the tube
body is disposed of by a radiation panel (base plate) on which the tube is mounted. Heat
to the panel is transferred by conduction from the slow wave circuit. The split ring
magnets are separated to provide room for two massive axial conduction rails along the
sides of the circuit. The waste heat from the tube body was measured to be 115 watts.
One fourth of this heat was caused by 6 percent beam interception. The cathode heater
produces 6 watts dissipation. The rest was generated by radiofrequency (rf) losses of
the slow wave circuit. Without rf drive the beam interception was 2 percent, and the
body heat loss was 22 watts, including heater power.

Total weight of the tube including housing structure, waveguide connections, and
sensors is less than 13 kilograms.

ELECTRONIC DESIGN

Figure 2 shows a schematic of the velocity profile of the circuit and it includes a
list of the tube parameters at 12. 06 gigahertz, based on cold test data. The tube circuit
is separated into three gain sections by two internal severs to ensure tube stability. No
other tube stabilization techniques are used, such as loss buttons or distributed loss.
The output section incorporates a two-step velocity taper for efficiency enhancement.
The tube is operated in "undervoltaged" condition (velocity parameter b = 0) in order
to assure good beam bunching for velocity resynchronization.

The length of the output gain section (prior to the velocity taper) has been chosen
large enough to avoid efficiency degradations due to sever effects. The estimated small
signal gain in this section is 23 dB. The velocity taper was designed with the aid of a
large signal computer program using circuit parameters based on cold test data. The
analysis takes the reduction of the interaction impedance in the taper into account, as
well as the increase of the losses in the taper. Empirically the interaction impedance
KT in the taper was found to be reduced proportional to the square of the phase-velocity
reduction (period reduction) (ref. 3). The losses LT in the taper section were found
to increase inversely with impedance. The predicted electronic efficiency was 34 per-
cent at 12 gigahertz, compared to 30 percent measured. Without velocity taper the elec-
tronic efficiency would have been on the order of 15 percent. The rf circuit losses are
predicted to cause a reduction of the electronic efficiency to 70 percent of the efficiency
obtainable with a lossless circuit.
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BANDWIDTH AND CIRCUIT LOSSES

The coupled cavity circuit has bandpass filter characteristics with a bandwidth de-
termined primarily by the width of the coupling slot. For amplification the electron
beam is synchronized with the first forward wave space harmonic. Ideally both the in-
teraction impedance and the losses should be inversely proportional to the cold band-
width. It is generally desirable to design the cold bandwidth as small as possible to
achieve a high interaction impedance. Coupled cavity tubes can however only utilize a
fraction of the cold bandwidth for amplification because of the dispersion of the circuit.
It is therefore necessary to design for a much larger cold bandwidth than the operational
bandwidth. For conventional tubes it has become practice to provide a cold bandwidth
about four times as large as the operating bandwidth. Cold tests with such a circuit re-
vealed, however, that an even larger cold bandwidth was required to obtain acceptably
small losses.

Figure 3 shows the predicted efficiency reduction due to circuit losses. For the
initially observed losses on the order of 0. 3 to 0. 4 dB per cavity the efficiency would be
reduced by a factor of more than two. The circuit design was therefore reviewed and
the design of larger cold bandwidths was explored, since the circuit losses are expected
to become smaller with larger cold bandwidths. At the same time, the cavity and coup-
ling slot configuration were modified with the objective of lowering the circuit losses.
A thin coupling slot was used similar to that described in the Varian report (ref. 4).
In addition the slot edges and the ferrule base were rounded off. In order to obtain
losses of less than 0. 1 dB per cavity, it was found necessary to increase the cold band-
width to 1300 megahertz.

Figure 4 shows that the circuit losses can be reduced to sufficiently small values of
0. 07 to 0. 11 dB per cavity in the untapered section of the tube when the slot width W
and the cold bandwidth are adequately increased. The loss reduction is found to be more
rapid with bandwidth than would be expected from the conventional circuit loss theory
(ref. 5). This theory predicts loss increases at the band center to be inversely propor-
tional to the group velocity and to the cold bandwidth.

Unfortunately it is not possible to maintain the relative low loss per cavity through
the tapered section of the traveling wave tube (TWT). It is known that both the group ve-
locity vg and the height of the cavity h are reduced in tapered sections compared to
standard cavities. We know also that losses are proportional to 1/(v Q) or 1/(v h) with
the result that the losses in the output tapered section are approximately doubled. Since
the power lost is proportional to the square of the voltage across the gap and the voltages
are highest in the tapered (saturated) region, approximately 70 percent of all skin losses
takes place in the last 10 cavities of the TWT. A fairly accurate determination of this
loss is easily obtained from measuring the total heat dissipation (exclusive of collector)
in the TWT body. This heat consists of heater power plus interception power plus skin
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loss power. The interception power at zero drive is easily measured. The power in-

tercepted due to rf defocusing can be estimated to be not smaller than the power car-

ried by the slowest electrons in the stream (from computer output). In the TWT of

this report the low energy electrons had approximately 0. 4 of the dc energy. The mini-

mum value of interception power was determined to be 27 watts. With the heater power

of 6 watts and the total body power being 115±10 watts, the skin effect loss is 107±10

watts. This gives a circuit efficiency of 237/(237 + 82) = 0. 74, which is a significant

reduction. In view of this fact the usefulness of the last few heavily tapered cavities,

which contribute to about one half of the skin losses and add only little to the rf power,

is dubious.

The group velocity is proportional to the slope df/dob and therefore to the band-

width. The operating band is centered at a rather small phase angle for the low loss cir-

cuit, while a conventional bandwidth design would normally be centered around 4 = 1. 4 7

phase angle. This smaller phase angle was chosen for the low loss circuit in order to

obtain a higher interaction impedance. The interaction impedance of a slow wave struc-

ture is known to decrease inversely proportional with the group velocity and, at band-

center, it decreases inversely with the cold bandwidth. The improvement of the interac-

tion impedance at lower frequencies (and smaller phase angles) is illustrated with the

measured data of figure 5. Even though the interaction impedance in the operating range

is lower than that of a conventional bandwidth design, a careful taper design makes it

still possible to achieve good electronic efficiencies on the order of 30 percent. Figure 6

illustrates the bandwidth characteristics with this circuit. These data show power output

with constant drive over a frequency range. Flat response can be achieved over a range

of about 170 megahertz, or about twice the specified hot bandwidth.

GUN AND FOCUSING DESIGN

The gun is of the conventional Pierce type, with an insulated anode to protect the

cathode against ion bombardment. For this purpose a positive voltage of several hun-

dred volts is applied to the anode. Cathode material is tungsten matrix with a cathode

loading of 450 mA/cm 2 . This cathode material is known to be rugged in operation and

is expected to provide long tube life. The gun is completely magnetically shielded. The

magnetic focusing design with half ring magnets extends over two cavity periods. This

double period configuration is commonly used in PPM focused coupled cavity tubes and

achieves higher peak fields with smaller transverse perturbation fields due to the coup-

ling slots than single-period focusing. The focusing stability is generally assumed to be

equal to that of single-period focusing. For this design the focusing stability

A /21 = 6. 1 is high. Magnet material is Samarium Cobalt, and the required peak field
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is on the order of 1500 gauss. Beam transmission into the collector is 98 percent with-
out rf and 94 percent at saturation.

REFOCUSING SECTION

Before the spent electron beam enters the multistage collector, it is reconditioned
in a refocusing section. The refocusing section was originated and designed at NASA
Lewis Research Center (ref. 6) and is essential for the highly efficient operation of mul-
tistage collectors.

A schematic of the refocusing section is shown in figure 7. In the refocusing sec-
tion the magnetic focusing field is gradually reduced over a significant length, such that
the corresponding beam expansion can be considered adiabatic. The field decay is fol-
lowed by a short plateau field which is terminated at the entrance plane of the collector.
The refocusing section has two important functions:

(1) Beam expansion - The spent beam is allowed to expand so that its space charge
forces become small. This will reduce faulty velocity sorting in the multistage collector
due to space charge effects.

(2) Refocusing - The expanded spent beam is refocused such that it enters the col-
lector essentially with parallel trajectories. Properly arranged adiabatic expansion of
the beam reduces radial velocity components of the spent beam and thus makes the ve-
locity sorting of the collector more effective. The shape of the refocusing field and of a
typical refocused trajectory are shown in figure 7. The physics of spent beam refocus-
ing can be qualitatively shown with the use of the following three electronoptical rela-
tions:

(a) Busch's theorem:

e Bz
2m

(b) Adiabatic beam expansion:

rl _ Bz0

r 0  Bzl

(c) Invariance of electron dipole moment:

(r 2 + r 22)1/2r 2 = constant
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The radial velocity reduction is as follows:

2 *2 Bz 2 Bz1
rl = _ - 0 0 1 -Bz0 Bz0

where r = 0 and B = 0.

The design of the refocusing section was studied in great detail at NASA Lewis Re-
search Center (ref. 7) and at General Electric Co. for Klystrons (ref. 8). It was found
that the magnitude of the plateau field is also critical with respect to the reduction of the
radial rms velocities. The radial velocities can be reduced by nearly a factor of two and

sometimes two and one-half with an optimum plateau-field design.
The refocusing field was implemented in the tube with permanent magnets. A field

reversal between decay field and plateau field was incorporated in order to minimize

magnetic leakage fields into the collector. Figure 8 shows the axial field distribution
measured on this design.

MULTISTAGE COLLECTOR

The multistage collector is a key component in achieving high efficiency. Its basic
concepts and functioning are described in reference 1. It consists of nine depressible
collector electrodes as shown in the schematic of figure 9. The voltages and positions
of the electrodes have been selected to achieve the following:

(1) Optimum efficiency enhancement at saturation - The voltages of the available
number of collector electrodes have been selected to achieve maximum efficiency en-
hancement at saturation. This is determined by the kinetic energy distribution of the
spent beam.

(2) Minimize lens effects of the electrodes - The position of the collector electrodes
has been chosen to achieve essentially a uniform electrostatic deceleration field in the
most negative collector region and a very weakly decelerating field in the vicinity of the
injection hole. The length of the trajectories is much larger than the radius of the beam
at injection which makes the beam appear as a point source.

Velocity sorting is achieved by radial deflection forces caused by the conical shape
of the collector electrodes; the endspike at cathode potential provides additional radial
deflection which acts mainly on the high energy electrons. Secondary emission is almost
absent because of automatic suppression in negative fields. Figure 10 shows collector
current distribution both at saturation and without rf drive. At saturation the collector
efficiency is 82. 5 percent, with an overall TWT efficiency of 56 percent. The total
electric power requirement is then 424 watts, including heater power. Although the col-
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lector was designed for optimum operation at saturation, it can be seen that it performs

very well also with no rf drive, when most of the current is collected with the last two

electrodes. The collector efficiency without rf was measured at 86. 1 percent, with an

overall power requirement of 122 watts. This demonstrates the excellent performance

characteristics of the multistage collector over a wide range of operating conditions of

the drive. Removing four of the less important electrodes would decrease the overall

efficiency by only 1- percent. Were the collector the only source of losses in the tube,
the overall efficiency would be in excess of 70 percent. The collector losses are approx-

imately 80 watts at saturation. The body losses, composed of circuit losses, intercep-

tion losses, and heater power were measured to be 115±10 watts. They represent the
largest source of deficiency, almost one half of the useful power output.

The collector efficiency qcoll was computed from electrical and steady-state ther-

mal measurements of heat dissipation in the tube body and the (thermally insulated) col-

lector with carefully calibrated equipment at Lewis Research Center. The collector ef-

ficiency, defined as kinetic beam power recovered in the collector over total beam input

power into the collector, was determined from two independent measurements:

rec
collP +P

rec + dis

Prec
77coll =11

Io - Prf - PTWT + Pheater

where Prec = Z IcnVcn, with Icn and Vcn the current and voltage of the nth collec-
n

tor electrode (to body), respectively; Pdis is the thermal power dissipated in the col-

lector assembly, and PTWT is the heat power dissipated in the TWT from intercep-

tion, skin effect losses, and heater. The two formulas give agreement within 5 percent-

age points with the average being 82. 5 percent at saturation. This result was achieved

with the collector working on a beam having a substantial velocity spread, since approx-
imately 50 percent of the beam power is used up in the tube. The accuracy of thermal

measurements is ±10 watts. The aforementioned results present record efficiencies for

the entire TWT and the multistage depressed collector (MDC) at any frequency.

CONCLUSIONS

An advanced design, coupled cavity traveling wave tube (TWT) has been developed

which features several novel elements: a two-step velocity taper enhances the power
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output efficiency by a factor of about two compared to an untapered design; a magnetic

beam refocusing section acts upon the spent beam prior to injection into the multistage

depressed collector (MDC) by expanding the beam and reducing its current density and

by reducing by a factor of about two the rms values of the angles of the trajectories; and

a novel multistage depressed collector returning approximately 80 percent of the re-

ceived beam power back to the power supply. The overall maximum tube efficiency of

56 percent achieved at the design frequency of 12 gigahertz and the MDC efficiency of

81 percent represent record performance for the TWT and the MDC at any frequency.

The skin effect (circuit) losses which amount to more than 90 watts represent the

major defficiency of the design. Together with the beam interception power of approxi-

mately 30 watts, these two losses prevent the achievement of overall efficiencies in ex-

cess of 75 percent. Since most of the circuit loss takes place in the last, heavily ta-

pered cavities, the use of the "voltage jump" efficiency enhancement technique (as de-

scribed in NASA CR-72450), which does not increase the loss per cavity, should be given

a serious consideration.

Lewis Research Center,
National Aeronautics and Space Administration,

Cleveland, Ohio, March 29, 1974,
502-23.
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(a) Photograph of 12-gigahertz, 200-watt experimental tube with tube mount, heat choke, collector
envelope with radiation fins, and VAC ion pump.

Output L Refocusing
waveguide magnets

-Coupled cavity

Output section slow

Sever-,

Input section

Focusing
Input magnet
waveguide

Anode J  \Cathode

(b) Cross section of coupled cavity traveling wave tube with multistage depressed collector.

Figure 1. - Space communication tube.
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Figure 2. - Velocity profile of 200-watt tube circuit and tube parameters.
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Figure 3. - Predicted efficiency reduction with circuit loss.
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Figure 4. - Effect of cold bandwidth on circuit losses.
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Figure 6. - Bandwidth characteristics with constant drive levels (measured). Cathode to body
voltage, Vo, 11.3 kilovolts; dc cathode current, Io, 64 milliamperes; input power, Pin,16.7 dBm.
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Figure 7. - Schematic of refocusing system.
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Figure 8. - Refocusing field (measured).
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Figure 9. - Schematic of multistage collector.
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Figure 10. - Collector current distribution (measured). Collector efficiency,
recovered kinetic beam energy Cathode to body voltage, Vo,

'1coll kinetic beam energy into collector'
11.3 kilovolts; dc cathode current, Io, 67 milliamperes.
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