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FOREWORD

This final report covering a six-month study of design

approaches for very high-efficiency magnetically focused klystron

amplifiers was conducted under Contract NAS3-11514 from the

National Aeronautics and Space Administration, Lewis Research

Center. Dr. Henry Kosmahl was the technical program manager

for NASA. The study was performed by Drs. G. M. Branch and

T. G. Mihran with assistance from personnel in three General

Electric Company groups: Research and Development Center,

Valley Forge Space Technology Center, and Microwave Tube

Business Section. Principal technical contributors, in addition

to Drs. Branch and Mihran, include E. C. Conway, R. A. Dehn,

E. M. Gilbert, G. J. Griffin, and W. Neugebauer.
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Section I
SUMMAR Y

An analytic study leading to the development of high-efficiency
magnetically-focused klystron designs for use in satellite-borne television
broadcasting service is reported herein. An accurate and detailed large-
signal computer simulation of a klystron was employed for developing
space-adapted, heat-pipe cooled klystron designs having internal conver-
sion efficiencies in excess of 60 percent and meeting all specifications for
phase linearity, gain, power output and bandwidth. During the course of
the study, a new principle of reflex collection of the spent beam at reduced
collector potentials was discovered. Preliminary analyses of the collector
indicates that a power klystron with a reflex depressed collector could have
an overall stable output-power efficiency in excess of 80 percent in FM
television service.

The computer klystron gain and overall efficiency characteristics
while transmitting a television signal at average picture levels in the five

services considered are as follows:

Service

850-MHz AM

Z000-MHz AM

Z000-MHz FM

8000-MHz FM

Ii, 000-MHz FM

Beam Beam Power

Voltage Current Output Gain Efficiency

(KV) (Amperes) (KW) __dB) (Percent)

15. 9 I. 00 3. 0 42 50

13.5 0.78 2.0 52 51

Ii. 9 0.65 5.0 47 8Z

12.3 0.68 5.0 40 77

12.9 0.73 5.0 38 70

The above characteristics were computed for klystrons with state-of-art

beam transmission efficiencies between 95 and 98 percent, with a reflex

collector energy conversion efficiency of 85 percent, and with a solenoid

providing a collimating magnetic field of twice the Brillouin value.



Section II
INTRODUCTION

STUDY OBJECTIVES

National Aeronautics and Space Administration Contract No. NAS3-

i1514 was initiated February 6, 1968, for conducting an analytic study

leading to the development of theoretical designs for space-borne

magnetically-focused klystron amplifiers for television broadcasting.

Klystron power amplifiers for amplitude modulation service at 850 MHz

and 2000 MHz, and for frequency modulation service at 2000 MHz, 8000

MHz and ll,000 MHz, were to be studied, critical design areas identified,

and verification experiments designed.

Trade-off analyses and engineering evaluations of designs for each

of these five klystron amplifiers were made in order to develop an optimum

design compatible with the space environment and meeting the required

specifications for power output, bandwidth, signal-to-noise ratio, phase

linearity, life, gain, minimum weight, and maximum efficiency.

The specifications, as amended, include the following:

I. Power output

(a) 850-MHz AM (vestigial sideband)

Peak synchronizing pulse power ...... 7. 5 kW

Peak picture power ............ 3. 5 kW

Average picture power .......... 2.6-3. 0

Minimum picture power .......... i. 3 kW

Sound power ............... 0.75 kW

kW

(b) 2000-MHz AM (vestigial sideband)

Peak syr_chronizing pulse power ...... 5.0 kW

Peak picture power ......... 2.3 kW

Average picture power .......... i. 75-2.0 kW

Minimum picture power .......... 0.9 kW

Sound power ............... 0.5 kW



(c) 2000-MHz FM ..............

(d) 8000-MHz FM ..............

(e) II,000-MHz FM .............

2. Linear dynamic range for AM ........

3. Deviation of small-signal gain from

linearity 3 dB below saturation (for

AM only) .................

4. Signal-to-noise ratio over bandwidth (AM)

5. Signal-to-noise ratio over bandwidth (FM)

6. Deviation from phase linearity (AM) .....

7. Magnitude of second derivative of phase

5.0 kW

5.0 kW

5.0 kW

20 dB, rain.

0. 5 dB, max.

42 dB, rain.

55 dB, desired

32 dB, rain.

45 dB, desired

I. 2 ° max.

response across band (FM) ....... 0.05 deg/MHz 2, max.

....... 0.015 deg. /MHz 2, desired

8. 3-dB bandwidth ..............

9. Gain of amplifier or amplifier chain .....

I0. Input and output VSWR i. 05 max. ,

1 i. Life .................

12. Vibration capability

(a) Sinusoidal ............

(b) Random density ........

6 MHz (AM)

40 dB, rain.

into 50-ohm impedance

20,000 hours, rnin.

5.0 g (20-400 Hz)

15.0 g (400-3000 Hz)

5.4 g RMS (0.082 g2/Hz)

17.9 g RMS (0. 15 g2/Hz)

(c) Shock. ............. 8-msec duration, 30 g, rain.



STATE-OF-THE-ART BACKGROUND

At the start of this study, the overall efficiency of klystron amplifiers

of "kilowatt" size was less than 50 percent under saturation drive conditions.

Efficiency is defined here as the ratio of RF output at a transmission line

terminal to total power supply input including heater power and magnet

power as well as beam power. Klystrons used in television broadcasting

have slightly lower efficiency -- generally in the range of 30 to 40 percent.

Of course, in AM service the actual operating efficiency is much lower due

to the characteristics of the amplitude modulation and the need to operate

below the maximum output capability of the device in order to maintain

amplitude linearity.

Although most commercial klystrons operate with efficiencies rang-

ing from 30 to 50 percent, afewcommercialklystrons achieve efficiencies

in the 50-60 percent range. Reported klystron efficiencies above 60 per-

cent are rare, even in experimental tubes. High efficiency in a klystron

may be achieved with or without the use of additional features such as ex-

tended interaction and voltage jumping. The use of a properly designed

depressed collector may result in increased efficiency.

Perhaps the earliest and still one of the best achievements in obtain-

ing high efficiency was the four-cavity, 400-MHz klystron I built at SERL in

England in 1961. This tube achieved an efficiency of 61 percent under

optimum conditions without resorting to collector depression or other

efficiency-enhancing schemes. Another noteworthy achievement is that

of Walder 2 in 1965, with a four-cavity tube at 750 MHz. Walder measured

an efficiency of 59 percent at a beam voltage of 9 KV, again without the use

of additional efficiency-enhancing schemes. This efficiency could be raised

to 62.5 percent by jumping the voltage by 3 KV at the penultimate cavity.

By collector depression alone, Walder reported he could increase the effi-

ciency to 63.5 percent. Finally, by a judicious combination of penultimate

voltage jumping, collector depression, and magnetic field shaping, Walder

reports efficiencies of 68.2 and 70.7 percent, the latter figure correspond-

ing to an extremely unstable mode of operation due to reflected electrons.

It should be noted that the collector on the tube was not especially designed

for potential depression; thus the numbers reported above should not be

regarded as the ultimate upper limit for depressed-collector operation.

The use of extended interaction cavities in klystrons has been sug-

gested as another means for enhancing efficiency. In 1961 Chodorow and

Wessel-Berg 3 reported an efficiency of 47 percent in a three-cavity tube
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with 20 dB gain. In 1963 Priest and Leidigh 4 reported an efficiency of
56 percent when two separate cavities were used to extract output power.
When the two power outputs were combined, the efficiency dropped to 53
percent. In 1964 Priest and Leidigh 5 reported an efficiency of 65 percent
and a "stable gain in excess of 15 dB" from a two-cavity extended-inter-
action klystron with collector depression. With no depression, the effi-
ciency of this tube was 36 percent° With voltage jumping this figure was
raised to 42 percent.

Summarizing the above results, it is evident that a conventional
klystron of optimum design .... namely, the SERL tube -- outperforms both
extended interaction klystrons and klystrons with voltage jumps. This sug-
gests that the first task at hand is to develop a systematic design procedure
which will lead to conventional kIystrons of optimum design. Once this
optimum design has been achie_led, the next largest improvement in effi-
ciency should come from the addition of a properly designed depressed
collector. Upon completion of these two tasks, it is possible that the use
of voltage jumps or extended interaction cavities could yield a modest addi-
tional increase in the efficiency of energy conversion.

Although intensive efforts had been made over several years to devise
a segmented collector electrode to be operated at reduced potentials and
thus recover some of the unused beam energy, 6 these were only partially
successful. In some special cases, a low interaction efficiency amplifier
could be improved from the 20 to 30 percent range to the 50 percent range.
These methods were not successfully applied to klystrons for television
broadcasting, mainly because the designs employed resulted in signal dis-
tortion and amplifier instability due to the return of electrons from the
collector region to the RF interaction region of the tube.

Modern large-signal computer programs for the design of multicavity
klystrons have not been discussed in detail in the literature. The most
complete published study was made by Webber 7 in 1958. Because he em-
ployed a distanceE stepping formulation in computing power extraction from
the beam, his results were not valid in case of severe electron slowdown
and/or tu.rn,- around.

Various other workers have devised digital computer programs to

study klystron behavior, most notably Rowe 8 at the University of Michigan,

and Sun and Dalman9 at Cornell University. Both of these formulations

utilize the distancestepping formulation throughout the entire calculation

and therefore they also should not be expected to be accurate under highly

efficient power extraction conditions in the output gap.



In 1963, Mihran and Branch developed a computer program for multi-
cavity klystrons which combined distance-stepping with time-stepping in
order to improve the accuracy of the simulation at very large signal levels.
The program now is able to predict large signal efficiency and gain to within
5 percent of the measured values.

Simulation of the electronic interactions in linear-beam tubes with
the aid of computers has progressed to the point where both the basic inter-
action efficiency and the electron trajectories in the collector region can
be determined. Prior optimization studies have also shown that klystron
amplifiers with efficiency significantly greater than 50 percent are feasible.
This report covers the use of these analytic methods in the design optimiza-
tion of klystrons in both AM and FM television broadcast applications.

Additional constraints are placed on the klystron designs by the in-
tended operation of these tubes in a satellite. Devices of this power level
have not yet been orbited and such problems as power supply design and
heat rejection systems also require attention. The heat pipe concept
appears to be the most desirable way to remove the wasted energy to an
appropriate radiator; hence, the application of these principles to the
klystron designs also represents a portion of the study effort. Corollary
to these problem areas was consideration of fabrication techniques to
achieve the desired electrical performance in a device having mechanical
strength sufficient to survive the expected environmental factors of shock,
vibration, and temperature.
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Section III
DESCRIPTION OF KLYSTRON ANALYSIS METHODS

KLYSTRON SIMULATION PROGRAMS

History of Development of G.E. Klystron Simulation Program

The contributions of the General Electric Company to klystron develop-

ment began in 1939 with Hahn's parallel invention and demonstration of the

klystron.10 The pioneering space-charge wave approach of Hahn and Ramol'l, 12

forms the basis for present-day small-signal theories of multicavity klystron
performance. Later, Branch and Mihran 13recognizedthe practical import-

ance of plasma frequency reduction factors for microwave tube design, and

they derived working relationships for this factor. The large-signal inter-

action computation was programmed by Webber14 in1957 using the disk-

electron model. In later papers, he extended this work to multicavity

klystron bunching 7 and to an approximate calculation of the large-signal

energy extraction process in the output gap. 15 Webber 14 and Mihran 16 then

established a rigorous basis for reducing final and penultimate drift lengths

below a quarter plasma wavelength to optimize efficiency. Mihranl7, 18 has

recently found that small diameter beams are harmful to power conversion

efficiency, contrary to previous understanding. His work takes into account

the effect of velocity distribution on power conversion efficiency in a more

accurate way than Webber had done.

Finally, a recent investigationl9 by Branch, Mihran, Neugebauer, and

Pohl has shown how to obtain effective beam diameter for RF interaction

calculations from a measurement of the magnetic field which collimates the

klystron beam.

Before the present study was undertaken, this background knowledge

had been utilized to develop two computer programs which permit very

accurate modeling of the small-signal and large-signal interactions in "O"

type devices_ including the multicavity klystron amplifier. Both programs

give identical results at small-signal levels, but the more complex disk-

model program is required to accurately simulate the large-signal perform-

ance of the amplifier.
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Small-Signal Space-Charge Wave Program

The small-signal space-charge wave klystron analysis program uses

analytic equations to describe the klystron bunching process in a modulated

electron beam. The program is permanently stored in the memory disk

file of a GE-Z35 time-shared computer, to which there is immediate access

via a teletype link. The program can be called out and the small-signal

performance of a multi-cavity klystron can be computed in less than a

minute. Because a large number of design variations can be quickly ana-

lyzed, the small-signal program proves very useful in the initial develop-

ment of a klystron design. By comparing subsequent large-signal comput-

ations with the small-signal results, one can, with experience, anticipate

fairly well the result of a large-signal analysis of a given design derived

with the small-signal program.

Hahn's linear space-charge wave theory is used in the computation of

the magnitude and phase of the fundamental component of RF current at each

gap as a function of frequency. The basic space-charge wave equation, as

given by Beck, 20 for example, is:

I../i : zJ
l,J O 1 M

r
]#J "] sin _ J_

(M +I) 60 q i,j
r q

(i)

where li,= is the fundamental RF component of the modulated current at

klystron _nteraction gap i produced by a voltage modulation index 0_j at a

distance _i,: from gap j. Jl is the ordinary Bessel function of order 1 and

Io is the DCJbeam current. M r is the relativistic mass ratio of the beam

electrons moving at a velocity u o and is given by:

Mr = [I _ (Uo/c)Z] -I/2 (2)

The quantity pj is the small-signal gap coupling coefficient given by:

p = [I Z(Yb) - 1 2 ]i/2o 1 (yb) /lo(Ya) " sin 0/0, (3)

where _ is the radial propagation constant given by:

7 = w/(M u ) (4)
r o



and _ is the gap halfJtransit angle _d/2u o for a gap length d. In this

equation, Io and I l are Bessel functions of the second kind, order 0 and l,

respectively. This expression applies for beams of radius b in a drift

tunnel of radius a, and is adequate for computing the velocity modulation

applied to a beam in bunching gaps even in large-signal computations, since

even at large-signal levels, the voltage index rarely rises above 0.5 or 0.6.

In Eq. (i) the quantity __ is the plasma wave propagation constant
_q

computed from the arerage of tKe fast and slow space-charge wave propaga-

tion constants, which are found by solving a transcendental boundary condi-

tion equation° 13

The current modulation index at each gap is computed by summing

the current indices as given by Eq. (I) for all the previous gaps. At each

gap_ the voltage modulation induced in the cavity may be computed by multi-

plying the total current index times the effective cavity impedance as deter-

mined from its R/Q parameter_ the small-signal beam coupling coefficient,

and the beam-loaded Q of the cavity. The voltage modulation index at the

input gap is computed from the effective gap impedance and the drive power.

All impedances, voltages, and currents are treated as complex quantities,

and complex arithmetic is used for carrying out all operations. From the

real and imaginary parts of the output circuit voltage, the phase angle and

hence the phase shift of the output signal with respect to the input signal can

be computed.

The small-signal program is useful for computing the small-signal

gain and phase characteristics of a multi-cavity broadband klystron. While

some insight into the large-signal performance can be derived from this

computation, no accurate estimate can be made of output power and efficiency.

For this purpose the large-signal disk-model program was developed in a

previous independent research effort to simulate accurately the amplifier

under saturation drive conditions. At each gap in the bunching portion of

the klystron_ beam-loading susceptance and conductance as well as gap

impedance are computed as in the small-signal program; instead of com-

puting the subsequent bunching action from space-charge wave theory, how-

ever, an integration of the equations of motion of disks representing the

beam is used.

Large-Signal Disk-Model Program

The large-signal disk-electron program is run on the large capacity,

high-speed GE-635 computer. This program uses the disk-electron model



in a two-stage calculation, as shown in Figure I. In the bunching stages,
a distance-stepping calculation is used between gaps. At each gap the
characteristics of the external circuits are introduced using appropriate
coupling coefficients. 21 As pointed out by Webber14, 15 a distance-stepping
calculation in the output region can lead to significant error, because it
does not accurately allow for large electron velocity reduction and reflec-
tion by the strong RF fields in the output gap. A reformulation of the out-
put gap interaction by using a time-stepping rather than a distance-stepping
calculation has overcome this limitation. Thus, the advantages of the disk-
electron formulation (allowing overtaking, and including space charge) are
preserved in the output gap region; in addition, electron velocity reduction
and reflection are handled correctly. The two stages of the calculation,
bunching and output gap interaction, are appropriately matched in such a
way that the computer makes the transition automatically, quickly, and
accurately.

Other program features applicable to the study of high-efficiency
klystrons are:

(I) Provision for multiple-tuned resonators at all interaction gaps.

(2) Provision for the variation of magnetic field along the tube,

including the possibility of cathode flux, with the consequent

depression of beam potential.

(3) Provision for voltage stepping along the beam in an extended-

interaction output region.

(4) Computation of approximate space-charge forces from a sum-

mation of the forces between disks representing sections of the

beam.

(5) Improvement in the method of computing power extraction in the

output circuit using Ramo's theorem for induced current.

(6) Allowance for gridless interaction gaps, using analytic approxim-

ations to the exact fringing field distributions.

(7) Extension of output circuit calculation to include extended-

interaction multiple gaps with standing or traveling waves.

I0



L_

I
I
I
I

tm

v

t.9

v

!
+

°_

_v z

t
.J

1

u

z
(L
o.u)
l__w-
(n_j -J

_z <

L.____

0

0
I.i

>,

0

al
!

!

0

_1

.r,,I

0

I

<

11



The important outputs o£ the large-signal computer program are:

(I) Power conversion efficiency at the fundamental frequency.

(2) Current modulation ratios (amplitude and phase) of the funda-

mental, second, and third harmonics.

(3) Phase shift between input and output signals.

(4) Power gain between output and input signals.

(5) Phase positions and velocities of all electrons as a function of

distance, up through the output gap.

(6) Electron-disk positions and velocities as a function of time in

the output gap or gaps, including the spent beam spectrum.

The first four outputs give the overall performance characteristics of the

klystron, which can be optimized and compared with experiment, whereas

outputs (5) and (6) are used to gain an understanding of the physical pro-

cesses that lead to good performance, as well as aiding in the design of

the collector.

For the disk model, one electrical wavelength of the electron beam

is divided into a number of disks of equal length, as illustrated in Figure 2.

Usually there are 20 disks, although this number can be increased at the

expense of longer computation time and greater cost. Greater accuracy is

achieved when the number of disks per wavelength is increased, but exper-

ience has shown that 20 disks per wavelength is an adequate number for

most klystron analyses.

For dynamical calculations, the motion of an electron at the radius

of gyration (RMS radius) of the disk is assumed to give a good represent-

ation of the motion of all the electrons included in the disk. The dynam-

ical equation of motion of an electron is given by the Lorentz force equation:

= e (_. + vx B) (5)
dt

IZ
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where I_.is the total electric field (space-charge field created by the other

disks and the circuit field, if the disk is in an interaction gap), B is the

vector sum of the collimating magnetic field and the self-induced field

created by the beam, p is the vector linear momentum having both axial,

radial, and Circumferential components, and v is the vector velocity also

having 3 components. In terms of the vector velocity v, the vector p is

given by the relativistic equation:

= m vl_/ i - v" v/c a (6)
O

Only two components of p, Pz and Pr need be computed by step-wise

integration (using a Runge-Kutta method), and the third component p_ can

be directly evaluated by using a development of Busch's Theorem as follows:

Z
p8 = e(zB -rB /2 + r B /gr) (7)r z c c

where rc is the radius on the cathode where the electron originated, and

B c is the axial magnetic field strength at the cathode.

If the radius of the beam were of infinite extent, there would be no

decay of the axial electric field of a disk, and the field to the right of the

disk would be given simply by Gauss's Law as follows:

Ez = El = Io/NU)eo b2 (8)

where Io is the current included in a tube of radius b, N is the number of

disks per wavelength at the angular frequency o_, and £ is the permittivity
O

of free space. In the same infinite beam, the plasma frequency would be

the unreduced plasma frequency O2p. In a finite beam of radius b enclosed

within a drift tunnel of radius a, however, the field lines from a given disk

would terminate partly on induced positive charges in the tunnel wall, thus

reducing the plasma frequency to a value 0)q and causing the axial field to

decay with an attenuation constant (_.

Various approximations to the disk space charge field attenuation
2Z

constant have been given by Tien, Walker and Wolontis, who used a

Green's Function approach in evaluating the axial field of charged disks in

a cylinder. At a distance z from the disk in the moving frame of reference,

the field of a single disk is given by:

 Izl
E = sign (z) E e (9)
z 1
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where E l is defined in Eq. (8), anda is given approximately by

= 2/b (lo)

given

The plasma frequency reduction factor

13 as:
¢Vq/CVp has previously been

oJ /_J -- i/ /'vl + (T/7) 2 (ii)
q P

The concept of a reduced plasma frequency and of a related disk-

field attenuation constant permits the three-dimensional motion of the elec-

trons in a beam under both magnetic and RF influences to be treated as a

one-dimensional problem if radial motions are not allowed, i.e., if a

strongly-confined electron beam is assumed.

During the bunching calculation, the phase of arrival at successive

planes (usually 10) between each of the klystron buncher gaps of all the

disks is computed from the integration of the equations of motion. The cur-

rent modulation is derived from a Fourier analysis made of the phase posi-

tions at each step. Figure 3 includes a polar plot of the phases of 20 disks

as the beam progresses from the inner circle corresponding to the midplane

of the input-cavity interaction gap to the outer circle corresponding to the

midplane of the output gap. Note that the phases of the 20 disks are uni-

formly distributed in the beginning, but as the bunching process proceeds

all the disks tend to concentrate toward the lower left portion of the dia-

gram. The diagram corresponds to the bunching computed for the 2000-

MHz FM Klystron (Design No. 3B) to be discussed later. At a drive level

of 0.2 watt at the input gap, the computed current modulation index at each

of the successive gaps (2 through 6) was 0.0556, 0. 1547, 0.6365, I. 1692,

and 1.7324. The final current modulation index of 1. 7324, approaching

closely the theoretical limit of Z for aperfectly bunched beam, has a phase

angle of 69.9 degrees with respect to the RF voltage of the initial gap.

This phase is computed from the Fourier analysis of the phases of the

negative electron disks. The polar plot demonstrates that the electron

disks are clustering about a phase diametrically opposite from the location

of the positive current phase, as expected. The effect of space charge in

altering the converging pattern of the disks is clearly seen in the curved

paths shown on the polar plot.

Power extraction in the output gap and the accompanying internal

conversion efficiency is computed by integrating the motion of all the disks

through the radial and axial fields of the output interaction circuit. The

15
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Figure 3 - Polar Phase Plot of 20 Electron Disks Advancing

from the Input Cavity (Inner Ring) to the Output

Cavity IOuter Ring}
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instantaneously induced current in the output circuit is then calculated by

Ramo's Theorem. Since the induced current, and hence the induced voltage,

in the output circuit is not known in advance for a given circuit impedance,

as determined by the R/Q and loaded Q of the output circuit, a series of 3

or 4 values of the output voltage modulation index and voltage phase are

assumed, and the motion of all the disks in the corresponding circuit fields

and the accompanying space-charge fields is computed. The ratio of the

assumed voltage to the corresponding computed induced current gives a

corresponding impedance amplitude, and the difference of their phases

gives the corresponding impedance angle. From an interpolation of the

plots of efficiencies versus impedance angle and magnitude, the computer

program finds the efficiency corresponding to the known output circuit

impedance.

The process by which the electron disks in the output gap give up their

kinetic energy to generate output RF power can be seen graphically in

Figures 4 and 5. Plotted in these figures are the normalized kinetic energies

of each of the 20 disks as they traverse the interaction gap, or gaps, of the

output interaction circuit. Figure 4 is a plot of the 2000-MHz FM Klystron

(Design No. 3) with a conventional single interaction gap, in which the

modulation index is 1.2. At a drive level of 0.2 watt, the current modul-

ation index at the entrance to the output-gap field interaction region is 1.690

which, in the absence of output gap fields, would have developed to i. 733

at the midplane of the interaction gap. The computed internal conversion

efficiency under these conditions was found to be 73.5 percent. Figure 5

is plotted for the same Klystron (Design No. 3), except that the single-gap

output circuit has been replaced by a Zt-mode double-gap extended-interaction

output circuit. Here the energy transfer takes place in two roughly equal

cascades. The same total voltage modulation is applied, one half to each

interaction gap. The resulting internal conversion efficiency is computed

to be 70.7 percent.

Comparison of Computed and Measured Efficiency

The validity of the disk model of the klystron beam and the accuracy

of the computer program has been established by correlation of computed

and measured performance on several different klystron designs.

Three different categories of existing tubes have been investigated:

(i) Broadband klystrons, with 30 to 50 percent efficiency.
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for a Variety of I_lystrons Investigated

(2) Tunable klystrons, with 45 to 60 percent efficiency.

(3) Narrowband klystrons, with 40 to 60 percent efficiency.

The results of these comparisons are summarized in Figure 6. In

this figure the computed efficiency for each of the tubes considered is plotted

versus the corresponding measured efficiency. The points lie near the 45-

degree line, indicating excellent correlation. The broadband tubes have the

lowest efficiencies, in general, because of the compromises that must be

made to obtain reasonable penultimate and output impedances across the

band.

Since the digital computer program correctly computes the efficiency

of existing klystrons and reveals in detail the effect of various parameter

changes in a given design, it is considered to be reliable in determining

the characteristics of new designs. Some of the new designs for fixed fre-

quency klystrons analyzed with the computer simulation program in this study

are computed to have efficiencies in excess of 70 percent.
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OPTIMIZATION PROCEDURES

The large-signal digital computer program allows rapid, systematic

optimization of a klystron design for a given application. However, so

many parameters must be optimized in a typical multicavity klystron that

a complete computer investigation of all combinations of parameters would

be prohibitively costly and time-comsuming. To minimize duplication and

to obtain results of the most generality, a series of prototype klystron

designs have been established in previous independent research activities.

This prototype series has been used to find optimum values for a number

of design parameters such as (i) beam perveance, (2) cavity tuning, (3)

output-gap transit angle, and (4) output-cavity impedance. Pertinent

results of these investigations will now be summarized:

Effect of Beam Perveance on Efficiency

The prototype series assumes a circuit efficiency of I00 percent, as

would be approximately true for tubes with a power output of the order of

i0 kilowatts or more. For the lower power levels considered in the pre-

sent study, circuit efficiency may be as low as 90 to 95 percent at the

higher frequencies. However, optimization of the internal conversion

efficiency as a function of perveance still should provide a satisfactory

criterion for these designs.

Optimum internal power conversion efficiency for the prototype series

is approximately 80 percent at a perveance of 0. 5 x 10 -6 Prototype effi-

ciency is found to drop 10 and 20 points from its optimum value of 80 per-

cent for beams of perveance i. 0 x 10 -6 and 2.0 x 10 -6 respectively

These losses of efficiency are greater than the increase in efficiency due

to improved circuit efficiency at the higher perveances. On the other hand,

a reduction of perveance below 0. 5 x 10 -6 is found to give no increase in

internal power conversion efficiency but does lead to reduced circuit effi-

ciency. This trade-off suggests 0. 5 x 10 -6 as the optimum beam perv-

eance at all frequencies.

Effect of Cavity Tuning on Efficiency

It has long been known that detuning of the penultimate resonator in

a klystron to produce an inductive reactance enhances the electron bunch-

ing and hence improves the efficiency by I0 to 20 percentage points. Com-

puter simulation studies have shown a further enhancement of efficiency if

the resonator next preceding the penultimate (pre-penultimate} also is tuned

to an inductive phase. Another 10 percentage points in efficiency may thus

be achieved.
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The reduction in resonator impedance associated with detuning re-
sults in a gain trade-off (decrease) of approximately 15 dB, but this is
easily recovered by the addition of one more resonator to the tube. Tuning
of the other resonators is set by bandwidth considerations and has little
effect on efficiency.

Effect of Output Cavity Parameters on Efficiency

An output impedance that is too low provides insufficient voltage

swing for optimum efficiency, while an output impedance that is too high

turns electrons around in the output gap, again reducing efficiency. Pre-

vious investigations have shown that for a 0.5-radian gap the optimum out-

put impedance is close to 0.8 R o, where R o is DC beam resistance. If the

gap is increased to 1.0 radian, the optimum value of Z/R o is 1.0; however,

5.3 points of efficiency are lost at the longer transit angle. In this study,

designs were originally carried out using Z/R ° = 0.8, but in the final

designs this value was increased to 1.0 for one of two reasons. First, in

the case of the AM tubes, an investigation of amplitude linearity showed

that a value of Z/R equal to 1.0 is better than a value of 0.8. In the 8 and
o

II-GHz tubes, a 1-radian output gap was employed to offset the reduction in

impedance caused by the relatively thick tunnel walls dictated by thermal

design considerations.

KLYSTRON CAVITY STUDIES

Analytic Estimates of Doubly-Reentrant Ungridded Cavity R/Q and Qu

Klystron design and the computation of gain and efficiency depend

critically on the bandwidth-impedance parameter R/Q of the microwave

cavities in the device. Because no systematic study of doubly-reentrant

ungridded klystron cavities has been published, the early studies of Hansen 23

and Ginzton and Nalos, 24 on singly-reentrant gridded cavities were re-

examined. The Hansen computations were based on two types of equiva-

lent circuits, while the Ginzton and Nalos studies covered a net-point

solution of field distributions, as well as confirming experimental mea-

surements. The latter authors considered only "square" singly-reentrant

gridded cavities, in which the internal height is equal to the difference of

the cavity radius and the tunnel radius, as sketched in Figure 7.

The curves in Figure 8 show the product of gap shunt resistance and

skin depth-to-wavelength ratio, 6 /X, as a function of gap length d, tunnel
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radius a;. and frequ_,ncy parameter k (k : W/c_ Excep; for a discrepancy

at ka --: 0.2_ all ot '.he curves derived irom either Hansen or Ginzton and

Nalos tall n_:ar the line

R 6 /X =: q: 0 d/a (12)
sh

Since a doubly reenlrant cavity:, as sketched in Figure 7, can be considered

to be approx_:mal6.1y equixra]ent to the juxtaposition of a singly.-reentrant

cavity, and _t:s mirror image reflected in its flat: face, with the intervening

surface, subs_,quently rerno,,.ed, the same formula for Rsh 6 /k should give

a lower limit 1o lh_ 7a]ues expected for doubly-reentrant cavities, where

d is again in!t-rpreted as the total gap length° This hypothetically con-

struc:ted double ra_/ity has the same field distribution, field amplitudes,

and stored energy Jn each of its ha]yes as the prototype singly-reentrant

cavity, bu + .its impedance and Q should be relatively higher because the

power loss in the- flat face. is elirnina+ed.

25
From *he raTao 5 /k for copper:

5 /_ " 2,, 20 x 10 10 _- (13)

one may de:due, _ _hat thv unloaded Q for doubly-reentrant cavities is given

by,.

Cu = Rsh/(R/Q) -= 4. 09 d/a x 1010/(-_-x R/Q) (14)

Fig,_lre 9 illustrates the computed values of R/Q given by Ginzton

and Nalos for singly-reentrant cavities. The curves in Figure 9 show the

variation of a deduced analytic approximation to the Glnzton and Nalos

values, the approximation being computed from:

R/Q = 120 d/a i0o267/-_/-d7_ + 0.625 ka . 0.2)/ka (15)

The correlation betwe_-.n this analytic approximation and both the computed

and the measured values of Ginzton and Nalos is shown in Figure 10, where

the Ginzton and Nalos _,alues of R/Q are plotted versus the corresponding

value computed from the analytic approximation. Perfect correlation would

be demonstrated in a plot in which all points lie on the 45-degree diagonal.

For doubly_reentrant gridded kl.ystron cavities, E;q. (15) may be con-

sidered applicable if d/a is replaced by d/2a a.nd if the right-hand side is
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Figure 9 - Analytic Curve Approximation to "Square" Singly-

Reentrant Cavity R/Q
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multiplied by a factor of 2, yielding the following equation for gridded

doubly- reentrant cavities:

R/Q = 120 d/a (0.378/Vd/a + 0.625 ka - 0.2)/ka (16)

In the case of gridless doubly-reentrant cavities, it may be expected

that Eq. (16) might apply if an additional frequency-dependent factor were

included to account for the variation of the fringing fields. From the com-

parison of Eq. (16) with the measured values of R/Q in a number of un-

gridded doubly-reentrant cavities (many of which were not "double-square"

but were of relatively greater height and of smaller diameter), the follow-

ing analytic approximation was derived for ungridded doubly-reentrant

cavities :

R/Q = 120 d/a (0.461/d_/_a + 0.762 ka- 0.244)(1 - 0.36 ka)/ka (17)

The correlation between values computed from this formula and the mea-

sured values is shown in Figure II. Included among the data are the mea-

sured points (A, B, and C) for three scaled-up versions of low-ka cavities

of the type under consideration in the present klystron design study. The

measured parameters for cavities A, B, and C are given in Table I.

Table I - Measurement of Cavity R/Q

Parameter Cavity A Cavity B Cavity C

ka 0. 197 0. 160 0. 206

Tunnel O.D., 2a (in.) 1.530 1.530 1.530

Tunnel I.D. (in.) I. 030 i. 030 I. 030

Cavity Height (in.) 8. 396 9. 430 7. 953

Cavity I.D., 2b (in.) 7.000 7.000 4. 750

b/a 4.58 4.58 3. I0

Gap Length (in.) 0. 660 0. 330 0. 330

R/Q (ohms) 193 177 143

Resonance Frequency (MHz) 484 392 507
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Because of the good correlation between the computed curve and the
measurements, (Eq. (17) is useful for predicting R/Q values of ungridded
doubly-reentrant klystron cavities to an accuracy of about ± 5 percent,
provided the shape of the cavity is reasonably good. Values of R/Q obtained
from Eq. (17) may then be substituted in Eq. (14) to yield conservative
values of Qu expected for these cavities. During the development phase of
an amplifier, models of the proposed resonators would be measured to
correct the values used in the initial designs.

An examination of the Ginzton and Nalos data also shows that for
singly-reentrant cavities the ratio of the internal cavity height, h, to the
tunnel outer radius, a, is given to a good approximation by:

h/a = (V2d/a - 0.24 d/a)/ka, (18)

as shown in Figure IZ.

Accordingly, for "double-square" doubly-reentrant cavities one may write:

h/a = (2 _fd/a - 0.24 d/a)/ka (19)

In terms of the height ratio, h/a, and the tunnel outer radius, a, the cavity

inner radius, b, is given by:

b/a = (h/a)/Z- I (20)

It will also prove useful to modify Eq. (15) for ungridded singly-

reentrant cavities by introducing the ungridded factor from Eq. (17) as

follows:

R/Q = IZ0 d/a (0. 326/ _-_a + 0.762 ka - 0.244)(i - 0.36 ka)/da (21)

Optimum Design of RF Cavities Meeting Thermal Recluirements

The analytic formulas for doubly-reentrant cavity R/Q and unloaded

Q indicate that for a given tunnel I.D. the thinner the tunnel wall is, the

higher the R/Q and the unloaded Q values become. However, as the wall

thickness is reduced, a higher temperature dropwill occur between the

reentrant tunnel tip and the cavity end wall. The most severe heat load

will occur in the output interaction circuit where from I/2 to 2 percent of

the beam power may be intercepted because of RF defocusing. An additional
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source of heat in the cavity results from ohmic heating in the cavity walls
by the RF cavity currents induced in the cavity. A sketch of a doubly-
reentrant cavity with heat sources is given in Figure 13.

On the conservative assumption that a maximum of l percent of the
beam power would be intercepted on the tip of the output-cavity tunnel in
the 850-MHz and Z000-MHz klystrons, and 2 percent would be intercepted
in the 8000-MHz and ll,000-MHz klystrons, and that one-third of the total
internaIRF heat in the output cavity is generated at one of the tunnel tips,
a Time-Sharing Computer Basic Program was written for computing both
the thermal and RF properties of cavities as a function of gap length, tunnel
O.D. and tunnel I.D. A listing of the program is given in Appendix A.

Assuming that the cavity walls will be maintained at an operating
temperature of 150°C by a water heat pipe cooling system, the maximum
temperature rise in the tunnel that can be tolerated is 250°C if the tunnel
tips are to be kept lower in temperature than 400°C, a safe level for long-
term mechanical stability. From a sequence of computations made for a
given gap length and tunnel I.D., as specified by the basic electrical design
of the klystron, the minimum tunnel O.D. yielding the highest value of R/Q
and the highest value of Qu consistent with a maximum temperature drop of
about 250°C was chosen. A sample plot of the computed characteristics
for the 8000-MI-Iz klystron is given in Figure 14.

ELECTRON BEAM OPTICS COMPUTATIONS

Analog Computer and Resistor Network Simulation Method

Initial design studies of the electron guns and the reflex depressed

collector to be described below were carried out on electrical models set

up on a precision resistor network integrated with a PACE 231R Analog

Computer and an array of current sources for the simulation of space

charge. A photograph of this facility is shown in Figure 15, while Figure

16 shows the resistor network and probe assembly. In operation, the

metallic boundaries of a given electrode system are defined by inter-

connecting appropriate nodes of the network, and a 100-volt potential is

applied between the cathode and anode. The four-point probe, which is

servo-controlled by the computer, reads the potential and potential gradient

at a given point in the region between electrodes, and the electron trajec-

tories are computed and plotted on an X-Y recorder. A stepping voltage

generated in the computation moves the probe assembly from one resistor

cell to the next in the direction of the trajectory. After an initial run to
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Figure 15 - General View of Analog Computer Beam Optics Facility

Figure 16 - Resistor Network and Potential Probes
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solve the space-charge free problem, the current sources may be used to
simulate space charge by injecting appropriate currents at the resistor
nodes. For exploratory studies, it is usually sufficient to approximate the
space charge rather crudely, and depend on later more-detailed comput-
ations made with the digital computer.

Digital Computer Program for Electron Gun Analysis

For the precise solution of Poisson's equation with complicated

boundary conditions, including a thermionically emitting cathode surface,

a digital computer program is used on a large-capacity GE-635 machine.

This program, which was developed on an independent research effort,

makes use of expandable arrays in solving field distributions by the relax-

ation method, with as many as 100,000 memory locations available if needed.

It is an outgrowth of an earlier program which was developed under NASA

sponsorship for the analysis of ion engines. 27'28'29 Correct conditions

are ensured at cathode emitting surfaces by the use of analytic extensions

based on the early work of Langmuir and Blodgett. 26

A diagram of the loading map of the program for an available mem-

ory allocation of 32,000 words is shown in Figure 17. A vertical line

drawn from the horizontal time axis at any time intersects the portions or

links of the program that are loaded into the computer and available for use

at that time. At later times, links to the right will overlay links to the

left. The principal control program PRINCE determines whether second-

ary control shall be given to the branching sub-program BRANCH, which

controls the sub-programs for carrying out the relaxation solution of

Poisson's equation, or to the electron trajectory calculator program

TRACK, or the space-charge distribution calculator RHOCAL. Relax-

ation solutions can be made over grids of up to 100 horizontal lines and

up to i00 vertical lines. One of the features of the program is that the

spacing between lines can be made variable so that close spacing can be

used in critical areas and coarse spacing in other areas, thus yielding an

accuracy about an order of magnitude higher in some cases than could be

achieved with a uniformly spaced mesh with the same number of nodes.

Self-consistent solutions of the computed beam perveance, the elec-

tron trajectory pattern, and the resulting space-charge distribution are

computed in a method employing successive iterations. Usually four to six

cycles are sufficient to obtain convergence to a fixed solution. Figure 18

illustrates the convergence of the computed perveance of a planar diode

to its known theoretical perveance. Faster convergence can be achieved

by using space-charge averaging between iterations.
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Collimating Magnetic Field Computations

Standard handbook design methods are employed in the design of both

the solenoidal electromagnets and the permanent magnets considered in this

study.30, 31 The following basic equations apply in the case of solenoids

wound with foil of thickness h and lateral width dl, to provide a magnetic

field of B teslas over a length _ I when carrying a current of I amperes:

_2 = (4.10x 10 -8 ) (B/I)_id ° + (8.26x 10-12)(B/I)2hdl/k (2Z)

W 1 = h d 1 1[ z 6 (Z3)

R = p t[ z/(h dl) (g4)

-8

d 2 = do + (2.61 x 10 )(g/I)h dl/k (25)

P = I2R/1000 (26)

W 2 = 45.4 (Z7)

3g 3 = W 1 + W z (28)
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where

_2 = length of foil conductor (m)

d = inner diameter of solenoid (m)
o

d 2 = outer diameter of solenoid (m)

6 = density of conductor (kg/m 3)

k = conductor filling factor (usually 0.7 to 0. 9)

p = volume resistivity of foil (ohm-meters)

W I = solenoid weight (kg)

W 2 = weight of solenoid power supply computed at 45.4 kg/kW

W 3 = combined weight of solenoid and its power supply (kg)

R = solenoid resistance (ohms)

P = ohmic heating of coil (kW)

Equations (22) through (28) were programmed in English units in BASIC

for computation on the GE-235 digital time-sharing computer. The pro-

gram is listed in Appendix B.

The design of permanent magnet field structures for klystrons is

based on the relationship of the coercive force, H r, and retentivity, Br,
of the magnet material as published. 31 While the design principles are

straightforward, it is difficult to compute the total magnetic field furnished

by the magnet because of the generally complex pattern of the leakage field.

In the designs which are presented, those for the 850- and Z000-MHz

klystrons employ ellipsoidal magnets which have a relatively well defined

field pattern. In the design of the horn magnet systems for the 8000- and

ii, 000-MHz tubes, leakage field factors derived from experience with

magnetron magnets were employed. The designs were therefore based on

a total leakage flux 5 to I0 times that in the RF interaction region of the

device.
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Section IV
DEVELOPMENT AND EVALUATION OF KLYSTRON DESIGNS

In the initial stages of the project, a set of R/Q and unloaded Qu
values were assumed in order to establish preliminary designs of tubes

for all frequencies. These designs were based on the narrowband proto-

type designs discussed previously in Section Ill under "Optimization Pro-

cedures". These designs were modified by stagger-tuning the resonant

frequencies and adjusting the Q's of the first two cavities to give good cur-

rent bunching and relatively flat small-signal gain over the desired band-

width. The total number of cavities for each tube was chosen to meet the

40-dB gain specification. This trade-off resulted in the choice of a six-

cavity tube for 2000-MHz FM service and five-cavity tubes for all other

bands and services. These numbers of cavities remained unchanged as

the designs developed through their interim and final stages.

When a more rigorous theoretical basis for R/Q and Qu was estab-

lished, as outlined earlier in Section III under "Klystron Cavity Studies",

the preliminary designs were replaced by a set of interim designs in which

thermal limitations on tunnel wall thicknesses were used to establish

optimum cavity designs. A trade-off of thermal considerations with effi-

ciency led to the choice of l-radian output gaps in the 8000- and II, 000-MHz

tubes, rather than the 0.5 radian used at 850-MHz and the 0.5 or 0.7 radian

used at Z000 MHz. The interim designs met all specifications except phase

deviation.

In order to meet the phase deviation specification, a third and final

set of designs was developed. In general, the first two cavities had to be

loaded more heavily and separated further in frequency in order to meet

the phase specification. This reduced the saturation gain below its specific-

ation value, but in most cases the gain could be increased to above 40 dB

again by decreasing the tunnel wall thickness of the buncher gaps, thus

raising their R/Q. This could be done because the thermal loading of the

buncher gaps is much lower than that of the output gap.
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PRELIMINARY DESIGN CONSIDERATIONS AND EXPLORATORY
CALCU LA TIONS

The initial development of designs for the various bands and types
of service proceeded as follows:

On the basis of previous computations, the internal conversion effi-

ciency of the NASA klystrons was anticipated to range from 70 to 80 percent,

depending upon the choice of output transit angle. However, it was known

that a number of factors such as circuit efficiency and linearity consider-

ations would reduce efficiency to the 60 to 70 percent range before collector

depression. Assuming an efficiency of 65 percent, tentative DC beam

power requirements were established. The perveance was chosen to be

0.5 x i0 -_ a/V 3/2 for all designs on the basis of previous investigations.

The knowledge of the DC power input and this choice of perveance deter-

mined DC beam voltage and DC beam current. The next step was the choice

of a normalized tunnel radius _a of approximately 0.75 radian and a beam

filling factor b/a of 0.6, giving the normalized beam radius yb as approxi-

mately 0.45 radian. The choice of this value of _b represents a trade-off

between loss of efficiency at small yb due to non-uniform reduction in

plasma frequency on the one hand, and electron beam circuit decoupling at

large _b on the other hand.

The procedure given above established the inner diameter of the drift

tube. The gap spacing was chosen to be 1.0 radian in all gaps except the

output gap. In the output cavity the gap spacing was reduced to 0.5 radian

for the two AM designs. In the three FM designs at 2000, 8000, and ll,000

MHz, the output gap was increased to 0.7, 1.0, and i. 0 radian, respec-

tively, in order to increase R/Q and to prevent the necessity of adding

another bunching cavity. Thermal problems were also relieved by increas-

ing the output gap length in the FM tubes.

Drift lengths in terms of the developed effective plasma angle _q

were chosen as follows:

(1) Final drift: _q_ = _/6 radians

(Z) Penultimate drift: _qi[ = ?r/3 radians

(3) All other drifts: _q_ = _I/Z radians

Previous computations and experimental observations have demonstrated

that these numbers are near optimum.
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In the initial designs of this study, R/Q and unloaded Qu values were
assumed _or buncher and output cavities on the basis of measured values
for existing klystrons. The cavity resonant frequency placement was as
follows:

(1) Input cavity:

(2) Second cavity:

(3) Third and fourth cavities:

(4) Output cavity:

slightly below upper band edge

slightly above lower band edge

detuned to high side

tuned slightly above band center

On the 2000-MHz FM tube, the additional cavity was placed slightly below
band center_ The design optimization consisted, in part, of varying the
tuning pattern and observing the effect on amplifier characteristics.

The loaded Q of the input cavity was chosen to be approximately one-
half the beam-loaded _. For the output cavity the loaded Q was chosen
such that the normalized output impedance, Z/R o, at band center was unity
in all cases. In the case of the AM tubes, this represented a trade-off to
achieve linearity at a higher power level than is achieved when Z/R ° = 0.8,
the condition for optimum saturated power output. This trade-off is illus-
trated in Figure 19 which shows power output as a function of power input
for a variety of normalized output impedances. The dashed line is the locus
of points where the gain falls one-half dB below the small-signal gain. Note
that the locus attains its maximum value near Z/R o = 1. In the 8000- and
ll,000-MHz FM tubes, this output impedance could be achieved at band
center in a single-tuned circuit whose 70-percent points were outside the
band edges. In the 2000-MHz FM tube, it was necessary to use a double-
tuned output circuit, as discussed below.

The performance of the initial designs was satisfactory from the point
of view of gain and efficiency. In the meantime, however, the cavity analy-
sis presented in Section III under "Optimization Procedures" was completed,
showing that the assumed initial R/Q values were pessimistic. On the basis
of the new values of R/Q, all tubes were redesigned. The interim redesigns
had more gain as a result of the higher R/Q values, which turned out to be
fortunate because in the final set of designs, gain had to be traded-off to
achieve the desired phase characteristics.
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DEVELOPMENT OF INTERIM DESIGNS

In this section, the various trade-offs that led to the interim cavity

designs are discussed, along with the establishment and evaluation of the

resulting interim klystron designs, which met essentially all of the

s pe cifi cation s.

Optimum Design of Cavities

Final optimum cavity parameters were computed following the com-

pletion of the analytic methods of computing the cavity dimensions and

temperature drops described previously in Section III under "Klystron

Cavity Studies". From the desired values of tunnel diameter and gap tran-

sit angles for both buncher and output cavities, the dimensions and values

of R/Q and Qu were computed and the results tabulated in Table II. For

each of the output gaps, the temperature rise computed for one of the out-

put cavity tunnel tips is also given for both an assumed l-percent and an

assumed Z-percent beam interception in the output cavity. It is expected

that the total beam interception in the output cavity of the 850-MHz and

2000-MHz klystrons will be less than 1 percent, and that the interception

in the 8000-MHz and Ii, 000,MHz klystrons will be less than 2 percent, so

that in all cases the maximum temperature rise will be less than 250°C.

Interim Design of Klystrons

The amplitude and phase characteristics of the 850-MHz, Z000-MHz

(AM), and 8000-MHz designs are shown in Figure 20. These interim de-

signs were established with the small-signal program. In all cases, the

gain specification is easily met but the phase linearity and the second

derivative of the phase characteristic exceed the desired limits. This is

indicated by the shaded areas in the figure.

To bring the phase response within the specification, the Q values

of the first two resonators were reduced and their resonant frequencies

were separated to provide the greater linearity. The final designs thus

established are discussed later in this section under "Development and

Performance of Final Designs".
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BROADBANDING STUDIES AT 2000 MHz

Of the five klystrons considered for AM or FM service in the range

of frequencies from 850 MHz to ll,000 MHz, the 2000-MHz FM tube re-

quires the largest percentage bandwidth. In klystron design the principal

limitation to bandwidth is not in the bunching portion of the klystron but in

the output power extraction circuit. Design studies were thus made to ob-

tain high interaction efficiency with broadband output circuits.

One method of broadbanding a conventional single-gap doubly-reentrant

output cavity is to establish a multiply-tuned response with additional tuned

circuits in the output waveguide adjacent to the output cavity. Multiple

tuning, in effect, removes impedance from the skirts of the cavity response

curve and places it within a given band to increase the impedance within

the desired band. Offsetting disadvantages of multiple tuning are the in-

creased construction complexity and the increase of circuit losses due to

the energy stored in the additional resonators. For example, the losses

in a double-tuned circuit are approximately 50 percent greater than those

in a single resonator of equal center band impedance.

The computed value of R/Q for a thermally feasible output cavity with

a gap transit angle ol 0.7 radian is 176 ohms. For the desired 30-MHz

bandwidth at a center frequency of 2000 MHz, an output-circuit loaded Q

of about 67 is indicated. The resulting cavity impedance at this value of

Q is only iZ, 800 ohms, meaning Z/R o = 0.7 for R o :: 18,250 ohms. Con-

seqaently, the interaction efficiency and linearity would be degraded (see

Figure 19). As shown in Figure 21, double-tuning the cavity can bring the

impedance close to, but somewhat short: of, the beam impedance at which

good efficiency is expected. Two double-tuned curves are shown: one is

for a 0.7-radian gap with an R/Q of 176, a primary Q ol 94, and a second_

ary Q of 47; the other is for a l-radian gap with an R/Q ol 203, a primary

Q of 88, and a secondary Q of 44. Even tho_gh the longer gap has a higher

R/Q than the shorter one, the large- signal interaction in the long gap

proved to be not as efficient_ further, greater overall efficiency is achieved

with the shorter gap.

An alternate approach to high impedance and broad bandwidth in the

output region is the multiple-gap (extended-inleraction) output ciroJit.

These circuits have the advantage of high impedance - bandwidth products

but do involve increased size and construction comp]exityo A]so_ the
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practical realization of multiple-gap resonators involves consideration of

complex coupling to the external 1Qad and avoidance of higher-order-mode
o s cillation s.

The 2000-MHz FM klystron was analyzed with a two-gap extended-

interaction output circuit as shown in Figure 22. The two gaps each have

a 0.7-radian transit angle, and the y-mode of resonance is employed. The

spacing between the gaps was optimized by a series of computations of the

effective impedance parameter /.t2R/Q. Parameters which were varied

were the ratio d/a (ratio of gap length to drift tube radius) and the ratio

w/a (where w is the total interaction distance from the first edge of the

first gap to the second edge of the second gap).

For the range of cavity dimensions considered, the R/Q of the double-

gap cavity in /r -mode was taken as the value computed by Eq. (21}. The

beam coupling coefficient was obtained by the published expression for the

appropriate field distribution. 21 The series of impedance curves shown in

Figure 23 were computed on the time-sharing digital computer. From the

I
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Figure 22 - Sketch of Output Portion of 2000-MHz FM Klystron

Showing Single-Gap Pre-Penultimate and Penultimate

Cavities and Double-Gap 11-Mode Output Cavity
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envelope of the peaks of the curves, the optimum value of the gap inter-

action width, w/d, was read from each value of the normalized gap length,

d/a, and the corresponding value of w/a was deduced and plotted in Figure

24. The points thus obtained graphically fall close to the straight line

w/a = d/a + 3, which equation may be used to give the optimum length, w,

for a given gap length, d. In Designs No. 3 and No. 3C which are dis-

cussed below, double-gap cavities with an optimum gap spacing as deter-

mined by the above considerations were analyzed.

Six basic designs were developed as a result of small-signal optimiz-

ation calculations, but only Design No. 3 and two of its variations were

studied in depth. Parameters for the various designs are given in Table III.

Design No. 1 was apreliminary computation with an assumed R/Q

of 100 and a beam of 1 x 10 -6 perveance. It was not pursued after an

analysis of cavity R/Q showed higher values to be possible. Similarly,

Design No. 2 was based on ahigher, but still assumed, R/Q of 165 and

a perveance of 0.5 x 10 -6 .

The parameters of Design No. 3 were obtained from cavity analysis

based on the development discussed in Section III under "Klystron Cavity

Studies". The R/Q values are now 185 ohms, and cavities 4 and 5 in the

interaction stack have been detuned slightly higher than they were in

(_°0 m

O

S.0

4.0

W/o • d/o +3 ..

0..0._0_0 - 0 '_'

..o...oo
3.0 '=_

2.0 I t I I I I I I
0.4 0.6 0.8 1.0 1.2 1.4 1.6 1.8 2.0

d/o

Figure 24 - Optimum Normalized Interaction Width w/a versus Gap

Aspect Ratio d/a for _-Mode Double-Gap Cavities
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Table IIl - Summary of 2000-MHz FM Klystron Designs

Parameter l 2 3 3A

fl (M ltz) 2015 2010 20t0 2010

f2 " 1')98 1985 1985 1')85

f3 " 1986 1998 1998 1998

f4 " 2030 2025 2028 2028

f 5 " 2030 2025 2028 2028

f6 " 20000 2000 _2000" 2000

C2ooo

QI 220 60 60 60

O 2 175 250 250 240

Q3 I000 125 125 120

Q4 4000400046304630

Q5 40004,50046304630

Q6 66"7 66'7 _:8'' t884 44

1 {in.) 2.00 4. 30 4. 30 4. 30

1_ 2 " 2.00 4. 30 4. 30 4. 30

3 " 2.00 4. 30 4. 30 4. 30

4 " I. 30 2. 87 2. 87 2. 87

J_5 " 0.70 1.43 1.43 1.43

R/Q b (ohms) I00 I(,5 185 203
R/Q o ' 100 165 203 203

Design Case

_,1_, _C J,I) 4 4A 5 6

2010 2(100 2000 2000 2000 2000 2000

1982 1'582 1'182 1980 [980 1')85 1985

1998 19')8 19')8 2000 1985 2000 1998

2028 2028 2028 2030 2025 2030 2028

2028 2028 2028 2030 2025 2030 2028

2000 , 2000,,,f2000, 2000 2000 , 1999,, 
(.2ooo [200o L2000

60 66.7 66.7 50 50 66.7 66.7

240 240 240 250 250 200 205

I00 I00 I00 50 50 66.7 90

4630 4630 4630 4630 4630 6750 4630

4630 4630 4630 4630 4630 6750 4630

_.44(88* 4(88*4 _48: ':' f::* (:8* 4 (:8".'4 _: 0".'8

4. 30 4. 30 4. 30 4. 30 4. 30 4. 30 4. 30

4. 30 4. 30 4. 30 4. 30 4. 30 4. 30 4. 30

4. 30 4. 30 4. 30 4. 30 4. 30 4. 30 4. 30

2.87 2.87 2. 15 2.87 2.87 2.87 2.87

1.43 1.43 2.15 1.43 1.43 1.43 1.43

203 203 203 230 203

203 203 203 203 203

"0':Doubl e- tun e d

Note: R/Q b applies to tile bunch_r resonators

R/Qo applies to the output resonator
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Design No. 2. Extensive large-signal computations were made, both with

a conventional single-gap output cavity and with a double-gap _-mode

cavity. Subsequently, a scale drawing revealed that the proposed extended

interaction cavity had a physical length that was excessive for the bunch-

ing design because portions of the penultimate cavity would partially over-

lap the output cavity. The results still have significance, however, because

they give a direct comparison between the interaction of a double gap and

a single gap with the same highly developed klystron bunch.

The internal conversion efficiency as computed for both the single-

gaps and double-gap cavities is plotted across the band in Figure 25. The

"waterfall" diagrams showing the loss of energy as the electrons traverse

the two types of output-cavity interaction regions were given previously in

Figures 4 and 5. Although the double-gap interaction produces a somewhat

broader bandwidth than the single gap, the interaction efficiency is not as

high as in the single-gap case.

Design Nos. 3A through 3D, were considered because Design No. 3

was slightly deficient in bandwidth. The cavity R/Q values were increased

to 203 ohms by thinning the walls of the reentrant tunnels. Small-signal

computations indicated that no significant bandwidth improvement resulted,

and therefore a,series of design changes were considered, leading to Design

No. 3B. No large-signal computations were made for Design No. 3A.

For Design No. 3B, the current modulation index at the midplane of

the output gap was computed across the band at drive levels of 0. I, 0.2,

and 0.4 watt. At the optimum drive level of 0.2 watt, the efficiency com-

puted at the lower band edge and at band center was 34.4 and 69.4 percent,

respectively. These again indicated a bandwidth that was slightly too

narrow and a low midband efficiency. Consequently, additional parameter

modifications were investigated with the small-signal computer program

to produce Design No. 3C. This design differs from No. 3B in that cavity

I is now tuned to band center rather than I0 MHz above band center and

the Q of cavity 1 has been raised from 60 to 66.7. Large-signal comput-

ations were made at 0. 1 and 0.2 watt, with the 0. l-watt drive yielding the

optimum efficiencies shown in Figure 26. The impedance characteristics

of the output interaction are shown in Figure 27. Superimposed on the

computed constant efficiency contours for various complex impedances is

the actual impedance characteristic of the double-tuned output resonator.

Design No. 3D is a modification of Design No. 3C, to test an ex-

tended interaction output cavity in a physically realizable klystron design.
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The penultimate cavity was moved 0.62 inch toward the pre-penultimate

cavity in order to make room for the double-gap cavity previously con-

sidered in Design No. 3. The computed internal conversion efficiency

across the band is also given in Figure 2.6.

A comparison of the efficiency curves for design Nos. 3C and 3D

reveals that in this case the double-gap output cavity has broader bandwidth

than the single-gap circuit. The midband efficiency is lower than the effi-

ciency of the single-gap, but it is possible that further modifications in

buncher design could improve this factor. Since the single-gap circuit

was computed to have higher efficiency, and also has adequate bandwidth,

the double-gap klystron design was not further developed. However, the

double-gap circuit does merit further study.

Design No. 4 was originated to determine whether a broadband bunch-

ing design could best be developed on the criterion of maximum flatness in

the small-signal current modulation index computed at the midplane of the

output gap. From a series of small-signal runs, in which the cavity tuning

and cavity Q's were varied systematically, the design parameters given in

Table III were developed for Design No. 4. As shown in Figure 28, the

small-signal current modulation index at a drive level of 0. 004 watt is

x 3.0 f

0

z 20
Z
O

I-

..J

O
O

I.O
I--
Z

n_
n_

U

0.5
197_

I I I I

f DESIGN NO._4__

0.4 __0.8 W

0.6 WI

1980 1990 2000 2010 2020

S.S. l}/I o

x 10
0004 W

FREQUENCY-MHz

2030

Figure 28 - Small-Signal and Large-Signal Current Modulation in a

Klystron with Flat Small-Signal Bunching Characteristics

(Z000-MHz FM Klystron Design No. 4)

56



remarkably constant, having a maximum value of 0.23 and a minimum

value of 0.22 within the desired 30-MHz bandwidth. The large-signal com-

putations, however, show that at drive levels of 0.4, 0.6, and 0.8 watt,

very poor bunching is achieved at the lower edge of the band. The reason

for this appears to be that at small-signal levels the relatively large cur-

rent index is achieved by feed-through currents from gap 3, since gaps 4

and 5 are tuned far above the band and provide very little interaction imped-

ance to the beam at the lower band edge. At large-signal levels, the beam

becomes badly overdriven at gap 3 and low current modulation is developed

at the output gap.

Design No. 4A represents an attempt to trade some of the good bunch-

ing at the upper band edge for improved bunching at the lower band edge.

It was assumed that the low RF currents being developed at the bottom edge

of the band in Design No. 4 were due to insufficient gain in the three bunch-

ing cavities nearer the input end of the klystron. Accordingly, cavity 3

was tuned to the bottom edge of the band to allow the resonance frequency

of cavities 4 and 5 to be moved nearer to the desired band so that they cou]d

exhibit somewhat higher impedance at the lower band edge. The large-signal

results, as shown in Figure i9, are not as good as those achieved with Design
No. 3C,
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4.0
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Figure 29 - Small-Signal and Large-Signal Current Modulation

in a Klystron with Supposedly Compensated Small-

Signal Bunching Characteristics (2000-MHz FM

Klystron Design No. 4A)
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The purpose of the development of Design No. 5 was to evaluate the

advantage, if any, of acl_i_vlng higher R/Q in the interaction cavities by in-

creasing the gap lengths. In this instance, when the gap lengths are increased

from 0.2 inch to 0.28 inch, the gap transit an_le increased from I radian to

1.4 radians and the R/Q increases from 203 ohms to 230 ohms. A series of

small-signal runs, in which the (avity tuning and loading parameters were

systematically varied, yielded _:he optimum design parameters given in Table

IIl. Large-signal computations were made only at band center, indicating

that at a drive level of 0. Z watt, the internal conversion efficiency is only

64.8 percent. Because no outstanding "increase in efficlency seems obvious,

and because cavities with long gaps are not expected to have good gap coup-

llng coefficients at large gap voltages (as developed in cavity 5 and the out-

put gap), it was concluded that the investigation sho,ild be limited to cavities

with transit angles of 1 radian or less. Thus, Design No. 5 was not analyzed

to any greater extent.

The purpose behind the develo_zment of Design No. 6 was to evaluate

the effect of employing _alues of Q as low as possible in order to more

readily achieve large bandwidths, such as required for the Z000-MHz FM

klystron, As shown in Table Ill, Design No. 6 is essentially the same as

Design No. 3C_ except that the Q's of cavitles 2 and 3 have been lowered

and cavity 2 has been n_oved from 1982 MHz to 1985 MHz for purposes of

compensation. Also, in order to enhance the output gap interaction at the

lower band edge, the output cavity was double-t._ned asymmetrically in order

to present a higher impe.dance at 1985 MHz than at Z015 MHz. The computed

conversion efficiency at three drive levels is shown in Figure 30. Again,

no improvement in performance over that achleved in Design No. 3C is noted.

It may be concluded irorn these studies that a double-gap output inter-

action circuit is not required to achieve the desired bandwidth, although

such a circuit might be desirable for achieving flatter response across a

given band. Accordlngly, the design adopted for the. Z000-MHz FM service

is Design No. 3C.

DEVELOPMENT AND PERFORMANCE OF FINAL DESIGNS

The modification of the interim designs to meet the phase specific-

ations resulted in a decrease of gain below 40 dB. To increase the gain it

was necessary to redesign the buncher cavities with thinner tunnel walls,

thus giving a higher R/Q. This could safely be done because the thermal

loading of the buncher cavities should be an order of magnitude less than

the thermal loading of the output cavity.
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The final design parameters for all tubes are given in Table IV.

The computed performance of these tubes will now be discussed.

850-MHz AM Service

The performance characteristics of this tube are depicted in Figures

31 and 32(a)(b)(c). An important restriction on the performance of this tube

is the specification on amplitude linearity. In the upper graph of Figure 31,

a curve of power output is shown as a function of power input. It will be

noted that constant gain loci are given by the dashed lines fanning out from

the origin. The small-signal gain is 42 dB. As drive i_ increased, the

efficiency rises and the gain falls. This behavior is directly plotted in the

lower graph of Figure 31. From this plot it is evident that the deviation

from small-signal gain exceeds 0.5 dB at an efficiency of about 32 percent.

This point must occur at half the saturation output of the tube, according

to the amplitude linearity specification. This sets the efficiency at the

peak synchronizing pulse at 64 percent, even though the efficiency at satur-

ation could exceed this value. Since a feasible AM transmitter using a

klystron requires some form of collector depression, the final RF design

was chosen to have a peak efficiency of 60 percent while meeting all other

specifications for power gain, amplitude linearity, and phase linearity.

As shown in Figure 31, at the small-signal drive power of 0. 16 to

0. 19 watt yielding a power output of 2.6 to 3.0 kW at the average picture

level, the deviation from linearity is approximately 0. l dB, and the effi-

ciency is approximately 20 percent. This figure for efficiency is so low

that it is essential to consider methods of increasing it. This is done in

Section VII, where the reflex collector is shown to increase the average

signal efficiency to the 55 to 80 percent range, depending on the energy

margin that can be stably achieved.

In Figure 32(a), the internal power conversion efficiency at l-watt

drive is plotted across the band. It is evident that the -3 dB gain specific-

ation at the band edges is easily met. The lower plots in Figure 32(a)

show the normalized RF current at each gap. The solid lines give the

large-signal current at l-watt drive as computed by the disk model. The

dashed lines are the small-signal current at 0.01-watt drive. Note that

these values have been multiplied by ten to facilitate comparison with the

large-signal currents. The large-signal current index at the output gap

ranges from 1.3 to 1.6 over the band. These figures are lower than the

corresponding figures in the FM cases because of the amplitude linearity

specification.
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Table IV - Summary of Tube Design Parameters

I. Frequency (O}tz) 0.g5 {AM)

Z. D, and,a, idth (Mtlz) 6

3. Power Input {KW) 15. 0

4. Beam Voltage (KV} lg. 5

5. Beam Current (Amp) 0.965

6. Perveance (x 10 "6) 0. 5

7. Cathode Dia (CM) 1. 5

8. Cathnde [,oading (Amp/era 2) 0. I

9. Beam Area Convergence 9.4

10. Number of Cavities 5

11. (R/Q) gunther (Ohm) 186

12. <R/Q) Output {Ohm) 138

13. (QU) Buncher 7670

14. (Ou) Output 5 i70

15. gunther Gap (Inch) 0. 53

16. Output Gap (Inch) 0. 265

17. Tunnel ID (Inch} 0.815

18. Tunnel ID (Inch) - launcher I. 040

- Output 1. 040

19, ya i (rad) 0.75

20, b/a i 0.6

21. Tunnel Wall (Inch} 0. 11E

22. Cavity ID (inch) - Btmcher 4.96

- Output 3. 92

23. Cavity }it (Inch) - Btmcher 3.92

- Output 2.88

24. Drift Lengths (Inch} l 1.60

11.60

7.77

4.27

25. Cavity Tuning (Mtlz) 855

845

g63, 5

863, 5

850.25

26. Oinput 125

27. Qintermediate 400
7670

7670

Z8. Q - Output 118

29. Brillouin Fiehl (Tesla) 117. 5

30. 3x Brillouin Field (Tesla) 157,

31. r/-ckt (%) 97.7

32. u-int (at fo) (%) 62. 1

33. fl-ext (at In ) (%) 60.7

34. Pout (NW) 9. I

35. Pdrive {W) 1.0
36. Gain - sat (dB} 39.5

37. Output Cavity Type Single-

Tuned

2.0 (AM) 2,0 (FM} 8.0 (FM)

6 30 _0

9.63 7.9 7.9

13,0 12.0 12,0

O. 74 I 0. 657 O. 657

0.5 0.5 0.5

0.7 O. 7 O. _5

0.3 0.3 1.4

15. 1 15. 1 60

5 6 5

203 203 142

153 176 93

4630 4630 Z 390

3065 3730 2580

0.2 0.2 0.05

O. l O. 14 O. 05

0.3 0.3 0.075

0. 390 0. 390 O. 150

0. 390 0. 390 0. 190

0.71 0.74 0.74

0.6 0.6 0.6

0.06 O. 06 0. 0525

2.06 2.06 O, 498

1.62 1.82 o. 501
1.67 1.67 0.363

1.23 1.43 0.311

4. 3 4. 3 I. 075

4. 3 4. 11 1. 075

2.87 4.3 0.716

1.43 2.87 0.358

1.43

2005 2000 8020

19q5 1985 7984. 5

2027. 5 1998 8080

2027. 5 2028 8080

2001 2028 8000

2000/2000

25o 66.7 275

8+)f) 240 300

,I() _0 100 2390

,16 :_<) 4630 2390

4630

120 88/44 196

29_ 282 1127

880 846 338 I

96. 1 96.5 91.8

62. 7 68.6 67.2

60.3 66.2 61.7

5.8 5.2 4.9

0.065 O. 10 0.5

40. 7 47.2 40.2

Singlo- Double- Single -

T,tned Tuned Tuned

] 1, 0 (FM)

30

7.9

12.0

0.657

0.5

0. 255

2.7

60
5

111

68

2110

2360

O. 036

0. 036

0.055

0. 120

0.175

0.74

0.6

0.0375

O. 360

O. 377

O. 240

O. 202

0. 78

0.78

0.52

O. 285

11,024

10, 977

I 1,090

11,090

11,000

270

450

ZIl0

ZllO

268

1550

465O

88.6

62.9

55.7

4,4

0.7

38.4

Single -

Tuned
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The gain and phase shift of the output voltage is shown in the upper

and lower plots of Figure 3Z(b), respectively. Small-signal results are

given by the dashed lines, and large-signal results are given by the solid

line as computed at the points shown. As the Sower plots illustrate, the

phase shift in the final designs is extremely .linear. To achieve this, it

was found necessary to distort the gain characteristic from that shown in

the upper left of Figure 20 to that shown in the upper plot in Figure 32(b).

The large-signal gain shows a 2-dB sag at the low frequency end_ and the

small-signal gain shows a 3. 5-dB rise as frequency is increased across

the band. The underlying physical reasen that makes it necessary to dis-

tort the gain characteristic to achieve phase linearity has not been investig-

ated, but it is related to the use of the non-symmetrically tuned penulti-

mate and pre-penultimate cavities.

The difference between small-signal and large-signal phase shift has

been resolved. It is due to two distinctly different mechanisms: (i) an

additional small-signal phase shift proportional to (0_q/¢0) Z, i epresenting

the fact that the average of the slow and fast wave velocities is somewhat

slower than the DC beam velocity, an effect not considered by the small-

signal program; and (2) an additional phase shift due to the large voltage

index in the penultimate cavity at large--signal levels. When these two

phase shifts are considered, the small-signal and large-signal phase shifts

are found to agree within 3 degrees.

A detailed analysis of phase shift at both small- and large-signal

levels is shown in Figure 3Z(c). The uppermost plots represent the devi-

ation from linear phase shift as established by fitting a straight line through

phase shift points equally-spaced throughout the band. The + 1.2-degree

specification for deviation of phase shift from linearity is given by the

horizontal dashed lines. In contrast to the phase deviation shown for the

interim design in the lower left-hand plot of Figure Z0, the final design

easily meets the phase specification over tbe entire band at both small-

and large-signal levels. The plots of the first and second derivative of

phase shift are included for completeness in Figure 32(c)_ but are not of

concern in AM service.

Thus, the amplitude linearity, gain, and phase specifications have

all been satisfactorily achieved in the 850-MHz AM tube.
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2000-MHz AM Service

The performance of the 2000-MHz AM tube is considerably flatter

across the band than its 850-MHz counterpart because of the reduced per-

centage bandwidth at the higher frequency. Plots of efficiency as a function

of drive power, and gain as a function of efficiency are shown in Figure 33.

These plots closely resemble those shown in Figure 31 for the 850-MHz

tube. The saturation efficiency is 62.4 percent, and 3 dB down from this

level the gain is 0. 55 dB below the small-signal gain.

From the upper plot in Figure 34(a), it is evident that the efficiency

is extremely flat across the band. The lower plots in this figure show that

the large-signal current index builds up to a value of about 1.4 at the output

gap. In Figure 34(b), the deviation in both small-signal and large-signal

gain across the band are shown to be less than 0.3 dB. The lower plot in

this figure again shows extremely linear phase shift characteristics at both

small- and large-signal levels. The deviation of these phase shift plots

from linearity is examined in more detail in Figure 34(c). The upper plot

shows that the + 1.2-degree phase linearity specification is comfortably

met with a factor of two to spare. The remarkable agreement exhibited by

the two derivative plots in Figure 34(c) gives confidence that the large-

signal disk-electron simulation model is a highly accurate representation

of the RF behavior of electron beams.

Knowledge of the energy distribution of the spent beam is important

in depressed-collector design. The spent beam energy distribution is set

primarily by the voltage swing in the output gap. In Figure 35, spent beam

energy distributions are shown for four signal levels, corresponding roughly

to minimum picture, peak picture, sync peak, and saturation power output.

The normalized output voltage swings in these cases are 0. 5, 0.7, 1.0, and

1.2, respectively. Since these voltage swings are reduced somewhat by the

large-signal coupling coefficient, _t, in the output gap it is evident that the

edges of the energy distributions in Figure 35 appear at roughly l+Paout.

At the highest drive level, the bulk of the electrons have energies less than

0.4 V o, as shown by the dashed line. The efficiency corresponding to this

case is 62 percent. The efficiencies corresponding to the remaining cases

are 46. i, 24.4, and 12.0 percent, respectively.

All specifications -- amplitude linearity, gain, and phase linearity --

are met by this final 2000-MHz design. Note that the gain of this tube is

approximately 50 dB.
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2000-MHz FM Service

The final design of this klystron is essentially that given as Design

No. 3C in the interim series. The primary task in this case was to achieve

sufficient bandwidth with high efficiency. Performance of this design is

summarized by the curves in Figures 36(a), (b), and (c). By using a 0.7-

radian single-output interaction gap and double tuning, the bandwidth is

achieved with a midband-interval conversion efficiency of 68.6 percent

and large-signal gain of 47 dB. Amplitudes of the fundamental current

component of the beam at the various interaction gaps is also shown in

Figure 36(a). The solid curves are for full 0. 1-watt drive, while the dashed

curves show the small-signal values (0.01-watt drive). It is again evident

that small-signal computations are valid only in the range where I1/I ° is
less than 0. 3, although useful data in the form of trends can be obtained at

higher levels.

The phase delay and phase linearity characteristics shown in Figures

36(b) and 36(c) show a slope A#/Af which would be satisfactor%for AM

service, but the second derivative reaches 0.5 degree per MHz _ compared

with the desired0.05 degree per MHz 2. This characteristic could be im-

proved by the technique of lowering cavity Q and changing resonant fre-

quency as was done in the 850-MHz design. However, this optimization

could not be completed within the present study program.

8000-MHz FM Service

The performance of this tube is summarized in Figures 37(a), (b),

and (c). The upper plot in Figure 37(a) shows a peak efficiency of 67 per-

cent, corresponding to a large-signal output gap RF current index of 1.5

to 1.7. In Figure 37(b), the lower plots show the phase shift to be ex-

tremely linear. As in the case of the 850-MHz tube, this linear phase

characteristic is accompanied by a tilted gain characteristic, as shown

in the upper plots of Figure 37(b). The large-signal gain is 40 dB and the

loss of gain at the lower band edge is less than 2 dB at the saturation drive

of 0.5 watt.

The phase shift is examined in more detail in Figure 37(c). The

specification for the FM tubes is that the second derivative of the phase

shift shall not exceed I0.05 degree/MHz 2. This specification is met at

small-signal levels, as evidenced by the dashed line in the bottom plot.

At large-signal levels, the phase shift takes on an undulating character

and apparently exceeds the specification by a factor of three. However,
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this undulation is believed to be spurious, as discussed in Appendix C. It

is most likely due to the sensitive nature of the phase calculation regard-

ing the choice of disk number under high-efficiency bunching conditions.

The same effect is probably responsible for the small ripple evident in the

large-signal efficiency and gain calculations in Figures 37(a) and 37(b). It

would be possible to reduce the size of these undulations by increasing the

number of disks in the computer simulation, but this is not practical from

an economic standpoint. There is no physical reason why such undulations

should appear at large-signal levels other than the granularity of the disk-

electron model. Thus, the undulations are ascribed to an artifact of the

model and would not appear in an experimental measurement.

ll, 000-MHz FM Service

The performance of the tube for ll,000-MHz FM service is given in

Figures 38(a), (b), and (c). Its performance is similar in most respects

to that of the 8000-MHz design. The efficiency, shown in Figure 38(a),

exhibits a flatter top than that noted at 8000 MHz. This is again believed

to be due to the granularity of the Z0-disk computation model. The same

granularity is believed to be responsible for the undulation in the second

derivative of the phase shift, as shown in the lowermost solid line plot in

Figure 38(c). The small-signal second derivative as given by the dashed

line meets the 0.05 degree/MHz Z specification, and it is believed that the

large-signal second derivative would also meet this specification if the

number of disks could be irlade to approach one hundred.

In Figure 39, the energy distribution of the spent beam in the ll,000-

MHz klystron is shown at band center and at 5 MHz outside the two band

edges. It is evident that the bulk of the electron energies fall below 0. 5

V o in the upper two graphs in this figure, whereas in the bottom graph the

electron energies are more or less uniformly spread from 0. 1 V o to 1.2

V o. The resolution of the location of the upper edge of the distribution

function again depends on the number of electron disks used in the digital

calculation. With 20 disks the location of the upper edge is probably not

determined to better than + 25-percent accuracy because the antibunch

electrons which comprise this most energetic group are spread out in phase

an order of magnitude more than they were originally at the klystron input

gap before the development of the density modulation. More disks are

needed in the digital calculation if more accurate knowledge of the detailed

spent beam energy spectrum is desired.
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While the large-signal gain of this ll,000-MHz design is approxim-

ately 1.5 dB below the specified 40 dB, the actual drive power required is

still less than 1 watt; hence no additional design effort was expended to

attempt to reach the 40 dB value.
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Section V
ELECTRON GUN DESIGNS FOR LONG LIFE AND RELIABILITY

The klystron designs developed in the preceding chapter are postul-
ated on the feasibility of long-lived electron guns capable of producing the
required electron beams. The perveance was fixed at 0. 5 microamperes/
(volt)l' 5 for high efficiency and the beam voltage was subsequently set to
yield the required DC beam power to supply the RF power specified at an
anticipated efficiency. Gun analyses were carried out to the extent neces-
sary to show that the required electron guns are indeed feasible.

SELECTION OF CATHODE EMITTERS FOR LONG LIFE

By its very nature, the thermionic cathode is a continually depleting

component of the klystron amplifier. However, by appropriate choice of

materials and by optimum electron beam design, the life can well exceed

the 20, 000-hour minimum required for an orbiting transmitter.

The classical emitter for which the most experience is available is

the barium-strontium (Ba-Sr) system in which B_O and SrO are formed

from the carbonates which are spread in a thin layer on a nickel or nickel-

alloy substrate. Life data on this cathode system are illustrated in Figure

40. These data are for operation in the 10 -7 to 10 -9 Torr pressure range.

Since the low work function of this cathode is due to a monolayer or partial

layer of Ba and Sr atoms resulting from the reduction of the oxides, the

emission activity of cathodes with "A" nickel substrate is less than that

of those with the 0o 1 percent zirconium in nickel alloy. The "A" nickel is

very pure and reacts very little with the oxides, whereas the zirconium in

the alloy substrate is an effective reducing agent. It is noted that the de-

sired life can be achieved if the required cathode current density can be

held below 0.4 Amp/ca 2. In the topic which follows in this section, the

design considerations for electron guns are presented with cathode current

density requirements which can be met by the Ba-Sr system for three of

the amplifiers. These are the 850-MHz and Z000-MHz designs and their

operating points are indicated in Figure 40.

When current density greater than 0.4 Amp/ca Z is required, other

cathode systems must be employed. A barium-strontium system in which

the oxides are embedded in a matrix of porous tungsten is often used when
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the emission required is in the 0.4 to 2 Amp/cm 2 range. However, its

depletion rate is approximately two orders of magnitude greater than that

of the Ba-Sr system on nickel, and this tends to negate the advantage of

the larger mass of emitting material present in the matrix. A newer

cathode system consisting of barium and calcium tungstate in a tungsten

matrix has both high emission capability and low evaporation rate. These

properties are illustrated in Figure 41 where the evaporation rate is re-

lated to the emission density available. Emitter temperature is not

specifically indicated since it is less relevant than the evaporation rate

in determining life. Note that the tungstate cathode has a depletion rate

which is less than one order of magnitude greater than that of the Ba-Sr

system with the lowest available rate. It should be explained that the high

current densities shown for the Ba-Sr cathode are not available on a con-

tinuous basis, but are only useful for short pulses because of another pro-

perty of the oxide coating; it is a semiconductor and therefore will be

unstable at high average currents and may actually fail physically by crack-

ing or flaking from the nickel substrate.

For the higher emission densities required by the 8000- and II,000-

MHz designs, a matrix cathode is indicated in order to enable the design

of a feasible electron gun. While life statistics on these cathodes in power

tubes are not as extensive as in the Ba-Sr oxide case, there is ample

evidence that these cathodes will perform well in the klystron application.

Life data on several test diodes with the tungstate cathodes are summarized

in Figure 4Z. These data show that the desired 20, 000-hour minimum life

should be achieved at a temperature between 900°C and 925°C and an emis-

sion density between 2 and 3 Amp/cm Z.

All of the life data cited in this section are based on operation in

vacua of the 10 -7 to 10 -9 Torr range. At higher pressures, cathode de-

activation can be serious due to chemical reactions between the residual

gas and the cathode material. This can be avoided by care in processing

and fabricating the tube components. It is often desirable to attach perman-

ently a small appendage pump to the tube to remove gas continuously that

may be evolved during operation. An unanswered question concerns the

merits of venting the tube envelope to the environment external to the space-

craft where pressures in the 10-12 to i0-14 Torr range have reportedly

been measured. Since the cathode emission capability depends on the re-

duction of oxides or tungstates to form free barium or strontium, it is not

known how the activity may be affected by a very low pressure environment.

For the present designs, it is assumed that the tube is not vented to the

space environment.
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Feasibility of Required Electron Gun Designs

Beam parameters for each of the five klystrons designed above are

listed in Table V. With the beam diameter, current, and voltage given by

the klystron design, the one independent parameter remaining to be deter-

mined by the gun designer is the cathode diameter. The greater the cathode

diameter becomes, the less stringent are the current emission density re-

quirements on the cathode thermionic surface, but the more difficult is the

development of a gun design with uniform cathode emission density and

good electron trajectory ]aminarity. The result of many trade-off analyses

is that, in general, the cathode diameter should be made as small as possi-

ble without exceeding cathode emission densities consistent with long life.

Proposed cathode diameters and corresponding beam convergence ratios

are also given in Table V. The required current emission densities are

all compatible with long life, using the available cathode system previously

discussed.

The area convergence for the 850-MHz and 2000-MHz klystron guns

is low and the required design is well within the current state-of-the-art

for 0.5-microperveance guns using the Ba-Sr oxide cathode on a nickel

substrate. The 8000-MHz and ll,000-MHz klystron guns, on the other hand,

require an area convergence of 60, along with a change to the matrix type

cathode. In order to demonstrate the feasibility of these two guns, a de-

tailed design of the electrode configuration for the 8000-MHz klystron gun

was developed and analyzed with the digital computer analysis program,

described in Section III. The computed electron trajectories and equi-

potentials as plotted by the computer are shown in Figure 43. This pre-

liminary design shows good convergence and laminarity at the required

perveance and beam diameter. It is considered to be a feasible design for

the 8000-MHz case and also a good prototype for the ll,000-MHz design.

Figure 43 also shows the effect of thermal velocities on the beam

profile. The trajectory marked with "x's" is the computed beam edge pro-

file, within which 99 percent of electrons will pass. The beam profile

shown is that computed for the electrostatic gun in the absence of a mag-

netic field. With proper shaping of the magnetic flux threading the cathode

in order to produce the desired beam stiffness, the shape of the beam

down to the beam diameter minimum at about 0.7 inch from the cathode

would be essentially unaltered.
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Table V - NASA Klystron Gun Designs

Frequency (MHz) 850

Modulation AM

Anode Voltage (kV) 15. 5

Current (A) 0. 965

_iPerv 0.5

Cathode Diameter (In.) 1.5

Drift Tube Diameter (In.) 0.815

Cathode Magnetic Field (Gauss) 35.4

Main Field (Gauss) 353

b/a 0.6

Immersion (%) 94

Area Convergence 9.41

Axial Velocity Dispersion (%) 0.37

Cathode Loading

At Edge (A/cm 2) 0. 1

At Center (A/cm 2) 0. 1

B/Brillouin Field 3

Heater Power (Watts) I00

2000 Z000 8000 ii,000

AM FM FM FM

13.0 iZ.0 12.0 12.0

0.741 0.657 0.657 0.657

0.5 0.5 0.5 0.5

0.7 0.7 0.35 0.255

0.3 0.3 0.075 0.055

54.8 52.7 52.7 72.8

880 846 3382 4612

0.6 0.6 0.6 0.6

94 94 94 94

15.1 15.1 60 60

0.37 0.37 0.37 0.37

0.31 0.3 1.42 2.68

0.2 1 0.2 0.78 I. 48

3 3 3 3

6O 6O 3O Z0
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The electron trajectory calculations that were made indicate that

feasible gun designs are available for all five of the klystrons. The design

work was not carried beyond the feasibility stage, since this would involve

construction and testing of diodes, which was beyond the scope of the pre-

sent study. A generalized construction for the guns is given in Figure 44

and is shown again in the tube cross-sections depicted in a subsequent

section of this report. The size and shape of the gun support structure

and high-voltage bushing will ultimately be set by mechanical design con-

siderations, particularly with respect to survival under shock and vibration.

Also, in the case of PM focusing design, it will be necessary to reduce the

size of the cathode housing to the minimum value in order to optimize the

design of a magnetic shield for the gun and to minimize the weight of the

magnet.

ORIFT TUBE ANOOE

HEATER

FOCUSING CUP

SUPPORT
STEM

I_TE R

,ti CONNECTION

CERAMIC
INSULATOR

Figure 44 - Sketch of Physical Embodiment of Electron Guns for

Space-Borne Klystrons

94



Section VI
MAGNETIC COLLIMATION OF ELECTRON BEAMS

OPTIMUM ELECTROMAGNETIC DESIGNS AND TRADE-OFFS

An optimization of magnetic field coil parameters was made keeping

the total weight of the coil and its required power supply to a minimum.

An arbitrary value of i00 pounds per kilowatt of coil supply power was

used for this optimization. The solenoid current was fixed at l0 amperes

which, for the range of solenoid powers of between I00 and 700 watts,

corresponds to reasonable current and voltage levels for solar array power

supplies. In accordance with good construction practice, the thickness of

the foil conductor was restricted generally to the range of 0. 005 to 0. 006

inch, and the width was adjusted to be an integral sub-multiple of the over-

all solenoid length to place the impedance of the coil in the desired range.

Both aluminum and copper foils were considered, and the optimum materia]

giving the lightest total weight for each klystron was found. The foil insul-

ation was fixed at one-half rail in thickness, and the insulator material was

assumed to be either bonded Mylar*, Kapton*, or Alkanex.**

Optimum solenoids were designed not only for the postulated operating

temperature of 150°C, but also for lower temperatures. The lower temper-

ature designs require less power and are lighter in weight. However, the

size and weight of the low-temperature cooling system is increased. Trade-

off studies of these parameters were made.

These designs were made on the assumption that h_gh efficiency in

the klystron amplifier would require a relatively stiff beam focused with a

magnetic field three times the Brillouin value of a beam of the same dia-

meter originating from a shielded cathode. Solenoids were also designed

for one and two times the Brillouin value so that estimates of the weight and

power saving could be made in case experiment or more detailed analyses

should prove that a less stiff beam could provide good RF performance at

high efficiency.

':"E.I. duPont de Nemours & Co., Inc.

......General Electric Company
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Solenoid weights and total weights including the solenoid power supply
for both aluminum and copper foil, are given in Table VI. The table
indicates that aluminum is the preferred material for a minimum-weight
solenoid and power supply for the 850-MHz and 2000-MHz klystrons, and
that copper is preferred for the 8000-MHz and II,000-MHz klystrons.
These solenoid weights correspond to a design operating temperature of
150°C and to a design magnetic field of three times the Brillouin value.
As such, they represent upper limits of magnet weights. Outline sketches
of the klystrons in the focusing solenoids are shown drawn to scale on
Figures 45 through 49.

The reduction in total weight of the coil and its power supply as the
solenoid temperature is reduced is illustrated in Table VII. For the case
of the 2000-MHz AM klystron solenoid considered, the reduction in weight
as the operating temperature is decreased from 150°C to 100°C is approxi-
mately 5 pounds. This would be offset by the increased weight of the
larger radiator required at the lower temperature.

The reduction in solenoid and power supply weight, if a field strength
of less than three times the Brillouin value can be used, is shown in Table
VIII, again for the case of the 2000-MHz AM klystron. Both the power
required and the weights are seen to be approximately linearly proportional
to the required magnetic field strength.

PERMANENT MAGNET DI_SIGNS

The electromagnet designs just described have the advantage of being

adjustable so that beam transmission can be optimized. In state-of-the-

art tubes, it frequently is desired to shape the field for optimum perform-

ance by control of coil currents. However, the electromagnet requires a

power supply, controls, and heat removal. Although permanent magnets

do not require auxiliary equipment, they do entail a greater weight and have

large leakage fields, particularly in those forms which are adaptable to the

large air gap geometry required by the klystron. It is necessary to mag-

neticalIy shield both the gun and collector regions of the klystron when

permanent magnets are used, and it may be necessary to shield the entire

magnetic structure if the leakage flux will interfere with the performance

of the spacecraft.
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Table Vl - Solenoid Weights

Aluminum Winding Copper Winding

Sol. Wt. Total Wt. * Sol. Wt. Total Wt. *

Klystron {ibs. ) (ibs.) (ibs.) Ilbs. )

850-MHz AM 66.6 133.5 90.5 181.4

2000-MHz AM 29.0 60.8 38.9 80. 1

2000-MHz FM 37.6 78. i 50.9 103.6

8000-MHz FM 18.1 71.5 21.5 65.0

II,000-MHz FM 22.8 i09.2 26.3 91. 7

Includes weight of solenoid power supply at i00 Ibs/kW

Coil Current:

Operating Temperature:

Foil Insulation:

10 Amperes

150°C

0. 0005" Mylar, Kapton, or Alkanex
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Table VII - Solenoid Parameters as Affected by Temperature
(2000-MHz AM Klystron)

Power Sol. Wt. Total Wt.

Solenoid Temp. (KW) (ibs.) (Ibs.)

0°C 0.231 21.4 44.5

50°C 0. 263 24. Z 50.4

100°C 0.291 26.8 55.9

150°C 0. 319 29.0 60.8

Table VIII - Solenoid Parameters as Function of Required

Magnetic Field Strength (2000-MHz AM Klystron)

Magnetic Field

(Normalized to

Brillouin Field)

1

2

3

Power Sol. Wt. Total Wt.

(KW) (Ibs.) (ibs.)

0.099 9.6 19. 5

0.205 19.3 39.7

0. 319 29.0 60.8
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Because a stiffened beam, in which a properly shaped magnetic field

threads the cathode, is considered necessary for high interaction efficiency,

it is not possible to utilize magnetic structures with field reversals. Such

periodic fields do have the advantage of much lower leakage field.

Permanent magnet designs were carried out for the five klystrons

and the weights were computed, including such auxiliary steel pole-pieces

as might be required. Parameters are given in Table IX. For the 850-

MHz and 2000-MHz designs, ellipsoidal magnets were designed, since

sufficient magnetomotive force can be developed in the length of the RF

structure with available magnet materials (Alnico 5 or 8). Even though

the ellipsoidal shape minimizes leakage field and weight, these low fre-

quency tubes are large, and the magnet weight is much larger than the

weight of the solenoid plus its power supply. In addition, it will be shown

in Section VIII that heat rejection from the solenoid is a relatively easy

problem.

In the high-frequency cases, the required mmf cannot be achieved

within the length of the tube structure, and a magnet structure of extended

length is required. In order to achieve the magnet length, and also shield

the electron gun and collector from stray fields, the structures shown in

Figures 50 and 51 were devised. Here two "horn '_ magnets composed of

Alnico 8 are mounted on the magnetic-shield disk of the collector, and the

electron gun is enclosed in a steel shell. In order to minimize the weight

of the magnetic material, the gun structure has been reduced in size as

much as practical while still maintaining good electrical and mechanical

properties. A disk of steel is located just below the collector to shield it

from the field.

The major unknown in the specification of the magnet size is the

amount of leakage flux in a given design. Because of the large air gap and

constraints at the gun and collector, the leakage flux will be high. In the

designs shown in Figures 50 and 51, the leakage factor, F, used in standard

magnet design texts 31 was taken as 15. Alnico 8 was chosen as the magnetic

material because of its high coercive force. A much lighter weight magnet

could be obtained with a platinum-cobalt alloy magnet, but the weight of

this material required would make the cost very high. Also, a significant

portion of the weight of the magnetic structure is in the steel pole-pieces

which will not change much with different magnet materials.
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A summary of both solenoid and permanent magnet parameters is

given in Table IX. The permanent magnet focusing system appears feas-

ible for the two highest frequency klystrons, but the advantage over a

solenoid system is not outstanding.
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Section VII

REFLEX DEPRESSED-COLLECTOR STUDIES

The wide dynamic range of an amplitude modulated TV signal makes

it imperative that some scheme be devised for enhancing the efficiency

over the entire video range. A number of methods were considered, some

superficially and some in detail. The final choice was the utilization of

the principle of depression of potential at the collector to recover a portion

of the unused kinetic energy of the beam. The idea of a velocity-sorting

depressed collector has been tried several times in the past and has been

found to lead to incipient instability due to electrons traveling backwards

through the drift tube. 6 The depressed-collector scheme below was dis-

covered during this study and should reduce the returned-electron problem

by an order of magnitude. To distinguish it from conventional depressed-

collector schemes, it has been given the name "reflex collection".

In this section, various means of enhancing AM klystron efficiency

will be discussed. These will be followed by a description of the principle

of reflex collection and the improvement in efficiency that results from

application of this principle.

EFFICIENCY-ENHANCEMENT SCHEMES

In Table X, specified powers for various amplitude modulation levels

are listed for the 850-MHz and 2000-MHz tubes. The most significant

feature of this table is the relatively low power level (hence, low internal

conversion efficiency) at which the tubes operate under "average picture"

conditions.

Perhaps the simplest way to enhance efficiency at the average signal

level is to achieve a more linear amplitude characteristic so that the entire

saturated output of the tube can be utilized at the sync peak level. However,

even if the characteristic could be made perfectly linear, and assuming

the saturation efficiency could be made i00 percent, the efficiency under

average picture conditions would range from 35 to 40 percent. This repre-

sents a limiting figure for any linearity enhancement method, and all

practical schemes would fall short of this. Thus, perhaps 30 percent is a

reasonable upper boundry for efficiency based on linearity enhancement

scheme. This low figure does not offer much incentive for following this

course of action.
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Table X -AM Klystron Power Specifications

Power Level (KW)
Signal 850 MHz 2000 MHz

Saturated Output 9.5 6.25

Sync Peak 7. 5 5.0

Peak Picture 3.5 2. 3

Average Picture 2.6-3.0 1.7-2.0

Minimum Picture i. 3 0.9

The sync peak power is roughly twice the peak picture power and

three times the average signal power (see Table X). This suggests that

a two-tube scheme could be devised, with one tube operating to its full

power capability in handling just that portion of the signal which carries

the signal, and the second tube being switched in to generate the additional

power required for the sync peak power burst. This scheme has two re-

quirements which make it appear prohibitively difficult: (1) the signal tube

must be extremely linear all the way up to its peak power output, and (2)

appropriate circuitry must be developed to synchronize the output of the

second tube with that of the first during the sync peak pulse. The first of

these requirements appears to be impossible to achieve with a simple kly-

stron because of the Bessel function nature of the current bunching process.

Perhaps feedback schemes could be devised to linearize the amplitude

characteristic, but very little is known about this type of operation. While

the successful realization of this system would increase the average effi-

ciency, the improvement would not be as great as that which might be

achieved by a good depressed collector.

A third idea for efficiency enhancement was investigated in a fair

amount of detail. This method involved the development of a control grid

capable of modulating the beam current of a klystron at video frequencies.

A constant RF drive signal would be fed into the input cavity, and the DC

beam current would be modulated at a video rate. An early version of the

850-MHz tube was investigated using the small-signal program to determine

the dependence of output power on DC beam current. This characteristic

turned out to be very non-linear; hence, it would require development of a
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video compensating network. A further difficulty was noted in that the fre-
quency response of the tube varied with DC beam current, and hence with
modulating level. To correct this variation, the cavities would require
heavy external loading, thus making the beam loading a negligible fraction
of the total loading. This is undesirable since it would require an increase
in the number of bunching cavities and; hence, an increase in tube length.

Thus, the development of a video-grid driven klystron involves three
difficult problems: (I) development of a close-spaced control grid capable
of operating at video frequencies, (2) development of a network for amplitude
linearity compensation, and (3) use of heavily loaded cavities, leading to
longer tubes. The difficulty of solving each of these problems constitutes
a strong argument against the use of this approach to enhance efficiency.

A fourth scheme that was briefly considered was efficiency enhance-
ment with voltage jumps as observed by Walder. 2 Since the major effect of
the voltage jumps appeared to be to correct the effective drift lengths from
non-optimum vahles, it appeared that little would be gained in a klystron
with its parameters previously optimized by computer analysis.

Of the various opportunities for enhancing efficiency, the depressed
collector was considered to have the greatest potential. Effort was there-
fore concentrated on re-examining the problems which have prevented
success in the earlier work.

THE REFLEX COLLECTION PRINCIPLE

The most serious problem in the design of a depressed collector is
backstreaming primary and secondary electrons. These electrons carry
small amounts of RF energy toward the input end of the tube and lead to
instability of reflex klystron action. The higher the gain, the more effec-
tively backstreaming must be suppressed in order to prevent instability.
Even if these is not enough feedback to cause actual oscillation, the ampli-
tude and phase characteristic of the klystron are distorted as the phase of
the RF energy carried by the backstreaming electrons alternately inter-
feres constructively and destructively with the input energy.

Thus, the most important requirement in the design of a depressed

collector is virtually complete suppression of all primary and secondary

electron backstreaming. To get an overall look at this problem our first

approach was to run a series of trajectory plots on an analog computer for

a variety of input energies. The use of the analog computer greatly speeds
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up data acquisition and analysis compared to a digital computer, and hence
a large variety of electrode shapes could be evaluated quickly. The main
difficulty with using the analog computer is that space charge must be
simulated by current injection throughout a two-dimensional array in a
time-consuming process. With a view toward minimizing the error result-

ing from neglect of space charge, an electrode shape was chosen which

created an electrostatic electric field that was large compared to the elec-

tric field due to the space charge of the electrons. This was done so that

the electron trajectories would be altered only slightly when space charge

was included in the calculation. That this indeed is the case was demon-

strated by a digital computer run of the final design, as will be shown below.

Preliminary analog computer runs quickly showed the need for a

needle-shaped electrode placed on the axis of the beam to disperse the

beam radially into various velocity classes. The most satisfactory elec-

trode shape found in preliminary runs is shown in Figure 52. The beam-

dispersing electrode and the outer housing are operated at cathode potential

and the drift tube, with its end plate, is V o volts above cathode potential.

The equipotentials with this arrangement of electrodes and potentials are

shown by the dashed lines in Figure 52.

Under these conditions electrons were injected into the analog con_.-

putation at a beam radius equal to 0.6a, where a is the drift tube radius,

with energies equal to 0.5 V o, 0.75 V o, 0.90 V o, and V o. Electrons with

energies greater than this initial DC value were not considered since the

spectrum computed for very high efficiency klystrons exhibit few fast

electrons. In less optimally-operating klystrons the outer shell of the

collector should be operated at a sufficiently negative potential to retard

any electron with excessive velocities. Their trajectories as determined

by the analog computer are shown as solid lines in Figure 52. In viewing

these trajectories, it is evident that each electron could be collected by an

electrode placed at the point of deepest penetration of the trajectory, in

which case nearly all of the energy of the electrons could be extracted.

More specifically, the 100-percent energy particle in Figure 5Z could be

collected by an electrode at roughly 0.04 Vo, the 90-percent electron on

a 0. 14 V electrode, the 75-percent electron on a 0.29 electrode, and the
o

50-percent electron on a 0.54 electrode. Note that in all cases the particle

is collected at a kinetic energy of 0.04 V o. This energy appears as heat at
the various collector electrodes, and represents the degree to which oper-

ation of the collector is not perfect. Thus, the electrode configuration shown

in Figure 52 would extract all but 4 percent of the energy of all electrons

injected into it, providing as many collector electrodes were used as there
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were electron classes :injected. The fact that the excess energy of collec-

tion, 0.04 V o, may be a coincidence for the electron configuration studied,
but the larger the number of electrodes, the smaller should be the excess

collection energy. In a practical case, a continuum of velocity c]asses is

present, of course. If a tinite number of collector segments are used --

for example, ten -- a given electron might just miss reaching its proper

electrode and continue upward and to the left in Figure 52, traveling between

the collector vanes, and be accelerated as it approaches and strikes the

next higher potential electrode. This represents a gain of about 0. 1 V ° in

energy that is not recovered, but lost as heat.

With ten electrodes, for example, some electrons will strike their

intended collector electrode perfectly, while others will just miss and go to

the next electrode. These represent the two extremes; most electrons will

fall somewhere in between. Thus with N electrodes, the average unrecover-

able energy due to missing the proper electrode is roughly Vo/ZN -- e.g.

0.05 V ° for ten electrodes. If this energy is added to the 0.04 V o energy

loss described earlier, it is evident that 0.09 V o is lost on the average in

a ten-electrode collection system. This figure increases to 0. 14 V o for a

five-electrode collection system. Thus, a 14-percent energy margin appears

to be a reasonable figure for a five-electrode collector system. The corres-

ponding figure for a ten-electrode system is a C)-percent margin. With a

large number of electrodes, the limit appears to be a 4-percent margin

with the electrode system shown in Figure 52.

The energy margin established by a given collector design affects

efficiency in a very simple way. If a klystron has an efficiency)Jo, the

RF power output is V/oPo, where Po is the undepressed DC power input.

With a depressed collector whose energy margin per electron is mV o, the

total energy margin for a beam current of current I ° is mI ° V o. The total

DC input to the tube is the sum of the RF output power and the energy

margin, namely _]oPo +mPo"

sion is simply:

Thus, the efficiency with collector depres-

.- p
RF Output % o rio

(29)
'/] -- DC Input - _/o Po + mPo T]o 4- m

This equation shows the remarkable improvement in efficiency that can be

achieved with reasonable margins. For instance, a collector operating

with a 10-percent margin would increase the efficiency of a 20-percent

klystron to 67 percent!
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The parameter m is seen to represent the unrecoverable fraction of

the remaining energy in the spent electron spectrum. It is useful to define

a reflex collector energy recovery efficiency as:

_Trc = 1 - m (30)

Let us now turn our attention to the all-important backstreaming

problem. This problem has two sources: reflected primaries, and second-

ary electrons. If primary electrons approach an electrode which is at a

lower potential than that required to stop them, the electrons will be re-

flected and may return back down the beam. However, this problem is

greatly affected by the choice of collector electrode configuration. A de-

sirable shape follows the equipotential contours shown in Figure 52. These

electrodes will begin at the upper left hand corner of the configuration

shown in Figure 5Z, at which point they will be supported and insulated

from one another. They will extend into the collector space along the equi-

potentials to a point just under the midpoint of the trajectory of the electron

they are intended to collect. (A practical embodiment amenable to heat-

pipe cooling is shown later in Figure 70.) In general, the primary electrons

will approach their intended electrode at an angle between 45 degrees and

grazing incidence. A little thought shows that with this electrode configur-

ation, no electron can approach an electrode of higher potential that can

stop it; hence the primary electron reflection problem should be reduced

by several orders of magnitude. Primaries which are elastically reflected

from the electrode surface should come off at an angle equal to the angle

of incidence, thus elastically-reflected primaries will proceed deeper into

the electrode structure (up and to the left in Figure 52) and therefore should

not be a source of trouble.

Perhaps the most important feature of the depressed collector as

visualized is the highly effective suppression of low-velocity secondary

electrons. This comes about because with the electrode shapes described

above, the primary electrons are not collected at the apex of their trajec-

tories, butare reaccelerated a small amount before collection. Points of

impact of electrons of various energies on typical electrodes designed to

capture them are denoted by the circles in Figure 52. It is very significant

to note that secondary electrons released at the surface of these electrodes

see a decelerating field and are automatically and quickly returned to the

electrode from which they emerged. Again, this suppression of secondary

electrons occurs because the approaching primary electrons are not collected

at the apex of their trajectory, but are actually accelerated somewhat before

collection. Since the primary electrons are actually reflected before they
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are collected, this scheme has been given the name "reflex collection"
It is important to note that reflex collection involves a small additional loss
of energy, typically 0.05 Vo, and this must be included when calculating
overall tube efficiency. This small additional loss of energy may be con-
sidered as an investment to ensure the complete stability of the collector
against returning secondaries to the klystron interaction region.

Thusfar, only four electron trajectories have been considered in
establishing collector design. Analog computer runs for the same four
classes shown in Figure 52 were made for a variety of input radii from
0. la to 0.8a, and for injection angles of ±6 degrees (10-percent radial
velocity). A highly significant characteristic was observed under these
conditions -- namely, upon reflection, essentially all primary electrons
of a given energy class focus at points in the vicinity of the circles shown
in Figure 52. This is in contrast to the location of the apexes of their tra-
jectories which are found to span several of the equipotentials shown in
Figure 52. This focusing action means that the efficiency of electron col-
lection can be high even with an electron beam of finite diameter and radial
velocity components.

The variety of radial injection positions may cause some electrons to
strike on the bottom, rather than the top, of the electrode which they are
intended to hit. Low-energy secondaries released from the bottom side of
the collector see a strong electric field accelerating them toward the left
in Figure 52 due to the adjacent higher voltage electrode; hence, they again
are not returned back down the beam but are immediately removed. Thus,
it is expected that backstreaming of secondaries will virtually be eliminated
in the reflex collector. The forward edges of the collector electrodes and
the point of the needle should be made as sharp as possible, within the limits
set by thermal considerations, in order to minimize the generation of second-
aries. Depending upon the sharpness of the electrodes, the number of such
reflected electrons should be several orders of magnitude below that of a
conventional, non-segmented, forward-collecting electrode structure. Also,
special coatings, such as lamp black, may be applied to these surfaces to
diminish the generation of secondaries.

To make sure the essential features of the reflex collector are not
altered by space charge, a digital computer run was made for a DC beam
of perveance 0.5 x 10 -6 injected from a cathode and passed through an anode

aperture and a short drift tube into a reflex collector containing a beam-

dispersing electrode but no inner electrodes. The resulting trajectories of

the beam-edge electrons (shown in Figure 53) may be compared directly
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with the non-space-charge trajectories of Figure 52. It is evident that

there is only slight distortion of the equipotentials, and the trajectories are

virtually the same in the two cases. Thus the presence of space charge

will influence the collector only slightly. (Note that the phenomenon of

reflection-focusing is clearly evident in Figure 52.)

The reflex collector has another advantage which deserves mention.

In a magnetically-focused klystron, the electron beam is collimated by a

longitudinal magnetic field which is usually removed just before the col-

lector by means of an apertured magnetic plate. It is difficult to eliminate

small stray magnetic fields in the collector, however. Since the reflex

collector described above is axially symmetric, the presence of a stray

magnetic field will simply cause a small angular rotation of the electron

trajectories, which should not interfere in any way with the operation of

the collector. This is in contrast to schemes in which a transverse mag-

netic field is used to sort the beam in the collector. An extremely careful

magnetic shielding job is required in this case to eliminate interaction be-

tween the sorting field and the main field, since the former is transverse

and the latter is longitudinal.
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Section VIII

THERMAL ENVIRONMENT CONTROL

REQUIREMENTS FOR THERMAL CONTROL SYSTEM

For the purpose of thermal control, the klystron is made up of five

major elements, each having different requirements. Specific limits for

these elements are as follows:

(i) Collector: The depressed collector, shown in Figure 54, has

two heat sources -- the beam disperser (350 watts) and the

collector elements (2250 watts). The metallic portions of both

the beam disperser and the collector must be maintained below

1000°C, and metal-to-ceramic seals cannot exceed 700°C.

(2) Output Cavity: The power dissipated in the output cavity is

considerably higher than for the buncher cavities and thus

must be considered separately. Cooling must be adequate to
O

maintain the tunnel tips below 400 C.

(3) Input and Buncher Cavities: Input and buncher cavity power

dissipation is low and can be removed either individually or

in conjunction with the output cavity. The temperature limit

is 400°C on the tunnel tips.

(4) Electron Gun: Thermal control of the electron gun is primarily

concerned with preventing thermal interaction with other portions

of the klystron or the spacecraft.

(5) Field Magnet: Power dissipated by field coils must be radiated

at a temperature low enough that the inside surface of the coil

does not exceed 150°C. Permanent magnets must be maintained

below 200°C.

In addition to the above limits, deviation from design temperature will cause

bandpass distortion. Figure 55 shows the maximum temperature deviation

allowable for a klystron with 20 percent excess bandwidth. This represents

a "worst case" condition. Values shown for expected excursion can be

brought to almost any desired limit using louvers, phase change materials,

or a coating with a strongly temperature-dependent emissivity.
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THERMAL CONTROL TECHNIQUES

The design of high-power transmitter output devices intended for use

in space vehicles must include consideration of certain thermal problems

peculiar to space operation. Since radiation is the only practical long-term

means of rejecting power dissipated by these components, a radiating sur-

face must be provided. Heat flow paths must then be included to move the

heat from the output device to the radiator. Due to limitations on geometry

and the magnitude of the dissipation, excessive temperature differentials

are caused by conduction even through materials having the highest thermal

conductivity. Thus, some type of thermal transport system -- an active

liquid loop or a heat pipe -- must be used. Since the active loop requires

electrical power to run the pump and is heavier than a heat pipe system,

it will not be considered in detail in this report. The merits associated

with each of the cooling methods considered are discussed in the paragraphs

which follow:

Active Thermal Control

An active thermal control system consists of a fluid pumped through

a closed loop. At one point the fluid absorbs heat from the source. The

fluid then flows through a radiator where the heat is rejected to space.

Trade-off studies must be made for specific design parameters in order to

optimize a system. Higher liquid flow rates provide higher heat transfer

coefficients between the fluid and pipe wall and reduce the fluid temperature

rise required to move a given amount of heat. They also, however, require

more pump power. Optimization may be based on weight, pump power, or

volume, whichever is considered most important for a given application.

Systems design for Bios and Apollo indicate that the pump power require-

ment is from 3 to 6 percent of the cooling load. Radiator weight for an

active system is approximately the same as the weight of a heat pipe radi-

ator, but the pump weight and solar array weight make the total higher.

The higher weight plus the relatively low reliability of the pump make the

heat pipe by far the best cooling technique for high-power thermal systems.

Heat Pipes

The heat pipe is a device which uses the phase change of a fluid and

capillary action to provide an extremely efficient heat flow path. Heat added

to the evaporator surface causes liquid to vaporize. This, in turn, causes

a pressure gradient which forces vapor from the evaporator to the condenser,

resulting in a vapor density in excess of equilibrium conditions. The excess
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vapor condenses, thus transporting an amount of heat equal to the product
of the mass transferred and the latent heat of vaporization of the fluid.
Condensate is returned to the evaporator by means of a wick.

The design of a heat pipe is dependent on several parameters. First,
the working fluid is chosen on the basis of its saturation pressure and per-
formance characteristics at the operating temperature, and on the basis
of compatibility with the container and wick. Figure 56 shows the satur-
ation pressure, and Figure 57 the computed performance characteristics
for several selected fluids over a range of temperatures. The fluid should
have a maximum wicking parameter and a pressure which makes it easy to
contain. The freezing point of the fluid should be below the lowest temper-
ature that would be encountered, either operating or non-operating. The
vapor density should be high enough that the vapor velocity is considerably
below choke flow velocity.

The temperature drop in a heat pipe is the total of several individual
drops, of which the most significant are due to conduction through the wall
and wick in the evaporator and condenser, and the liquid-vapor drop in the
evaporator.

Heat pipe capacity is determined by the cross-sections of the vapor
and liquid channels and the power density in the evaporator and condenser.
Since the condenser is considerably larger than the evaporator in cooling
configurations, condenser limitations are unimportant for the purpose of
this study. Therequiredheat pipe cross-section for low thermal conduct-
ivity fluids can be estimated from the semi-empirical equation:

Q = 6 A(_ (31)
max L

where : A ___

=

L =

Qmax =

cross sectional area (m Z)

surface tension (kg/m)

latent heat of vaporization (Joules/kg)

heat pipe length (m)

maximum heat transfer (kW)

Because of the danger of local liquid burnout, the power density in the

evaporator should not exceed 50 W/ca 2 unless a larger limit is experi-

mentally demonstrated.
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The heat pipe is an extremely reliable device. The probability of

continued operation for long time periods can be placed at almost any de-

sired level by adjusting the wall thickness or providing shielding to protect

against meteorid penetration.

Heat Conduction

Conduction of large quantities of heat from the heat source to the

radiator causes large temperature differences. The larger the difference

is, the lower the radiating temperature must be to maintain the component

below its maximum temperature limit. Under some conditions, conduction

alone is inadequate to transfer the required amount of heat without requir-

ing an unattainable radiator temperature. Here there is no choice but to

use heat pipes or an active loop. In some instances, however, the use of

conduction paths and their increased weight must be traded against the

increased complexity, reliability, and cost of other devices.

R adi ator s

Some of the radiation devices used to cool the klystrons in this study

are direct radiators or direct condensing vapor fins, and thus the radiated

power simply follows the fourth power of the temperature. Where conduction

fins are used, however, the drop in temperature as distance from the heat

source increases causes a reduction in the quantity of heat radiated per unit

area. In this study, all fin calculations were made by a GE-605 computer

program using published 32,33 analyses. The fin is optimized to minimize

weight. A summary of area and weight requirements of a weight-optimized

heat pipe fin system is given in Figure 58. The values are given for heat

pipes attached parallel to each other and equally spaced. No consideration

is given to the means of conducting heat from the heat source to the heat

pipes on the radiator, since this is a function of the geometry and other

restraints imposed by the particular klystron being cooled.

Coatings having a high emissivity and low solar absorptivity are used

on the radiator surface to maximize radiation and minimize the temperature

excursion caused by solar impingement. A means of controlling temper-

ature during periods when the klystron is not operating will also have to be

selected -- heaters, a heat storage material, thermally actuated shutters,

a temperature control heat pipe, or a temperature dependent emissivity

coating. Since the selection of a temperature control device will depend on

several parameters other than the heat source, a description of each is

given below to briefly outline their capabilities:
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(1)

(2)

(3)

(4)

(5)

Heaters: When the klystron is not operating, heat is supplied

to the radiators to maintain some minimum temperature im-

posed by the klystron itself or by the temperature control

system (e.g., the freezing point of a heat pipe fluid).

Heat Storage Material: A heat storage material absorbs heat

while the klystron is operating and releases it when needed to

maintain some minimum temperature. To minimize the weight

of such a system, a phase change material can be used which

absorbs heat equal to the latent heat of fusion at its melting

temperature. Such systems, however, are heavier than other

temperature control devices.

Shutters: A shutter or louver system exposes more or less of

the radiator to vary the emittance of the system. The shutters

can be actuated by electrical or mechanical devices with either

a step or proportional response to temperature. A 6-to-i

change in emissivity can be achieved from the full,open to

full-closed positions.

Temperature Control Heat Pipe: This device is a heat pipe

with a large-volume (relative to the volume of the heat pipe)

container attached to the condenser end and filled with an inert

gas. Diffusion of the heat pipe vapor forces the inert gas toward

the condenser end. The interface between the vapor and the inert

gas is quite sharp, thus causing an abrupt drop in temperature at

some point along the heat pipe. If more heat is fed into the

evaporator, the interface is moved farther along the pipe, thus

heating more of the pipe. By attaching a fin to the heat pipe,

temperature control is maintained because more or less of the

fin is heated, depending on the power input. The degree of tem-

perature control is a function of the ratio of the inert gas con-

tainer volume to the volume of the heat pipe condenser. Temper-

atures can be controlled to a few degrees over very wide power

levels using such a system.

Temperature Dependent Emissivity Coatings: Due to the shift

in the black body curve with temperature and the spectral re-

flectance characteristics of some coatings, a strong change in

emissivity is exhibited as a function of temperature. Over the

wide range of temperature limits, between operating and non-

operating conditions, a change of up to 3 to l in emissivity appears
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(6)

to be feasible by the proper selection of coating materials.

This method of temperature control has the advantage that it

does not add weight to the existing radiator.

Combination of Temperature Control Methods: A combination

of two or more of the above devices can be used to provide the

lightest, most efficient thermal control system.

SPECIFIC THERMAL DESIGNS FOR KLYSTRONS

Except for the collector and electron gun, the geometry of the kly-

stron depends on the frequency involved to the extent that separate consider-

ation must be given to the device designed for each of the four frequencies

studied. The collector and electron gun, however, are almost identical

for all klystrons considered in this study and thus will be considered only

once.

Collector

The four collector elements are made of a refractory metal such as

molybdenum or tungsten and brazed to a ceramic disk. The maximum

service temperature for reliably brazing such joints is 700°C° Thus, taking

this as the design temperature, the "worst case" temperature at the tip of

a collector element is 830°C for tungsten or molybdenum. The outside sur-

face of the ceramic (BeO) would be 650°C for the case where almost all of

the beam is intercepted by a single collector element, and 680°C for a more

evenly distributed beam interception. Maximum power density at the out-

side ceramic surface is well below 25 W/cm Z, making the surface ideal

for attachment of a heat pipe evaporator. The temperature drop through

the wall of the evaporator and due to evaporation yields a minimum vapor

temperature of 610°C. While sodium, potassium or cesium can be used as

a working fluid at this temperature, sodium has several advantages which

make it the most attractive choice. Most important, sodium has a surface

tension high enough to permit more thorough testing under i "g" conditions.

The heat pipe-radiator configuration shown in Figure 54 is the most straight-

forward means of cooling the collector. Its advantage, besides being com-

pact, is that in the event the sodium freezes in the condenser, enough heat

can be carried by conduction and radiation to melt the fluid and continue

operation.
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The remaining heat-producing element of the collector is the beam

disperser. Since this element may possibly operate at a high electrical

potential with respect to the spacecraft frame, it is most easily cooled by

direct radiation. A 16 square inch (i00 cm 2) radiator at 680°C coated with

a 0.7 emissivity material is required to prevent the metal-ceramic seals
o

from exceeding 700 C.

The geometry of the collector with the heat rejection elements, shown

in Figure 54, applies to all klystrons included in this study, since there are

only minor differences among the several designs.

Electron Gun

The electron gun should be thermally insulated to be as efficient as

possible and to prevent overheating of adjacent components. Ten to fifteen

layers of highly polished 1-mil-thick stainless-steel foil separated by either

alumina or stainless-steel wire would constitute a good insulating system.

Solenoid Thermal Control

The magnetic field required by the klystron may be produced by an

electromagnetic coil. The coil is made up of concentrically wound copper

or aluminum foil with a layer of insulator between each wrap. The equiva-

lent thermal conductivity is 10 joules/msec°C for copper foil in the circum-

ferential and axial directions. For a hollow cylinder with uniform internal

generation, where the inside and outside surface temperatures are equal

and fixed, the temperature distribution is given as:

t - T q (r 2 2) [ In(ri/ro) ]
- - r 1 + (32)

o 4K o in(r /r. )
o 1

and the maximum temperature can be shown to occur at:

1/2(r 2 _ r.2
o 1

r = in(r /r.) (33)
o 1

where : T = Temperature at r surface

t = Temperature at r

q = Volumetric heat generation

K = Thermal conductivity

ri = Inner radius

r o = Outer radius
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Using this relationship, the maximum internal temperature of each sole-
noid was computed. Data used in the computation and the results are given
on Table XI. Aluminum foil is used in the solenoids for the 850-MHz AM,
2000-MHz AM and 2000-MHz FM klystrons, while copper foil is used in the
remaining two.

The solenoids considered in this study have several alternate means
of thermal control. For the 850-MHz klystron, the most simple method
is to allow the outer surface of the solenoid to radiate directly to space.
At the 144°C temperature from Table XI, 490 square inches of surface area
are required to radiate the heat generated in the solenoid, assuming a 0.85
emissivity. One half of the circumference of the solenoid has an area of
520 square inches, of which approximately 300 square inches is blocked by
radiators used to cool the cavities. Thus, the addition of two small fins
as shown in Figure 59 will provide sufficient radiating area. Inclusion of
a heat pipe at the base of each fin will even out temperature differentials
along the axial length of the solenoid caused by blockage by other radiators.

Alternately, if the klystron cannot be positioned so the solenoid can
radiate directly, a heat pipe radiator can be used. The evaporator of one
or more heat pipes is mechanically attached to the outer surface of the
solenoid. From here, the heat is transferred to fins where it is radiated
to space. Heat pipes must be spaced so that the temperature of the solenoid
is maintained below 150°C to avoid degradation of the insulation.

Cooling of the solenoid for the 2000-MHz AM and FM klystrons will
be accomplished by winding the foil directly on the outside of the heat pipe
used to cool the cavities. While this method decreases the temperature at
which the heat from the cavities can be radiated (the maximum operating
temperature of the solenoid is lower than that of the cavities), the resulting
increase in radiator area and weight is small (an increase of less than 3.2
square feet and 5 pounds), and the mechanical arrangement is greatly simpli-
fied. Further cooling can be accomplished by fastening the solenoid to the
radiator. Due to the high circumferential conductivity, this will introduce
a circumferential temperature differential of less than 6°C. Figure 60
depicts the details of the configuration.

Using the inner and outer surfaces of the solenoid of the 8000-MHz
FM and II,000-MHz FM klystrons results in far too low a radiating tem-
perature. Therefore, heat must be removed from the coil edge to take ad-
vantage of the high axial thermal conductivity. For a uniformly heated body
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of constant cross-section, with one end at constant temperature, the maxi-

mum temperature is given as:

t - T = q L 2 (34)
o 2K

where L is the length of the solenoid and the remaining symbols have been

previously defined. The temperature rise for either solenoid is found to

be less than 3°C. The temperature drop through the electrical insulation

between the end of the solenoid and the heat pipe evaporator is approximately
15°C for both coils. Thus, the heat rejection temperature is 132 C at the

evaporator. Integration of this evaporator into the cavity heat pipe is des-

cribed later.

Permanent Magnets

Permanent magnets may be used in the 8000- and II,000-MHz

klystrons in place of the solenoids (see Figures 50 and 51). These elements

do not dissipate heat and can operate satisfactorily at 200 to 225°C. They

should present no thermal problems. Since the surface of the klystron body

will not exceed the maximum magnet temperature, thermal control will be

maintained by insulating the magnets from the collector and electron gun,

and mechanically fastening them to the mounting surface.

Cavity Thermal Control

Table XII shows the power dissipation and temperature drops from the

tunnel tip to the surface where the heat can be removed for the cavities of

each klystron considered. The maximum temperature at the heat transfer

interface, shown as Tma x, is based on a 400°C maximum on the tunnel tip.

In addition to the beam and RF power dissipated on the tunnels of the output

cavity, some additional RF in the amounts shown is dissipated over the in-

side surface of this cavity. This does not affect the heat rejection temper-

ature, but must be provided for in the thermal design. The total power

dissipated in the output cavity is therefore the summation of cavity-wall

losses plus losses on tunnel tips. Due to geometry and dissipation differ-

ences, thermal control of the cavities of each device must be considered

separ ate ly.

(i) 850-MHz AM Klystron: Heat from the buncher cavities can be

removed directly at the outside surface of the cavity at a temper-

ature of 389°C. While this heat can be conducted to the solenoid

and there radiated, the temperature would have to be reduced
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to below 150°C to avoid overheating the inside surface of the
solenoid. This reduces the black body emissive power from
I0.9 to i. 36 kW/m 2, requiring an eight-fold increase in radiat-
ing area. By providing a conduction path through the solenoid
to a small radiator, the radiating area can be minimized. A
half-inch (1.25 cm) diameter copper rod 4 inches (I0 cm) long,
attached as shown in Figure 60, provides a radiator with a root
temperature of 345°C. Taking aluminum as a fin material, the
required area is 9 square inches (58 cm2).

The output cavity dissipates too much heat to use conduction
alone. The most simple means of control, therefore, is a heat
pipe. The outside portion of the output cavity is completely
covered with a wick and used as an evaporator. Figure 60 shows
the configuration. Since the operating temperature is too high to
use water as the working fluid and too low for liquid metal,
Dowtherm A is the best choice. By placing the radiator as shown
in Figure 60, the problem of the working fluid freezing in the con-
denser can be overcome. In the event that restarting becomes
a problem, heat radiated and conducted from the solenoid to the
condenser can melt the fluid.

(2) 2,000-MHz AM and FM Klystrons: Heat generated at the tunnel
tips of the Z, 000-MHz klystrons must be conducted radially from
the base of the tunnel to the cylindrical surface of the cavity,
causing a temperature drop of approximately 35°C. This lowers

the maximum heat rejection temperature for the output cavity to

195 and Zl0°C for the AM and FM klystrons, respectively. The

outside cylindrical surface of the output cavity is covered with a

wick as in the 850-MHz klystron° A total of 348 watts must be

removed over a 7.5-in. 2 (48 cm Z) surface, yielding a power

density of 46.4 W/in. Z (7.2 W/cruZ), a small fraction of the

evaporator capacity. Thermal control of the buncher cavity

tunnel tips can be maintained by continuing the heat pipe from the

output cavity over the entire length of the klystron. In addition to

cooling the cavities, the outer surface of this heat pipe can be

used to cool the solenoid as was described previously. The dis-

advantage of this design is that the radiating temperature is de-
o

creased from the limit for the output cavity to 13Z C, the solenoid

limit. The total power which must be removed by the heat pipe

now is the total of all of the cavities plus the solenoid power.

This amounts to 793 watts for the AM design and 751 watts for
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(3)

(4)

the FM. Allowing 25°C for heat pipe and interface temperature

drops, from the data of Figure 58 the 2000-MHz AM klystron

requires an 8. 3-ft.Z (0.8 rn 2) radiator weighing 13.2 pounds

(6Akg) and the 2000-MHz FM klystron requires a 7.9-ft.- (0. 7
Z

m ) radiator which weighs IZ. 5 pounds (5.7 kg). The configur-

ation is shown in Figure 61.

8, 000-MHz FM Klystron: Table XII shows the power and temper-

ature requirements for the cavities of the 8,000-MHz FM klystron.

The cylindrical wall of the output cavity is used as an evaporator

and requires a minimum wall thickness of 0. l inch (0.25 cn3).

The power density at the evaporator, 320 W/in.Z (50 W/cruZ), is

somewhat marginal but can be taken care of, if necessary, by

increasing the surface area by either increasing the wall thick-

ness or convoluting the surface.

The temperature limit shown in Table XII for the output cavity is

in excess of the maximum solenoid temperature, and therefore

the heat pipe will operate at the lower limit, 132°C. Allowing
O • •

25 C for heat plpe and interface temperature drops, the radiator
o

will operate at 107 C and require 13.7 ft. Z (1.27 m Z) of area to

radiate 1179 watts. Radiator weight is 21 pounds (9. 5 kg).

Figure 6Z shows a cross-section of the 8000-MHz FM klystron,

with the heat pipe integrated into the design.

If the klystron beam is focused with permanent magnets instead

of an electromagnet (see Figure 50), the thermal design is made

easier both because the heat of the solenoid is eliminated and

heat removal from the klystron cavities is facilitated by the open

path between the magnet "horns". The cross-section shown in

Figure 63 depicts a design wherein a wick-lined heat pipe sur-

rounds the klystron and transports heat to a condenser at an

appropriate outer surface of the spacecraft.

II,000-MHz FM Klystron: Cooling for the II, 000-MHz FM kly-

stron is accomplished with the same approach as used for the

8,000-MHz design. The output cavity is the primary problem in

that little surface area is available for evaporation. A total of

859 watts is dissipated and can be rejected at a maximum tem-

perature of Z36°C (271°C at the tunnel less 35°C radial drop).
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SOLENOID

KLYSTRON

BODY

POLE

PIECE
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WICK ING
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//

//

//
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I I I

Figure 62 - Thermal Control System for 8000-MHz

Klystron with Solenoid

139



Since the physical size of the II,000-MHz klystron makes inclu-
sion of separate heat pipes difficult, a single chamber is used as
shown in Figure 64. Also shown is the location of the solenoid
cooling evaporator. As for the 8000-MHz klystron, the solenoid
must be end-cooled due to the excessive radial drop, as shown
on Table XI. The total heat which must be rejected by the radi-
ator is 1688 watts which, using the solenoid temperature limit,
requires an area of 19.7 ft. 2 (1.8 m2) weighing 30 pounds (13.6 kg).

Where permanent magnets are used, the configuration is similar
to the 8000-MHz klystron shown in Figure 63. The radiator area
required is 12. 1 ft. 2 (I. l m 2) at a weight of 18.4 pounds (8. 3 kg).

Summary of Radiator Requirements

A table of radiator weights, areas, and radiating temperature for each

of the heat sources in the AM and FM klystrons is given in Table XIIl. The

size of the radiator for the collector has been adjusted to correspond to the

heat load computed for the conversion efficiencies listed for each of the

klystrons, as given in Tables XIX through XXIII in Section XI.
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Table XIII - Radiator Parameters

Klystron

850-MHz AM

2000-MHz AM

2000-MHz FM

8000-MHz FM

(With PM)

8000-MHz FM

(With Solenoid)

I i, 000-MHz FM

(With PM)

II,O00-MHz FM

(With Solenoid}

Heat Source

Radiator

Weight Area Temperature

(Ibs.) (Sq. Ft.) (°C)

Solenoid 3.6 I. 9 144

Body 5.8 I. 4 2 14

Collector 6.2 I. 5 600

Solenoid 13.2 8. 3 107

Body

Collector 4.9 i. l 600

Solenoid 12. 5 7. 9 107

Body

Collector 3.4 0. 5 600

Body 13.2 8.7 I07

Collector 4. 0 0.7 600

Solenoid 21.0 13.7 i07

Body

Collector 4.0 0. 7 600

Body i0.4 12. I 107

Collector 4. 8 1.0 600

Solenoid 30.0 19.7 107

Body

Collector 4. 8 1.0 600

143



Section IX
POWER SUPPLIES FOR SPACE-BORNE KLYSTRONS

DESCRIPTION OF POWER REQUIREMENTS

The nominal power supply requirements for the five spaceborne
klystrons are given in Table XIV. In addition, in Tables XV, XVI, and
XVII, the high-voltage DC power requirements are separately listed for
the 850-MHz AM klystron, the Z000-MHz AM klystron, and the FM klystrons,
respectively. The efficiencies appearing in the tables are estimates made
before the final values were available, but the supplies as designed have
sufficient reserve to accommodate the final specifications. Two values of
the reflex collector potential margin -- 5 percent and 15 percent -- have
been considered, the latter value considered a feasible immediate objective
and the former an ultimate objective.

A diagram of the required power supplies is given in Figure 65. The
beam dispenser electrode is shown as connected to a negative bias supply,
but later analysis has shown that it may be feasible to connect this electrode
to the negative terminal of the main beam supply.

Although the EIA standard for hum and noise in a broadcast television

signal is 50 dB below signal, a I0 dB degradation in this parameter is gener-

ally experienced in relating the beam voltage noise and hum to RF output

hum and noise in klystron transmitters. The l0 dB discrepancy is explained

by the non-linear nature of the klystron voltage-current characteristic. The

desired signal to noise ratio S/N in dB is given by:

S/N : 20 log (Vslg/Vhum) : 50 dB

Solving for the ratio Vhum/Vsig, one finds that

Vhum/Vsig : O. 32%

(35)

In a klystron employing an electron gun with a given perveance, the beam

power and hence the output signal power is proportional to the 5/Z power

of the beam voltage. Hence, the signal voltage is proportional to the 5/4

power of the beam voltage. To achieve a 50 dB signal-to-hum and noise

ratio in the output the deviation allowed on the beam voltage is
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Table XIV - Power Supply Requirements for Klystrons

Klystron V b I b V 1 V2 V3 V4 I Pc I Pc2 Vf If V h I h

850-MHz AM

Z000-MHz AM

2000-MHz FM

8000-MHz FM

11000-MHz FM

15.5 0.0Z II 6.Z 4.6 Z.6 0.9 1.75 Z.0 67 10 20

13.0 0.0Z5 9.1 5.2 3.9 1.3 0.7 1.1 1.3 32 10 20

12.0 0.02 8.4 4.8 3.6 1.2 0.6 0.35 0.35 41 10 20

12.0 0.03 8.4 4.8 3.6 1.2 0.6 0. 35 0. 35 44 10 20

12,0 0.035 8.4 4.8 3.6 1.2 0.6 0.35 0.35 65 10 20

V b :

Ib :

VI-V 4 =

I

Pcl :

Pc2 :

Vf :

If =

V h :

I h =

Beam accelerator voltage - kV (Tolerance = , 0.05%)

Current furnished by V b - Amp

Collector segment voltages (Tolerance = stl%}

Collector segment current - Amp. Each supply V I-V 4 must be
able to furnish this much current on demand.

Total average power furnished by collector power supply - kW

Peak power into collector - kW

Field coil voltage - volts (Tolerance = i2*/0)

Field coil current - Amp.

Cathode heater voltage - volts (Tolerance : ±5%)

Cathode heater current - Amp.

5

3

3

1.5

1
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Table XV - Depressed Collector Power Requirements

of 850-MHz AM Klystron

5% Margin 15% Margin

Eff. P Input Eff. P Input

Saturated Power Output (kW) 9.5 92.6 10.25 80.7 11.80

Synch Power (kW) 7.5 90.9 8.25 76.9 9. 75

Black Picture (kW) 3.5 82.4 4.25 60. 5 5. 80

Average Picture (kW) 3.0 80.0 3.75 57. 1 5.25

White Picture (kW) 1. 3 57. 1 2.28 37. 5 3.46

Maximum current to any collector tap: 0. 77 ampere

Current to 15. 5 KV supply: 0.20 ampere

Table XVI - Depressed Collector Power Requirements

of 2000-MHz AM Klystron

5% Margin 15% Margin

Eff. P Input Eff.

Saturated Power Output (kW) 6.25 92.6 6. 75 80.7

Synch Power (kW) 5.0 90.9 5.41 76.9

Black Picture (kW) 2. 3 82.4 2.80 60. 5

Average Picture (kW) 2.0 80.0 2.46 57. 1

White Picture (kW) 0.9 57. 1 1. 50 37.5

P Input

7.75

6.40

3.82

3.45

2.28

Maximum Current to any collector tap: O. 59 ampere

Current to 13 KV supply: O. OZ2 ampere
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Table XVII - Depressed Collector Power Requirements

of FM Klystron

Beam Power (kW)

Beam Voltage (kV)

Saturation Efficiency (%)

Overall Efficiency (5% Margin)

Overall Efficiency (15% Margin)

For 5 kW Power Out:

Input Power (5% Margin) (kW)

(15% Margin) (kW)

Maximum Current at any Collector Tap (A)

Currents at 12 kV

Current to 12 kV Supply:

0.03 A (8000 MHz)

0.035A (Ii000 MHz)

7.89

12

65

92.8

72.3

5/92.8 =

5/72.3 =

0. 525
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S/N = 50 dB = 20 x 4/5 log (Vo/Vhu m) (36)

corresponding to a 0. 1 percent peak-to-peak deviation on the DC beam

voltage. Here it is assumed that hum is the only significant part of the

total beam noise.

The main beam power supply must be well regulated and have low

hum and noise but it need furnish only the small current intercepted by the

drift tube walls. The total rms hum and noise voltage should be less than

0. i percent peak-to-peak of the given beam voltage.

The solenoid power is furnished at relatively low impedance since

foil-wound coils are used to minimize size and weight. The tolerance on

field voltage is tentatively set at 2 percent in order to preserve a high

beam transmission.

Heater power can be developed over a range of voltages, although

the most practical heater designs for long life will fall in the range 5 to 20

volts for all tubes. Specific choice of voltage is left to the power supply

designer. A DC heater supply with 5 percent or less ripple is desired.

The collector power supply presents the greatest challenge. There

will be a number of collector segments each operating at a different potential.

In the AM cases, the amount of current collected by any one segment will

depend on the modulation depth which varies with scene brightness. Thus a

near-black scene will result in a larger proportion of the total beam current

incident on the V 1 and V 2 taps whereas a near-white scene will put the cur-

rent predominantly on the V 3 - V 4 taps. For the FM cases the current will

vary only slightly with modulation since the klystron will be operating at

near saturated amplitude conditions at all times. However, the current

will not be equally distributed among the various taps.

Because of the variable current demand on the collector power sources,

it would appear to be impractical to utilize the direct output from a large

array of solar cells since the peak current capacity at any one tap will need

to be essentially full beam current while the average current will be much

lower. It also seems impractical to use energy storage in capacitors to

integrate the current demand because a given picture scene may remain

black or white for a second or longer.
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OPTIMUM POWER SUPPLY DESIGNS

The power subsystem diagram, presented in Figure 66, indicates two

converters to supply the required voltages for the klystron amplifier. The

heater, solenoid, and beam are relatively constant loads and are all sup-

plied from a single pulse-width-modulation (PWM) regulated converter

(Figure 67).

Since the solenoid requires close regulation, the solenoid voltage is

sensed and compared against a fixed reference voltage by the control cir-

cuits for the pulse-width modulator. The control signal from the comparator

is used by the pulse-width modulator to detern_ine the conduction angle of the

transistor amplifier, and thereby to hold the solenoid voltage constant. The

heater and beam voltages, which are derived from the same transformer

as the solenoid supply, will also be held constant against changes in the sup-

ply voltage. Since all loads on the converter are relatively constant, all of

the voltages will thus be well regulated.

Additional regulation is used to hold the beam voltage to the close

accuracy needed. Since this supply is at low power, high-voltage shunt

regulation may be used without a significant loss of efficiency for the over-

all system.

Protection for the converter and the klystron is provided by a circuit

breaker in series with the converter. Additional protection for the klystron

is provided by a triggered gap which is fired by its control circuit whenever

the beam current exceeds a preset level.

The various voltages required for the collectors may be provided by

either the single PWM regulated converter of Figure 68 or the modular

approach of Figure 69.

In the circuit of Figure 68, the required voltages are derived from

multiple windings on the single transformer of the converter. The lowest

voltage is sensed and the pulse width controlled to maintain this voltage con-

stant. The other voltages will follow to a degree, depending on the varia-

tions in currents to the collectors. It is assumed that the minimum load

on the supply to any of the collectors will be i0 percent of the maximum

value.

This approach will require a large number of transistors to be paral-

leled in the converter if currently available transistors are utilized. The
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converter must be designed to supply at least the power level required for

a black picture, which will be 5.8 kW for the 850-MHz transmitter. (Peak

synch and vertical blanking power can be provided by the filter capacitors

on the output of the supply. ) At the lowest input voltage, and assuming a

transformer efficiency of 95 percent, the transistors will be required to

supply an average current of 130 amperes; because of the variable conduc-

tion angle, the peak transistor current will probably be 40 percent higher.

Currently available transistors rated at 200 volts are also rated for 20

amperes continuous current, which means that approximately I0 transistors

would be required to drive each half of the push-pull transformer, and cur-

rent sharing would become a problem.

A second approach for the collector supply is presented in Figure 69.

Four separate converters provide voltage increments so that when the out-

puts are connected in series, the required collector voltages are available

at the connections between converter outputs. Each converter output can be

regulated separately and the voltages more accurately controlled.

Referring again to Figure 66, the protection for the klystron and the

collector supply is provided by a circuit breaker. Since the collectors will

be able to withstand the discharge of the stored energy in the filters and

transformer, no "crowbar" circuit, such as that used for the main beam

supply, is provided.

Calculations, substantiated b_ tests, have shown that the peak synch

and vertical pulses can be supplied by energy-storage circuits with a time

constant of 50 milliseconds. The primary power source may be selected

to supply only the picture power, with the peak power being supplied by the

converter output filter capacitors. A further improvement in primary

power requirements may be realized by supplying short-term black level

demands from batteries and adding control circuits to reduce the overall

transmitter power output during extended periods of dark scenes.
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Section X

MECHANICAL EMBODIMENT AND LAYOUT

DESIGN FACTORS

Klystrons are readily adaptable to the space environment because of

their structural simplicity and basically rigid construction. Magnetically

focused klystrons are single-potential, self-shielding RF structures of

brazed, solid metal. Moreover, modern ceramic-metal sealing techniques

are available for constructing the electron gun and multi-segment collector.

The relatively simple configuration of klystron cavities and drift tunnels

makes heat-pipe cooling methods relatively straightforward and simple.

Also, in some cases, klystrons can be cooled by direct radiation.

Since the high-efficiency klystron designs prepared in this study do

not employ voltage jumps, all RF circuits are at the same potential, which

can be the same as the frame of the spacecraft. The cathode and the various

collector electrodes which are operated at potentials other than the RF body

are amenable to good high-voltage seal designs.

Space Environment

The operation of klystrons in the space environment is essentially the

same as in a ground environment as long as the thermal environment is

controlled as described in Section VIII. The evolution of klystron technology,

over many years, has enabled klystrons with the proper processing to main-

tain their own internal space environment for long-lived operation. It is

not known whether the hard vacuum to be realized in the vicinity of a satel-

lite after degassing of the vehicle would be helpful in prolonging the life of

the electron guns in klystrons. Undoubtedly, however, the gases present

in the early hours following launch would have a deleterious effect on the

cathode. Because long life has been achieved in sealed-off klystrons, it

would appear desirable to continue to isolate the interior of the klystron

from the satellite and to depend on a small appendage ion pump to maintain

the proper pressure in case a gas burst should develop in the klystron.

Mechanical Rigidity and Strength

The most severe environmental requirements for the klystrons are

the vibrational specifications of 20-400 Hz at 5.0 g, and 400-3000 Hz at
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15.0 g. The mechanical design will require considerable analysis and
vibrational testing to eliminate or damp resonances in these frequency
ranges. Since the klystron and magnetic circuit, particularly for the lower
frequency tubes, are relatively large structures, they will be supported by
and firmly attached to the spacecraft frame. In such an arrangement, the
total package structure would have to be analyzed on environmental equip-
ment to determine compliance with the required specifications. Since large
klystrons have been successfully designed and constructed to meet the acceler-
ation specifications required for mobile military equipment, it is anticipated
that present construction techniques can be modified to meet the specifications
for space qualification.

KLYSTRON MATERIALS AND FABRICATION TECHNIQUES

The following materials and techniques are appropriate for construct-

ing the klystron designs discussed herein.

Cavities and Drift Tubes

Oxygen-free high-conductivity copper of controlled impurity levels

is chosen for the basic cavity and drift tube material. This material will

provide good thermal conductivity for the drift tube tips, and ensure high

cavity Q. Copper-gold brazing alloys are used to join the various cavity

and drift tube combinations, with the brazing accomplished in hydrogen

atmospheres at elevated temperatures. The RF conducting copper surface

of the output cavity may have to receive special treatment to decrease the

surface RF resistance, since the Q of this cavity contributes a great amount

to the overall performance.

Ceramic and Ceramic-Seal Materials

High density, low-loss, alumina ceramics are used for the cathode

bushing, RF input seal, and RF output seal. The main collector seal is

made of high thermal conductivity beryllia oxide to conduct the heat gener-

ated by electron interception on the various electrodes to the heat pipe

system for rejection.

The metal-seal portion will, in most cases, be Ceramvar*, an iron-

nickel-cobalt alloy which has been used extensively for high-alumina

*Wilbur B. Driver Co.
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ceramic vacuum seals. This material closely matches the thermal expan-
sion characteristics of the alumina-oxide ceramic in the sealing and brazing
temperature ranges. While most of the ceramic-metal joints utilize a
copper-gold braze alloy, the high-temperature seals in the collector would
be made with a palladiun_-cobalt alloy°

Cathode and Heater Structure

Structural material for the cathode, heater, and focus electrode in-

clude electronic-tube grades of nickel, tungsten, and stainless steel. The

emitting surfaces will vary according to the emission demands of the vari-

ous designs. The more common barium-strontium oxide cathode would be

used for the 850-MHz klystron. The emission density required (0. l A/cm 2)

would yield a cathode life in excess of 50, 000 hours. This cathode system

might also be suitable for the Z000-MHz klystrons (emission density of

0.2 A/cm 2 required) if the cathode operating temperature could be kept

as low as 740°C, where again a life of 50, 000 hours could be expected.

For the higher emission densities of 1.42 A/cm 2 and Z.68 A/cm 2 associ-

ated with the 8000-MHz and ll,000-MHz klystron designs, the tungstate

cathode system presently under evaluation should yield life expectancies

of over 20,000 hours at an operating temperature of 900°C. At present,

a life test of a tungstate cathode at 1.7 A/cm 2 and 900°C has exceeded

15, 000 hours of operation with no change in characteristics.

Of all the component parts of a klystron, the cathode support structure

is the most vulnerable to damage by shock and vibration. For the space-

borne klystrons, an electron-gun structure more rugged than is usually

employed will be possible, because there will be less heat loss to the space

environment with the absence of convection cooling of the outer surface of

the cathode seal.

Structural Members

In the 850-MHz klystrons support members of stainless steel are used

to tie the resonators, drift tubes, and magnetic pole-pieces into a unified

structure. For the higher frequency tubes, structural support is provided

by the integration of tube body, heat pipe, and electromagnet, as shown in

Figures 61, 6Z, and 63.

Processing

All parts that comprise the vacuum envelope are cleaned to remove

all surface contamination, and fired in either vacuum or a controlled
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hydrogen atmosphere to remove surface gases. After parts and subassem-
blies are completed, the final assembly is welded in an inert arc process
and the klystron put in a dual vacuum oven for final outgassing and cathode
activation. This bakeout at 550°C for periods of 12 to 20 hours is essential
in assuring that all internal klystron surfaces are outgassed prior to cathode
activation.

Preliminary cross-section drawings for magnetically-focused klystrons
are presented in Figures 70 through 75. While these serve to illustrate
some of the construction techniques which have been discussed, they are
not intended to be final designs. In particular, the final integration of
electrical, mechanical, and thermal designs will result in modification of
some of the details in these figures.

OPERATING PROCEDURES

Start-Up and Shutdown

After installation of the klystron in the magnetic field coil and socket

environment, and connection of the necessary power supply leads, start-up

under normal conditions would consist of the following:

(i) Apply and adjust magnetic field supplies. This enables the

klystron body to absorb the heat generated by the magnetic

field supplies and to approach the ambient temperature ex-

perienced during operation. In some cases this will also

serve to melt the heat pipe working fluid.

(2) Apply ion pump supply voltage. This enables the ion pump

to remove any residual gas left in the klystron after its

previous operation. While it might be desirable to open the

klystron up to the space environment after the required orbit

has been obtained, further information about the residual gases

given off by associated components during operation would be

required before such a step is recommended.

(3) Apply heater voltage. A fast-heating filament and cathode struc-

ture could be designed for this application; however, since a five-

minute restarting time is adequate, a more reliable heater design

having a longer time constant is contemplated.
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(4) Apply and adjust beam and collector voltages. Both body cur-

rent and ion pump current should be monitored to assure that

normal operation is being achieved. (Refer to Section IX for a

discussion of power control circuitry.)

(s) Apply and adjust RF drive power. Again, body current and ion

pump current, as well as drive and output power, should be moni-

tored to assure that normal operation is being achieved. This

procedure is based on the use of a depressed collector, where

the power dissipated in the collector is small, even at zero RF

drive. In cases where no collector depression is employed, it

is desirable to apply RF drive simultaneously with magnet power

and then apply beam power. This avoids the high collector dissi-

pation which would ordinarily take place at zero drive.

The shutdown procedure for the klystron is essentially the reverse of

the start-up procedure, with the exception that the beam voltage and RF

drive can be removed simultaneously.

(I) Remove beam voltage and RF drive voltage.

(2) Remove heater voltage.

(3) Remove ion pump supply voltage.

(4) Remove magnetic field coil supply voltages.

Pre-Launch Testing

It is assumed that complete quality assurance testing, including a

500 to i000 hour "burn-in" will have been implemented for each klystron

prior to delivery. Testing at the launch site then consists primarily of

standard checks of the various components, plus a final full-power run of

the transmitter after installation in the spacecraft. Because waste heat is

radiated at high temperature, the final power test would be made in a space-

simulator chamber. The standard check of klystron components are heater

resistance, low-voltage emission test, gas condition (from ion pump read-

ing), resistance of field coil and insulation resistance of the various seals.

Operating During Launch

Normal heater power should be applied during launch and booster

acceleration. This will assure that the normally brittle tungsten filament

will be at a relatively high temperature and in a ductile condition. No other

voltages need be applied during the launch and booster acceleration.
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Normal Operating Procedures in Orbit

Operation of the klystron while in orbit would be identical to the oper-

ation under ground conditions. The start-up procedure would consist of:

(1) Apply magnetic field coil power, if a solenoid is used

rather than a permanent magnet.

(2) Apply ion pump supply voltage.

(3) Apply heater voltage.

(4) Apply beam and collector voltages.

(5) Apply RF drive power.

The shutdown procedure for short periods of time would consist of:

(1)

(2)

Remove beam and collector voltages and RF drive.

Remove magnetic field coil power, if electromagnetic

focusing is used. This would leave the heater power and

the ion pump supply voltages on. The vacuum would be

maintained and the heater would not suffer a cycling period,

and the klystron would be ready for almost instantaneous

operation. The start-up procedure from this condition

would be :

(a) Apply magnetic field power, if required.

(b) Apply beam and collector voltages.

(c) Apply RF drive power.

The shutdown procedure for longer periods of time would be as

follows:

(1) Remove beam and collector voltages, and RF drive power.

(2) Remove heater voltage.

(3) Remove ion pump supply voltage.

(4) Remove magnetic field coil power, if used.
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KLYSTRON-SPACECRAFT INTERFACE

The klystron and its solenoid (or permanent magnet), its heat pipe and

direct radiator cooling systems, and its power supplies may be integrated

into a single modular self-contained subsystem. The only necessary connec-

tions to the remainder of the spacecraft would be the RF input signal from

the video modulator, the low-voltage DC mains connections from the solar

array, and the high-power RF output connection to the antenna.

The bulk of the klystron body, including the input and output waveguide

connections, operates at the spacecraft frame potential. The problem of

extending high-voltage leads from the main body power supply to the electron

gun cathode assembly, and from the depressed collector supply to the reflex

collector electrodes, may be eliminated by enclosing the cathode end of the

klystron with its power supply in a hermetic shield, and the collector and its

power supply in a second hermetic shield. However, because of the lower

operating temperature required for the power supplies, and the separate

heat pipe cooling systems for the collector and the collector power supply,

it might be more desirable that they be in two separate enclosures connected

by short high-voltage cables. The output end of the klystron should be loc-

ated near the antenna to minimize transmission line losses between the kly-

stron and the antenna.

The klystron amplifier module may be prefabricated and tested as an

independent structure and subsequently bolted to the surface of the spacecraft.

In order to keep the heat pipe system to a minimum weight and to permit dir-

ect radiation of a portion of the waste heat generated in the klystron, the

klystron amplifier module is preferably located on a surface of the spacecraft

orientated away from the sun. The primary consideration is to isolate the

high temperatures of the klystron and radiators from surrounding parts of

the vehicle. Insulation should be provided at all surfaces in contact with the

vehicle structure. Surfaces of the klystron-radiator assembly which can

radiate to the interior of the vehicle should be insulated. A blanket of 15

layers of aluminized or gold coated Kapton will provide almost total isolation

for surfaces below 300°C. The collector, which operates in the 600 to 700°C

range, should be insulated using the same type of multilayer insulation, ex-

cept the 14apton must be replaced by I or 2 rail thick stainless steel, titan-

ium or other suitable material.

Figure 76 shows a typical configuration° Although the illustration de-

picts for a 2000-MHz AM klystron, it is representative of all of the klystrons

considered in this study. In the event the beam disperser cannot be positioned

to radiate directly to space, a sodium heat pipe can be used to transport the

heat to the radiator used for the collector elements. If this is required, it

would simplify the design if the beam disperser operates at ground potential.
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NOTE: WHILE 2000 MHz AM KLYSTRON IS SHOWN, SYSTEM IS TYPICAL OF

2000 MHz FM, 8000 MHz FM OR 11,000 MItz FMKLYSTRON

BEAM

DISPERSER
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RADIATOR
! -_._.__ INTERFACE

RADIATOR J _ CONDENSERPLATE SOLENOID

SECTION A-A

TYPICAL INSTALLATION

(NO SCALE)
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Figure 76 - Sketch of Typical Magnetically-Focused Klystron

and Associated Thermal Control System

Installation in Spacecraft
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Section XI
EFFICIENCY ANALYSIS AND TRADE-OFFS

The overall output efficiency ?7oof a high-gain klystron with a reflex
depressed collector may be written as:

ii + E - ?Trc (i - Z/i ) Z/t ] (37)qo : qt qckt _i/"

whe re : ?/t =

Zlckt =

qi =

Z =

_Trc =

the beam transmission fraction

the klystron output circuit efficiency

is the klystron internal conversion efficiency

the sum of all external input power, exclusive

of beam power_ normalized to the beam power

the reflex collector recovery efficiency

2] in this case includes the electron gun heater power and the solenoid power

if a permanent magnet is not employed.

The useful fraction of the beam power that is converted into RF power

within the k]ystron is the product _t_i" Since a portion of this is unavoid-

ably dissipated as heat in the output circuit, the remaining fraction of the

beam power converted into useful microwave power is _cktT/t_i . It is there-

fore of primary importance ior maximum efficiency that the circuit efficiency,

the beam transmission efficiency, and the internal conversion efficiency be

independently made as near i00 percent as possible°

Although microwave cavities have internal losses several magnitudes

smaller than lumped parameter resonant circuits at low frequencies, the

circuit efficiency with conventional doubly-reentrant single-gap cavities

can be as low as 89 percent in the case of the II_000-MHz FM klystron de-

sign. Admittedly_ the figure quoted here is a lower limit. With an optimized

toroidal design having conical reentrant tunnels_ and with especially treated

copper surfaces, the internal losses might be decreased by a factor of Z,

to raise the circuit efficienty to the vicinity of 95 percent at this beam im-

pedance and power level.
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The internal conversion efficiency Z]i may be increased further by a

continuation of the type of analytic investigation undertaken in this study.

In the present study, investigation was made of many klystrons for either

AM or FM service, over a wide range of frequencies. Additional detailed

study of a specific klystron could result in a further increase in efficiency.

A factor having a directly deleterious effect on efficiency is beam

interception on the tunnel walls. Even if the intercepted electrons have

already given up their energy in the output gap, they should not be allowed

to collect on the distant tunnel of the output cavity because of the danger

of secondary electrons returning toward the input of the klystron to spoil

its phase or gain linearity. Consequently, an important goal to pursue is

more nearly perfect beam transmission at large-signal levels. The best

method of achieving high beam transmission appears to be through stiffen-

ing the electron beam with carefully designed solenoidal electromagnets

rather than with permanent magnets. The improvement in overall efficiency

with an improvement in beam transmission will be illustrated in tables and

graphs to be presented below.

The next variable in Eq. (37) affecting the overall efficiency is _, the

normalized sum of power inputs other than the beam power required for the

operation of the klystron. The heater power is almost negligibl'_ _n_all Jn

compari:_on with the beam power, but may be decreased further by improved

insulation and heat-shielding of the thermionic cathode. However, this

should not be done at the expense of mechanical strength of the cathode sup-

port. Although the solenoid power can be eliminated if a permanent magnet

of acceptable weight and magnetic properties can be developed, it seems

likely that for light weight and precision of electron beam formation and

stiffening, a solenoid is more desirable. Other focusing methods such as

periodic permanent magnet focusing and electrostatic focusing would be less

desirable because of less rigid control of the electron trajectories in a high-

power klystron and the additional mechanical complexity and cavity com-

promises that are entailed.

Both solenoid power input and weight decrease linearity with a reduc-

tion in the value of the magnetic field strength used for beam focusing. It

is desirable, therefore, that studies be conducted to determine the feas-

ibility of employing a less rigid electron beam than was considered in this

study -- i.e., an electron beam collimated by a magnetic field less than

three times the Brillouin value for a beam from a shielded cathode. Curves

given later in this section show the expected efficiency improvement with

the present klystron designs if the same internal conversion efficiency can
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be achieved with weaker collimating fields, with normalized values of
solenoid power ranging from 0 (permanent magnet focusing) to 3. The
normalization of these powers is with respect to the solenoid power re-
quired for Brillouin focusing.

The next term in the overall efficiency expression is Urc' the reflex
collector energy recovery efficiency. The fractional energy in the portion
of the spent beam reaching the collector is given by the product (I - 77i)_7t;
hence, the recovered fraction of beam energy is (i - _Ti)Ut_7rc. It is con-
sidered that a reflex collector having a recovery efficiency of 85 percent
can be developed and that perhaps 95 percent is achievable. To illustrate
these two cases, as well as the effect of having no depressed collection at
all, 77rc values of 0, 85 and 95 percent are considered below.

Tables XVIII through XXIII present the computed overall efficiencies
at the average picture level for AM klystrons, and at saturation power out-
put for the FM klystrons. In all cases the beam transmission is allowed
to take on values of 95, 96, 97, 98, 99, and i00 percent, and the normal-
ized solenoid power ranges from 0 (permanent magnet focusing) in steps of
l to 3 (solenoid providing three times the field for Brillouin focusing). These
data are also presented graphically in Figures 77 through 82.

Several deductions may be made from the curves with respect to the
importance of high reflex collector recovery efficiency, high beam trans-
mission, and low magnetic field strength. In the case of the 850-MHz kly-
stron, for example, the average picture level efficiency is the range of 17
to 18percent for virtually all solenoid or permanent magnets considered
at all beam transmission efficiencies, for the case of no potential depres-
sion in the collector. With a reflex collector recovery efficiency of 85 per-
cent, however, the efficiency is increased by a factor of 3. Consequently,
for AM klystrons, the most significant first step to be made in increasing
klystron efficiency is the early development of a reflex depressed collector
with a high energy-recovery efficiency.

In the case of the 850-MHz AM klystron with a reasonable beam trans-
mission of 98 percent and reflex collector recovery efficiency of 85 percent,
the solenoid for producing the Brillouin field reduces the efficiency by 2.4
percentage points, and for the solenoid designed for three times the Brillouin
field 6.5 percentage points. At 8000-MHz, where present technology would
allow a beam transmission of about 96 percent, a solenoid for the Brillouin
field would cost 1.9 efficiency percentage points, and for the limiting case
of three times the Brillouin field 5.6 percentage points. Since the interaction
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Table XVIII - Efficiency Trade-Offs for 850-MHz AM Klystron

Reflex Collector Recovery Efficiency: 0 (No potential depression)

Solenoid Power Beam Transmission - Percent

{Normalized) 95 96 97 98 99 I00

0 (PM) 17.5 17.7 17.9 18. 1 18. 3 18.4

1 17.3 17.4 17.6 17.8 18.0 18.2

2 17.0 17.2 17.4 17.6 17.7 17. 9

3 16.8 16.9 17. 1 17.3 17.5 17.7

Reflex Collector Recovery Efficiency: 85%

Solenoid Power Beam Transmission - Percent

(Normalized) 9__55 9__66 9__77 9__88 9_29 I00

0 (PM) 50.0 51.5 53. l 54.8 56. 5 58. 3

1 48.0 49.4 50.9 52.4 54. l 55.7

2 46. 1 47.5 48.8 50.3 51.8 53. 3

3 44.4 45.6 46. 9 48. 3 49.7 51. i

Reflex Collector Recovery Efficiency: 95%

Solenoid Power Beam Transmission - Percent

{Normalized) 95 96 97 98 99 I00

0 {PM} 64.0 66.5 69.2 72.0 75.0 78.3

l 60.7 63.0 65.4 68.0 70.7 73.6

2 57.7 59.8 62. i 64.4 66.9 69.5

3 55.0 57.0 59.0 61.2 63. 5 65.8
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Table XIX - Efficiency Trade-Offs for 2000-MHz AM Klystron

Reflex Collector Recovery Efficiency: 0 (No potential depression)

Solenoid Power Beam Transmission - Percent
{Normalized} 95 96 92 98 99 i00

0 {PM} 18. i 18.3 18.5 18.7 18.9 19. I

i 18.0 18. i 18.3 18.5 18.7 18.9

2 17.8 17.9 18. i 18.3 18.5 18.7

3 17.6 17.8 17. 9 18. 1 18. 3 18. 5

Reflex Collector Recovery Efficiency: 85%

Solenoid Power Beam Transmission - Percent

(Normalized) 9__55 9__66 9__77 9__88 9_29 I00

0 {PM) 50.7 52.2 53.8 55.4 57. I 58.9

I 49. Z 50.6 5Z. 1 53. 7 55. 3 57.0

2 47.8 49.2 50.6 52. 1 53.6 55.2

3 46.4 47.8 49. 1 50.5 52.0 53. 5

Reflex Collector Recovery Efficiency: 95%

Solenoid Power Beam Transmission - Percent

(Normalized} 9___55 9__66 9_27 9_88 9_29 i00

0 {PM} 64. Z 66.7 69. 3 72. I 75.0 78. I

I 61.8 64.2 66.6 69. 1 71.9 74.7

Z 59.6 61.8 64.1 66.5 69.0 71.7

3 57.6 59.6 6 I. 7 64.0 66. 3 68.8

174



Table XX - Efficiency Trade-Offs for 2000-MHz

FM Klystron (Single-Gap Output)

Reflex Collector Recovery Efficiency: 0 (No potential depression)

Solenoid Power Beam Transmission - Percent

{Normalized} 95 96 97 98 99 100

0 (PM) 62.4 63. 1 63.7 64.4 65.0 65.7

1 61.4 62.0 62.7 63.3 64.0 64.6

2 60.4 61.0 61.6 62.3 62.9 63.5

3 59.4 60.0 60.6 61. 3 61.9 62. 5

Reflex Collector Recovery Efficiency: 85%

Solenoid Power Beam Transmission - Percent

{No r mali ze d ) 95 96 97 98 99 i00

0 (PM) 83.4 84.6 85.8 87.0 88.2 89.4

1 81.6 82.7 83.9 85.0 86.2 87.4

2 79.8 80.9 82.0 83. l 84. 3 85.4

3 78.1 79.2 80.3 81.4 82.5 83.6

Reflex Collector Recovery Efficiency: 95%

Solenoid Power Beam Transmission - Percent

{Normalized) 95 96 97 98 99 100

0 (PM) 86.8 88.1 89.4 90.7 92.0 93.3

l 84.8 86.1 87.3 88.6 89.9 91. I

2 82.9 84.1 85.3 86.6 87.8 89.0

3 81. I 82.3 83.4 84.6 85.8 87.0
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Table XXI - Efficiency Trade-Offs for 2000-MHz
FM Klystron (Double-Gap Output)

Reflex Collector Recovery Efficiency: 0 (No potential depression)

Solenoid Power Beam Transmission - Percent
(Normalized) 95 9__66 97 98 9__99 I00

0 (PM) 60.2 60.8 61.4 62. 1 62.7 63.3

1 59.1 59.8 60.4 61.0 61.6 62.3

2 58.2 58.8 59.4 60.0 60.6 61.2

3 57.2 57.8 58.4 59.0 59.6 60.2

Reflex Collector Recovery Efficiency: 85%

Solenoid Power Beam Transmission - Percent

(Normalized) 95 96 97 98 99 i00

0 (PM) 83.5 84.7 86.0 87. Z 88. 5 89.7

1 81.6 82.8 84.0 85.2 86.4 87.6

2 79.7 80.9 82. 1 83.2 84.4 85.6

3 78.0 79.1 80.2 81.4 82.5 83.7

Reflex Collector Recovery Efficiency: 95%

Solenoid Power Beam Transmission - Percent

(Normalized) 95 96 97 98 99 i00

0 (PM) 87.5 88.9 90.2 91.6 93.0 94.4

1 85.4 86.7 88.0 89. 3 90. 7 92.0

2 83.4 84.7 85.9 87.2 88.5 89.8

3 81.5 82.7 83.9 85. l 86.4 87.7
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Table XXII - Efficiency Trade-Offs for 8000-MHz FM Klystron

Reflex Collector Recovery Efficiency: 0 (No potential depression)

Solenoid Power Beam Transmission - Percent
(Normalized) 9_ S 96 9_2 98 99 100

0 (PM) 58.7 59.3 59.9 60.5 61. I 61.8

l 57.6 58.2 58.8 59.4 60.0 60. 7

2 56.6 57.2 57.8 58.4 59.0 59.6

3 55.6 56.2 56. 8 57.4 58.0 58. 5

Reflex Collector Recovery Efficiency: 85%

Solenoid Power Beam Transmission - Percent

(Normalized) 9__5S 96 9__7 98 99 i00

0 (PM) 79.8 80.9 82. l 83. 3 84.4 85.6

1 77.9 79.0 80. l 81.2 82.4 83.5

2 76.0 77. 1 78.2 79.3 80.4 81. 5

3 74.2 75.3 76.3 77.4 78. 5 79.6

Reflex Collector Recovery Efficiency: 95%

Solenoid Power Beam Transmission - Percent

(Normalized) 95 96 97 98 99 I00

0 (PM) 83.3 84.6 85. 8 87. 1 88.4 89. 7

1 81.2 82.4 83.6 84.9 86. 1 87.4

2 79.2 80.4 81.6 82. 7 83. 9 85.2

3 77.3 78.4 79.6 80.7 81.9 83. I
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Table XXIII - Efficiency Trade-Offs for II,000-MHz FM Klystron

Reflex Collector Recovery Efficiency: 0 (No potential depression}

Solenoid Power Beam Transmission - Percent
{Normalized} 95 96 97 98 99 i00

0 (PM) 52.8 53.4 53.9 54.5 55.0 55.6

1 51.4 51.9 52.5 53.0 53.6 54. 1

2 50. I 50.6 51. i 51.6 52.2 52.7

3 48.8 49.3 49. 8 50. 3 50. 8 5 I. 3

Reflex Collector Recovery Efficiency: 85%

Solenoid Power Beam Transmission - Percent

{Normalized} 95 96 97 98 99 1 00

0 (PM} 75.3 76.5 77.6 78.8 79.9 81. I

1 72.5 73.6 74.6 75.7 76. 9 78.0

2 69.8 70.7 71.9 73.0 74.0 75. 1

3 67.4 68.4 69.4 70.4 71.4 72.4

Reflex Collector Recovery Efficiency: 95%

Solenoid Power Beam Transmission - Percent

( No rmali z e d } 95 96 97 98 99 10 0

0 (PM) 79.3 80.6 81.8 83.1 84.4 85.7

I 76.1 77.3 78.5 79.8 81.0 82.2

2 73.2 74.4 75.5 76.7 77.8 79.0

3 70.5 71.6 72.7 73.8 74.9 76.0

178



i-
Z
t_

W
a.

U
Z
w

t_
t,

80

7O

6O

5O

4O

3O

20

I0_

0

I WSOL
2

3 WSOL

'r/rc=eS%

_rc =0 < 0:3 WSOL

o 1 I [ l l 1
95 96 97 98 99 I00

BEAM TRANSMISSION- PERCENT

Figure 77 - Efficiency Trade-Offs in 850-MHz AM Klystron

(Overall output efficiency versus beam transmission

for three values of reflex-collector energy recovery

efficiency, _rc' and four values of normalized

solenoid power, Wsol)

179



Z
W
U

W
0.

Z
tU

U

h
b.

80

7O

4O

20

m

- 'r/re :95%

'r/re :85%

m

m

m

_r© :0 <

IO -

0

0

2 WSOL

3

2 WSOL

0 WSO L
3

I I I I I I
95 96 97 98 99 I00

BEAM TRANSMISSION- PERCENT

Figure 78 - Efficiency Trade-Offs in 2000-MHz AM Klystron

(Overall output efficiency versus beam transmission

for three values of reflex-collector energy recovery

efficiency, ?Tr c, and four values of normalized

solenoid power, Wso I)

i_()



gO

S0

Z

w 70
U
rr
W
0..

I

>.

Z
w

(.3

b...
60

50

4O

- 0

'o
2

i/._ I WSO L

3

2

_ "_rc • 95% 3

_rc=O

0

I I ,I I I I

95 96 97 98 99 100

BEAM TRANSMISSION-PERCENT

Figure 79 - Efficiency Trade-Offs in 2000-MHz FM Klystron with

Single-Gap Output (Overall output efficiency versus

beam transmission for three values of reflex-collector

energy recovery efficiency, ?Trc, and four values of

normalized solenoid power, Wsol)

181



i-
z
lu
U
E
IAI
eL

I
)-
u
z
bJ

u
tl.
u.
iiJ

9O

8O

7O

80 -

50 --

40 i

..... f "" "*" j I

- I t I"" 20

.... I 11_,,d_1_ _
I I I I

3!

i / 11 _ _ ,

TIrG,B5 %

_rc" 0

WSOL

I I

95 96

.---- 0

2 WsoL
I 3

I I I I

97 98 99 I O0

BEAM TRANSMISSION- PERCENT

Figure 80 - Efficiency Trade-Offs in 2000-MHz FM Klystron with

Double-Gap Output (Overall output efficiency versus

beam transmission for three values of reflex-collector

energy recovery efficiency, _rc, and four values of

normalized solenoid power, Wsol)

182



I.-
Z
w

w

!

u
z
w
u

bl

8O

70

GO

50

4O

0
f11 "_'S

I I

I ......... .......--- .......--- 3 WSOLr --

_ 'Sr,,eS'k l_

_ 19r©°0

0

WSOL

I i i I I I

95 96 97 98 g9 I00

BEAM TRANSMISSION- PERCENT

Figure 8 1 - Efficiency Trade-Offs in 8000-MHz FM Klystron

(Overall output efficiency versus beam transmission

for three values of reflex-collector energy recovery

efficiency, 17rc, and four values of normalized solenoid

power, Wsol)

183



t-

U
E
W
a.
!

>-
0
Z
tmJ

U

W

90

80

70

60

5O

4O

" 2 I
_r© "95% 3

'r)r a ,'85% .

_rc'O

.-.-- 0

..-.-- t

------ 2

------ 3

I I I I I I

95 96 g7 98 99 I00

BEAM TRANSMISSION- PERCENT

WSOL

W$OL

Figure 82. - Efficiency Trade-Offs in II,000-MHz FM Klystron

(Overall efficiency versus beam transmission for

three values of reflex-collector energy recovery

efficiency, _rc' and four values of normalized

solenoid power, Wsol)

184



efficiency of klystrons with permanent magnet focusing is currently in the

range of 5 percentage points lower than those with electromagnet focusing,

it appears that the use of permanent magnet focusing to increase efficiency

should not take precedence over such approaches as the depressed collector

and better beam transmission.

In Figures 83 through 86 are plotted overall output efficiencies over

the specified 30-MHz bandwidths of the 2000-MHz FM klystrons (both single-

gap and double-gap output versions), the 8000-MHz klystron, and the ll,000-

MHz klystron. The nominal design values of beam transmission of 97 per-

cent at 2000 MHz, 96 percent at 8000 MHz, and 95 percent at ll,000 MHz,

were used in the computation of these curves from Eq. (35). Although the

depressed collector cannot increase the power output at the band edges, it

can make the operation of the klystron more uniform in efficiency across

the band.

The effect of beam interception in decreasing the available power out-

put can be compensated to achieve a specified power output by adjusting the

beam voltages. In these designs a slight increase in voltage will not appreci-

ably alter the klystron efficiency characteristics but will increase the power

output according to the 5/2 power of the voltage. The present designs were

made for the nominal 2 to 5 percent interception discussed above. Figure

87 shows the voltage required to yield the specified power outputs for each

klystron as a function of beam transmission, ranging from 95 to i00 per-

cent. Table XXIV also gives the required beam voltages to meet the power

specifications at the nominal beam transmission considered as the present

state- of- art.

Table XXIV - Required Beam Potential for Specified Power

at Nominal Beam Transmission

Service t P___9_o V o

850-MHz AM 98% 9.5 kW 15.9 kV

2000-MHz AM 97 6.25 13.5

2000-MHz FM 97 5.0 1 I. 9

8000-MHz FM 96 5.0 12. 3

Ii, 000-MHz FM 95 5.0 12.9
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Section Ell

CONCLUSIONS

The development and evaluation of five klystron designs which sub-

stantially meet NASA specifications have been successfully carried out,

with the following conclusions:

(i) The application of interaction efficiency optimization principles

shows that significant increase in klystron power amplifier

efficiency is possible. Efficiency at saturation drive can exceed

80 percent.

(2) A new form of depressed collector conceived during the course

of this study has inherent secondary electron suppression. This

reflex collector may bring the average efficiency of the video

amplitude-modulated klystron up from 18 percent to above 50

percent. Frequency modulated klystron efficiency may be brought

up to the 75-85 percent range by the same collector technique.

(3) An analytic expression for the R/Q and Q of reentrant cavity

resonators has been derived and correlated with previously

published results.

(4) Klystron designs for the five different specifications have been

prepared. All meet the power output, gain, and bandwidth

objectives. All but the Z000-MHz FM design meet the phase

specifications. Additional design optimization, curtailed by

the end of the study time interval, probably _ill enable the

2000-MHz design to also meet the phase objective.

(5) Practical thermal control techniques have been designed.

Heat transfer to the radiators is either by conduction or by

means of two-phase fluid "heat pipes"

(6) The power supply requirements for all of the klystrons appear

to be within presently known design capability. No extra-

ordinary control circuits are required.
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(7)

(8)

(9)

(lo)

The electron beams required by the various designs are within

the capability of present beam optics techniques, although the

larger area convergence required at 8000 and II, 000-MHz may

result in 3 to 6 percent beam-energy waste on the drift tube

walls. Refinement of beam optics for these high frequency

cases is desirable.

The objective 20,000-hour minimum life is well within the

capability of the Ba-Sr oxide cathode system for the 850-MHz

and 2000-MHz tubes. The 8000-MHz and ll,000-MHz designs

require a different cathode type; the tungstate cathode appears

to be a good choice, based on continuing life tests which have

exceeded 15, 000 hours at an emission density in excess of that

required by the designs.

All klystron designs, including the largest at 850 MHz appear

well adapted for integration with the spacecraft. Waste heat

radiator panels can be located at appropriate points on the ex-

ternal surface of the craft. Known mechanical design and

fabrication techniques are directly applicable to the klystrons

as designed.

For the 850-MHz and 2000-MHz designs, electromagnetic

focusing is clearly superior to permanent magnet focusing

because it is much lighter and the solenoid power has a second

order effect on efficiency. At 8000 and ll,000-MHz, the choice

is not as clear and will depend on the degree of beam transmis-

sion achievable with each system.
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Section XIII

RECOMMENDATIONS FOR VERIFICATION EXPERIMENTS

In the course of this study, several design concepts relative to high-

efficiency klystron amplifiers have shown promise of performance signific-

antly better than that achieved by tubes currently being produced. While

the trade-off considerations have included those considered to be attainable,

as well as those which might be achieved with additional effort, it will be

necessary to conduct planned experiments to verify many of the design

factors before detailed planning of an orbiting transmitter can be undertaken.

In addition, the unusual environment existing both during the launching and

orbiting phases of the vehicle will require mechanical design and fabric-

ation techniques that will ensure a long operational life.

A series of confirming experiments have been outlined to enable the

verification of the design concepts and to acquire the necessary special

technology before a specific klystron transmitter is designed. Identific-

ation of these experiments and their interrelationship is shown in Figure 88.

Those activities shown below the dashed line and labeled "Technology

Acquisition" are considered preliminary to the two stages of specific kly-

stron development and production shown as Experiments i0 and II.

The e:stimated time intervals (in months) required for the experiments

are indicated within the boxes, and the elapsed time to achieve particular

results is shown as a circled figure. Thus, the technology acquisition is

estimated to require 27 months, and the specific amplifier development

would take an additional 33 months. No attempt has been made to delineate

the activities required to pursue the development of other transmitter com-

ponents such as diplexer, antenna, modulator, or RF driver. However, the

experimental investigation of modulation systems coordinated with the

demonstration of a depressed collector and its multi-voltage power supply

is recommended. Moreover, overall optimization is best achieved by the

coordinated efforts of technical people of various specialties.

Specific descriptions of the recommended demonstrations are given

below:

(I) Verify Depressed Collector Design Concept

The most significant improvement in overall amplifier efficiency,

particularly under modulation conditions, is achieved by use of a multisegrnent
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depressed collector. However, this design concept as formulated during

this program is unproven. Thus, an experimental verification of this

collector is recommended. A demonstration with an unmodulated beam is

deemed a necessary prerequisite; the collector should later be fitted to a

power klystron and its performance verified under various RF modulation

conditions. A twelve-month period is estimated as being required to

investigate depressed collector capabilities.

(2) Improve Electron Beam Formation and Collimation

It is evident that beam current intercepted by drift tubes is completely

wasted and represents a heat source at a point where heat removal may be

difficult. At the higher frequencies where the ratio of cathode area to drift

tube cross section is large, beam interception may reach as much as five

percent of the input power. It is therefore recommended that beam form-

ation and collimation be investigated in steps which optimize beam system,

including the demonstration of a magnet structure adapted for satellite

operation. While an arbitrarily high beam transmission could be achieved

by the use of excessive magnetic fields,, this would not be commensurate

with high interaction efficiency. Thus, a nominal maximum field of three

times the Brillouin value for a chosen beam diameter is suggested. Also

the beam structure (diameter, potential depression, etc.) should be demon-

strated by measurement with appropriate probing equipment. This activity

is estimated to require eight months.

(3) Endur_ace Test Selected Cathodes

The realization of a well-focused electron beam will be easier if a

smaller area convergence in the gun is used. This requires increased

current density from the emitter. However, increased current density

may mean reduced life or a change to an emitter system other than the

conventional oxide coating on a nickel base. The 8000-MHz and ll,000-

MHz designs studied during this contract require cathode current densities

in excess of 1 ampere per square centimeter. There are at least two

cathode systems which are potentially capable of greater than 20,000 hours

life at this loading, but operating experience in high-voltage beam tubes is

minimal. We believe that accelerated life tests of cathodes are not suffi*

ciently definitive, and it is recommended that selected cathodes be operated

in full scale electron beams for the anticipated lifetime period. By starting

early in the program, sufficient data could be accumulated to ensure a long-

lived klystron for the space transmitter. Hence, a thirty-month time period

is recommended.
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An additional question concerns the effects on cathode life of venting

the klystron to the environment around the spacecraft at an appropriate

time after orbit is reached. While it is true that pressures in orbit have

been measured as less than I0-12 Torr (even I0-14 Tort), the effect of

this environment on the cathode is unknown. Also, it is impractical to

achieve this low pressure in the laboratory, particularly in the presence

of a hot cathode and a moderate power electron beam. It is therefore

recommended that several low-power thermionic diodes be orbited in ex-

perimental vehicles and that some of these diodes be equipped with venting

means while a control group remain sealed. Monitoring of emission activity

over an extended time period would provide the desired information.

(4) Reduce Losses in RF Circuitry

Even as beam power intercepted by the drift tube walls is not re-

coverable by a depressed collector, the RF power lost in the resonators or

in the output coupling means is also lost as heat. At the higher frequencies

of interest; i.e., above 7000 MHz, losses in the output resonator system

will be five to ten percent of the RF power generated. These losses have

been computed with presently attainable values of unloaded Q as reference.

While these _" values are representative of current design and construction

practice, it is worthwile to investigate means for increasing the Q, particul-

arly in resonators which are tightly coupled to a transmission line. A five-

month analytic and experimental investigation to reduce RF losses in reson-

ator systems appropriate to klystron amplifiers is recommended.

(5) Verify High-Efficiency Klystron Design Concepts

The klystron designs prepared in the present study are the result of

optimization via computer silnulation. While this simulation has proven to

be accurate for conventional klystron designs, the extension of these con-

cepts to the high-efficiency regime has not been fully verified. One of the

klystron designs which have resulted from the present study should be fabric-

ated and tested under various signal conditions. The results of the demon-

strations of improved beam formation and reduced RF circuit losses should

be applied to the fabrication of this klystron. The frequency chosen for this

demonstration would depend on consideration of the most appropriate fre-

quency for a final system. An early choice of frequency or frequency range

would maximize the utility of the results in future projects. A ten-month

period is estimated to be required to demonstrate the high-efficiency design.
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(6) Demonstrate High-Efficiency Klystron with Reflex Depressed

Collector

The klystron resulting from Experiment No. 5 will be a good vehicle

for demonstration of the multi-segment reflex collector which would have

been reduced to practice in Experiment No. i. It is recommended that

this klystron be fitted with a water-cooled, multi-segment collector and

that measurement of efficiency enhancement be made under both AM and

FM signal conditions. Detailed measurements of signal distortion should

also be made under both normal modulation conditions as well as with other

modulation systems which may result from Experiment No. 7. Coordina-

tion of the activities of microwave tube specialists and modulation circuit

specialists will enable effective optimization of the tube-modulator sub-

system.

Similarly, power supply concepts resulting from Experiment No. 9

could be tested on this high-efficiency klystron. The special power supply

requirements of the multi-electrode depressed collector also offer oppor-

tunities for optimization of the power supply-collector subsystem.

These activities are estimated to require a nine-month time interval.

(7) Investigate Modulation Systems for Minimum Signal Distortion

It is recommended that various modulation approaches to be explored

both by analysis using computer simulation of the klystron, and by tests

conducted on available klystron amplifiers. The primary objective will be

to optimize overall transmitter efficiency while achieving the desired quality

of radiated signal. This activity should include use of video feedback to

compensate for non-linear amplitude response, filters for unwanted side-

band energy, means for processing both aural and visual signals through

the same klystron, and/or the design of diplexer equipment for combining

separate aural and visual signals. Results of this investigation are expected

to have a bearing on the klystron design in Experiment No. 6.

(8) Demonstrate Heat Pipe Cooling Concepts for Klystrons

In the present study it was concluded that heat pipes could be effec-

tively employed to transfer heat from various portions of the klystron to

appropriate radiating surfaces. While heat pipes of varied geometries

have been demonstrated, the specific forms required to transfer the heat

from klystron resonator tips or from the multi-segment depressed collector
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have not been verified. Of particular interest will be high-temperature
heat pipes which will permit heat rejection from small radiating surfaces
that are little affected by solar radiation.

It is recommended that heat pipe concepts appropriate for cooling
power klystrons be designed and demonstrated in experiments where the
heat sources in various portions of the klystron are simulated by radiation
or conduction of heat to models of the klystron component under investigation.
The demonstration of high-temperature heat pipes in which liquid metals may
be in contact with both conductors and insulators will require some investi-
gation of fabrication techniques to contain the working fluid.

A twelve-month time period is suggested as appropriate for this
inve sti gation.

(9) Demonstrate Multi-Tap High-Voltage Power Supply

The multi-segment depressed collector concept for achieving high

efficiency presents special power supply requirements in that currents at

the various taps vary with the modulation level. This is particularly true

in the AM case. In order to avoid the weight penalty of overdesign and yet

provide adequate voltage regulation for the klystron supplies, various

power supply concepts should be evaluated with respect to voltage and cur-

rent requirements determined in Experiments No. 1 and No. 5. The most

appropriate power supply system should then be fabricated as a laboratory

version which would be demonstrated in conjunction with the demonstration

of the high-efficiency klystron in Experiment No. 6.

A seven-month time period is estimated to be adequate to accomplish

this investigation.

(I0) Develop Klystron Amplifier Prototype for Specific

Broadcast Mission

With the completion of the nine demonstration experiments which

have been outlined, a sufficient body of technology will have been acquired

to permit the design and development of a klystron amplifier for a specific

broadcast mission. When the parameters of the transmitter have been

established, it is recommended that a two-stage program of development,

refinement, fabrication and quality selection be undertaken.
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Assuming the planning of Experiment No. 6 was well coordinated
with planned broadcast needs, the design of the prototype klystron will
utilize many of the components from the earlier work. These would in-
clude resonators, electron gun, and basic collector design. The new
work to be done would include mechanical and thermal design to meet the
expected environmental factors during both launch and orbit phases. In
particular, the heat pipe concepts proven in Experiment No. 8 would be
adapted to all parts of the amplifier, including the multi-segment collector.

Test of this klystron would be conducted in a space simulator where
all environmental factors except the zero gravitational field would be pre-
sent. While it is not possible to evaluate the heat pipe cooling in zero
gravitational field, it will be possible to test the tube in various orient-
ations in the earth's gravity and thus place various portions of the structure
in either a positive or negative field.

During this developmental program, it is expected that prototypes
for other transmitter components will become available and can therefore
be tested in conjunction with the klystron.

(ii) Design Refinement, Fabrication, Endurance Testing,

and Quality Assurance Selection of Klystron

In order to obtain space-qualified klystrons based on the prototype

klystron development, a program of product refinement, endurance test-

ing, and quality assurance selection will be required.

At the start, those design changes indicated by tests of the prototype

amplifier should be incorporated in at least four tubes which will be given

rigorous shock and vibration tests. Electrical performance should be

evaluated before and after each mechanical test and the severity of the

tests should be increased to a point somewhat beyond the values expected

in service. This testing would preferably be done with the tube mounted

in a mock-up of the space vehicle in order to duplicate the various mech-

anical constraints as accurately as possible.

Design deficiencies identified in the above tests would be rectified

and eight additional amplifiers representative of the best design would be

fabricated. After a burn-in test of 500 to I000 hours to eliminate possible

early failures, two tubes would be selected for extended endurance testing

in aspace simulator chamber. The endurance test would be planned to allow

at least 15, 000 hours of accumulated test time before a planned launch. In
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any case, the endurance testing would be continued until the end of useful

life was reached. Data on tube performance would be recorded and analyzed

at frequent intervals. The performance e_zaluation would include diagnostic

tests which will permit identification of incipient failures before actual

malfunction occur s.

All twelve of these klystrons would be fabricated under stringent

quality control. A comprehensive quality assurance plan would be estab-

lished to control all materials and processes. Complete documentation at

all stages will enable direct correlation of performance with fabrication

procedures.

The objective of this program will be a yield of at least two space-

qualified high efficiency klystrons. The elapsed time required to reach

this point is estimated to be 60 months from the start of verification

experiments.
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Appendix A (cont)
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Nf_ = 208.118 !')HMb u U = 46k_5.615

l UNNFL l,b. = ,3 INCHE3 {9 L = bU.6Ol5

W NF = 35.8081 WAllS W DC [I I'EkCEN]] = 7H.Hb WAll5

3EMW t_IbE [I] = _O4. l_i3 DEG C ]EMH t_ISE [_] = 344.616 bEG C

l - EIA CKI = 1.91543 E-2 C!)NV, EFF = ,7l 1

NOKMALI/ED CK1 IMFED = I,O1

EFFICIENCY = ,6973HI

FNE_tJENCY : 200U MHZ KA : .207614

1UNNEL DIAM : ,39 INCHES CAVIIY DI_-IM = E,U61_2 INCHEb

GAP' LENGIH = .2 INCHEb CAVI'IY LE,,I(YIH = 1.67122 INCHES

GAP "[hANSI] ANGLE = I t_ADIANb

_/u = 202.621 OHMS u U = 462').35

"]IUNNEL I.I). = .3 INCHKb U L = 91.UU54

W h_F = 36.7504 WA]]b W DC [I I-EI,:CEN]] = 7b.bN WAI 1..%

tEMY r_lbE £I] = 1"15.U6_ DE(:, C l_:;qe nlb£ l:Z] = z_9.b3| I_EG C

1 - E]A CK'I = 1.965,54 E-2 CONb. EFF = .711

NOh MALI&ED CKI IMI"EU = I.Ol

EFFICIENCY = ,697023
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Appendix B

SOLENOID DESIGN COMPUTER PROGRAM

I,

0 5O

O55

0 6O

O65

0 70

O75

OBO

O0

02

u5

07

15

2u

el9

20

22P

P_30

_35

23_

2 _0

a50

60

265

2 70

290

300

5O0

5O2

5O3

504

5]U

999

LISTING

HEM IHI5 P_OGIXAM COMYUIES IHE IOIAL WEIGH1, C01L WEIGH1,

HEM C01L POWE. A_D C01L 0.U. FOI_ A RANGE OF FOIL 1HICKNEbSE5

REM DAIA REuUII_ED* 500 MAGNEIIC FIELD

REM IN GALIbS,C01L LENG]H IN INCHF:5,COIL I.U. Iw_ I_WCHKb

_(EM INSULAIO_ IHICKNE55 IN INCHF_5, CONIJ. DENblIY

REM IN L_b/CU. IN., KESI.SIIVIIY IN OHM-IN., COIL CU_KKNI,

_EM NUMBER CIF FqIL W.IDIH5 VFr_ 101_t 50LENCIII? VIPlH.

I(EAD 8,LI,A, U?., 5,U

READ I,N]

PI_INT"FIKLI)="IB, "LKNGIH="JL], "C_)IL l.U.="I_%

_R[N] " [NhUL. q Ht<N bh:" I |)?_ "D_ N.h 11 ¥--" I b

PRINI "RKSI511VI]Y="I_J. "C!)IL (5U_t_Kx;]--"tl

LET H---LI/N I

_kINl "FOIL i"IDIH:"IIi

PklN]

PF(INI"FO IL IHK '_","lqlnL

YRINl

FOK UI=.U05 1,3 .OlJ/, .SiFi

LKI K--I) I/(DI+IJ2)

LKI H3=H/i

LEI LH=6•35*_3*I_I*A +

LEI C:H*D|*L2*L

LKI t<=[_I_;_I(H*UI )

LEI O=(%'_Z,.U4*R3*H*I)I/K

t, El f =ii* I t ?_/ IUiJ()

LK1 V=C÷ IOU*V

Pill NI UI, b,.,,

NKAI DI

|)A 1/._ _/Ib

D_I _ . uv 7

b_lh I.'d?3FL-6

DAIA IU,6

KN D

'.._hlI_il","!l. IJ.","V_'k RW"

15, '). r'

Z. SAMPLE OUTPUT

FIFth: _z,b Ll<,gf:IH= lz,.::_'
INSTIL. IHK,W.%b= .i_UI_b

KESISIlVI I_= I._?3U(L _--¢_
FOIl_ I..'IlYlH= '_.L_-16(,-I

{;Ill_ 1.1'.= aoO15

(>I[_. {;lq.>,_.'._l': If,

FOIL ']lIK'b 'iOI_L !.l-II;l-il L)IL 'h[!'_l ').I'.

; n. 75z,5

_7.o560

_-+,. z_IjVb

2. c,. 963 }

F:'). bt77

,30. U'134

30. 63

31. |b77

31. 7_J63

• 005 61 • 1_Suz_
• 005l (,(,._)7_.y

• 0053 6{). b 52_

• 005_ 6(). _/,b

• u055 6b. t_196,

• 0056 60.d351

• 0057 60. _70(_

• OO56 60. _a5

• 0059 60. 997 a

•006 6|.057

_'t._x HV

7 • ;<7 7 z_I

7. 3qC, b.',

7. /,¢'_" I

7. b/,,:-, l

7. r_bl_Z

7, 761_E1

7. _;z_b35

7. VW6z_D

b. OUT 6,_

• 3_75b

• 3;_5yo3

• 3_995h

• 3_'/_1%A

.31317,%

• 30797_

• 3(J_ V .-'4_)

• / v,-,tJv 7

B-I





Appendix C

UNDULATION OF LARGE-SIGNAL PHASE SHIFT AND EFFICIENCY

An unexpected and undesirable feature of the phase shift curves of

Figures 37(c) and 38(c) is the development of an undulation at large-signal

levels which causes the phase shift to exceed the phase specification by a

factor of two to three. In this appendix we will show that this undulation

apparently is an artifact of the large-signal disk model due to the fact that

a finite number of disks is used in the digital computation.

In Figures 89(a) and 89(b), the phase midway in the output gap of the

fundamental component of current iI/I o at saturation drive is plotted

(dashed lines) as a function of frequency for the 8000-MHz and ii, 000-MHz

tubes, respectively. In addition, the phase locations of several anti-bunch

electrons are plotted, as indicated by the solid lines labeled with electron

number. It is significant to note that the phase of the current cuts across

several of the electron trajectory curves in both diagrams. It would not be

surprising to find that some calculated quantities show a periodic disturb-

ance with frequency as the phase of the current alternately coincides with

and lies midway between the phases of the individual electrons. Indeed, a

small undulation in gain and efficiency and a large undulation in the second

derivative of phase shift appear to be synchronous with this "granularity",

as discussed below.

In Figure 37(a), the efficiency curve shows an upward bulge of a few

percent at 8005 MHz. From Figure 89(a), it is evident that the phase of

the RF current falls midway between adjacent electron trajectory phases at

this frequency. This evidently is a favorable condition in the output gap

calculation, and efficiency is enhanced by two or three points due to this

anti-coincidence of phases. In similar manner, the coincidence of phases

at midband probably depresses the efficiency by a point or two. This

combination of effects apparently is responsible for the small undulation

of efficiency and gain evident in Figures 37(a) and 37(b) just above mid-

band. The inverse effect can be seen at ll,000 MHz in Figures 38(a) and

38(b). Here the gain and efficiency are flattened just above midband due

to the coincidence of the current phase and the phase of electron No. 10,

as evident in Figure 89(b). In both cases the undulation of efficiency is of

the order the reciprocal of the number of disks used in the calculation, i.e.,

+2. 5 percent for 20 disks. Thus undulation, while troublesome, is not

large enough to cause the efficiency to fail to meet the desired specification.

C-l
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The second derivative of phase shift under large-signal conditions

is much more sensitive than efficiency to the number of electron disks used

in the digital calculation. The large undulations of the second derivative of

phase shown in the lower plots of Figures 37(c) and 38(c) apparently stem

from the same source as the small variations in the gain and efficiency

curves. This conclusion can be justified by noting along the current phase

curves in Figures 89(a) and 89(b) the frequencies at which the maxima and

minima of the second derivative curve of phase shift occur, as taken from

Figures 37(c) and 38(c). The frequencies at which the maxima of these

curves occur are indicated by the shaded areas in Figures 89(a) and 89(b),

and the frequencies of the second derivative minima are indicated by the

circles. It is evident that the maxima and minima occur more or less

synchronously with the coincidence and anti-coincidence of the dashed cur-

rent phase curve with the various curves of electron phases. The correl-

ation is not perfect, perhaps due to the additional phase shift introduced in

the output gap calculation due to the large-signal coupling coefficient. How-

ever, the correlation is close enough to strongly suggest that the granul-

arity due to a finite number of disks is responsible for what apparently is

a spurious undulation in phase shift at large-signal levels.

C-3
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