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"FOREWORD

This Final Technical Report covers the work accomplished by the Power Tube
Operations organization of the Radio Corporation of America, Lancaster, Penn-
sylvania, during the period 6 June 1958 and 10 February 1960, on the develop-
ment of an Experimental Model of a high-power broad-band "Coaxitron ampli-
fier as referred to in "Purchase Request Continuation Sheet For Integral Cavity
Triode' dated 16 January 1958 and RCA Development Proposal DP-635, "High-
Power Broad-Band Amplifier -~ Development of Experimental Model" dated 2

April 1958,

This work wus sponsored by the United States Air Force, Rome Air Develop-

ment Center, Griffiss Air Force Base, New York, under Contract AF30(602)-18"2,

Contract AF30(602)-1892
Final Report




ABSTRACT

This Final Technical Report describes the electrical and mechanical design and
low power evaluation of an experimental model, high-power, wide-band, pulsed=

amplifier tube with integrated radio frequency circuitry,

This experimental model, produced during this program, has demonstrated en~-
couraging performance during its provisional evaluation, The design objectives
of 25 microsecond pulse width, 0,01 minimum duty factor and 30% minimum
efficiency are well within the capabilities of the tube. The design power output
of 5 megawatts could not be confirmed because the available drive power was in-

sufficient. The bandwidth, which was designed to be 80 megacycles, measured

about 70 megacycles, The design frequency band of 385 megacycles to 465 mega=
. cycles had shifted downward about 4,5 %. During provisional evaluation, the tube
was operated at a power output of over 1,5 megawatts at efficiencies as high as
45%, The data collected and analyzed during this provisional evaluation indi~-

cates that all of the design objectives can be met with continued development,
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SECTION 1

GENERAL INTRODUCTION

This report covers the work accomplished by the Power Tube Operations
crganization of the Radio Corperation of America, Lancaster, Penasylvanis
on the development of an Experimerntal Model of 5 high-power broad-bard
"Coaxitron" amplifier as referred to in "Purchase Re guest Coatinuation
Sheet For Integral Cavity Triode" dated 16 Jarizary 1958 and RCA Develcp-
ment Proposal DP-635 "High-Power BroadBaud Amplifier -- Develepment

of Experimental Model" dated 9 April 1958,

This work was spenisored by the United States Air Force, Rome Air
Development Center, Griffiss Air Force Base, New York, under Contract

AF30(602)-1892,
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SECTION II

SUMMARY

This report describes the electrical and me chanical design and low power evaliuation
of an experimental model high-power wide band pulsed amplifier tube witl iviegrates

radio frequency circuitry having designobjectives as discussed below,

This Experimental Model has demorstrated encouraging performance during its
provisional evalustion, The design objectives or 25 microseond pulse widih, G, 01
minimum duty factor and 30% minimum efficienc are well within the capabilities
of the tube, The desigr power tput of § megawatts could nct be confirmed he -~
cause the availsble drive pewer was ins zfficient, The bandwidth, which was
designed to be 80 megacycles, measured about 70 megacycles, The desiga {re-~
guency band of 385 megacycles to 465 megacycles had shifted downward about 4, 5%,
During provisional evaluation, the tabe was Gperated at a power output of cver

l. 5 megawatts at efficiencies as: Righ ag 45%, The data collected arid aralyze
during this provisional evaluation indicates taat all of the design objectives car

be met with continued de velopmerit,

Contract AF30(602)~-1892
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SECTION III

INTRODUCTION

The contract for this developmental program calls for furnishing one Experimental
Mcdel of a high-power, wide-band, pulsed amplifier tube with integrated radio

frequency circuitry, having the following design chjectives:

A, Freguency: The tube shall be capable of operaticn in the frequency range
of 385 to 465 megacycles per second misimam,,

B. Bandwidth: 80 megacycles minimum a% the 3, 0 desibel power points from
a center frequency cf 425 megacycies.

Cs Power Output: 5 megawatts minimum into a load having a voliage stan-isg

wave ratio of not greater than 1.1:1, The coniractor shall stri ve as an

objective to maintain the pesk power constant over the range of freqguernzies

specified,
D. Pulse width: 25 microseconds m nimum,
E, Duty Factor: 0,01 minimum,
F, Efficiency: 30 percen: minimum whexn operated under power output conditicrs

specified in C,

G, Power gain: A maximum consistert with the elecirical design cf the tube,
H, Cathode: The cathode shall be a mairix-oxide type.
Cooling: In order ‘o provide adequale cooling of the tube, suitable coolsnt

courses through the tube elements with accessible connectors shall be
provided,

Contract AF30(602)~1892
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J. Load Voltage Standing Wave Ratic (VSWR): The tube shall be designed

for operation into z load having a VSWR of 1, 5:1 for all phases withc

evidence of operszticnal instability,
It addition, RCA kas sorducted evaination tests of 5o Evperime:ici Move

Cosxitron at moderate powver levels

Contract AF30(602)-1892
Final Report -4~




SECTION 1V
THE EXPERIMENTAL MODEL COAXITRON
AND PROVISIONAL EVALUATION

The name Coaxitron, derived from the coaxial nature of the structure,
has been given to define integral-circuit, grid-controlled ampiifier
tubes, Two Coaxitrons were built during the course of this experiment,
Mcdel A, an interim version, weas used to establish some of the basic
design and processing concepts prior to the completion of Model B,
This was the first Coaxitron Model completed with the integral band-
pass radic frequency output circuitry and grid-controlled electronic

structure combined within a vacuum envelope,

Figure 1 is s photograph of the Model B Coaxitron, The larger aiameter
5t the bottom encloses the anode, grid-controlled electronic structure

snd most of the integral rf circuitry, The grid-controlled electrcaic

structure is similar to that of the RCA Developmental Tube Type A-2346,

a 5 megawatt triode, The voltage sampling probes arcund the periphery,

which would be included only on early developmental models, permit

examination of the rf voltage distribution within certain portions of the

vacuum circuitry, The long, smaller diameter stack encloses the auxiliary

output cavity and coaxial output line, The ceramic cylinder at the center

of the stack is the output vacuum window for coupling rf energy directly K

to the output waveguide,

Contract AF30(602)-1892
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Figure 1 -- The Model B Coaxitron: The Larger Diameter at the
Bottom Encloses the Anode, Grid Controlled Electronic
Structure, and Most of the Rf Circuitry, The Small
Cylinders Around the Periphery are the Voltage
Sampling Probes, The l.ong Smaller Diameter Stack
Encloses the Auxiliary Output Cavity and Coaxial Output
Line, The Ceramic Cylinder at the Center of the Stack
is the Output Vacuum Window for Coupling Rf Energy
Directly to the Output Waveguide,

oo




A typical test set-up for the Coaxitron is shown in the photograph of Figure 2,
It can be easily seen that the tube merely inserts into a waveguide, one portion
of which transmits the rf energy to the load while the other portion, which is
shown to the right of the Coaxitron in the photograph, contains a waveguide
shorting plunger which is mechanically fixed in one position over the entire
frequency band. It is important to note that this arrangement provides a

stray radiation free environment around the output cir cuitry.

Beneath the Coaxitron is the detachable input circuit, the filainent power leads,
the plate supply lead and various ccolant connectors. A three inch coaxial

transmission line from the rf driver is attached tc the input circuit,

Provisional tests on this Coaxitron (Figures land 2) have demonstrated a
power output of over 1, 5 megawatts with a wide band of approximately 70
megacycles at efficiencies as high as 459%. In addition, the tests have

demonstruted; a potential power output capability of 5 megawatts, that a

grounded-grid amplifter can hawv good power gain, thst there are no

parasitic ogcillation troubles, and that Integral circuited tubes show an

order of magnitude powe r=handw| it improvement over conven-

tional external circuitry, bhamed on v ave with nine different cavities de- '
signed for the A-2346 tube by sweveral dilferent engineering groups at RCA and

other customers,

Contract AF30(602)-1892
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The provisional testing of the Coaxitron utilized a dc plate supply containing

electronic "crowbar' fault pretection circuitry so that the high voltage was
removed within 10 micreseccnds in the event of an internsl tube arc, The
driver supplied pulsed rf power cf 10 mizreseconds duration, The rf outpit

power was measured calorimetrizally using a UHF waier load, A pancramic
search receiver was used t¢ explore for spurious outputs and parasitic

oscillations, A Vaclon® Pump was attached to the tube to clean up gas

evolved during aging and fo provide continuous monitoring of the gas pressure,

“Varian Associates, Palo Alto, Califorria

Contract AF30(602)-1892
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SECTION Vv
CONSTRUCTIONAL FEATURES
OF THE EXPERIMENTAL MODETL COAXITRON

A simplified longitudinal crogs-section of the Ceaxitron is shown in Figure 3

Electror emission is supplied by 96 tiirecily heated, ribbon-‘ype filame xarsy
cathede strands, The cathiode emizzive surface consists of a mairix of fively
divided nickel powder sirtered ‘o ite cibbon base and saturasted with barism
ard sirontium oxides, Leung life emission car pe expecied frem these cathodes
because their capability is at least twise & al required by the irlended service,
Each cathode strand is mceunied by a pautographic tersioning device which
compensates for thermal expassicn and assures precise grid-io-zathode
spacing. This method cf cgthede s ppert has had cver 10 years of prover

success in RCA super power tubes,

The grid struciure is cc ax:al with the cathode arras, ann orslats of iwe
J

fire-pitched concentric helizes of {ine

-

gsten wire embedded i 96 copper
supporting fins extending radially cutward be‘wee 2 the individual cathodes,
Adequate ceolant flow in the grid block effectively cools the grids vig the
supporting fins thereby assu irg ‘he mesintenance of acoirste ele ctrode

spacings,

Contract AF30(602)-1892 -
Final Report -10~
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The anode is outside the grid structure and coaxial with it, It is con-
structed of copper for good thermal conductivity and is liquid cooled by

passing cooclant thru channels in the back wall,

The construction of the electrontic structure is shcwn 1n the axial cross

section of Figure 4,

Modulation of the electron stream is accomplished by an rf drive voltage
applied between the grid and cathode rf input terminals of a detachable,
tunable input circuit, A relatively uniform rf voltage distribution along
the length of the grid~cathode region is maintained by a fixed cavity at

the end opposite the rf input terminals, RCA has had extensive experience
with this structure in the A-2346 Refinement Program (BMEWS Contract
AF04(647)-179 from the Alir Force), This experience has demonsirated the
practicality of fabricating a structure of this sort, It has shown tha% this
structurc has an extremely high cutoff mu, thereby permiiting zero bias,
Class B operation, which considerably enhances the stability by increased
screening between the input and output circuits, Furthermore, the double
grid structure has caused no great increase in electron interception by the

grids.

The output circuit includes the load end cavity, the active grid-anode ’
regicn, and the slave-end output cavily, all designed so that the output

circuit operates in a half-wave ccaxial mode, By suitabity porportioning

Contract AF30(602)~1892
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the slave-end output circuit, a voltage maximum can be made to cccur

at the mid-plane zlong the length of the grid-auode region,

A re-entrant output dc blocking transmission line (commonly referred to
as a blocker), which eliminates the rneed ror an external rf output blocking
capacitor, greatly simplifies the ouiput conpliag struciure, It is formed
between the ring-like a:.ode block and the external metal enclosure and

is electrically s half-wave long, Because it is erntirely enclosed, it is
ccimpletely non-radiating, The high voltzge comporents are vacuum in-
sulated from the exterasl metal enclosnire making the device self-hezli g
in the event of a flashover, Sirnce the re-entrant blocker act dally trarnsmits
rf power from the slave-end output cavity, the VSWR is relstively low,
Consequently, the blocker introduces little narrowing of the bandwidth,
Alsc, the re-entrant blocker introdices rno cbjectionable modes within tte

operating frequency ratge,

The voltage distribution along the blocking frsnsmissicn line was predicted
by using a 1 Mc analogue made up of tapped coaxial cable correspoading to
5 pie-slice section‘ of the acth:el Ccaxitron, The voltage distribution was
later verified during ccld-test adjustment of a full scale model by using

the built-in voltage test probes,

The five inductive coupling spokes couple rf power symmetrically out of the
load erd cavity to the auxiliary cutput cavity, These rugged copper tubes

Coutract AF30(602)-1892
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are proportioned and located axially to give the desired band-pass response,
Their final adjustment was made during a cold-test of a f'1I scale model,

after which the tubes were brazed solidly across the load end cavity ,

The auxiliary cuiput cavity i1s simply an extension of the coaxial line ferming
the icad-end cavity and has an electrical length of approximaiely one-quarier
wave length, This auxiliary output circuit 1s properticned tc give the proper
band-pass response into the i00 ohm load presented by the coaxial output

line in conjunction with the previously discusse cutput circuitry, The
auxiliary ouviput circuit was finally adjusted during a cold-test of a full

scale model by adding plates of various thickne sses to the end of the inner
coaxial connector, The inner and ocuter conductors of this auxiliary output
circuit are actually portions of cones which intersect each other on the axis
so that uniform surge impedance1s mo.aaned, This construction is shown

in the detailed cross-sectional drawing of Figure 5,

The ccaxial output lin as shown on the simplified cross-sectional view of
Figure 3. has a surge impedance of 100 ohms. The residual VSWR of this
coaxial lirne is determ:ned by the design of the coax-io-waveguide tlﬂansl‘L;r“n~
As can be seen from the Smith Chart of Figure 6, it is about I, 2, The

length of the coaxial line 1s chosen so that this residual VSWR is compen-~

sated for in part by the discorntinu.ty capacitance at the junction with the "

Contract AF30(602)~1892 !
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auxiliary output cavity, The line exte uds through the waveguide a pre-~
determined distance to form the coaxial tuning stub portion of the coaxe

to-waveguide transition,

4

The ceoax-te-waveguide transition was designed to fit 3/4 standard height
WR2300 waveguide (8, 625" ¥ 23, 0" inside dimensions), This design
has wide spacings for hkigh-power and also has good wide-band performance

L

veristics, as shown in Figure 6, when compensated as discussed

chsra
avove, The transition had to be designed empirically because of the pre-
sence or the cerami but window, The design procedure consisted

mainly cf determining the ptimum fixed length of the coaxisl tuning stub
and the pesition of the ghe rting plunger in the w aveguide, To facilitate
fabrication and rf measuring, scale mo lels were used cpe ‘ating at about
seven times nermalfrequency, Again howe ver, the design was checked
by cold-testing a 31l scul model using 2 specially built oc axizl line and

low~-power wavegnide 1 2d,

The ceramic cutput window is s imilar to those nused extensively in RCA
super pcwer tubes and uses Almanox type 4462 cylinder, This ceramic
output window is joined to its metal envelope with radial compression )

seals.,

Two similar but smaller ceramic cylinders support the anode block as can
be seen by studying tre detailed cross~sectional drawing of Figure 5,

Contract AF20(802)-1892
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These ceramic cylinders also conduct coolart from outside metallic '
S/

fittings {o the actual ancde coolant passages., A rod-like lead (not

shown on the drawing) on the axis of one of the ceramic cylinders

cennects the sznode to the plate supply voltage,

The various maior

¥
0

ssemblies of the Coaxitron are joined by a series

o1 Inert gas welds made by techniques carefully developed from ex-

per:ence w.in super power tubes ard large ultra-high-vacuum systems,

Such welds can be cut apart should it become desirable to modify or

repiace componerts inside the vacuum envelope cf the Coaxitron,

1

Closel ind coil  spring

‘rf gaskets" at the welds provide low-loss

pathis for rf circulating currents.

Contract AF30(602)~1892
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SECTION IV

PROGRESS MADE TOWARD DESIGN OBJECTIVES

The experimexniz]l model Coaxitron described above represents fulfillment

-f the prescribed design objectives to a very & sbetantial degree, The main

{h
xception is that the wide ~band input circuit was not built into this model,

There are severxl reasons for this, First, the number of developmental

models which could be built was limited by the scope cf the program.

Second, the znalysis of the performance of a new design is greatly facili~

5 agd
tgted by k-eping the number of new features o a minimurn, Third,

design priority was given to the higher powered output circuitry.

Ezsh desion objective will next be discussed along with pertinent engineering

=

alae

lnformaticn derived from provisional tests made on the Cosxitron, cold

tect dats, engineering analysis, and experience on other programs,

7/

Design Objeciive A - "The tube shall be capable of operation in the frequency
range of 385 to 465 megacycles per second minimum',

>

The experimernial Coaxitroun was actually operated at 30 different frequencies
exterding from 385 megacycles to 453, 2 megacycles with gain and stabilily,
However, performance depreciated rapidly above 445 megacycles, so that

3
the upper iimit of practical operation is thus 4,5 percent below the objective
of 465 megsacyzies, Ou the other hand, the relative respense at 385 megn-
cycles was still less than 1 decibel down, whick indicated that the lower

Coriract AF30{602)-1892
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frequency limit is well below the objective frequency of 385 megacycles,

Equipment limitations prevented testing below 385 mégacycles.

The measured response is indicated in Figure 7 where the ordinate {(load
resistance) represents the relative power output for a given rf drive level,
The position of the waveguide shorting plunger was constant during the
measurements and the rf power cutput was as high as 1, 5 megawatts, A
corresponding response curve based on data taken during the firal cold-

test of the full scale model is shown in Figure 8, -

The downward shift inn the frequency band is due to a combination of a
number of possible second~order effects; manufacturing dimensionsl
tolerances, measurement error in the determination of the load resistance,
slow-wave effects along the grid structure, aad electronic leading in the
grid-anode region,

Design Objective B - Bandwidth: 80 megacycles minimum at the 3. 0 decibel
power points from a center frequency of 425 megacycles,

The bandwidth design objective is almost met by the band-pass output
circuitry of the experimertal Coaxitron, Since operation at frequencies

below 385 megacycles was beyond the tuning range of the available rf driver
and input circuitry, the lower frequency portion on the curve of Figure 7 could
not be completed, Considering the apparent downward shift in the frequency

Contract AF30(602)-1892
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band and extrapolating the lower portion of Figure 7, the lower freguency

at the 3,0 db point may logically be estimated at 375 Mc, which indicates

a 70 Mc bandwidth, Itis anticipated that the addition of the broad-bard
input circuitry, to be described later, will not significantly reduce this

bandwidth,

Design Objective C - "Power output: 5 megawatis minimum into 4 load
having a standing wave ratio of rot greater than
1.1:1. The contractor shall strive as an objective

to maintuin the peak power counstant over the range p
i

of freguencies specified herein,'
The Experimental Model Coaxitrc:. should be capsble of 5 megawatts cutput,
Test data taken at lower power levels may be logically extrapolated to the
5 megawatt level as shcwn in Figure 9, The predicted plate current would
be 450 amperes which represernts a conservative csthode loading of only
5 amperes per square centimeter (See Figure 18 middle curve},

The basis of Figure 9 is simply tha!t the usefvl pewer output of any elecirical

e

device may be expressed as:
P, =12R {1)
where I represents the effective value of the plate current at the desired

frequency, and R the effective series resistance due only tc the useful load,

The maximum obiaingble valie of I depends chiefiy uporn the electron emissic
available per unit area of the cathode, the total cathode area, and the veoltage [
flashover limitations in the irput circuit, The effective value of I over a wide ry
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range of operating conditions for a Class B amplifier may be assumed as

approximately L Itimes the dc plate current, Ig. The magnitade of Ig

( and thus I) which is readily measurable, even during pulsed operation,
depends primarily upon the peak grid-cathode drive voltage and how consiam
it is along the active length of the tube, Because of the Coaxitron's extremely
high amplification factc I should be almest 1ndepe ndent of the plate-grid

voltage,

R. which depends almost eriir Iy upon the 2utput circunry. will ke constant
over a wide range of power levels, It canl determined at a relatively iow

power level by measuring P an ip and using the de r:ved cquation.

P

i 2GR

R (2)

The effcciive lcad resistance R determined in this marnner from data taken
during provisional cvaluaiion is ¥ latively constant over the irequency band
as showr: in Figure 7, Consequently, the portion of Objective C "ta mazritain

the peak pewer constant over the rang of frequenc ies specifisd herein' :s

essentially attained,

Power-Bandwidih Product - The power-bandwidth product is a commonly
used figure-of~merit for brc adband amplifiers, As can be seen from
Equation i, the power-bandwidth product depends upon the pr rduct R times

the bandwidth if Ip remains constant, An analysis of the data contained :n

Contract AF30{602)-1892
Final Report ~26~




Figure 7 irdicates that the power-bandwidth of the Coaxitron is unusually
high., Whereas the R x BW for the typical external circultry of the RCA
Developmental A-2346 tube type ranges from 50 to 165 ohm-Mc, the Coaxiiron

has a R x BW product of 1760 ohm-Mc, Thus, the power-bandwidth product

s greatly enhanced by carefully designed output cavities integral with the

active elecironic structure of the amplifier,
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The design procedure used for the Ceaxitron will next be described briefly,

The three principal functions of a broadband output circuit are:

1. To transform the essentially resistive load of a transmission line so as
to present a maximum and constant resistive load to the electron stream
of the amplifier,

2, To compensate for the susceptance due to the unavoidable capacitance
between the output electrodes,

3. To conduct the rf power efficiently from the electrornically active output
region to the transmission line load over a distance which may amount
to a wavelength or more at ultra-high fre quiehcieb;

The output circuit selected for the Coaxitron consists of two cver-coupled

resonant cavities, This circuit was selected because of lumped-constant

filter theory predictions and because the siructure is mechariically simple,

as shown in Figure 3,

The assumption was made (and later veritied) that the performance of a
series of coupled transmission line cavities could be made to closely
simulate that of "optimum" ladder type filter networks of corresponding
complexity, The lumped-constant performance was predicted by calculating
the input impedance of ladder retworks having various type "B" and "C"

responses,
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In each case, the initial shunt capacitance was chosen to correspond to

that of the Coaxitron output region. The theoretically predicted performarce
for atwo element type "C" network having a 1 db ripple is shown by the

solid curves in Figure 10. The resistance component, R, of the network
input impedance measures the relative power output response, while the
reagctive component, X, indicates the incompleteness of compensation of

the grid-anode capacitarice.

The "double-humped' response represents a considerable improvement
over that of a simple resonant circuit, in that the minimum value of R
over the band is about equal to the mid-band peak of the simple circuit.
Also, there is less reactance over more of the band than for the simple
circuit. A slight additional improvement in the R response is predicted
for more complicated circuits although the reactance component may

actually be greater in some cases,

The design dimensions of the Coaxitron output circuit were determined by

a cut-and-try method on an electronic digital computer. This was done

for several reasons, First, the rigorous mathematical solution is unwieldy

as it involves solution of lengthy transcedertal equations, Second, the results
of the cut-and-try method agreed closely with measurements made on equiv-
alent cold-test models at approximately 1200 Mc, Third, use of the electronic
computer permits more designs to be examined more quickly. Fourth, the
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greatly increased accuracy of the data available from an electronic digital

computer permits examination of the effect of small dimensional variations

within the circuit,

The cross=-section of the generalized circuit assumed for the experimental
Coaxitron is shown in IFigure 1l and consists of seven sections of coaxial
transmission line corresponding to the output geometry of the Coaxitron,
Both the re~entrant blocker and the coax~te-waveguide transition were
omitted to avoid unimportant added complexity, Line section 1 is the
terminated coaxial outpul line while inductor Ly represents the coupling
spokes. The input impedance is normally calculated at plane F, the mid-
point of the active output region where all the eleciron stream is assumed

to be injected,

The electrical equivalen? of Figure 1l is shown in Figure 12, Shunting

capacitanccs ot discontinuity are shown at the various line junctions.,

A typical set of tabulated computer data 1s shown in Figure 13, For each
frequency, thc table gives input R, X, and the rms voltage at each line

junction for a 5 mcgawatt output,

The computed performance for the design dimensions of the Coaxitron is
shown by the dotted curve in Figure 10, where the relative power output is
proportional to the resistance, R, The excellert agreement between the two
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sets of curves shows that the "optimum" lumped-~constant performance has
been achieved in the distributed-constant theory and that lumped~-constant
filter theory gives reliable guidance in designing complicated long-line

circuitry.

The final dimensions were determined by adjusiment during cc ld-testing of
the actual Coaxitron parts. This was done tc sllow co "rections to be made
for mistuning effects due to minor configursation details in the active region,
to correct for inexact design information as to the effective spoke coupling
inductance, to compensate for the influerce of the residual VSWR in the

4

coax~-to~waveguide transition, and to allow for the influence of the re-entrant

blocker,

Some parts used during the cold-test were full-sized but were especislly
made to permit rapid adjustmernt and to allow the inclusion of measuring
probes, The band-pass response was determined by the power delivered o
a matched waveguide load with respect to the power fed irto s voltage prche
located at the mid~plane of the active output circuitry (corresponding to
plane F-F in Figure 11), The cold-test response shown in Figure 8 was se!
to have the same one decibel ripple as Figure 10, but with somewhat wider
bandwidth, i, e., the three de cibel bandwidth is 88 megacycles instead of 80
megacycles, The cold-test adjustment process was facilitated by the use

of the computed curves shown in Figures 14 through 17 , which predict

the general effect of various independernt adjustments on the output response, i
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The finally selected length of the auxiliary output cavity and the positicns
of the spokes, the position of the coaxial line end cap, asud wave-guide
plunger were all within a fraction of an inch of the anticipated valies,

During this cold-test the voltage distributicn was alsc explored, Severasl
results indicated that operation in the desired mode was assured, First,
a voltage maximum occured nesr the mid-plare of the active region, ag
measured by a series of test probes in a dummyv grid cylinder, Second,
a voltage maximum was found at the mid~-plare probes (see Figure 5 j at
the outer periphery of the re-ertrant bloszker, T i) relati vely low

voltages were observed on the blccker probes nearest the slave-end znd

load-end cavities,

I wag indiczated by a lack

w
14
3
ot
b
[
D
[e]
o]
u
J
i
or
\]
&
»
{2

Freedom from parasitic mcde
of observed sharp peaks or dips in the responze, Also, the relatively
constant probe voltage distribution around tie oiter cizcumference of the

re-entrant blocker indicates tre zbsence o circumfererntisl modes,

-

The load resistance versus freguenc: response (Figure 7 ) measured at
moderate power levels indicates resistance valies somewhat lower than
the theoretical predictions of Figure 10, Several factors me y Lave con-
tributed to this difference, First, the bandwidtk was widened during cold-
test adjustment. Second, the grid-ancde capacitance was increased slightly
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by the addition of the second grid. Third, lhe energy stored in the re-entrant
blocker decreases the R x BW product slightly. Fourth, the electron current
was injected along the entire aciive length of the cutput region instead of at

the mid-plane as assumed earlier, The effectiveness of the injected current

is reduced by afew percernt be:ause each contribution along the active le gth

undergoes a differert phase sud amplitude chauge by the time it combines
with others to form a sirgle cuvrert into = sommom lcad, Fift h, power losces

in the output circuitry wvere neglecied, the de to rmsz couversion factor

may vary slightly from the 1.1 sz sszsumed in caleulating the R from formaly
2, Seventh, there muy haie beer some i.zccurasies
eighth, the rf voltage disiribution along the cathede-grid region may nct he

uniform since the input slave-ernd tuning was nct optimized,

The input circuitry of a Coaxitron umplifier stould alzo be wide-band to
achieve completely fixed-ture cperaticn, A de 2igr has peen developed whio

should be satisfactory eleciricslly and ix feasible to sonstruct, The design

philosophy is quite different from that used above for the Coaxitron output

circuit and will be outlired prior to descpibi ng the design itself,

The functions of the iinpuzt circuit of a Coaxitrot amplifier are: U
1. To inject into the grid-arcde regicvn eleciren current pulzes of a
magnitude sufficient for the desired power output
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2. To achieve a reasonable degree of uniformity of current injection along

the active length,

(93]
©

To provide a constant and essentially resistive termination for the rf

transmission line from the driver,

‘e current injected through the grids is a large fraction of that dra.vn from
the emitting matrix facing on the cathode for typical Coaxitron operating

voltages,

The emission current drawn, in turn, follows cle sely the parallel-plane

diode formula:

. 2,334 x10"8v3/2

1= gx
5 (3)
d
gK

Bascd oa this cxpression, the grid-cathode voltage required for a given
Coaxitron plate current is shown by the lower curve of Figurc 18, A de
plate currcrt of say 500 amps would require a pcak voltage swing of only
300 volts, This low voltage accounts for the relatively good power gain
of the Coaxitron, On the other hand, a very low input impedance may be

expected, as will be discussed later,

Uniformity of current injection requires uniformity of rf voltage along the
cathode, This may be approximately achieved by appropriate adjustment
of a slave-end input cavity in a manncr similar to the output-~circuit case,

Calculations made on a digital computer indicate that a fixed~tuned slave-end
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reactive termination is satisfactory for the 385-4é5 Mc operating range,

The calculations consider the grid-cathode active region as an cxtremely
"lossy" transmission line due to the electron emission current being drawn,
They also account for the effect on the relative power output of the phase and
amplitude vafiations of the clectron current along the active lengtl, The
calculated impedance locking into the driven end of such a grid-cathode region
is only about 0, 22 ohm and varies slowly with frequency and drive level,

Typical curves of input impedance and phase angle are shown in Figure 15,

The requirement of terminating a typical 50 chm driver transmission iine
thus becomes egsentially a probiem of designing a wide~band transférmer
having a 250 to 1 impedance ratio, A tentative design has been worked cut
for such a transformer, It too is fixed-tuned and transforms the complex
impedances represented in Figure 19 o a reasonably good match for a 50
ohm line as indicated in Figure 20, An even better match is believed to be

obtainable with further design cffort,

Basically, the transformer consists of two tandem scetions of quarter-wave
coaxial line with a shunt correcting stub, somewhat along the lines suggested
by E, M. Broad*, A simplified longitudinal cross-section is shown in

Figure 21. The rciatively low surge impedances of the 0, 828 ohm section

and the 0, 322 ohm stub are cbtained by interleaving radial finsg extending from

the coaxial walls, The impedance of such lines was determined by using
* High-Power Radio-Frequency Broad-Band Transformers - Post Office
Electronics Engineers - Jv 51, Pt 1, Ap 58, pages 8-13
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VSWR shown is that Predicted for a 50 OHM RF
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Dimensions are in Inches,
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resistance-paper analogues, The portion of the 0, 828 ohm line section
adjacent the cathades consists of a ceramic radial transmission line,
Likewise, the lower end of the 12, 7 ohm section eonsisis of a short

ceramic coaxial line, which, incidertally, is cn the axis of the whole tube,

Filament heating power may be applied across the outer neramic ring, thus
permitting the upper ends of the cathodes to be grounded as a part of the
input slave-end circuit, This will allow a considerable simplification ir the
construction of the grid bLlock over that shown in Figure 5, Leakage of rr
power at the filament heating terminals should be prevented by the 13, 4

ohm quarter-wave coaxial choke cavity,

The input transformer just described was selected after checking numerous
designs on the digital eomputer, Three section transformers offered no
significant improvement in performance and were more complicated ‘¢

fabricate,

Design Objective D -~ "Pulse width: 25 microseconds minimum',

This pulse width shouid be attainable without difficulty, Although the pro-
visional testing to date has been at a pulse width of 10 microseconds, RCA
experience with the matrix-cathode life tests of the RCA tube type 6952

indicates that the current requirements stated previously represent a con-

servative emission demard for matrix-cathodes, Likewise, RCA experience wi ik
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the high anode dissipation requirements for the long pulse service of the

Developmental Tube Type A-2346 indicate a scucd anode design,

Design Objective E - "Duty Factor 0, 01 minimum",

This should be obtained without difficulty, The matrix-cathode is quite
capable of this service while the ancde and grid heat dissipation abilities
are very adequate for the average power, Also, the provisional testing per-
formed to date has been satisfactory at a duty factor of 0, 003, as dictated
by the modulator « quipment availatie,

D esign Objective I'~ "Efficiency 30 percent minimum, when operated und e+
power output conditions specified in C, above',

Dynamic operation at low voltages has demonstrated efficiencies up to 45%,
Further improv;me;m may be expected at high operating voltages, Most of
the data taken for the curve shown in Figure 7 was in the 10~12 kv ER range,
while the anticipated plate voltage required fer full power cutput is approsima i,

22 kv,

For maximum efficiency, the de plate voltage, Ep, must just exceed the ac
plate voltage, Vp, by a voltage vgp to permit the electron current to cross “n.
output region without space charge limiting, The Vgp required in terms

the Coaxitron dc plate current, is shown by the top curve of Figure 18, T«
high an Ep causes necedless plate dissipation while too low an ER resuits 1.

]
reduced power output due to plate current wave distortion, This was generall
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verified during the provisional testing., Below are two sets of data showing

the improvement in efficiency at higher Ep.

Typical Low Powcr Test Anticipated High Power Performance
P, = 600 kilowatts 5000 kilowatts

R = 22 ohms 22 ohms

Ig = 150 amperes 433 amperes

Vp = 5,1 kilovaclts 14, § kilovolts

Vpg = 3,5 kilovclts 7.1 kilovolts minimum
ER= 8.6 kilovoits 21, 1 kilovolts minimum
Eff, = 46.5% 52,5%

On the other hand, a drop in efficiency is to be cxpected near the edges of

the frequency band duc to the increascd reactive component of the load
impedance becausc the platc voltage swing Vp, is higher than would be required
for a given plate current to develop the same power in a load consisting of

oniy the r(?sistlve component, For example, if the reactance and resistance
are each equal to 22 ohms, the total impedance would be 1,41 x 22 or 31,1 ohms,
Consequently, for the given plate current of 433 amp. the plate voltage Vp

will be 1, 41 times that of the previous example, or 21,0 kv, The new dc plate
voltage thus becomes 28,1 kv and the c¢fficiency 5000 ~ (433 x 28,100) = 41, 1%,

Design Objective G - ""Power Gain: A maximum consistent with the electrical
design of the tube'’,

The power gain of the Coaxitron as determired by the present test data ic very

good, The typical gain at a 1 Mw power output level is about 30:1 where the
Contract AF30(602)~1892
Final Report ~49~




estimated drive power is approximately 35 kw, The high pain is the regult
of two factors, First, a relatively lew grid-cathode voltage swing is needed
to drive the required currexnt due to ihe zero bias cperation permitted by the
high mu, Second, no special swamping is needed for broad-banding the input
circuit, A curve showing the relaticns p of the guiescent IB versus Ey, de iz

stown i) Figure 22,

Design Objective H - "Cathode: The cathode shall be & matrix-cxide type",

The Coaxitron amplifier uses matrix-cxide cathodes of the type whizh have
giver outstanding performance *u cther applicatiansg,

reliatively low heating power and easily provide 2n emission of 10 amperes

EF R

per square centimeter, Tre emission density required for a Coaxitron do plata

current of 450 amp Is considersbly less than this, Neglecting grid sbsorptics,
& cathode current density ¢f ouly 4,7 amp per sguare centimeter weuld be
reguired according to the middle surve of Figure 17, Specisl Developmenisal
A-2346 tubes using these cathodes ngve demonstrated a power output of over

3 Mw at a pulse length of 2090 microse condg, Furthermore, the RCA 6952

exhibits long life with z power utput of over 2 megawatts at a pulse lenptin

O]

of 13 microseconds and a pezk cathcde loading of 15 amperes per sguare

certimeter,
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Design Ubjective I - "Cooling: In order to provide adeguat= cooling of the
tube, suitable coolant courses through the tube element
with accessible counectors shall he provided",

n

To meet this objective, passages have been provided to cocl the anode block,
the grid block, both ends of the output cavity, the coupling spokes, the cathode

2 ry at

mounting fixtures, aud the arode support fnsulators; and, if necessar:

high-power cuiputs, the output coaxisl transmission line inner conductor can

easily be cooled, That adeguaie ccoling has been provided for the power leveis

achicved is evident becsuse nc excessive temperatures were noted d& iring the
nbs

operation, These coolant courses can be seen cn the sectional drawings

snown in Figure 4 and Figure 5,

The ~oolant used during the provisional testing of the Coaxitron was
Minnesota Mining and Masuiacturing Company's FC~-75, This fluid wae
selected because its high inherent resisiance reduced leakage currents zzd
because FC-75 facilitated effective bypaussing of the dc plate lead,

Designu Objective J - "Load Voitage Stazding Wave Ratic (VSWR): The tube
shall be degigned for operation intc a lead having a

VSWR of i, 5:1 for all phasges, without evidence of
operstioral instability",

Since the device is inherently a linear amplifier rather than an oscillator, no
operational instability would be expected, To verify this, the experimental
Coaxitron was operated into 2 wavegnide having a VSWR of 2,4:1, This was
obtained by disconnecting the normal load and allowing the rf energy to
rzdiate into free space from the open end of the wave guide, The Coaxitron
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was tested under these conditions at frequencies near the band-edge where
the tube load becomes quite reactive, No signs of instability or spurious

modes were observed,

Two other factors also enhance the stability of the Coaxitron amplifier, The
extra isolation of the input and output circuits provided by the double-grid
is the first and the fact that the load is symmetrically coupled to the output

circuit is the second,
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; SECTION VI

ACCESSORY EQUIPMENT ACQUIRED UNDER THE CONTRAC

Processing Eguipment

In order to assure adequale prozessing of the experimental Cosxitron,

i

}

several modifications were made to the wacium ssstern wud other gpecial
equipment was acguired, A spezial base bizte for cif-center exhausting

of the experimental Coaxitror and g new Lguid-nitrogen trap were desigued
to fagilitate proper vacuum preceda; g. In additicn, an 8000 ampere con-

tinvously variable filamen! supply, =z 41 biss 275 grid bembar ding suppls,

and a plate bhombarding supply vere ac girived,

e

Test Eguipment

A special tunable input cirouit wae de igred wid built for the experimentsal

Coaxitron, The necessary coavial drize lre and ssscointed Fittir 2s were

4

acquired for the izmput circuit rr ve comnectlons, A wave-pgunide, water
load, wave-guide slcited lire, wavr=-giide flexinle =e sticr, and & wave-guide
transition and plunger were g2 prired for the owtput cireuitry as well as 4
special full size wa’fe-g‘ ilde losd for cold preve purpouses, The 3/4 height

2300 wave-guide output lizle wn i ittig 2av be cee: 1 the photograph or
. £ I p

Figure 23,

Model Study Apparatus

A special 1 Mc analogue was degignied gatl built to giudy the voliage and phaze
relationship zlong the active porticn of the iube snd re -entrant blocker, A
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photograph of this analogue is shown in Figure 24,

Much of the preliminary design work was done using a 1/ 3 scale model at a
frequency of 1200 Mc, The photograph of Figure 25 shows the 1200 Me
Coaxial Cavity, the 1200 Mc Coaxial Taper Transition ard the 1200 M«

Coaxial Special Low Impedarce Slotted Lirne used for these tests,

2000 Mc Adjustable Wave~Guide to Coaxial Transition

The preliminary design work of the coaxial-to~wave~guide transition was
done at 2000 Mec, Figure 26 shows a photcgraph of the special adjustable
wave-guide to coaxial line transition necessary for this work, Figure 27
shows a photograph of various coaxial tapered transitions and of several

special coaxial impedance terminations,

Coaxitron Model A

Figure 28 shows a photograph of the first experimental Coaxitron built,

This Model A Coaxitron, however, was unlike the Model B Coaxitron in

that it had single~tuned output circuit inductively coupled into an 8 ohm

load which had to be transformed by a broad-band step transformer to the
100 ohm load, In addition, as shown on the curves of Figure 30, the coaxial-
to-wave-guide transition required pre-setting of the wave-guide shorting stub
at each individual frequency, The first experimental Coaxitron employed
thoriated tungsten cathodes to permit repeated rebuilding to test various
modifications of the new features such as ‘he re-entrant dc blocker as
described previously.
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Figure 25 -~ Scale Model Single-Tuned Cavity Ore-Third Size, Coaxial
Sloited Line and Coaxisl Transformer Shown Assembled
(Scale is 6-1/2" long)

-58-




Figure 26 -~ Side View of Scale Model Adjustable Waveguide-to~Coaxial
Transition in 3, 095" x 1,161" Waveguide, Showing Slide-Box
Which Permits Adjustment of the Transverse Position of
Coaxial Line in the Waveguide,
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Figure 28 -~ The Model A Coaxifron: An Interim Model with Single-Tuned
Output Circuil UUsed to Establish Some of the Basic Design
and Processing Concepts,
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Tests and processing of the first Coaxitron were severly limited by an
anode-to~grid short, The shori was caused by a structural weakness
in the anode coeolant courze wnizh resulied in g be ving of the gnode under

coolant pressure, Thisg structursl defect Lias heen corrected on the second

experimental Coaxitror,

Programs for the Elezirconic Digiial Computer
g RS LR e =Lt oo

As referred to previouzly, much of the preliminary design work wss doue

on an Electronic Digital Comiputer, Specificaliy, programs were set-up

to evaluate the Cozxitron Ouipat Circuit, the Coaxitron Active Input Cirkuii)
and the Coaxitron Wide-Baund Inpat Matching Transfermer, These programs

are on file at RCA, Princeton and would be extremely useful for further
y

Coaxitron design at the present frequer.cy band or st other frequer cies,
1 g
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SECTION VIIX

SUGGESTED FUTURE COAXITRON DEVELOPMENT

tinge

The encouraging periformaice demoustraied durir g the provisionzl tes
& ! = y

amplitier iz g high-power wide-band device

indicates that the Cosiil

capable of stable operziior with good power gaiu and efficlency for seversl

thousand hours of expected cathiode emizsics iife, The improved religbility

and poter.tial econcmy lndicated by the previgiongl testing urges a contin-

uation of the develupmert prosram ot

Further Te'st*f_fi ol Made B

Further aging and tesiing of the Mudel B Coaxitron st figher zsverage power

levels would be desirable iz trnat it should vield valuable information pertaining

to (1) desigrn weaknesses not apparent ai lower powers zud (2) full power

&
t

o
10
o

efficiency and power gzis to be expe ted, I case the Coaxiiron reai

premature '"'ceiling in operating level or hecomes itoperstive, ¢

e

e cglise
should be determined by a "post-mortem' examination ard s suitable remedy
incorporated ir the design cf = Model € Coax erow, Pressurization of the

accessory input circuit may be required for cperation at hisher power levels,
; q ¥

The equipment ncw availsble for the provisional testing provides rf drive

pulses of 10 m:croseconds duration 3t a duty faztor of 0, 003 and at 2 pesk

power up to 160 kw, This is inadejuate for testing to the minimum chjectives
of 25 microseconds and 0, 01 duty fznter stated in the techricsal chjectives,
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Furthermore, the plate supply used is not pulsed and is limited to gbout

15 kv de, which is too low a voltage for the objective power output of 5

megawalis,

Eqguipment for High-Power Testing

k. le
AT

Testing ai higher average power <ler coniitions more nearly satisfviny

the stated objectiives would be possible hy uti lizing on & time sharing bases

2

<)

the HPLF test equipmesni acyuired cr. Cor t AF30(602)-1396, The rf drive

£
LA

and pulsed plate voliage woula be exte.ded to the present Ceaxitron exhanst

and test position through quick changecver switches, A relgti el simple

adjustment ghould reduce the pulse leagit as low as 5

&

microseconds,
which, at a repetition rate of 60, gives a duty facter of 0, 003 (the valus
used in the above mentioned provisicnsl tests). The 0, G auty factor cotild

be obtained with 150 microsecond p:lzes,

The nomiral 200 kw cutpat zapabilily of the HPLF rf driver sheuld provide
excellent rf grid bombagrdmert during prozes sing with the pulse length set

at 0,5 to 1 millisecond, The long-puise drive could zisc be used to operate

the Coaxitrons at their reguired average power output of 50 kw,

The full 5 megawatt peak power ouéput ay also be obtainable with the HPLP
driver if the Coaxzitron power gair stzys up near the 30:1 observed in the
tests at moderate power levels, Howe ver, a 10 db minimum objective wouild
require a new rf driver capzble of ar cutput of 300 kw,
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It is recommended that a zomplete governmnent owned 1 megawatt driver be
furnished for full power testiug of Coaxitrons in order fo insure zn abunda.. e
of rf drive power &t the objeciive 45 micresecond pulse length and O, 01 duty
factor, A tunable magueiron i/pe of driver would facilitate testing at a
rumber of fregquencles over 4 wide naud n the otler hand,

amplifier-chsain type driver wc

complete "system" tesiing o a Cosxitron,

()

Modification of the HPLF modulator would also pe reqiired for operati
j ~
al the higher repetition rate diziated by the 25 minresecond pulse le gt
and 0, 01 duty factor, This work ' .volves the p.lze generator and low level

amplifier stages of the mcduiaior,

In case the work load on ite HPLF eg.ipmer’ ce ccmes such that a fime
i ip

sharing arrangement is impruciios!, 1¢ w technically feasible to

use another large goverurie el e mt Set abifiiired Lnder Contract
DA30-069-ORD-1955, The nari~tute moiulator of this eqiipment is
actually more suitable for Ccaxitreq testing than that in the HPLF set

in that the pulse rate avd lecgit aiizsiment are more flexible, However,

the rf driver operates zt somewrnai bigner fre menicies than the chiective
385 to 465 Mc range and woula hernie regqiire some sircuit medification,
The driver peak power ecutput capshility iz only sl glitly higher than that
of the HPLF, so that the rew Ligr-power ariver diszussed abcve wouzld

be desirable,
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Coaxitron Design Procedure

The design effort would be directed toward (1) incorporating wideband integral
input circuitry; (2} shifting the band-pass of the output circuitry slightly
upward in fre quency; (3) adding auxiliary cooling means inside the anode
block to permit adequate arode-face heating during processing and (4)
correcting any design limitations observed during further testing of the

Model B Coaxitron,

Refinement of the tentative design for the integral input circuit would
include (1) a determinaiion of the electrical and physical parameters of
the input slave-end circuit for the most uniform rf voltage distribution
along the active cathode; (2) re-calculation of the parameters of the
wide-band, high-ratio (approximately 250:1) input matching transformer
for b“est VSWR on rf driver line; (3) a modified mechanical design of a
rew input structure consistent with the electrical requirements and capable of
high temperature bakeout during evacuation, The calculations involved
in the electrical design will be facilitated by electronic digital computer
programs slready developed, Some cold-test model work will also be
reeded as well as some experimental work to determine the mechanical
feasibility of a few constructional details. Fabrication plans should call
for sufficient parts and assemblies for two complete Coaxitrons ready
for processing and test, This should give a reasonable expectation of
at least one Coaxitron fulfilling the technical objectives,
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