LA A

r:,l- tlJ‘ 'v'ﬁ"i

i

o

LN 1| A

i

|4 L

===

,

IJ _wl'-l,;‘.l " -

(-

@ https://ntrs.nasa.gov/search.jsp?R=19770016422 2020-03-22T08:47:05+00:00Z

s

e NASA CR-135028__._.... '

A 200 WATT TRAVELING WAVE TUBE
FOR THE COMMUNICATIONS TECHNOLOGY ,
SATELLITE
(NASA-CE=135029) 1A 200 WATT TRAVELING N77-23366
WAVE-TUBE FOR THY COMMUNICATIONS TRECHNOLOGY ?
SATELLITR Final Report (Litton Industries)
238 p FC R11/MF AO01 CsSCL 0¢a Unclas
G3/33 26073
by
C.L. Jones
LITTON INDUSTRIES .
Electron Tube Division

Prepared For
NATIONAL AERONAUTICS AND SPACE ADMINISTRATION

NASA Lewis Research Center /=
Contract NAS3-15830




e

1. Report No. 2. Government Accession No. 3. Reciprent’s Catalog No.
NASA CR 135029
4. Title and Subtitle §. Report Dite
A 200 WATT TRAVELING WAVE TUBRE 'OR THE COMMUNICATIONS November, 1976
TECHNOLOGY SATELLITE e
8. Performing Organization Code
7. Author(s} 8. Performing Organization Report No.
. C. L, Jones

10. Work Unit No,

9. Pertorming Organization Narhe and Address

Litton Industties
Eleetron Tube Division 11. Contract or Grant No.
980 Ihdustridl Road NAS 3-15830

San Carlos, CA 94070

13, Type of Heport and Period Covered

12. Sponsbring Agency Name and Address
National Aeronautics and Space Administration Contractor Final Report
Washington, DC 20546 14. Sponsoring Agency Code

15. Suppleméntary Notes
Project Manager, G. J..Chomos, Spacecraft Techrnology Division
NASA-Lewis Research Center
21000 Brookpark Road

L Clevelanid, OH 44135

16. Abstract

deep space. The tube was designed to be used for broadeasting power transmission from a satellite.

unit backup. The remaining tubes are being utilized in various éxperimental test projects.

17. Key Wor js (Suggested by Author(s}) 18. Distribution Statement
Travel .ng Wave Tube Unelassified - Uniimited
Coupled Cavity Slow Wave Cireuit
Velocity Resynchronization
Multistage Depressed Collector
Satellite Communications Transmission

19, Security Classif. (of this report) 20, Security Ciassit. (of this page) 21, No. oi' Pages 22. Price’
Unclassified Unclassified 230

* For sale by the National Technical Information Service, Springfield. Vitginia 22161

NASA-C-168 (Rev. 10-75)
ORIGINAL PAGE 1§
OF POOR QUALITY i

This final report presents thé results of the design, development, and test of experimental and production
units of a PPM focused traveling wavé tube (L-5394) that produces 225 watts of cw rf power over 85 MHz
centered at 12.080 GHz. The tube uses a coupled cavity rf circuit with a velocity taper for greatet than 26
pefeent basic efficiency. Overall efficiency of $0 percent {s achieved by the incorporation of a multistage
depressed collector désigned at NASA Lewis Research Center, This collector is cooted by direct radiation to

The afforts discussed in this report were performed during a two phase program that extended from April
1978 thru Jahuary 1976. The first phase of the program included the analytical and experimental program to
study design techhiques, to utilize these techniques to optimize the performance (éfficiency) of the tubes, and
to then sssemble a limited quantity of tubes for competitive evaluation. The second phase of the program
included design improvement of operational and functional characteristies through additional testing,
qualification of the units for space application, and the production of flight configuration units. A total of
thirty-two tubes were produced during the Phase Il program. Presently, one tube is in orbit and operational
via the Communications Technology Satellite (CTS), one is in life test at LeRC, and one is designated flight




FOREWORD

The work and efforts deseribed herein were performed by Litton Industries, Electron-
Tube Division, under a two-phase NASA Contract, NAS3-15830. The first phase of the
program was directed toward analytical definition, design and assembly of prototype
tubes to be used for competitive evaluation, The second phase included design
improvement, space qualification, and delivery of production units.

During the program there were three principal investigators (Litton Program Managers):
Dr. Otto Sauseng, initially during part of Phase I; Mr. B. D. MeNary during the
remainder of Phase 1 and part of Phase II; and Mr. C. Lawrence Jones during the
remainder of the progtam. Others providing significant contribution to the program
included Dr. G. E. Pokorny, Dr. J. R. M. Vaughan, Messrs. L. R. Bergera, N. Cazacy, R.

S. Cerko, B, J. Hamak, J. Heidenreich, R. L. Holm, R. Lewis, P, G. Marquis, and R.
Vanlderstine.,

Mr. G. J. Chomos, Spacecraft Technology Division, NASA Lewis Research Center
(LeRC), was Project Manager. ‘

The author and Litton ETD wish to acknowledge Dr. H. G. Kosmahl, Mr. A, N. Curren,
Dr. D. J. Connolly, Dr. R. Forman, and Mr. G. Richard Sharp of LeRC for technical
assistance provided during the program, and Mr. J. Bozanie of Service & Consulting
Associates, Cupertino, CA, for assistance in preparation of this final report.
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ABSTRACT

This final report presents the results of the design, development, and test of
experimental and production units of a PPM focused traveling wave tube (L-5394) that
produces 225 watts of cw.rf power over 85 MHz centered at 12,080 GHz. The tube uses a
coupled cavity rf circuit with a velocity taper for greater than 26 percent basic
efficiency. Overall efficiency of 50 percent is achicved by the incorporation of
multistage depressed collector designed at NASA Lewis Research Center. This collector
is cooled by direct radiation to deep space. The tube was designed to be used for
broadeasting power transmission from a satellite.

The efforts discussed in this report were performed during a two-phase program that
extended from April 1972 through January 1976. The first phase of the program included
the analytical and experimental program to study design techniques, to utilize these
techniques to optimize the performance (efficiency) of the tubes, and to then assemble a
limited quantity of tubes for competitive evaluation. The second phase of the program
included design improvement of operational and functional characteristics through
additional testing, qualification of the units for space application, and the production of
flight configuration units. A total of thirty two tubés was produced duting the Phase II
program. Presently, one tube is ih orbit and operational .via the Coimmunications
Technology Satellite (CTS), one is in life test at LeRC, and one is designated flight unit
backup. The remaining tubés are being utilized in various experimental test projects.
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1.0

SUMMARY

This final report describes the development of an experimental PPM focused,
traveling wave tube (TWT) that produces betwéen 200 and 250 watts of ew rf
output power over an 85 MHz frequency band centered at 12,080 GHz. The tube
was developed for use in the Communications Technology Satellite (CTS). The
tube incorporates a coupled cavity rf eircuit with a velocity taper to provide
greater than 30 percent basic efficiency. An overall efficiency of 50 percent is
achieved through the use of a multiple stage collector with ten depressible
elemerits that is cooled entirely by radiation. To obtain the maximum depressed
aclieetor efficiency, a magnetic spent-beam refocusing section is utilized between
the output of the rf circuit and the collector, The refocusing séction allows
reduction of the transverse electron velocities and dilution of the space charge at
the entrance to the collector.

The tube was developed during a two phase NASA funded program. For the initial
contract phase (Phase I), two firms were awarded identical R&D contracets, This
phase included the analytical and expérimental efforts necessary to provide
assurance that the operational goals were attainable; to study alternative design
techniqués; to initially optimize the performance of the tubes; and then assemble
a limited quantity of tubes for competitive evaluation. At the conelusion of the
competitive evaluation, Litton, Electron Tube Division (ETD) was selected as the
single contractor for the Phase Il contract which included development,
qualification and production of flight units.

During Phase I, five traveling wave tubes, Litton Model L5394, were fabricated
and tested. The first device incorporated the basic rf circuit design (without the
velodity taper), & modulating anode electron gun, periodic permanent magnetic
focusing, refocusirg solenoid and an undepressed bucket type collector. The tube
provided necessary interaction and focusing data used to define the large signal
analysis computer program. The remaining four devices had collector apetture
openings of 8° and utilized a two step velocity taper and multistage collector for
high efficlency. Some difficulty was encounteted initially with reflections,
instability and oseiilations, and Phase I tubes failed to achieve certain specified
performance requirements due to the high citeuit rf losses and difficulty eentering
the frequency band. They did, however, meet the specification rf pérformance
requirenic.:ts at saturation and produced 225 watts cw output power.




One tube (8/N 2006) had u too narrow hot bahdwidth and a sharply peaked small
signal gain response but, en the positive side, efficiencies of 30 percent without
depression and 568 poreent overall after deprassion and 35 db galn were recorded,
One tube (S/N 2008) had a properly located and relatively flat power versus
i frequency response, but low efficiency and marginal gain. The pertsrmance of
, the delivered units did show, howevér, that the problems or defieiencies could be
' correctéd with additional eleetrical and mechanical/thermal tests end
h appropriate design improvements, Based on the results obtained during the
; competitive evaludtion, Littorn was awarded the Phase Il production eontract.

During Phase II, a total of twenty seven additional tubes were fabrica.~9 and
! tested. Prior to the initiation of manufacture of flight model units, the problems
or deficiencies revea'ed during Phase I, and later encountered during Phas- '
testing, required resolution. These included:

A. Incorrect frequency positioning with the tendency .. the power and gain peak
to be below the lower band edge (12.038 GHz) and power and ghin deficiency
at the high frequency end (12.123 GHz).

B. The small signal gain variation across the specified frequeney band (12.038 to
12,123 GHz) was about 10 dB, well in excess of the specification requirement.

C. The cathode support sleeve could hot tolerate the shock and vibration test
requirements.

D. The cathodes were operating at a temperature too high to meét the long life
requiréements.

E. The electrodes of the multistage collector wete supported by U-tabs which
were welded between cylinders brazed to the ceramic rods and the vacuum
enclosure. These U-tabs failed during vibration tests.

F. The collector, with its relatively large area electrodes had tendencies toward
excessive arcing, primarily after long periods of tube shut off.

FEEX I P S
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Due to schedule and monetary restrictions, not all of the pessible corréctive
measures identified were incorporated or implemented in the final flight design
units, Those items considéred most cost effective and essential to launch or
operation were implemented.

The tubes fabricated during Phase Il represented numerous unit configurations
since various alternatives for subassembly design and fabrication were incor-
porated. The early fabricated units were assigned to a variety of performance
measurements, tests, verifications, and one (S/N 2025) was used for transmitter
equipment package qualification testing. Presently, of the flight configuration
units manufactured, one tube (S/N 2022) is in orbit and opertional via the
Communications Technology Satellite, S/N 2020 is in life test at LeRC, and S/N
2025 is designated prime flight unit. backup. Other units are being utilized in
various experimental test projects.

The TWT is comprised of five major subassemblies including the (1) eleetron gun,
(2) rf eircuit or body, (3) refocusing section, (4) collector, and (5) inter-
face/mechanical items. In order to optimize the tube performance, alternative
subassembly configurations and fabrication techniques weére analyzed via eom-
puter simulation studies during the R&D phase. These analyses were updated and
refined during Phase II, and the units fabricated during this phase reflected these
updates. The computer analyses of major complexity included the large signal
analysis, small signal analysis, rf ¢ircuit analysis, and thermal analysis.
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2.0 INTRODUCTION

The program described in this report is part of an extensive effort directed by
NASA Lewis Research Center to develop satellite communication systems
powerful enough to broadeast directly to individual end receivers rather than to
ground based distribution systems. These efforts were initiated with detailed
studies on several types of power amplifiers for such a system, one of which was
an "Analytical Study Program to Develop the Theoretical Design of Traveling
Wave Tubes" by NASA Contract NMS3-971'9.1 An outgrowth of this study was a
number of development and feasibility evaluation programs which included (1) a
high efficiency solenoid focused 12.2 GHz, 4 kW cw coupled cavity traveling wav-
tube (Contract NAS3-13728),2 (2) development of a high power 12 GHz. PPM
focused traveling wave tube (Contract NAS3—14391)3, ud (3) the Litton Electron
Tube Division (ETD) design, development and production of 200 W ew, high
efficiency traveling wave tube at 12 GHz (Contract NAS3-15830). All of these
above mentioned efforts were_in_direct support of the Communications Tech-
nology Satellite program.
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This introductory section provides the reader with somie knowledge of the entire
NASA program and, in particular, a summary of the Litton effort under Contract
NAS3-15830. Through the Litton effort addressed herein, the Model L-5394 TWT
shown in figure 2-1 was designed, developed and tested and is currently operating
in space aboard the CTS satellite,
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» 2.1 CTS PROGRAM DISCUSSION

The CTS was designed and is currently being utilized by a number of agancies
undér direction of NASA and the Canadianh Department of Communications. The
- CTS is a high power communications satellite that makes possible the reception of
i ' television and two way voice communi¢ations using small, low cost ground
torminals. Communications links to different parts of Canada and the United
r ' States (inciuding Alaska and ilawaii) have been established to support various CTS
8 communications experiments in the aréas of education, health and information
services. CTS was launctied into synchronous orbit by a Delta 2914 launch vehicle
in January 1975. An artist's drawing of the CTS in orbit {s shown in figure 2-2.
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Figure 2-2. CTS in Orbit (Shields Removed)




One of the major responsibilities of the United States in the CTS program was to
provide a high power Transmitter Experiment Package (TEP), The TEP is used as
the final amplifier in the spacecraft Super High Frequency (SHF) transponder as
shown in figure 2-3. The transponder receives sigrals at 14 GHz, translates,
amplifies and transmits these sighals at 12 GHz. Two 85 MHz channels are
processéd through the transponder with one channel amplified to 200 watts
through the TEP and the other amplified to 20 watts by a low power traveling
wave tube. The 100 mW OST drive power is tapped from one of the 20W Output
Tubes. The frequency plan for the CTS is shown in figure 2-4.

The transmitter experiment package (TEP) is made up of two major subassemblies,
the Output Stage Tube (OST) and the Power Processor Sub-system (PPS) as shown
in figure 2-5. The principal objectives of the TEP development are:

1. To demonstrate in space an amplifier operating with an efficiency greater
than 40 percent and a saturated rf output power greater than 180 watts at
a frequency of 12 GHz.

2. To demonstrate reliable high efficiency performance for a transmitter
experiment package for 2 years in a space environment, and

3. To obtaih furidamental data for further advancement in the state-of-the-
art of high power mierowave amplifier operations in space.

The cross section drawing of the OST (with major subassemblies) is shown in figure
2-6. A photograph of the display madel OST cross section with packaging and
endplates removed is shown in figure 2-7. The OST is a linear beam traveling
wive tube (TWT) amplifier. It achieves a high level of efficient operation by
incorporating two unique design features, a velocity taper of the slow-wave
structure and a ten element depressed collector (8 potentials different from
cathode and body potential). The velocity taper design allows the electron beam
to remain in phase at the collector end and the MDC is arranged so the electrons
can be colieeted at or near zero potential. These design features have produced
an overall OST efficiency of approximately 50 percent with 200 watts of saturated
rf output at 12 GHz.
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Receive Band 21 Receive Band 1..,

|o—85 —fote——110——ote—] 85—
{
Up Link : i
14.010 14.095 14,025 14.290 GHz
Transmit Band 2 Transmit Band 1
(20W) 5 (200W)
e85 —efe——110——={=-}—85—]
| §
Down Link ] * !
11.843  11.928 12.038 12.123 GHz

Figure 2-4. CTS Frequency Plan
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For operation, the OST requires several high voltages, The cathode voltage and
current are -11.2 kV at 27 ma. The 10 colleetor voltages step from the 10th
collector element (cathode potential) to the second in 10 percent increments of
the cathode voltage. The first collect is tied to ground (body potential). The
1644 on each colléctor supply varies 4§ a function of rf drive. Two lon pumps on
the OST provide telemetry information of internal tube pressure, and require a
voltage of 3.2 kV. The cathode heater requires a low voltage supply that operates
at cathode potential. An anode is used as an ion trap and requires a positive 250
V potential with respect to the body.

In the complete TEP, the OST is physically mounted onto the PPS with a variable
conductance heat pipe system to carry the heat away from the baseplate of the
tube to a radiating surface. The TEP is so situated on the spacecraft as to permit
the collector cover to radiate directly to space. Four thermistors mounted on the
OST are used as temperature sehsors. Two diode detectors in the OST output
waveguide circuit are used to monitor incident and reflected rf powet. The TEP
signal conditions all TEP sensors for spacecraft telemetry. Instrumentation has
been incorporated into the TEP to permit determination of the OST performance.

The funetion of the power processor (PPS) is to convert power drawn from the
solar array into the forms required by the various system elements. In addition to
providing regulated voltages to the output stage tube, the power processor also
provides the instrumentation, command, and protéction functions for the total
system.

RESEARCH & DEVELOPMENT (PHASE I) CONTRACT DEFINITION

The OST utilized in the CTS was developed under a two-phase NASA contract.
The first phase was performed under parallel, {dentical contracts, by two
contractors, (Litton, Electron Tube Division and Hughes Aireraft, Electron
Dynamics Division). This research and development phase {neluded the analytical
and experimental efforts necessary to provide assurance that the operational goals
for the OST were attairable, to study alternative design techniques, to initially
optimize the performance characteristics of the tube, and to then assemble &




limited quantity of tubes- for competitive evaluation. During this phase,
coritractual requirements and tube performance specification values were as listed
in tables 2-1 and 2-2, respectively.

The tubes fabricated during the later period of this R&D phase incorporatéd the
multistage depressed collector designed by LeRC, and also incorporated several
other design features that had not previously been used in space applications,
These included: (1) an electron gun using a barium impregnated tungsten cathode;
(2) a high power coupled cavity rf cireuit with a velocity taper for high basie
efficiency; (3) a beam refocusing section for high overall efficiency; and (4)
radiation cooling of the collector to minimize the thermal load on the satellite
system.

During Phase I, three Litton Model L-5394 traveling wave tubes were fabricated
and tested. The fitst device incorporated the basie rf eireuit design (without the

velocity taper), a modulating anode electron gun, periodic permanent magnetic -

focusing, refocusing solenoid and an undeptessed bucket typé collector. The tube
provided necessary interaction and focusing data used to define the large signal
danalysis computer program. The remaining two devices had collector aperature
half-ahgles of 6° and utilized a two step vélocity (period) taper and the multistage
collector for high efficiency. Some difficulty was encountered initially with
reflections, instability and oscillations, and therefore, the initial tubes failed to
achieve certain specified performance tequirements due to the high cireuit rf
losses and a mode instability. They did, however, meet thé specification rf
performancé at saturation by producing 225 watts ew output power.

One tube (S/N 2006) had a too narrow hot bendwidth and a sharply peaked small
signal gain response but, on the positivc side, efficiencies of 30 percent without
depression and 56 pereent overall after depression and 35 dB gain were recorded.
One tube (S/N 2005) had a properly located and relatively flat power versus
frequency resporise, but an inadequate efficiency and marginal gain. The
performance of thé Phase I delivered units {ndicated that the problems or
deficiencies could be corrected with additional electrical and mechanical/thermal
tests and appropriate design improvements, Based on the results obtained during
the competitive evaluation of Phase I efforts, Litton was awarded the Phase Il
production corntract.
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Table 2-1. Phase I Contractual Requirements/Tasks

TASK
NO.

DESCRIPTION

AR

1.
2.

3.
4.
5.
6.

7.
8.
9.

10.

11.
12.
13.

14.

General Task

Provide resources nedessary to conceive, analyze, optimize, design,
fabricate, test, evaluate, and deliver Engineering Test Model OST's, with
attendant OS7' design information.

Specifie Tasks:

Generate a design for a TWT meeting the design specifications.
Conduet a computer analysis of the design to:
(a) Verify analytically that the design will meet the specifications.

(b) Disclose by variation of parameters what design modifications will
result in an optimized design achieving the highest interaction
efficiency within the bounds of the specifications.

Optimize the design of Item 1 based upon the results of (b).
Fabricate one TWT to the optimized design.
Test the TWT per specification and submit the raw data to NASA.

Design and fabricate a multistage depressed collector (MDC), based upon
& preliminary field configuration and aperature sizes supplied by LeRC.

Integtute the MDC developed in Task 6 with a TWT into a preliminary
OST.

Test the preliminary OST to determine the extent to which the
preliminary OST meets the OST specification.

Update the MDC design baséd upoh the results of Task 8 testing.

Febricate an MDC to the modified MDC desigh of Task 9, integrate it

with the TWT developed Task 8, and test this updated OST. Deliver unit
to LéRC.

Generate a design for an ETM OST meeting the specifications.
Fabricate three ETM OST'$ to the design of Task 11.

Test the ETM OST's to determine that they meet the specifications, and
submit test data. Deliver OST to LeRC.

Perform a preliminary OST design study to provide design information for
the Transmitter Experiméent Package Design. The study shall include
documentation of the following:

(a) A drawing, showing size and/or location of the OST, input and output
wa\ireguides. electricdl interconnections for power and instrumen-
tation.

(b) Weight of the OST.
(e) Method of OST mounting.

14




Table 2-1. Phase I Contractual Requirements/Tasks (Continued)

TASK
NO.

DESCRIPTION

15.

16.

17.

18.

19.

(&) Thermal interface requirement defining OST mounting, temperature
limitations, and thermal 1dsses.

(6) A drawing showing the mechanical interface between (87 and TEP
with mechanical interconnections.

(f) The OST voltages, current, regulation and ripple requirements,
method of application and dynamic tequirements for startup, method
of removal for shutdown and surge current limitations. Collector
glsfi(ages and computed currénts to be based on the TWT design of

1,

(® Measurements, level of signals, types dand location of connectors.

(h) Electrical input power, voltage, currents, typés and location of
connectors and/or interconnections.

(i) Caleculated magnetic moment of OST.
() Caleulated weight, C.G. and moments of {nertia of the OST.
(k) A power schedule listing OST operational power requirements.

(1) An estimate of gain vs frequency for output levels -5 dB, -3 @B, and
at saturation.

(m) Definition of a tube parameter which can be used as an indication of
overdrive greater than § dB.

Fabricate and deliver three Conflat vacuum flanges with rf input and
output waveguides, one dynamie¢ mass model of the OST, and one thermal
model of the OST. :

Select _xgaterials used on the OST and suitable for operation in a vacuum
(1 :l lﬁu Torr). Deliver the list to the NASA Project Manager for
evaluation.

Review and provide comments on the CTS Interface Requirements
Document.

Design, fabricate and deliver one geometric model of the OST showing
the locatfion of electrical connectors and method of attachment to the
spacecraft.

Document the results of Phase I in report form, and provide a presentation
to NASA Ptoject Manager.

15
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Table 2-9. Phase I TWT Design Speeifications

ITEM
NO. PARAMETER VALUE TOLERANCE
1. |Frequency, GHz 12,038 to 12.123 N/A
! 2. |Efficiency, Percent (%) 50 Minimum
; 3. | Rf Power at saturation, Watts 200 Minimum
i 4. |Bandwidth, small signal, MHz 85 to 250 N/A
¥ 5. |Saturated gain in passband, 4B 33 1
8. |2nd. order phase deviation, Deg./M Ha? 0.2 Maximum
7. |Noise figure, dB 40 Maximum
8. |Beam transmission at saturation, 95 Minimum
percent (%)
. 9. |Power to load (VSWR 1.25), Watts 200 Minimum
f‘.f 10. |Cathode voltage, Volts 18,000 Maximum
11. | Collector region leakage field, 0.5 Maximum
i percent (%
12. |Differential gain, any frequency 0 +0.5 (max)
: (from constant gain with power
output from -70 dBm to 3 dB
below saturation), dB
3 13. |2nd and 3rd harmonic content -7 Maximum
i of rf output, dBm
g 14. |Spurious outputs:
I (a) In a 4 KHz band, 14.0 to 14.3 -40 Maximum
3} ‘ GHg, dBm
£ (b) In a 100 MHz band, 10.0 to 18.0 -40 Maximum.
{ GHz, dBm
)
1 15. |Power input without -5 Maximum
damage/operation effect, dBm
16. |Design life, years 2 Minimutn
17. |Refocusing technique Beam coil or PPM N/A
b 18 |Foeusing field PPM N/A

16




2.3

QUALIFICATION AND DELIVERY OF OST FLIGHT HARDWARE (PHASE II)

Utilizing the experimental OST's resulting from Phase I effor! as a quantitative
basis upon which to proc¢ed, Phase Il was concerned with the optimization of
design through additional testing and problem resolution, qualification of units to
meet CTS spacecraft environmental exposure, and delivery of flight hardware,
The specification performance values of the tube for the Phase II units were not
altered significantly from the Phase I units. Several specification values were
relaxd slightly to compensate for production unit variations. The intent of Phase
II effort was to improve the operating characteristics of the tube to the extent
possible while performing the contractor activities shown in table 2-3.

During Phase II, a total of twenty seven_tubes were fabricated and tested. Prior
to.the initiationof manufacture of flight model units, the problems or deficiencies
revealed during Phase I and later encountered during Phase II testing, required
resolution. These included:

A. Incorrect frequency positioning with the tendency of the power and gain pedk
to be below the lower band edge (12.038 GHz) and power and gain deficiency at
the high frequency end (12.123 GHz).

8. The small signal gain variation across the specified frequency band (12.038 to
12.123 GHz) was about 10 dB, well in excess of the specification requirement.

C. The cathode support sleeve could not tolerate the shock and vibration test

requirements.

D. The cathodes were operating at a temperature too high to meet the long life
requirements.

E. The electrodes of the multistage collector were supported by U-tabs which
were welded between cylinders brazéd to the ceramic rods and the vacuum

enclosure. TheSe U-tabs failed during vibration tests,

F. The collector with its relatively large area electrodes had a strong tendeney
toward excessive arcing, primarily after long shut off periods of the tube.

17




Table 2-3. Phase II, Contract Activities

TASK
NO.

DESCRIPTION

AR

1.

2.

30

4.

5.

6..

70

8.

10.

11.

General Task

Utilizing the experimental OST's resulting from the Phase I effort as a
quantitative basis upon which to proceed, Phase II includes qualification
and delivery of flight hardware. Provide all labor, personnel, and
facilities necessary to: fabri¢ate and test the OST's, support PPS and 2ST
compatibility tests, perform limited burn~in testing on two (2) QF OST's,
and deliver qualified flight model OST's.

Specific Tasks

Support a system c¢ompatibility test of the ETM OST, ETM power
processing system, driver amplifier, load and AGE. The OST will be
operated from zero to saturated rf output power to demonstrate the
compatibility of the OST with the supporting system.

Develop acceptance test procedures, provide test facilities, design and
fabricate supporting test hardware for the Qualification-Flight OST and
provide applicable Test Requirement Documents.

Generate a baseline design document for a QF OST meeting the
specifications. The design shall be based upon the ETM OST's developed in
Phase I and the results of the system compatibility testing.

Fabricate and test QF OST's to the approved baseline design. Provide rf
acceptance test and deliver eight (8) QF OST's to LeRC.

Provide, for each QF OST, a data package containing a complete
description of the rf acceptance testing, mechanieal inspection ard other
data per the baseline document.

Provide to NASA the final updated design drawings or as built if
construction differs from the baseline design.

Upon complétion of rf acceptance testing, subject two (2) QF OST's to one
month electrical life tests.

Design and fabricate suitable ¢ontainers for OST delivery and storage.
Review all of the CRC specifications to determine any discrepancies that
ma3iv exist between the CRC specifications and the Contract Specifi-
cations.

Review and provide commients on the CTS interface requirements
document.

Fabricate two rf test systems for production and qualification testing.

18
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3.1 _

DESIGN APPROACH AND TRADE-OFF CONSIDERATIONS

The basic design approach for the TWT was guided by the requirement for high
average output power with reliable operation and long life potertial. The coupled
cavity circuit was judged to be the only type capable of providing this high power
level as a result of its superior thermal properties. A velocity taper was chosen
for efficiency enhancement rather than a voltage jump for reasons of reliablity.
Brillouin flow beam focusing with low cathode loading was used, consistent with
long life design. The values or approach taken in each case was based on the

result of the computer analyses, test measuremen:s, and influenced by factors
outlined in this section.

SUMMARY OF SP™ “IFICATION REQUIREMENTS

Those specifications which most directly effect the choice of design parameters
are frequency, power, and efficiency. Frequency and power, taken together, place
limits on the mechanical design due to thermal considerations. The choice of
alternative circuit and bearm parameters for high efficiency, in part conflicted
with the selected thermal design. The required performarice of the tube
represented significant advancements in the state of the art, especially with
respect to efficiency enhancement and the thermal design.

Efficiency enhancement was accomplished by velocity resynchronization of the
cireuit wave and beam wave using a velocity taper near the output of the cireuit.
The initial tubes were designed to permit experimental evaluation of advanced
multistage collector depression schemes for further efficiency enhancement. For
this purpose provisions were made to replace the conventional depréssed collector
by a variety of multistage collectors and inelude a refocusing section between
output coupler and first collector stage. This type of structure can conveniently
be combined with an integrated periodic permanent magnet (PPM) focusing
configuration, such that portions of the circuit structure (cavity walls and
ferrules) are simultaneously used as pole pleces for the focusing configuration.
These parts are fabricated from copper since the capability of such a design could
better meet the requirements for thermal flow and subsequent radiation cooling.
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Since the focusing quality of a PPM tube is generally lower than that of the same
size solenoid focused tube, power losses due to beam interception were, therefore,
expectéed to bie higher. The power handling eapability of such a conventional PPM
focused tube was considered marginal for the specified power level. Special
advanced thermal design features were incotporated into the tube, including a
thick copper cladding of the magnetic focusing system in which the internal pole
pleces consist of magneti¢ ferrules with copper (rather than iron) webs to further
impfove their thermal conductancée. The coupled cavity slow wave structure was
selected over a helix type slow wave circuit because its all metal structure
provides improved heat transfer and thermal capacity. Temperatures of the
circuit remain lower at any given output power and the tenden¢y toward
eatastrophic failure is minimized. This is especially important above the 200 watt
level because it is expeeted to result in higher tube reliability and longer tube
life.

The focusing system incorporated Alnico 8 magnets which exhibit high magnetic
performance with exceptional uniformity in characteristics. These magnets were
subsequently replaced by similar samarium cobalt magnets. It addition, the initial
tubes incorporated several unique features designed to allow use of the tube as &
test unit for experimental evaluation of a variety of multistage collector
configurations and related design alternatives.

The cold to hot bandwidth ratio of 15:1 was selected to reduce circuit losses, and
the band center was placed below a phase shift of 1.2 pér cavity in order to raise
the interaction impedance. The perveance selected was 62.5 nP, and a collector
aperture opening of 6° was utilized in the initial designed units. The primary
specification requirements that impacted the initial tube design are shown in table
3-1.

The initial rf circuit design was based on rf cold tests and computer analysis, the
development of an electron guri design was based on computer prediction
techniques and experimental verification, and the development of the beam
focusing design was based on computer prediction and experimental verification
through magnetic field measufemerits.




Table 3-1. Primary Specification Hequirements, Phase 1

ITEM PARAMETER VALUE
1 Frequency 12.038 to 12.123 GHz
2 Efficiency 50 percent, minimum
3 Power Output 200 watts, minimum
4 Bandwidth 85 to 260 MHz
5 Saturated Gain 33 dB, minimum
6 Noise Figure 40 dB, maximum
1 Cathode Voltage 16 kV, maximum
8 Design Life 2 years

3.2

The specific value initial design or approach selected for each subassembly was
pased on the results of the computer analyses, test measurements, and influenced
by factors outlined in this section.

INITIAL ELECTRICAL DESIGN

Five traveling wave tubes were scheduled to be built to verify the analytical
design. Only three units were completely assembled, and the parts of the other
two were used for gubassembly test and design verification. The test results _for
the three assembled TWT's are shown in table 3-2. The specification values, and
the measured (or observed) values are shown to provide a ready comparison of
specified versus designed.

The comparison of the specification values with the measured electrical values
shows that of the three units, most of the specifications were demonstrated by the
initial design, but no single tube provided all of the electrical limits. The results
did indicate that the specified limits were probably obtainable, Some of the
operational values were based on interpretations of measurement curves and in
part are discussed below. ‘Representative graphical presentations of some of the
recordings of these initial units in test are also presented in this section.
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Table 3-2. Performance Values, Phase I Units

FUNCTIONAL SPEC., UNIT UNIT UNIT
CHARACTERISTIC VALUE NO. 1 NO. 2 NO. 3
S/N 2003 S/N 2005 S/N 2006
Interaction Efficiency 30% 28% 26% 33%
Center Frequency, GHz 12.0805 11.960 - 12.085
RF Power Output 200 W 175 W 200W 200 W
3 dB Band,width, MHz 85-250 210 MHz 200 MH2 150 MHz
Saturated Gain 33dB 35dB 35 dB 38.5 dB
PPM Focus - Except All PPM All PPM
. Refocus
Noise Figure 40 dB 40 dB Not Meas. 30dB
Beam Transmission 95% 96% 83% 90%
at Saturation
Maximum Voltage 16 kV 12 kv 11.8 kV 11.3 kV
Shielded Collector - yes yes yes
Cu Bar to Base - yes . Yyes yes
2nd & 3rd Harmonic -7 dBw -10 dBw Not Meas. | -10 dBw
Spurious Output -37dBw | -50 dBw Not Meas. | -50 dBw
Weight 12.23 15.45 12.23 15.45
(27 1bs. (34 1bs. (27 1bs. (34 1bs.

Figure 3-1 is a plot of the output power (in dBm) in relationship to frequency
(from 12.000 GHz to approximately 12.125 GHz) at saturation. Note that the
curve is relatively flat about the center frequency of 12.050 GHz, and that the
power level is above or close to the 200 watt level from 12.020 to 12.065 MHz. A
slight dip in the output is shown almost at the center frequency, and pedk power is
réached at approximately 12.035 GHz. At 10 dB below saturation the position of
peak power output remains at the same frequeney, but the upper band edge falls

more rapidly, as éxpected. This is shown in figure 3-2.
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3.3

The saturation curves (drive vs. output in dBm) are shown in figure 3-3 for six
frequencies, about the center frequency. The frequencies at which the
measurements were made dreé shown on the figure. The relative phase
measurements (at varying levels below saturation) are shown in figure 3-4. The
incremental slope of the resultant curves can then be uséd to show the derivative
phase vs. fréquéncy relationship (d¢/df). The power output (in watts), versus
frequency at different drive power, ¢athode voltages and éurrent levels is shown
in figure 3-5. Figure 3-6 shows the frequency versus output power (dB), with the
V, at 11 kv, and at the five curves below saturation. The relative phase shift
(@ in degrees) versus frequency at varying V, is shown in figure 3-7. The results
shown yield approximately 25°/500 V. = 0.05°/V, phase shift. A composite of four
curves for a Phase I unit at -6 dB and +6 dB, with V at 11 Kv and 12 kV are shown
in figure 3-8.

FINAL_DESIGN CONFIGURATION

During the second phase of the contract (flight unit qualif.cation and production
unit delivery), a total of twenty seven tubes were assemblci, fabricated, and/or
tested. The final design configuration is representative of apptoximately the later
half of the tubes fabricated. Those include the flight unit, and tivo flight back-up
units. The test results summary for representative final design configuration units
is shown in_table 3-3. The physical dimensions of the flight unit are shown in
figure 3-9 and the measured values are provided in table 3-4. Most of the
subassemblies analyzed and developed during the R&D phase (I) were utilized in
the final design. The measured power output curve representative of the final
design configuration is shown in figure 3-10.

Of the three major subassemblies comprising the OST, the most extensive désign
effort was completed on the tube body (rf cireuit) subassembly. The final tube
circuit as shown in figure 3-11, is separated into three gain sections by two
internal severs. No other tube stabilization techniques are used, such as loss
buttoris or distributed loss. For efficiency enhancement, the output section
incorporates a two step vélocity taper as shown in figure 3-12. A comparison of
computed electronie efficiency with and without veldeity taper is shown in figure
3-13. The tube is normally operated in "undervoltaged" condition (velocity

25
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Table 3-3. Performance Summary, Phase II Units

PARAMETER MEASURED 'glgﬁf Tl;g.Bg 1;1?535
S/N 2022 | 8/N 2025 S/N 2034
Output Power (w)
12040 MHz 239 216 286
12080 MHz 22T | 231 231
12120 MHz 191 210 229
Gain at Saturation (dB)
12040 MHz. _ 30.8 30.3 31.1
12080 MHz 30.5 30.6 30.6
12120 MHz 30.0 30.3 30.6
Overall Efficieny
at Saturation (%)
12040 MHz 50,6 45.2 53.1
12080 MH2 48.6 47.3 50.8
22120 MHz 44.5 45.9 52.0
Transmission (%DC) 98.1 98.4 99.0
Transmission (% Sat.) 95.5 93.8 96.8
Cathode Voltage, Ek -11150 ~11300 -11400
Anode Voltage, Ea 250 250 300
Cathode Current, I, 76.0 7.2 78.0

NOTE: No. 1 -CTS Flight Unit (QF-4)
No. 2 - Flight Back-up (QF-3)
No. 3 - Flight Back-up (QF-7)
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Table 3-4. OST Flight Unit Physical Dimensions

(Refer to Figure 3-9)

DIMENSION | REQUIRED, INCHES (CM) ACTUAL, INCHES (CM)
1 20.000 Max. (50.800 Max.) 19.840 (50.394)
2 5.970 + .060 (15.164 + .152) _ | 5.940 (15.088)
3 2.500 Max. (6.350 Max.) 1.80 (4.572)
4 1.000 Max, (2.540 Max.) 1.027 (2.609)
5 4.567 + .030 (11.600 + .076) 4.505 (11.443)
6 8.790 + .050 (22.327 + .076) 8.796 (22.342)
? 1.000 Max. (2.540 Max.) 840 (2.134)
8 2.750 + .030 (6.985 + .078) 2.808 (7.132)
9 2,950 + .030 (7.493  .076) 2.926 (7.432)

10 9.300 + .060 (23.622 + .152) 9.243 (23.477)
11 3.700 + .080 (9.398 + .203) 3.650 (9.271)
12 6.550 * .080 (16.637 * .203) 6.525 (16.574)
13 9.790 + .030 (24.867 + .076) 9.780 (24.841)
14 2,610  .010 (6.629 # .025) 2.580 (6.553)
15 5.000 + .060 (12.700 ¢ .152) 4.980 (12.649)
16 1.125 + .030 (2.958 # .076) 1.130 (2.870)
17 4.000 + .060 (10.160 + .152) 4.048 (10.277)
18 6.782 + .030 (17.226 + .076) 6.784 (17.231)
19 7.445 £ .030 (18.910 + .076) 7.458 (18.943)
20 2.025 +.030 (5.144 + .076) 2.069 (5.255)
21 4.000 £ .030 (10.160 + .076) 4.000 -(10.160)
22 2.125 £ .030 (5.398 + .076) 2.096 (5.324)
23 8.350 £ .270 (21.210 + .686) 8.326 (21.148)
24 13.050 + .050 (33.147 + .12%)

13.080 (33.172)
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3.4

parameter b=0) in order to assure good beam bunching for velocity resyn-
chronization.

The length of the output gain section (prior to the velocity taper) is large enough
to avoid efficiericy degradations due to sever effects. The estimated small signal
gain in this section is 23 to 26 dB. The veloeity taper was designed with the aid of
a large signal computer program using circuit parameters based on the cold test
data. The analysis takes the reduction of the interaction impedance in the taper
into account, as well as the increase of the losses in the taper. Empirically the
interaction impedance Ky in the taper was found to be reduced proportional to the
square of the phase-velocity reduction (period reduction). The losses Ly in the
taper section tend to increase inversely with impedance. The predicted electronic
efficiency was 25 percent at 12,080 GHz, compared to measured values of 25 to
30 percent. Without a velocity taper the electronic efficiency would have been on
the order of 15 percent. The rf circuit losses are predicted to cause a reduction

of the electronic efficiency to 70 percent of the efficiericy obtainable with a
lossless cireuit.

TRADE-OFF AND PROBLEM CONSIDERATIONS

Several major trade-off analyses were accomplished during the combined
theoreétical/experimental and fabrication/qualification effort for the TWT. As
design progressed, and units were fabricated and tested, several problems became
apparent and corrective action or modification was defined and implemented.
Table 3-5 shows the major trade-off studies considered, and their respective
outcome or design decision. The design or tabrication problems encountered and
the suggested (or implemented) corrective actions are listed in table 3-6. In some
cases there is no descriptive explanation for the particular design decision or
corrective action implemented, but the final TWT design reflects the alternative
or action selected. In some other situatioris, the design of particular subsystems
or parts is described in the following sections of this report.
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Table 3-5. Design Trade-off Studies/Alternatives

OUTCOME, RESOLUTION
ITEM STUDY TITLE OR COMMENT
1. | Efficiency vs. Spec. Parameters %s shown by test results of each
WT.
2. | Efficiency vs. Thermal/Mechanical | Seiected improved materials for
Design thermal design, optimized radiation
from MDC jacket.
3. | Perveance and Bandwidth Ratio Perveance set at 62 nP, cold to hot
bandwidth ratio at 15:1.
4. | Bandwidth vs. Circuit Losses As shown by test of individual

S.

6.

7.

8.

9.

10.

11.

Kidney vs. Thin Slot Coupling
Voltage Jump vs. Velocity Taper

Optimization of Velocity Taper

Gun and Focusing Design

Multistage Collector Design

Refocusing Definition (S6lenoid
vs. permatient magnet)

Refocusing Magnet and Pole
Piece Design

units.
Thin slot coupling utilized.
Velocity taper selected for design.

Design selection included 2-stage
taper.

Utilized electrostatic beam ana-
lyzer and inhouse gun arid cathode
fabrication.

As described in. MDC section of
this report; 10 eléement unit
designed by LeRC.

Permanent magnet design selected.

Design 1is reflected in current
configuration.
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Table 3-6. Design Problems and Corréctive Actions

ITEM DESCRIPTION SUGGESTED ACTION
1. | Sensitivity of the Kidney Slot Provide additional design/test
Circuit effort on the kidney slot eireuit.
~ ”

2. | Low Power 1. Bulld circuits of varying slot
and kidney designs for additional
tests.

3. | Low Gain - 2. Revise cireuit taper.

4. | Low Efficiency 3. Add cavities to the input__ |
section.

7 ~

5. | Secondary emission from the Shorten spike, change processing

collector plates. procedures for electrodes.

6. | Refocus magnet optimization Continue to use solenoid for setup
Design new permanent magnet
refocus assemblies.

7. | Collector gas accumulation Operate tube with collector jacket
temperature greater than 200°C.
Provide longer bakeouts.

8. | Cathode support damage during Establish a second source vendor as

vibration tests. a back-up. Specify tests to
identify potential faulty
construction.

9. | Damage to colléctor ¢élement Improve design to insure compli-

supports during vibration test. ance to vibration requirements.
Strengthen support geometry.

10. | Tube I5assy after bus bar Attach bus bars using 56C Ecco-

soldering. bond.

11. | Temperature sensitivity of Désign Hi Q metal cavity to re-

equalizer. place Hi Q dielectric resonator.

Charige resonator stub material
from aluminum to Kovar.

41
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4.0 ANALYTICAL DESIGN

The design of the TWT evolved through a combined theoretical and experimental
effort. The analytical design included the utilization of several existing Litton
computer simulation models and application of analyses/results of similar
programs. This section presents the discussion of the analytical design effort as
they appliéd to the tube definition and subassémbly selection.

4.1 REVIEW OF THEORETICAL DESIGN

The theoretical analyses completed on the tube as a complete unit included the
large signal analysis, the small sighal analysis, and the thermal/mass analysis.
Those completed on the subassemblies ineluded the electron gun definition; rf
focusing, refocusing, input/output section optimization, and multistage depressed
collector design finalization. In part, the discussion of the analytieal design is
reflected, or in some cases partially redundant to the discussion of the mechanical
design of the particular subassembly. Table 4-1 provides & brief summary of the
theoretical analyses considered, the type of analysis or technique utilized, and the

significant output or tesult of each. Each of these are additionally discussed
below.

4.2 DESIGN EVOLUTION —

Initial large signal computér analysis indicated that for high electronic efficiency
a low beam voltage would be required. The computer analysis assumed a fixed
beam power. and varying interaction impedance (direetly prcportional to the
square root of the voltage). Single and double step velocity taper circuits were
investigated during the evaluation. A beam voltage of 11 kV was selected for
focusing considerations, since at lower voltages the magnet pole pieces tended tn
saturate. Using the experience gained from prior narrow band tube studies, the
circuit was designed for high interaction impedance at a relatively low value of
phase shift per cavity (about 1.20 7). The beam tunnel diameter was selected for
a radial propagation parameter "a" of 0.85 consistent with high efficiency.

The transmission loss measurement of the rf circuit in the initially fabricated tube
yielded a valué of 0.11 dB per cavity at a phase shift of 1,20 . In the preceding
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Table 4-1. Theorét{cal Désign Analyses

N
DESIGN OBJECTIVE TYPE OF ANALYSIS SIGNIFICANT OUTPUT
OR ASSEMBLY/ OR TECHNIQUE OR DEFINED
SUBASSEMBLY UTILIZED RESULTS

Electrical Design Computer simulation, Coupling slot configur-
large signal disec model ation, e¢ircuit and taper
interaction program, and | dimensions as deseribed
closed form interaction | herein. Output power, gain
analysis program, and efficiency as shown by

test results.

Electron Guh Simulation model and gun [ Gun  desi definition,
trajectory analysis. material selection. :

RF and Magnet Circuit Magnetic simulator Magnet spacing, sever
and computer simulation | locations, tube stabiliz-
model, cold test and data | ation methods, bandwidth.
reduction programs.

MDC Previous program model, | MDC configuration, dimen-
LeRC design application | sioning, spac¢ing, voltage
simulation . applications

Thermal Transient circuit Material selection, mess
analysis computer requirements, power dissi-
program, simulation pation requirements.
model
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computer design work of the first taper tube, a loss of 0.1 dB per cavity in the
standard circuit had been expeeted, The loss per unit length in the two step phasé
velocity taper had been assumed to be constant. It became readily apparent that
the loss would be a significant element in the design and performance of the tube,
particularly since the cavity 16sses in the tapers were expected to be significantly
larger as shown in figures 4-1 and 4-2. Both theoretical and éxperimental efforts
were initiated to reduce the rf dissipation and improve the cireuit efficiency.

The first velocity taper tube was built to the original design except that the
number of cavities in.the first and second tapers was decreased from 12 to 8 and 7
réspectively, and the phase velocity reductions in the tapers were 15 and 25
percent, respectively. This was accomplished by proportionately decreasing the
cavity height. The transmission loss was approximately 0.17.dB per cavity in the
first taper and 0.25 dB per cavity in the second taper (at a phase shift of 1.207),
resulting in significant rf dissipation.

Two approaches to reduce the loss were considered due to the inverse relation of
the ¢f loss with the group velocity. Either the cold bandwidth could be increased
or the operating point could be shifted toward the middle of the passband (larger
phase shift per cavity). In both ¢ases a reduction in interaction impedance would
result, as shown in figures 4-3 and 4-4. -

The loss versus bandwidth relationship was inveéstigated through rf cold tests and
was found to increase more rapidly with decreasing bandwidth than predi¢ted by
théory. If a cold bandwidth of approximately 1280 MHz were used, the loss would
probably be reduced to a level below 0.1 dB per cavity. The passband would also
be shifted downward in frequency from the result of beam space charge loading
ahd eireuit brazing as shown in figure 4-5.

The result of the combined experimental and theoretical desigh work produced a
reduction in the loss by one-third in the standard cireuit, to 0.067 dB per cavity at
midband, with a decrease of interaction impedance of less than 15 percent as
shown in figure 4-8. The loss reduction in the tapers was even larger; at operating

midband frequency; the loss per cavity was 0.08 dB and 0.12 dB in the first and
second tapers respectively.
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Figure 4-4. Interaction Inipedance Relationship
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Computer analyis of the large signal interdction also shows that a ten percent
reduction in rf power dissipation in the eircuit ¢ould be obtained, at the cost of
approximately one percentage point in basic efficiency, by reducing the number of
cdvities in the second taper. Part of this efficiency decreasé could be recovered
by the collector since the spent beum would have additional energy. The
predicted values for a tube proposed for fabrication using the values calculated
would achieve a basic efficiency of 30 to 32 percent.

The results of the computer analysis for coupling alternatives showed that either a
kidney shape or a thin rectangular slot configuration would be accéptable for

- cavity design. The initial configurations (kidney and thin slot) considered

appropriate are shown in figure 4-7.. The frequency and voltage versus phase shift
characteristic measured for the only completed kidney slot tube is shown in figure
4-8, The rf wave phase velocity expressed in terms of an equivalent or cireuit
voltage, Vo is also shown. Thé measured cold interaction impedance and the
transmission loss for the kidhey shape are plotted in figure 4-9 as a function of the
phase shift per cavity. To evaluate the impedance, an effective beam-to-tunnel
radius ratio of 0.7 was assumed. A bandwidth of 85 MHz centered at a phase shift

of 1,207 corresponds to a phase shift range of 1.12r to 1.26w, and a loss per
cavity between 0.17 to 0.12 dB.

The thin slot coupling chéracteristics for the same parameters with resultant
eurves are superimposed (shown by dashed lines) on figures 4-8 and 4-9. This is
provided to show the comparison of the two alternative configurations. The hot
test efficiency comparison for the kidney slot versus the rectangular slot is shown
in figure 4-10. The final cavity configuration selected for all tubes (except one)
was the thin slot, since stability of the kidney slot eircuit was marginal,

The cold bandwidth of the initial units was 1.3 GHz or about 15 timés a nominal
hot bandwidth of 85 MHz. The passbands of the taper circuits were very close to
that of the standard circuit with the opérating midband frequency matched up
with the corresponding phase shift per cavity. Since the ws characteristies of the
taper circuits and the mid-batid values of AL/r were the same as the standard
ciréuit, straightforward graduations in period between taper sections result in a
satisfactory match ovér the operating band.




A. Kidney Shaped Slot o
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Figure 4-8. Dispersiori Characteristics
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4.3

The phase velocity of the standard ¢ircuit and two taper circuits in the final
design versus frequency is displayed in figure 4-11. The cold interaction
impedance is shown in figure 4-12 as & function of phase shift per cavity. An 85
MH2z bandwidth about 12.08 GHz corresponds to a phase shift per cavity between
1.15% and 1.257. The predicted gain variation and insertion loss with respect to
frequency is presented in figures 4-13 and 4-14. The parameter has been
evaluated using the measured ¢old eireuit characteristics, assuming a beam
voitage of 11 kV, a beam curreént of 67 mA, and other values as shown.-

COMPUTER DESIGN ANALYSIS

The circuit design of the L-5394 was heavily influenced by the analysis of the
large signal interaction using a digital computer program. The program that was
used is.based on a continuous interaction between the. clectron beam and the first
forward space harmonic, and includes the effeet of space charge forces due to
beam bunching. The beam can be represented mathematically by disks with fixed
radius, Such a one-dimensional model of thé beam is normally aceeptable in tases
where the electric rf field varies only slightly over the beam hole area, and where
the space charge forces are relatively small. Both of these criteria were satisfied
in the tube design due to the small radial propagation parameter 7a and the low
perveancé béam.

The interaction model included the dominant effects and is very convenient to use
because of its relative simplicity. Other aspects of the actual., more complex
interaction process, such as the presence of a backward wave, can be
approximated and accounted for by a suitable correction of the basic parameters.
The present effective interaction parameters could be determined by using the
measured performance of the tube and modifying the calculated projected values
previously determined. The observed small signal gain, saturated gain, and
saturated efficlency are compared to the projected/modified interaction impe-
dance and phase vélocity. These effective interaction parameters are displayed in
figures 4-15 and 4-18 as functions of loss and phase shift per cavity. A phase shift
range corresponding to approximately 85 MHz about small signal gain maximum is
sliown with caleulations based on the estimated rf loss and a bearii-to-hole radius
ratio of five tenths. The phase shift/cavity and phase veloeity vs. frequency
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relationship is shown in figure 4-17 and 4-18.

The rf circuit for the taper was designed utilizing a domputer program dnd by
determining the performance at several frequencies over the band for a large
number of varying taper configurations., The interaction was calculated over the
entire length of the tube (including a sever) at specified drive levels. Phase
velocity reductions of 12, 15, and 17 percent in the first taper, and 20, 25, and 30
percent in the second taper were investigated in various combinations. Initially,
the inereased loss in the tapers was not included. The combination (17, 30) then
appeared slightly better than (15, 25). Due to the greater ease in matching 4 less
severe taper, however, the combination (15, 25) was selected. The taper lengths
were varied_from 6 to 10 cavities in the first taper and.5 to 12 in the second
taper. In the initial analysis the optimum lengths were 8 and 7 cavities in the two
tapers.

Upon coneclusion of the tests for the initial fabricated tube, additional design
analysis was performed using the derived effective interaction parameters and the
losses measured in the standard cavity sections. The phase velocity in each taper
was decreased in proportion to vp/v, where vy and v, are the cold phase
velocities of the taper and standard ecircuits respectively. The interaction
impedance was also reduced by the factor (vT/vo)z, which corresponded closely to
the ratio of the measured cold impéedances. The loss in the taper sections was
then increased in response to the measured values.

For high basic efficiency, the best taper lengths consisted of 8 cavities in the first
taper and 7 cavities in the second taper. The results of a computer run for this
configuration at 12.075 GHz and a drive level of 14 dBm are shown in figure 4-19.
The caleulated gain and efficiency, are plotted versus axial distance, expressed in
number of cavities from the input coupler. Also shown is the riormalized phase
velocity variation. Based on these values, an efficiency of 26 percent is
calculated.

The veloecity taper profile and configuration as defined at the conclusion of the
theoretical design is shown in figure 4-20 and the attendant circuit dimensions in
table 4-2. Tiie éfficiency degradation and cavity number determination is shown
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Table 4-2. Output Section Cireuit Dimeénsions (Centimeters)
CIRC. | STD. T

1 | Ta | Ta | Ta | Ts | T | To | Ty
No. | 14x | 1X| 1Xx | 1x | 1x | sx | 1x | 1x | ax

4 (a2 = | - | - | -] -] =] -1 -
4 (20| ~ | = | = | = | = | = -] -
4 || = | = | = | = | = | = | = | -
t |06 — | - | = | - - | - -} =

1 305 | .298 | (292 | .280 | .267 | .264 | .241 | .228 | .218
d/ 2.54 | 248 | 2.44 | 2,34 | 282 | 2.00 | 1.96 | 1.84 | 1.83
h 220 | .222 | .216 | .204 | .91 | .i78 | .188 | .152 | .140
4 081 | .080 | .088 | .084 | .081 | .076 | .072 | .089 | .066
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in figure 4-21. Pigure 4-22 shows the veldeity parameter as affected by
frequency, over the bandwidth, for three potentials (i.e. 10, 11, 12 kV), PFigure 4~

23, 4-24, and 4-25 show the calculated tube parameters using « two-step velocity
taper at spesific input levels,

FOCUSING SECTION DESIGN ANALYSIS

The analysis associated with the eleetron heam focusing design was one of the
most critical areas in the tube development. It combined the operational
requirements and thermal analysis, The maximum operating temperature of the
eireuit pole piece ferrules and the dissipated power that flows into the base plate
structure is directly proportiona! to the beam current interception on the rf slow
wave structure. As such, the beam. transmission is an important factor in not only
the reliability of the tube but also the adjacent spacecraft components.

Theoretical and experimental evidence determined by previous studies shows that
the basic interaction efficicney is a sensitive function of the beam cross-section
and the degree of linearity (see Reference 6). It is also known that the colléction
of the electrons at body potential degrades the overall efficiency of the TWT.
Finally, it has been demonstrated that the characteristics of the collector are

critically dependent on the electron trajectories of the focused beam_near the
output of the tube,

The coupled cavity structure provides an excellent cireuit for periodic permanent
magnet focusing of the eleetron beam. The cavity walls are fabricated of vacuum
quality electrolytic iron that exhibit excellent electrical characteristies as the
magneti¢ pole pieces. The focusing magnets are normally situated between
adjacent pole pieces and just outside the copper spacers which form the cavities,
In this manner the focusing field is brought into very close proximity to the
electron beam. The magnetic pole pieces can be precisely aligned and ther brazed
in place as part of the eireuit assembly sequence, minimizing transverse field
effects. In addition, the coupled cavity cireuit is thermally rugged as shown in
later discussion, making PPM foecusing at the specified power level an acceptable
design alternative,
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In the L5394 tube, the required axial magnetie field is provided by a double period
permanent magnet (PPM) focusing structure as shown !n figure 4-26. The axial
field distribution plot as measured with typieal facusing sections is shown in figure
4-27. The double périod PPM focusing used offers a significant advantage over
the conventional single period design since a stronger magnetic field can be
obtained with a given magnetic material. This is the result of the magnet length

per cavity increase, thereby providing a greater magnetizing force between the
pole pieces.

By using double périod PPM focusing, it was determined that it is possible to use
Alnico 8 magnetic material. In the velocity taper position, rare earth magnets
(platinum cobalt) were used.. These were required to: (1) provide the maximum..
magnetic focusing field in-the vicinity of the tube output where the beam space-
charge forces are highest; and (2) achieve this field strength with_reduced magnet
thickness caused by the velocity taper period reduction. For improved TWT .
operation at elevated baseplate temperatures, the magnet material in all magnets
was changed to samarium cobalt.

oA

Computer analyses using simulation models were completed to optimize the beam
focusing with the magnetic field.. These computations included the associated
thermal velocity effects. In_addition, measured magnetic field data, and
computer generated plots were developed for various beam envelopes under
optimum- focusing conditions, The computed result indicated greater than 99
percent transmissionn without rf drive. The typical .de transmission actually
achieved on the tubes was 96 to 99 percent. Beam transmission of 93 to 95
percent was obtained at saturation.

1 i

el o e P

The achievement of this excéllent foeusing was accomplished with a relative few
magnet shunts to maximize transmission. Final mechanical adjustments in
focusing wére made with the tube operatirig at 606°C baseplate temperature to
account for slight thermal changes in the magnéts in the veloeity taper. These
adjustments also improved the focusing at lower baseplate temperatures.
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4.5

REFOCUSING DESIGN ANALYSIS

To optimize the beam entrance conditions into the multistage depressed eollector,

it was determined that a refocusing solenold or a permanent magnet refocusing
technique was necessary between the output pole piece and the first collector
electrode. The purpose of this refocusing section is to allow the expansion of the
speént electron beam, thereby reducing the space charge foreces and also
minimizing the béam radial velocity components.

The désign of the refocusing section was studied in depth at NASA_Lewis Research
Centeér (Reference 7) and only a nominal_amount of additional analysis was
completed at Litton. It was determined by LeRC that the magnitude of the
plateau field is also critical with respect to the reduction of the radial rms
velocities, The radial velocities can be reduced by rearly a factor of two and
sometimes_two and one-helf with anoptimum piateau field design.

The refocusing fiéld was implemented in the tube with permanent magnets., A
field reversal between decay field and plateau field was incorporated in order to
minimize magnetic leakage fields into the collector. Figure 4-28 shows the axial
field distribution calculated for solerioids and permanent magnets. Also shown is
the measured values for the permanent magnets used in the design. The axial
field distribution for the alternative design utilized in initially fabricated units are
shown in figures 4-29 and 4-30.

4.6 _MULTISTAGE COLLECTOR ANALYSIS

The multistage collector is conhsidered 4 key component in achieving high
efficiency. The basic analysis, concepts, functioning and the initial design were
completed at LeRC. This design consists of multistage depressible collector
électrodes as shown in the schematie of figure 4-31. The voltages and positions of
the electrodes have been selected to achieve optimum theoretical efficiency
enhancerient at Saturation and to minimize the lens effects of the electrodes.
The position of the collector electrodes were calculated to achieve an essentially
uniform eléctrostatic deceleration field in the most negative collector region and
a very weakly decel=rating field in the vicinity of the collector injection hole.
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4.7

The collector efficiency 7 coll Vs computed from electrical and steady state
thermal measurments of heat dissipation in *‘he initial tube body and the
(thérmally insulated) collector with carefully calibrated equipment at Lewis
Research Centet. The collector efficiency, defined as kinetic beam power
récovered in the collector over total beam input power into the collector, was
determined from two indépendent meéasurements:

I P ree
coll
P rec *P dis
n _ Pree
coll ~
16Vo = Pot “ Prwr * Preater

where Brec = § Icnvcn’ with Icn and Vcn the current and voltage of the nth
collector electrode (to body), respectively; P dis is the thermal power dissipated in
the collector assembly, and Powr I8 the heat power dissipated in the TWT from
intercéption and skin effect losses. The two formulas give agreement within 5
péercentage points with the average being 82.5 percént at saturation. This result
was achieved with the collector working on & beam having a substantial velocity

spread, since approximately 50 percent of the beam power is used up in the tube.

The analyis associated with the mechanical design, elet¢trical limits, and thermal
considerations of the collector ate discussed additionally in the mechanical design
section of this report.

THERMAL ANALYSIS

The thermal analysis associated with the tube design was primarily concerned with
the multistage collector since thé thermal characteristics of the MDC directly
effect the overall efficiency of the tube, while the thérmal characteristies of
otheér sections of the tube have only a secondary efféct. A thermal analysis for
the tube body was completed, but primarily in support of thie mechanical

design/assembly of the gun and thie focusing section. This is deseribed in Section
5.1, herein.
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The preliminary analysis of the radiation cooled multistage depreased collector
was accomplished by Mr. A. N, Curren of NASA Lewis Research Center, The
computations were performed using a modified version of an existing modeél
thermal analysis computer program. The mechanical model of the MDC was
envisioned to consist of flat electrode dishes inside a metal vacuum envelope. It
was assumed that there is no heat transfer from the electrodes or the envelope to
the support plate. Conservative estimates of the emissivities of the elements
(o = .40) and the envelope ( o = ,90) were used. The steady state analysis was
performed for two types of OST operation: (1) rf output power of 0 watts (no rf
drive) and, (2) tube at saturation; i.e., 200 watts rf output.

The results for condition (1), zero rf output, are shown in figute 4-32, This was
determined to be as the worst case condition due to the higher spent beam power
and the higher concentration of beam interception on the most depressed
elements. The analysis shows that the maximum electrode temperature expected
is 570°C, on element number 8. The maximum vacuum envelope temperature
shown is 343°C.

The results for condition (2), at saturation, are shown in figure 4-33. The graph on
the left part of the figure shows the expected electrode temperature versus radial
distance for edch of the elements and for the outer surface of the vacuum
envelope. The maximum predicted temperature is less than 400°C. The graph on
the right provides the vacuum envelope cylinder temperature versus distahce
along the envelope surface. The maximum expected temperature is 282°C. Based
on the results of the initial thermal desigh, the preliminary mechanical design of
the MDC was modified as required to improve thé overall collector performance.

One problem that beecam2 apparent during the thermal design of the MDC was the
reduction of heat conduction from the MDC vacuum envélope to the TWT support
plate. Due to the radiation cooling, it was determined that the vacuum envelope
operates at several hundred degrees centigrade while the TV/T temperature must
be rhaintairied below 100°C. Without an effective thermal isolator, a considerable
percentage of the collector power dissipation flows back to the body of the TWT,
thereby reducing the effectiveness of the radiation cooliiig approach.
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To help solve this problem, an improved thermal Isalator was designed. The design
consists of a series of concentrie thin wall stainless steel eylinders to reduee the
effective cross section area and yet provide the necessary mechanieal strength to
support the electrode assembly. The vacuum integrity of the cnvelope is
maintained by a stainless steel bellows that is welded to the colleetor jacket
support ring and the collector pole picee. The extended conduction path along tha
length of the bellows acts also as an cfféctive barrier to heat transfer. A
simplified drawing of the MDC with the thermal choke is shown in figure 4-34.
Additional in-depth thermal analysis was performed by Litton using a simulation
10-nodé model. This model was later refined and expanded and caleulations were
made for three conditions; (1) zero rf output, (2) 100 watts output, and (3) 200
watts output.

Figure 4-35 shows the MDC configuration with the effeviive element position
dimension, the physical determination of node iocation, and the approximation of
the thermal choke supports, and the heat reflector in a cross section horizontal
orientation. The results obtained from the analysis is presented in tables 4-3 and
4-4. Note that the solar power input was based on the MDC container laterdl
projected area and that 147 joules/hr.m.2 was added on each case. This value has
been determined as the expected conditions of the tube in not mal space operation.

The analysis associated with the thermal design was as important as the electrical
and mechanical designs in determining the final configuration of the radiation
cooled multistage depressed collector. Several cesign trade-offs (and iterations of
the thermal analysis) were made between weight, mechanieal rigiditiy, size and
the operating temperatures before the final configuration was selected. The
collcotor elements in the final configuration are electrically and thermally
insulated from esch other, from the tube body, and the vacuum envelope. The
insulators also provide thermal isolation and mechanical Support for the
electrodes. Heat is dissipated by radiation to the other electrodes, to the outer
surface vacuum envelope, and from there to deep space. With the incorporation
of the design features noted and the placement of the reflector between the first

electrode and the outside support, less than 8 watts of power soak back is
éxperienced.
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Table 4-3. MDC Thernial Analysis Results; Dissipation-

EFFECTIVE |SATURATED DC 100w
MDC ELEMENT OUTPUT CONDITION OUTPUT
ELEMENT | POSITION (Y)| 200 WATTS 0 WATTS WATTS
1 2.90 4.47 0.17 3.45
2 3.81 6.63 0.60 2.04
3 4,72 16.78 0.74 3.25
4 5.63 22.65 1.12 6.77
5 8.54 11.47 1.74 17.44
6 7.54 5.34 2.3 21.24 -
7 8.36 4.69 3.46 19.39
8 9.26 4.90 29,90 17.58
9 10.18 11.65 69.67 33.66
10 11.08 .20 0.00 0.00
TOTAL 88.58 109.70 124.82
Table 4-4. MDC Thermal Analysis Results; Temperature
NggE LO%SON’ TEMPERATURE, °C AT
(Fig. (Fig. SATURATED DC 100 WATT
4-34) 4-34) OUTPUT CONDITION ouTPUT
1 2.30 96.7 61.0 90.0
. 2 4,26 225.0 198.3 245.0
y 3 5.17 228.9 208.3 255.0
4 6.08 227.8 220.0 263.9
>y 5 7.00 223.3 232.2 271.1
= 6 7.90 216.1 245.0 274.4
) 7 8.81 207.8 256.1 273.3
_‘.i'. 9 10063 188 L3 9 258 . 9 257 3 2
— i0 13.34 151.7 225.0 211.1
syt e et S T e e e
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! 5.1

MECHANICAL DESIGN

The mechanical design of the 200 watt TWT was influenced by numetous factors,
including the initial specification parameters, the resuits obtained during the
analytical studies, and the results of tests performed on the preliminary
fabricated units. This section of the report is dévoted to a discussion of these
influeneing factors, the initial mechanical design, and the evolution of the current
or flight model hardware.

The iriformation is presented in & format similar to the chronological sequence
under which it was encountered, that is, system reguirement definition, design of
components, initial integrating/design ptoblems encouritered, problem resolution
and design improvements, and the resultant final desigh/assembly of the tube.

OST PACKAGE

A. General

The Output Stage Tube (OST) is defined as the combination of the traveling
wave tube and the multistage depressed collector. The OST with the addition
of the input/output waveguides, power processing system, instrumentation
controls and the structural members required to operate in conjunction with an
rf driver as an rf power amplifier are identified as the transmitter experiment
package (TEP) of the Comrmunication Technology Satellite (CTS) system.

The OST package in the delivered configuration is as shown in figures 2-1 and
3-9. A eross section of the flight tube is as shown in figure 2-8. The tube is

' mounted to the spacecraft by the tube body support structure so that the
collector enclosure protrudes outside the spacecraft thermal envelope and can
radlate direetly to space. The mechanical and thermial design of the depressed
collector are deseribed in another section of this report. The following
paragraphs describe the mechanical and thermal design of the tube body.
Some of the fabrication problems encountered during tube manufacture are
also discussed.
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The four major sections of the OST package are discussed in the following
paragraphs {n a sequence that parallels the electron beam generation and
travel; i.e., Elestron Gun Assembly, RF Circuit/Body, Refocusing, and
Multistage Depréssed Collector.

B. Mechariical Design

The tube mechanical design requirements were that the tube body structure
support the cantilevered ¢ollector through the launch vibration and acceler-
ation environment. The tube body by itself is not desighed to carry the
struetural loads imposed by the cantilevered collector. It was, therefore,
necéssary to build &n exterior sttucture between the collector and the tube
base which would hold the entire strueturé rigid while transmitting the
mechanical loads of the cantiléevered collector to the tube body base. The
intercorinecting structure sélected is essentially a box beam truss which
surrounds the tube body. The rf input and output waveguides pass through the
openings in the truss structure. The design of the truss has not been chinged

from the original design except for additional diagonals to stiffen sonie open
truss sections.

The rf input and output waveguides were originally supported by lightweight
sheetmetal brackets. This waveguide support configuration did not survive
vibration test; therefore, it was necessary to redesigh the brackets. These
were changed to rigid machined aluminum design to insure survival in the
flight vibration environment.

C. Thermal Design

The tube body thermal design requirements were that the tube body be
required to absorb the leat generated by rf losses in the circuit (=70 watts),
by beam interceptioh (=30 watts) and by the cathode heatér (6 watts). This
heat is conducted by the copper circuit parts to bus bars which are ceménted
to the length of the tube body with silver epoxy. (Originally these bus bars
were bonded to the tibe body with Indium solder, but this process was found
detrimental to tie tube operation). The heat is eénducted from the bus bars to
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the tube base by aluminum saddles which are rigidly bolted to the bus bars and
base using Indlum fofl gaskets. Heat from the baseplate is dissipated in the
TEP variable conduction heat pipe radiator system.

A heat choke and heat reflectors between the collector and the tube body are
{ncorporated in the thermal desigh in order to prevent heat generated in the
coliéctor from leaking back to the tubé body. The caléulat~d soak back is less
than 6 watts. The heat choke eonsists of a thir stainless steel (low thermal
sonductivity) bellows vacuum enclosure with the electrode assembly supported
on small thin wall stainless steél tubes. Except for the reflector addition, the
thermal design of the heat choke and the tube body have remained essentially
unchanged from the initial tube design.

D. Interconnections

The major interconnection requirements hetween the OST and the TEP
(Transmitter Experiment Package), which include the interface with the PPS
(Power Processing Subsystem) and the spacecraft telemetry systém are
illustrated in figure 5-1.

E. Production OST Data

The major OST contract specifications are compared to the values measured
on the TWT flight unit in table 5-1. This unit is currently operational in the
orbiting CTS. In the instances shown, the functional characteristies of the
operational unit exceed the requirements stipulated by the specification.

ELECTRON GUN ASSEMBLY AND FOCUSING

A, Gun Design

The gun design was based on well known methods for Pierce type guns, using
the Litton gun trajectory analysis computer program. Because of the low gun
pefveance, a high area convergence design with good beam laininarity was
possible, The high aréa convergence allowed for relatively low cathode
current density, perniitting low cathode operating temperature and long life
capabiiity.
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A tungsten matrix cathode was chosen because of its suitability for operation
in vacuum, since it is very rugged and can be easily reactivated after exposure
to air. The tungsten matrix cathode material is also known to bé rugged in
operation and contributes significantly to extended tube life.

The design included (1) & magnetically shielded gun, ard (2) an irsulated
anode. These design features allowed evaluation of tube petrformance at
various beam currents at constant circuit potential. The design provided for
the anode to produce the desited perveance when operating at a slightly
elevated voltage (three hundred volts with reSpect to ¢ircuit potentidl),
creating an fon trap to prevent positive ion bombardment of the cathode
surface.

A drawing of the gun in the assembled configuration is shown in figure 5-2.
The detailed Gun Assembly reference drawing (Litton Dwg. No. 149097) is
included in Appendix 1. The gun design parameters with specific values are
included in table 5-2.

The initial design of the gun was directed at the 200 watt operation level with
a design objective of 0.05 microperveance and an area convergence of
approximately 43. The cathode diameter was .417 em, yielding & cathode
current density of 450 mA/cmz. The trajectory analysis computer program
predicted a minimum beam size of .08 cm, located appproximately 0.8 em
from the anode.

Empirical data ¢ollected during the R&D phase verifying these parameter
approximatiornis ave illustrated as follows:

Figure 5-3  "Electrostatic Beam Contours" - three gun assemblies showing
the axial distance from the cathode to the beam as a function of
beam diameter.

Figure 5-4 "Electrostatic Beam Cross Sections" showirng the beam cross

section curtent density at six distances from the ariode.

Figure 5-5 "Gun Patameters" stiowing heater current and cathiode current as
a function of cathode head temperature,
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Table §-1. Major CTS Specifications and Measured Results
(Plight Unit, 8/N 2022)

PARAMETER SPECIFIED MEASURED
S

3 Active Frequency Barid 12038-12123 MHz 12038-12123 MHz
(CTS Band)

Minimum Saturated Output 180 watts 200 watts
- Power in CTS Band

Maximum Saturated Drive 23 dBm 92.8 dBm
9 Power in CTS Band

i Maximum Small Signal Gain 3 dB 2.5 dB

- Véariation in CTS Band

, Minimuin Overall Efficiency 40% 44.1%

! in CTS Band

§

Table 5-2. Gun Design Parameteérs

PARAMETER VALUE
F
}- Aperture Angle 8°
i§ Cathode Diameter .4166 em. (0.163")
ﬁ, Perveance 0.052 upP
ii Cathode Current 60 mA
E; (V,=11kV,V,=0) ,
£ Cathode Emission 450 mA/em
51 Beam Diameter .0¢ 2 em. (.025")
E Anode to Beam, Minimum 0.76 em. (0.3")
:52 : Area Convergerice 43
X Cathode Material Tungsten Matrix
c3 (5:3:2 Mol¢ Ratio)
i : Cathode Temperature (T ) <1100°CB
' Heater (Potted)
Voltage 3.5 Volts
Current 1.35 amps
Power 4.7 watts
96
& e = % F % R




]
v
gléid Gun Body Cathode
ange
Focus
Electrode \
Q
Anode —] '9
Heater
_ Lead
0 1 2 3 5 6
| | s | 1 | ! \ | \ |
Centimeters
Figure 5-2. Gun Assembly Cross Section 97
= J\?L .37“ oS 5 :;_;?zj VT s _;;::%7 "v‘i“q.;;%‘ X




—

Beam Diameter (ecm)

100

075

050

025

rbf-'r(.osl )

°=llkV

max

Irfl'l!fll'f

fl]ll’lllllllilllllllrfrllllll‘]lll

] | | 1 | l

0
2.0 2.2 2.3 2.4 2.5 2.6 2.7
Axial Distanice from Cathode (erii)

Figure 5-3. Electrostatic Beamn Contours

2.8

3.0




Relative Current Density —

P —
—r———
et e—

A
Gun G
V°=10kv
l°=61 mA
N DT RSN NNV NN S NV SN NN T
02 015 01 .05 0 505 01 015 .2
Radlal Distance (em)

Figure 5-4. Electrostatic Bearn Cross Sections

900

750

625

500

3175

Axial Distance from Anode (cm)

280

99




w i

0°1

¢l

¥l

9’1

1.u0 B ‘sytjewrIBg J91BIH *G-S ndtd

(80 ,) aaneRdway, 9poyIBd
0021 0e 0001 00v 008 0oL

009

\ A0S =°F
d A e T-=
g0 0201 = danjeaadwa ], Sunesado \
[ ]
\

\ N.‘O

X

g0 068 = 2mjeiedwa ], Uy |\N

0L

(VW) 3uedInDd apoy3ed

100




B. Focusing Design

C.

The magnetic focusing was designed with half ring magnets which éxtend over
two cavity perlods. This double period configuration is commonly used in PPM
fosused coupled cavity tubes and achieves higher peak fields with smaller
transverse perturbation fields due to the coupling slots than single period
focusing. The foecusing stability is generally assumed to be equal to that of
single period focusing. For this design, the focusing stability goal of six was
high. The magnet material is samarium cobalt, and the required peak field is
in the order of 1500 gauss in the input and center sections, and 2200 gauss in
the output section. The design proved to be sensitive in the area of beam
alignment; however, when proper alignment and focus was accomplished, beam
transmission into the collector was typically 98 percent without rf, and 94
percent at saturation.

Gun Assémbly Problems/Solutions

During the developmeént of the flight version OST from the R&D phase tubés, a
series of gun and cathode problems became apparent. These problems and
their effected solutions are summarized below.

1. Reédesigh of the cathode structure

The original cathode structure in the R&D phase tubes employed &
Spectramat type "B" impregnated tungsten cathode pellet contained in a
molybdenum sleeve which was 0.0025 om thick, 0.419 em in diameter and
about 0.766 em high. This type cathode was used in all the initial tubes
fabricated. During that initial period, one tube developed unstable electron
emission problems during testing. When it was dismantled for examination,
the molybdenum sleeve, which is very brittle, revealed several fractures.
This result, plus the possibility that the brittle cathode sleevé might not
withstand vibration testirig, le. to a redesign. The revised design
substituted a molybdenum (50%) - Fhenium (50%) sleeve .0025 em thick for
the molybdenum. This alloy, which is ductile, offered a satisfactory
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solution to the problem. When this changé was initiated, an in-house
capability of making impregnated cathodes was utilized so that the
complete cathode struciure was fabricated within Litton. All the cathodes
that went into the OST's after that charge had an impregnated cathode
inserted into a molybdenum-rhenfum sleeve,

2, Preparation and processing of guns and ¢athodes

Because of the stringent life requirements of the space OST in the CTS
program, it was obvious early in the program. that the processing of the
cathodes should be carefully controlled to give maximum life. An
examination of the processing schedule for electron guns, instituted early
ir the production program, showed that the cathodes were subjected to a
number of rigorous processing procedures which could adversely affect life.
The two most important procedures were:

e After assembly, the cathodes in the gun were subjected to three heating
eycles, (cathode preglow, gun assembly preglow and beam analyzer
activation) each of which was followed by exposure to air before
storage.

o Stringent activation schedules which subjected the cathodes to very
high temperatures of 1200°C for three hours or more. These were
reviewed and revised so that essential needs were met and the adverse
effects were minimized. The ¢hanges adopted were:

heating cycles by eliminating the cathode assembly preglow. This
step was further revised, later in the program by eliminating bean
analyzer tests so that only one heating cycle was employed before '
exhaust. i

- After assembly, the cathodes in the gun were subjected to only two 1
|

- The dctivation scliedule was changed so that the activation 4
procedure consisted of heating the cathode to 1200°C for only five
or ten minutes at a time (hot shotting) for a maximuim of one hour.
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3. Ogratm cathode temperature during life

The R&D phase tubes were operating with cathode temperaturés near
1200°CB to maintain emission of 0.5A/emZ. This is not an unusual
occurrence in commercia)l terrestial tubes but was considered a real
problem for the OST because output could be adversely affected over the
two year life period. Decisions were made to improve processing so that
high temperature and gas effects could be minimized. As a result, & basic
requirement for the OST was established which stated that the cathode has
to operate below 1100°C in order that the minimum of two years
operational life could be expected.

D. Production Gun Data

During the production phase, gun assemblies for the twenty-seven (27)
production OST units plus additional gun assemblies for test and spares were
fabricated by Litton. To illustrate the performance that was experienced from
these units, the operating characteristics of three¢ representative gun assem-
blies ate presented ili table 5-3. These gun assemblies are in the OST units
designated for: life test, (S/N 2020); flight (S/N 2022); and prime flight back
up (S/N 2025).

Table 5-3. Gun Asembly Operating Characteristies

(Installed in OST Designated)
CHARACTERISTIC LIFE TEST OST FLIGHT | FLIGHT
OR PARAMETER OST UNIT BACK-UP
Analyzer Data
Pervearice (nP) 56.0 61.5 60.0
Tynee (°CB) 868 890 985
Anode to Beam Min. (¢ém) a8 (.312") 93 (.37 .88 (,353")
Hot Test-CW Mode
Péerveance (nP) . 57.4 62.68 59.5
E, (kV) 11.4 11.3 11.5
E, v) 450 450 250
Ty (°CB) 1090 1050 1050
- -
Tynee ("CB) 945 990 983
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RF CIRCUIT/BODY

A.

B.

C.

General

The design of the rfcircuit/body is described in NASA TN D-1708 (Referénce
9), with minor changes as discussed in the following paragraphs. A drawing of
the RF Circuit/Body is shown in figure 5-6 and the breakdown referénce
drawing (Litton Dwg. No. 147935) is included in Appendix 1.

Cavity Degign

In the cavity design lower cutoff frequencies were aligned to provide the 85
MHz wide CTS band in all sections of the tube. The number of active cavities
in each section is shown in figure 5-7. The thré¢e gain sections are separated
by severs. The velocity taper sections are separated by transition regions ih
which the phase velocity ( periodic length) changes gradually from one cavity
to the next. Each sever consists of two modified cavities each containing
tuning stubs and silicon carbide-beryllium oxice loads. Forward and backward
dircuit waves are completely terminated at a sever since there is no coupling
slot in the wall between the two sever cavities. Two additional cavities
adjacent to the input and output couplers and on each side of the two severs
aré modified for impedance matching purposes. These cavities have extra long
coupling slots and thus extra wide cold bandwidth, and provide a reduced
contribution to the gain of the tube.

Waveguide Window

A poker chip type waveguide window (WR-75) was sealed from similar existing
X-Band window designs. High purity alumina was chosen because of its very
low rf loss and superior brazing strength. A schematic of the window design
and its performance characteristics are shown in figure 5-8. The voltage
veflection coefficient is found to be 2% or less throughout the 10 GHz to 14
GHz range. A ghost mode was identified at 16,3 GHz but it was of little
concerr since the cireuit is not capable of propagation at that frequeney.
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Figure 5-6. RF Circuit/Body Assembly
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Note 1
Note 2
g / ( \
3 1.0 — — Note 3
-
.s 7
g .5}
(5] ~3
g 05 e
g Notes: 1. Input coupler and match cavities.
S 25| 2. Sever and match cavities.
3. Output coupler and mateh cavities.
| ] | | |
0 10 20 30 40 50
Cavity Number from Gun Pole Piece
Circuit Periods and Cavity Count
SECTION PERIOD (em) | No. of Cavities
Input 0.318 10
g Input Sever 0.368 2
Center 0.318 14
Output Sever 0.368 2
Output Driver #1 0.318 10
Output Driver #2 0.304 3
¥yl 0.208 1
T2 0.292 1
T3 0.280 1
T4 0.267 1
TS 0.254 5e
- T6 0.241 1
x T 0.228 1
T8 0.218 4
: * Number of cavities reversed in tubes fabricated
3 after flight units for stability improvement,
108 Figure 5-7. Normalized Circuit Velocity vs. Cavity Number
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D. Waveguide Step Transformer

A four step waveguide transformer was designed to provide an impedance
mateh between the standard input and output waveguide heights and the
reduced height waveguides of the couplers. The desigh was based on quarter
waveléngth transformer theory and included step susceptance corréctions. A
Litton computer program was used whieh allows specification of bandwidth and
number of steps. Step dimensions and resultant VSWR are then given. The
final design configuration and the performance curve of the transformer are
shown in figure 5-9.

E._RF Circuit Assembly Problems/Solutions

As compared to the design defined in NASA TN D-7709 (Reference 9), some
minor changes in parts, dimensions, and fabrication procedures Were required
to achieve the desired placement of the CTS hot band within the eircuit eold
pass band. Tubes produced early in the program had a tendency to have
maximum gain and efficiency below the CTS band and small signal gain varying
rapidly with frequency across the CTS band. Furthermore, the frequeney
response characteristics were rathet unrepeatable from tube to tube. Cold
test measurements indicated that the circuit passband shifted downward, by a
nonrepeatable amount, during each braze operation. Because additional braze
operations.were used to repair leaks and other defects, the number of times &
particular circuit section was brazed varied from three to as many as five.
Even prior to the first braze cold test measurements showed a misalignment of
up to 150 MHz between the circuit passbands in different sections of the tube.

The nonrepeatability was reduced by improved parts quality control and
standardization of the braze operation. Repair brazes were no longer allowed.
Thereafter, the downward shift of the circuit passband due to the two allowed
braze operations was a fairly consistent 50 10 MHz. The circuit passbard in
various tube sections was raised or lowered as required by altering cavity
diameter by amounts up to 0.25 mm. Output circuits were designed for lower
autoff frequencies of about 50 MHz higher than the iriput or center sectioris in
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the first half of production tubes. For units thereafter, the circuit passband,
before braze, was aligned throughout the tube about 50 MHz higher than the
desired final frequency rangé. This resulted in a flat gain dver the paseband.

F. Production RF Circuit Body Data

Ar u result of the corrective actions implemented as indicated in the preceding
paragraph, the following performance improvements were achieved:

e Improved small signal gain flatness as shown in figure 5-10.

¢ Improved saturation output power in the CTS operating band as shown in
figlll'e 5’110

e Improved alighment of lower cutoff frequencies as shown in figure 5-12 for
flight model OST's.

5.4 REFOCUSING
A. General

In order for the multistage colléctor (discussed in paragraph 5-5) to yield
maximum energy recovery, the spent néam must be feconditioned beforé
entrance into the collector. This is acco:nplished in the refocusing section by
means of a specified magnetie field distribution. This distribution allows the
spent beam to first expand and thereby reduce its space charge forces, after
which it is refocused to cause the electron trajectories t6 become more
parallel for more effective velocity sorting in the collector.

Lewis Research Center and is essential for the highly efficient operation of
multistage collectors. Its operation is deseribed in NASA TN D-7660
(Reférence 15). 1

The refocusing séction that was utilized was origindted and designed at NASA i
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B. Theoretical Design

C.

In the refocusiiig section, the magnetic focusing fleld is gradually reduced over
a significant length, such that the corresponding beam expansion c¢an be
considered adiabatic. The fleld decdy is followed by a short plateau field
which is terminated at the entrance plane of the collector. The refocusing
section Has two important functions:

1. Beam eéxpansion - The spent beam is allowed to expand so that its space
charge forces become small. This will improve veloeity sorting in the
multistage collector due to space charge effects.

2. Refoeusing - The expanded spent beam is tefocused such that it enters the
dollector essentially with parallel trajectories. Properly arranged adiabatic
expansion of the beam reduces radial velocity components of the spent
beam and thus makes the velocity sorting of the collector mote effective.
The configuration of the refocusing magnet and of a typical refocused field
plot are shown in figure 5-13.

Mechanical Design

The refocusing field was implemented in the flight tubes exclusively with
permanent magnets, and without the use of solerioids. A field reversal
between decay field and platetu field was incorporated in order to minimize
magnetic leakage fields into the collector. Empirical data collected was
substantial, and verified the analytical design configuration. It was
demonistrated that reversed plateau and decdying fields as realized from
permanent ragnets are as effective in refocusing the beams as are unreversed
fields establistiéd with solenoids.
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5.5 MULTISTAGE DEPRESSED COLLECTOR
A. General

}2,, The multistage depressed collector (MDC) is a key component in achieving high
} efficiency. Its basic concepts and functioning are described in NASA TN D-
7709 (Reference 9). It consists of nine depressible collector electrodes as
shown in figure 5-14. The MDC is designed to operate at optimum efficiency
under saturated conditicns with minimum lens effects developed by the_
clectrodes. The Collector Assembly reference drawing (Litton Dwg. No.

148739) is included in Appendix 1.

B. Initial Electrical Design

For the initial electrical design of the collector, the voltages and positions of
the electrodes webe selected to achieve the following:

1. Optimum efficiency enhancement at saturation - The voltages of the
available number of collector electrodes were selected to achieve
maximum efficieney enhanhcement at saturation. This was determinéd by
the kinetic energy distribution of the spent beam.

v 8 o .
Hore o bty i 9b B R Y I 3 S, s PP ;

3. Minimize lens effects of the electrodes - The position of the colleetor
electrodes was selécted to achieve essentially a uniform electrostatic
deceleration field in the most n~gative collector region and a very weak

decelerating field in the vicinity of the injection hole at the collector pole

® plece. The length of the trajectories is much larger than the radius of the
= beam &t injection which makes the beam appear as a point source. The
number of ecllector elements was chosen as ten {n order to compensate for

u uncertainties in predicting the spert beam distribution at the time of
’1 coriceptual desig:. After experimental evaluation, it was determined
J probablé that elimination of four electrodes (with the lowest current levels)
*‘ would Peduce the collector efficiency by only a few percentage points.
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This loss could, in turn, be partially recovered by an improved ¢ollector

design. This design alternative was not tested nor implemented in the
design.

A computer analysis was used to determine the spent beam characteristies
as a function of normalized current and voltage for the collector

electrodes. These summary results of this analysis are displayed in the
curve shown in figure 5-15.

Design for Efficiency

The couector was designed with the goal of producing the maximum efficiency
possible. The desigh was accomplished considering several factors, The radial
deflection forces induced by the electrie fields of the collector provide the
necessary velocity sorting of the électron beam. The spike at eathode
potential provides additional radial deflection which acts mainly on the high
energy electrons. Secondary electrons back streaming is almost absent
because of automatic suppression in negative fields, as defined in NASA TN D-
6093 (Reference 7). At saturation, the highest colléctor efficiency was 84
perecent, which was achieved in an initial tube (S/N 2006). Nominal overall
efficiency was slightly over 50 percent. The aperture cone, that is the conical
surface on which the openings in the electrodes terminate, was assigned two
experimental values: 6° and 4°. From these two values, a single one which
produced the best efficiency was to be selected for the flight design. The
value of 6° produced the best efficlency for the initial design, and was
selected from the single cavity caleulation of electron trajectories for the
tube. When computing trajectories, a reduction of radial velocities due to the
action of the refocusing section was taken into account. At the time of the
coneeptual design of the tube, it was estimated that the cireuit losses would
amount to approximately 10 to 20 percent of the internally generated rf
power. In reality, this number was as high as 30 to 40 percent. This
appreciable amount of loss had several adverse effects. First, the electronic
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efficiency (total conversion of de into rf power) was approximately 45 percent
while the useful rf efficiency decreased to 20 to 30 percent over & portion of
the band (this latter number was achieved in 8/N 2006). This increase in the
internal power conversion effi¢iency resulted in more axial and radial veloeity
dispersion than originally estimated. After the completion of the R&D phase,
it became evident that aperture angles of approximately 7 °, even more thén
the 6° originally estimated, might be required for optimum performance.

During the R&D phase, four (4) tubes were fabricated, two with 4° and two
with 6° apertures by each of the two R&D contractors, Litton and Hughes. Of
the four tubes delivered by Litton, two were fully operable and both had 6°
apertures. The Hughes operational tube had a 4° aperture. Because of
significant differences in perveance and basic tube design, a proper
interpretation of performance results was only partially possible. The MDC on
the Litton tubes had slightly higher efficiency than the collector on the Hughes
tube. Also, the Hughes tube had a pervednce of 0.12 x 1078 , (twice that of
Litton's design), thus having larger space charge spreading which seemed to
indicate the need for apertures larger than Litton's design.

Typical MDC electrode currents, input powers, and dissipation under saturated
¢onditions and without rf drive power are fllustrated in figures 5-16 and 5-17,
respectively. Negative current reading for electrode No. 10 indicates
secondary emissions to electrode No. 9. When the tube is operated with the
PPS, this current subtracts from the cathode current, and reduces the apparent
cathode supply current. In the laboratory tests, these currents were
considered and measured separately. Power recovered by electrode No. 10 was
set to zero whenever a negative current value was observed.
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D. Design Fréeze

Due to schedule constraints, a design freeze was initiated without an
additional evaluation of the 4° apertures. A decision was made to incorporate
the unproven 4° aperture size as the final design based on considerations from
the available data on tube S/N 2007. After more test results became
available, it was decided that the 6° design would probably have been a better
choice than the 4° design. Subsequently, measured collector efficiencies
never quite attained the values established with the collector having the larger
cone angle of 6°, but were as high as 82 percent.

Except for the aforementioned. change in the aperture angle to 4°, and
freezing the length of the spike to 0.8 em, the collector electrical design is
identical to that initially defined by the program. Some additional perform-
ance details for the selected design are included in NASA TN D-7709.

E. Poténtial Improvements

The evaluation of collector performance and-newer analytical results indicate
that the design and, very likely, the performance of the collector could be
improved by incorporating the implementation of the following three simple
changes:

1. Increase the aperture angle from 4° to 7°.

2. Increase the angle of the conical electrode at cathode potential from 60°
to 70°, thus making the design less dispersive for the high energy classes
and, consequently, more efficient in the rf as well as the de mode.

3. Optimize efficiency by adjusting collector potentials. (Early in the

program it was detérmined that voltages would bé set in the PPS as fixed
percentages of total cathode voltage.)
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gt F. Mechanical Design

o The nine (9) depressible collector electrodes are ¢ircular plates spaced about i
V em apart (see¢ figure 5-14) and held in position by six equally spaced alumina
cetamic insulation posts. This ecollector plate assembly is attached to a
N eyelindrical vacuum enclosure by supports at each end of each of the six
A ¢eramic rods.

The mechanical design requirements for the collector support system are that
it transfers a steady state peak acceleration load of 16 g's along the collector
I axis and 3.5 g's laterally. The collector support system is also required to

withstand vibration environments in which the peak lateral aceeleration force
at the collector is 35 g's between 110 and 120 Hz. The collector support
system also should not have resonant frequencies which would couple with the
satellite vibration input frequencies. In addition, the collector support system

-; needs to withstand the operational and vacuim_bakeout temperature excur-
B siohs and their accompanying thermal distortivns of up to 0.13 em (52 mils)
' M differential diametral expansion and up to 0.065 cm (26 mils) differential
_ longitudinal expansion between the collector and its supporting vacuum
J‘ enclosure.
2 ? The criginal collector support design eonsisted of stainless steel U-tabs welded

between eyclinders brazed to the eceramic rods of the collector and the vacuum
enclosure at each end of the collector as shown in figure 5-18. These collector
supports allowed the colleetor to expand freély both diametrically and
longitudinally with respect to the enclosure. However, the collector system
vibration natural frequency was too low with respect to that of the entire tube
assembly and high amplification factors werée recorded on the ccllector during
vibration. During vibration qualification, the U-tab supports cracked. A
design modification was incorporated to overcome this problem.

The colléctor support system was redesigned and successfully met the
requirements of high natural frequency coupled with free radial and logitudinal
expansion. The redesign consisted of fiking the base of the collector (plates #1
and #2) in longitidinal posftion by means of six radially pointing pins at each of
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the six collector ceramic rods as detailed in figure 5-18. This allows free
radial expansion but no longitudingl or rocking motion of the collector. Radial
polnting forks, as shown in figure §-20, are used in contact with the ceramié
rods at the opposite end of the collector, plate number 10. These forks
restrain the collector laterally but not radially or longitudinally. Thus the
collector can freely expand and contract both radially and longitudinally with
pespect to the collector support enclosure, but has high resonant natural
frequencies (greater than 800 Hz) in both directions.

Since the pins and the forks of the support system act as bearings during
thermal cycling, good vacuum bearing materials had to be used. Tungstéen pins
in Zireonium-copper bushings were used at the pinned collector and precision
stainless steel forks riding directly on the centerless ground alumina ceramic
rod were used at the opposite collector end.

G. Thermal Destgn

) The primary thermal design requirement for tlie collector {s that it radiates up
’ to 110 watts of hest dissipated by the spent electron beam. This thérmal

‘* energy is radiated from the collector plates to the coliector vacuuri enclosure
E and then teradiated to space. Sirice the spent electron beam velocity

distribution varies for a saturated electron beam as opposed to a beam without
of drive, the collector plates are required to radiate the nonuniform heat loads
and the collector structure must be ¢apable of withstanding the nonuniforth
thermal Stresses created by this heat loading. Local hot spots on the colleetor
plates were estimated to have temperatures up to 400°C. The collector
vacuumtt enclosure operates at approximately 200°C in a space environment.
v The coliector Structure and collector support systém were also designed to
withstand oné or more vacuum bakeouts at 600°C.
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Figure 5-19. Collector Support, Plates No. 1 arid No. 2
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Figure 5-20. Collector Support, Plate No. 10
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6.1

FABRICATION, QUALITY AND RELIABILITY RESULTS

The L-5394 tubes were fabricated, assembled, tested, and inspected in accordance
with the standards and procedurcs developed by Litton exclusively for this
program. Design and selection of parts, subassemblics, arid assemblies were
controlled by the standard configuration management procedures maintaired at
Litton, and insperted/documented in Accordance with the standard Quality
Procedures. The quality and the reliability programs were enacted in accordance
with the specific plans developed for this program.

FABRICATION METHODS

The fabrication methods for each subassembly and assembly were developed
specificdlly for this program. In most cases, these methods and procedures are
adaptations of normal in-house practices utilized by Litton on similar programs
and related hardware fabrication. These methods and processes were prepared
and released in accordance with the standard manufacturing procedures manual.
They were updated as necessary, maintained current, and provided the detailed
steps of completing the fabrication of piece pdrts from released drawirgs through
the comgleted assembly.

The fabrication of the tubes was accomplished by the manufacturing of individual
detailed piece parts, assembling these parts into minor subassemblies, assembling
the minor subassemblies into the major subassemblies, and then assembling the
major subassemblies into the tube assembly. The piece parts comprising the
subassemblies are shown in Appendix 1, the reference drawings for the gun, body,
ahd collector subassemblies. The processes utilized in the subassembly and tube
fabrication are shown in figure 6-1. These included several recently developed
menufacturing methods including the laser weld and the Tig weld processes used in
the gun assembly and the integrated tube assembly.

A breakdown of the assembly and associated inspection processes flow chart for
one of the major subassemblies, the gun, is shown in figure 6-2. Each block of the
figure represents an independent operation in the overall process. Each block was
deseribed in a manufacturing standard or in the case of inspection steps, in the
quality manual. Similar deseriptions of the other subassembly processes were
generated and used during manufacture of the production units.

FRECEDING PAGE BLANK NOT FILMER {29
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6.2

6.3
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Additional process standards were generated for tube level processes, including
tube exhaust methods, rework procedures in case of specific faults, painting,
packaging, and shipping. These procedures are maintained current by the normal
release methods. Many of the techniques deseribed within these manufacturing
standards are considered company proprietary. The baseline document for the
qualification and flight units which provides details of tube assembly &nd test
requirements is shown in Appendix 4.

PRODUCTION TEST METHODS

The OST's are produced utilizing a controlled production flow process with
predetermined operations, tests, and quality monitor points identified. The
simplified flow cnart showing the complete tube assembly, together with the
test/inspection and monitor points is shown in figure 6-3. The detailed procedure
associated with each step is noted on the flow chart.

As shown by the flow chart, upon completion of the production fabrication
processes, éach OST was subjected to a series of operational tests and inspections
to insure compliance with the specification requirements. These tests included
the inspections/measurements designated by the assembly processes &nd as
defined by the final data package instruetions. The requirements for the final
data package are contained herein, as Appendix 5. The final rf test circuit
arrangements, together with applicable test equipment aie shown in.figures 6-4
and 6-5. The voltages and current levels for operating the vircuit duriig test are
shown in figure 6-6.

Results of the acceptance tests of four tubes; the vibration test unit, the flight
unit, the prime flight backup unit, and one other flight backup unit are shown in
Section 7.0.

TUBE PROCESSING METHODS

In the early stages of the program, tubes were sealed off and shipped to NASA
without the benefit of rigorous processing procedures considered necessary for
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6.4

space applications. This fact was recognized in-the early fabricated units because
considerable areing and gas evolution problems arose during bench testing. These
problems became more prevelant when the testing proceeded from open air to a
vacuum tank.environment. The subseéquent heating and gas evolution in the OST
made some of these early tubes inoperative during thermal vacuum testing.

This problem was solved by establishing rigorous. processing schedules and
procedures for the flight qualification model units as identified previously. After.
the assembly process, the tubes were baked-out at 450° C for at least 24 hours
while the collector jacket was simultaneously heated to 600° C. After pinching
off the tube at the bakeout station, the cathode was activated and the beam
focused. The tube was then electrically processed by a pulsing technique, starting_
at 0.1% duty cycle and gradually increasing the cycle. The OST was aged by
slowly increasing the duty cycle as the tube degassed and. ew operation was
attained._At this point the collector jacket temperature was slowly increased to a
maximum of 300°C using external heaters and the collector jacket was degassed
further. If the gas evolution was still too high at ew operation during this
procedure, pulse tecliniques were reemployed until the tube was ultimately
degassed. The final criterion for operation, before the tube was sealed off from
the processing vacuum pump, was that the tube must operate with no areing under
ow conditions, with the eollector jacket at 300°C, and the gas pressute less than 1
4 10"8 Torr as measured in the 0.1 liter/second ion pump.

FAILURES DISCUSSION

The following listing and discussion shows the variety of problems, diserepancies,
and failures encountered during the production and test of the TWT's. The listing
does not identify the particular unit on which the failure occurred or time of
oceurrence, since the diseussion is intended to show the type of specifie problems
or failures that were {dentified, together with the response or corrective action
taken to remedy the problem. In most cases, these problems were identified at
the time of occutence, docuriented via the Litton Failure Analysis Report
procedure, arid provided to the NASA project manager on a monthly basis.
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In & portion of the discussion or listing shown herein, a group or category of faults
and/or failures are deseribed together with the appropriate ¢hanges, alterations or
fixes accomplished to be all encompassing for those failures. Not included in the
listing are simple workmanship errors, insignificant problems associated with
plece parts or subassembly test failures, and diserepancies hot directly associated
with tube functional chatacteristics or desigh parameters. Also, in the corrective
action discussion, no mention f{s made of the numerous minor changes and
improvements that were initiated just to simplify or better ¢ontrol the tube
fabrication_process.  The problems/discrepancies are arranged inh categories
relating to the major subassemblies of the tube, and are presented in the following

general sequence; (1) gun (2) body or rf eircuit, (3) MDC and (4) miscellaneous
items.

Several other problems of lesser importance were encountered during the
program, but their resolution was not the cesult of a single desigh change or
fabrication modification. These included the type of problem that one might
expect to encounter in a state of the art hardware fabrication program. The
resolution of these problems was the result of an accumulative experimental and
test activity whereby numerous alternatives or combination of several partial.
modifications were utilized to overcome a single problém. This type of resolution
can best be described as a result of the "earning curve" experienced by the
program technical staff.
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Table 6~1. Production and Test Discrepancies

PROBLEM/DISCREPANCY

Spot weld failure in the gun allowed the
cathode to break free from the support

ring. This resulted in high cathode peak
current.

No emission from the cathode assembly
during the gun assembly test in the
beam anilyzer. Subsequent failure
analysis revealed that there was
insufficient barium impregnation in the
cathode heater.

The cathode operating temperature for
Phase I units was considéred excessively
high to meeét the expected design life.

The cathode molybdenum support sleeve
fractured during initial shock and
vibration tests.

Second termination failed cold test
after brazing due to collapse of the
assembly and subsequent narrowing of
the gap between ferrules.

Leak detected in the input match pole
plece and the termination pole piece.

Slight misalignment of beam hole after
completion of body brazing.

Ah unacceptable impedance match
existed for an output sectfon after the
brazing of the subassembly had been
completed.

CORRECTIVE ACTION/COMMENT

A désign change was {mpleménied
whereby the cathode fo support ring
spot weld process was replaced by a
continuous laser weld.

The particular faulty unit was reworked
with & new cathode. Ih addition, an
improved control technique was
developed for the barium-cathode
lmpil'egnation process of the gun fabri-
cation.

Revised processing procedures to limit
maximum cathode operating temper-
atures to 1100°C.

Revised the sleeve deiign and changed
material to  molybdenum/rhenium.
Changed from a vendor supplied
cathode to an inhouse manufactured
impregnated cathode.

Particular assembly was redimensioned,
and subsequent units incorporated a
design change thdat increased the wall
thickness for added strength.

A design change was implemented that
replaced the stainless steel adapter
with one made of monel alloy.

The fabrication process was modified to
include an additional quality check
point of perpendi¢ularity alighment
within the body and severs, prior to
brazing process.

It was détermined that the section was
only marginally acceftable priof to
braze. The assembly process was
modified to insure that marginal piece-
part or subassemblies are not utilized in
fabrication of the next higher assembly.
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Table 6-1. Production and Test Discrepancies (Continued)

PROBLEM/DISCREPANCY

Misdlignment of the termination assem-
bly with body after brazing.

Inadequate thermal conductivity
between the¢ body assembly and the
mechanical supports.

Fillets between ferrules and copper pole
pieces vary after braze operdtion.

Notch filter center frequency shifted
downward about 10 MHz in temper-
ature/vacuum exposure.

Incorrect frequency positioning with the
tendency of the power and gain peak to
be below the lower bahd edge and power

and gain deficiency at the high fre-
quency end.

The small sighdl gain variation across
the frequency band was about 10 dB, in
excess of the specification requirement.

Output ecircuit oscillations for beam
voltages hear the specification range.

The lead insulator for the tenth elec-
trode in a MDC fractured at the braze
joint at conelusion of the heliare
welding process.

CORRECTIVE ACTION/COMMENT

Altered the brazing process and added a
brazing fixture to better position and
s?‘tck parts ptior to thé brazing oper-
ation,

Altered the technique by which the tube
body is attached to the bus bars from
torch soldeéring with Indium to a bonding
method utilizing silver-loaded epoxy
with high therrhal conduetivity.

Procedures were modified to provide
additional controls and inspéction steps
during brazing. This resulted in better
workmanship and uniformity.

Replaced aluminum cavity tuners with
Kovar tuners.

The corrective actioh associated with
this problem included the definitior of a
final tube cavity layout, with precise
control of lower cutoff frequercy of
each circuit section.

Sevéral slight design thodifications
ineluding alteration to the taper region,
ferrule modification, and improved sub-
assembly test for the tube body.

Improved control of lowér cutoff fre-
quency of each cavity and repositioned
certain output section cavities.

Analysis showed that the fixture was
too tight and the heat shock during
welding caused the cefamic to fracture.
The brazing fixture and the proceduré
were modified.




Table 6-1. Production and Test Discrepancies (Continued)

PROBLEM/DISCREPANCY

The ceramie standoff support in the
MDC fractured ds a result of a weld
heat shock.

Are¢ing bétween electrodes in the MDC.
Results of analysis showed that arcing
was caused by outgassing Alumina due
to impregnation residue from the
collector finishing process.

Waveguide coupler diodes fail or change
output with respect to time, temper-
ature, and vacuum.

Vacuum ledks in tubes after brazing.

CORRECTIVE ACTION/COMMENT

A design change was initiated that
altered the support sleeve configuration
and material to Kovar. A certerless
grinding process was added to the indi-
vidual insulators for improved heat
expansion match,

Changed material of 10th electrode to
spun tholybdenum and altered the
finishing process to include iron shot
eening of the electrodes. Resulted in
mproved finish and the feduction in
arcing.

Altered design with a redesigned
coupler and procured improved diodes
from a different véndor.

Implemerited a procedure for stringent
control of brazing and related rework.
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7.0 TEST RESULTS

This section presents the results of final tests perforimed on four regresentative
units produced durifig the production phase of the program. The four units include
the life test unit (ETM-3), the flight unit (QF-4), the prime flight backup unit (QF-
3), and another flight backup unit designated QF-5. These units are considéred
representative of the tube configurations produced during the Phase 1I qualifi-
cation/ptroduction contrdet. They also represent uhits of prime importance from
the standpoint of application or fuictional observability.

The data presented herein has been extracted from that information supplied to
NASA in the final test data report, as éssociated with the, resnective unit. The
data as presented, is in the exact format as it appeared in the delivered document,
and reflects the reporting requitements stipulated in the final data packege
requirements (contained herein &s Appendix 5). For purposes of clarity, the curves
and plots have not been included 4s part of this report.

The information is presefited in the tube sequence designated above, and contains

the test data identified for edch tube. The number of pages included with the

- presentation for each tube is noted below. In each case the summary data sheet is
' provided, and then a variable quantity of backup data is provided based on the
relative importance associated with the particular unit. The following listing

shows the tube designator, the tube application, and the number of data peges

included.

_.f- Tube Ident. (Serial No.) Application Dita Pages
E ETM-3 (2020) LeRC Life Test 5
QF-4 (2022) Flight Unit 25

E QF-3 (2025) Flight Backup (Prime) 13

QF-5 (2030) Flight Backup 3

PRECEDING PAGE BLANK NOT FILML.)
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7.1 ETM-3 TEST DATA (LeRC Life Test Unit, 8/N 2020)

EINAL TEST DATA SUMMARY
(Table 1)
Cathode Voltage F'k
Cathode Current Ik
Anode Voltage EA
Heater Voltage E,
Heater Cwrrent If
MIC Electrode No. A 2
Electrode Voltage (kv) 0.0 2.26
(Relative to Gnd)
- I
6.7 79N
Frequency (MH2) 12040
Sat. Output Power (W) 197.4
Sat. Drive Power (dBm) 23.1
(W) ° 203.8
Sat. Gain (dB) 29.9
Body Current, Sat(mA) 7.8
Transmission,Sat.(%) 89.5
Overall Eff., Sat(%) 38.6
Total DC Input Power, Sat. (W) 507.5
Second Harmonic, Sat. (dBm) +24.,0
Third Harmonic, Sat. (dBm) <15

NOTES

A. Dummy gain equalizer installed.

11400 Volts
74.0 mA
450 Volts
3.47 Volts
1.28 Amps
- A 2
3.39 4.52 5.65
8 9 10
9.04 10.17 11.4

12080 12120

163.1 177.1

22.0 23.7

159.3 232.5

30.1 28.8

5.2 7.0

93.0 90.5

34.3 36.6

47,5 480.2

+10.1 +0.9

<15 <15

1L = 0.2 dB (Fig. 19)

B. MCS Model M=11424, S/N 6 waveguide coupler installed.

(Fig. 20)
Frequency (MHz)

Insertion Loss (dB) 0.3

12040

0.3
12080

0.3

12120

C. Small Signal Gain @ 11,930 MHz = 38,5 dB (ek = 11.0 kv

D. OST weight 25.0 1b.

E. Thermistor R/T Calibration (Figs. 23 and 24).

F. OST processed over frequenc
for CVW operation, Limit du

frequency range.
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range of 12020 to 12130 MHz
y to 10% outside of this
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7.2

QF-4 TEST DATA (Flight Unit, 8/N 2022)

10.0 Specifications

Parameter
10.1 Saturation Char acteristics
10.1.1  Frequency ' (GHz)
' 10.1.2 Gain (dB)

10.1.3  Output Power, Pos, Min, (W)
10.1.4 Overall Efficiency, Min, (%)

10.1.5 DC Input Power, Max. (w)
10.1.6 Beam Tranamission @ 50°C
. Baseplate, Min. (%)

10.1.7 AM/PM (pos to Pos -2d3) (°/48B)
10.1.8 lE’gtzxmui Order Phase Deviation(d /mz)
10.1.9. mﬁf g:xtr.mt Power, 2nd (dBm)
10.1.10 g;ml Input to Baseplate, (")

= gaturdation -

10.2.1 Gain Variation, peak to peak (dB)

10.2.2 Gain-Below 11.928 GHz, Max. (dB)

10.3 Noise Figure, Max. (dB)
10.4 Differentidl Gain (3 to 23 d8
below Pos) (aB)
10.5 Spurious Output Power (Pd = O
end Pds, excluding harmonically
related simls)

8:1 y 4 kHz band between
14

and 14.3 aHz (dBm)
b. In any 100 MHz band between
10.0 and 18.0 GHz (dBm)
CTO AL ,': TR

e T ey ’ ‘.(

“{-H VLN
R

QF Design
Specification

12,038-12.123

30
180
40
500

92
6
0.3

+23

150

0.7

-10

-10

Actual
value
12.038-12.122
12.040-12.120
(for Table II

& III data)
29.8 (min)
Table II(k)

191 (min)
Table II(k)

5 (min
Table II(k)
474 (max
Table II(L)
93.7,(min)
9 55°C
Table III(k)
6.7u4*

Not computed

+18 (max)
Table I(a)

105 (naxz
Table II(41)

2.9
<20
—35.5

1.0

<10

<10
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10.0 Spetifications (continued)

Parameter

10,6 Overdrive without OST damage,
. Continuous, Max. (aBm)

Short Term, < 0.5 sec, Max. (dEm)

10.7° Power_Processor Reduirements
(Set to OST decal values)

10.7.1 Cathode Voltage with respect(_kv)

. to ground.
. 10.7.2 iAnode Voltage with respect
to . ground. 8 )
10.7.3 Anodé Current, Max. - (maA)

10.7.4 Heater Current, (constant (A)
) current supplys.

10.7.5 Heater Voltage with respect
to cathote, Rgllax. P W)

10.7.6 Body Current Overload Trip (hA)
10.7.7 Ion Pump Supply Voltage (kV)

10.7.8 Ion Pump Current Overload (uA)
Trip (ath of two pumps) WA

40.7.9 Collector Voltages, Electrode
#1 - #10 (% of cathode voltage)

10.7.10 Baseplate Temperature

Operating (°c)
At Turn on (°c)
Non-Opetating (°c)
10.8 Refocusing Magnetic Field
10.9 Weight OST (1b)
10.10 Désign Lifé (yr)

10.11 Waveguide Type

QF Design
Specification = _

+29
+43.4

-11.3 ¥0.3

350 £200
C.1

1.3 0.1

4.2

10
2.3 - 3.3
10

0, 20, 30, 40
58, 60,778, 8
90 and 100

O

0 to +58
=15 to +58
=20 to +65
M
26.02 Max.
2
VR-7§

Actual

. Value

No Test

No Test

250
<0.1
1.29
3.29

10
3.0
10

35 to 55
No test
No_Test

P
26.24

WR-75
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PO——

TUSE # L-53v4 #2022R=-1, TEST DATF 23APR7S (1), SHEET 21

COL. #¢ ! [#AS 3-150
I. FREQUENCY, GHZ 12,079 15330
2. CALHODI VOLTS 11197
3, NA 76,0
4. BFANM WATQS 850.6
5. MOD AWUDI VOLTS 251
60 ”A - .0
7. WATTS. .0
b. HEAIFR VOLTS 3.29
CR ARPS 1.29
10, WATTS 4.24
11. NASA OUIPUT SPNSOR MV -1
12, NASA RFVFRSE SENSOR. MV 0 .
13, KIVERSE POWER SIGHAL DX 0
14, VACUUM(VAUNS=LOG( AN~ 3)) 14.4
15+ BASFPLAT® CALORIMETER 0
16, RF_OUTRUT CALiI%TER W .0
17. %+ URIVE DBU- .. ~35.9
18, MK .
19. OUIPUT POWFR DB -52,0
20. WAT{S .0
31, GAIN DB .0
22. TOTAL CHLLECIUN BA 75.6
rODY LISDEDS
2% L eiCrPTION NA 1.4
PLIN WATTS 9.4
25. it LUSS WATTS .0
26. TULAL WATTS , V.4
27. RESIDUAL BEAM POWFR AT
COLLECTOR  WATYS 841.1
28. TOTAL HV INPUT WATTS 143.4
29. OUVPUT+INTCPT+LOSS W 9.4
30. COLLFCTOR LISSIP. o 134.0
31. AVOF. 1WPACT VOLTs 1773
32, CULLECTOk FFFICIE.SY PCT  bd.l
33, UVERALL FFFIC INCL HTH 0
35, ELECTROMIC EFFIC.  PCT .0
3. NASA DFF. PCT .0
37. THEHMIS(Ok NO, | DEG C  6i.l
38. (HEWMISTOR NO. 2 DEG C  220.4
3y, THERMISTOR NO. 3 DFG C 54,5
20. THTRMISIOR NO. 4 DEGC  47.8 %i'.
coL. NO DRIVE Rév. A
coL. 1 55°C BASE PLATE
III(u)

173




7.3 QP-3 TEST DATA (Flight Backup, Prime, 8/N 2025)

l0.0 ;:.‘-Eecificatic\'ls . ‘ Qy ws‘g‘ Actual
Parameten . Specification Value
9.1 - Saturation Chardcteris:ics
0.1.4 Frequency ) (GH2) 12.038-12.123 12.038-12,123
0.1.2 Gain o (aB), 302 4 29.1 (29.0) Mtn -
10.1.3  Output Power, Pos, Min. (W) 180 A 177 (160) Min
0.4 A Overall Efriciency, Min. (%) 40 "—39' 134, % *
abI %x ? Ile)
40.1.5 IC Input Power, Max. (W) 500 470 (48h)
0.1.6 B o tesion @ 50°C Table ITe(IIle)
11Ul eam Transmission ;
Baseplate, Hin. (%) 92 A 96 (92.7) Min.
0.1.7 AM/PM (pos to Pos -2dB) (%/48) 6 B 6.0
iO.LJB Sgi?nd Order Phase Deviation(o/MHzZ) ’ 0.3 B Not computed
b
10.1.9 !;gémggcjic’: ggz‘m» Power, 2nd (aBm) +33. B +13
10.1.10 'Thermal Input to Baseplate 91 (100)
: Max. S ' (¥) 150 A pgble ITe(IITe)
10.2 1 al Characteristics
{0.2.1 Gain Variation, peax to peak (dB) 5 A—_2.1 (2.7)
10.2.2 Cain-Below 11.928 GHz, Max. (dB) 20 B 5.6
10.3 Noise Figure, Max, (dB) 40 B 30.5
.+0.4 Differential Gain (3 to 23 dB 1.0 (1.2
below Fos) (dB) 0.7 A 0 (1.2)

10.5 Spurious Output Power (Pd = O
and Pds, excluding harmonically
related signals)

g. In any & kHz band.between - |
14.0 and 14.3 GHz (dBm) 10 B <10 ‘
b. In any 100 MHz band between - B |

. : 10,0 end 18.0 Gz (4Bm) 10 <10 |




10,0 Specifications (continued) - QF Design " astual

.- Parateter Specification Value
10.6 Overdrive without 0S? damage .
Continusus, Max. 8%, (dBm) +29 A +29'(+28.5)
Short Term, < 0.5 sec, Yax. (dBm) sh3 b A 434
(0ST 8/N 2032) -

10.7 Power Procéssor Requirements
(Set to 0T decal values)

.7 eV '
10.7.1 %gtgg:n d?'ltgge with respgct(w) . -11.3 %0.3 A =11.45
10.7.2 @gogo\&&ge with respect ) __ 350 200 A 150
10.7.4  He t ) ;
7 H u:trggtcurrexiys.(constunt (A) 1.3 £0.1 A 1.29 ‘
10.7. Heater Voltage with respect :
10.7.3 to 9:tho§e. 8 Tespect (v) 4.2 A 3.42
: 10.7.6 Body Current Overload Trip (mA) 40 A . 10
10.7.7 Ion Pump Supply Voltage (xv) 2.3 - 3.3 A 3.0
10.7.8 lon Pump Current Ovérload
: Trip (Sm of t.o pumps) - (WA) 0 A 510
40.7.9 Collector Voltages, Electrode 0, 20, -30, 40,
1 #1 - 10 (% of cathode voltage) 50, 60, 70, 80 4 OK
. 90 and 100
: 10.7.10 Baseplate Tempeérature .
Operating . (°c) 0 to +58 A 0 to +85
At Turn on (°c) 15 to +58 A O to +85
Non-Operating (Sc) . =20 to +65 A O to +85
y 0.8 Refocusing Magnetic Field m M
j', 10.9  Weight OST . (1b) 26.02 Max. C 26,4
' 10.10 Design Life (yr) 2 2
H ° WR-75 . WR‘75

10.11 Waveguide Type
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7.4 QF-5 TEST DATA (Flight backup, 8/N 2030)

0.0 Speeifications

Parametor

10.1 Saturation Characteristics
10.1.1  Frequency (GHz)
10.1.2 Gain, Min, (aB)
10.1.3 Output Power, Pos, Min. (W)
10.1.4 Overall Efficiency, Min, (%)
10.1.5 DC Input Power, Max. (W)
10.1,6 Beam Transmission @ 50°C

Taseplate, Min. (%)

10.1.7 AM/PM (Pos to Pos -2dB), Max.(°/aB)
10.1.8 3ecdnd Order Phase Deviation o 2

Mex. ("/riz")
10.1.8 Harmonic Output Power, 2nd

and Sed, dok ’ (dBm)
0.1,
10.1.10 g:).:f‘mal Input to Baseplate, W)
10.2 a ot tic

= gaturation -1

10.2.1 Gain Variation,Max, pk to pk (dB)

10.2.2 Gain-Beléw 11.928 GHz, Max. (dB)

10.3 Noisde Figure, Max. (daB)
10.8 Refocusing Magnetic Field

10,9 Weight OST (1v)
10.10 Design Life (yr)

10.11 Waveguide Type

PR TN
. B
OF ¥ e T

R Xy AT
‘?i‘\v‘("-"’"

QF Desi
Miﬁe_aﬁ_m

Actual
Value

12.038-12,123 12.040-12.12

+2
30_4
180 -
40
$00

92
6

0.3
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(gér Table I

data)
30.3
Table IIk
%10 .
abge I(k}
able II(i)
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fable TI(i)
91.1

7
Not compute
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14
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10.0 Specificatiohs (continuoed)

Parameter
10.4 Differential Gain (3 to 23 dB
below Pos) (dB)
10.5

Spurious Outgut Power (Pd « 0
énd Pds, éxcluding harmonically
related signaly)

8. In eny & kHz vand between
14.0 and 14.3 GHz (dEm)

b. In any 100 MHz band between
10.0 and 18.0 GHz (

10.6 _Oxerdrive without OST damage,
Cont.

inuous, Max. (dBa)

short Term, < 0.5 sec, Max. (dBEm)

10.7 Power Processor Reguiremeénts
(Set tb OST decal values)

10.7.1 Cathode Voltage with respect

to grownd, © PEE(kv)
10.7.2 Anode Voltage with respect

to ground. & ® v
10.7.3 Andde Current, Max. (ma)
10.7.4 Heater Current, (constant (A)

current suplslys.
10.7.5 Heater Voltage with respect

to cathods, Max. spect ()
10.7.6 Body Current Overload Trip (mA)
10.7.7 Ion Pump Supply Voltage (xv)
10.7.8 Ion Pump Current Overload

- Trip (Sum of two pumps) (uA)

10.7.9 Collector Voltages, Electrode

#1 - #10 (% of cathode voltage)

10.7.10 Baseplate Temperature

Operating (°c)
At Turn on (¢)
Non-Operating (°c)
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+29

+43.4

-11.3 0.3

350 £200

0.1

1.3 0.1

4.2
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203 nd 303

10

3692260

9,3
00

90 and 1

0 to +58

-18 to
=20 to

+58
+65

Actual
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CURRENT STATUS

Durihg the completion of the two-phase contract, a total of thirty two OST's were
fabricated. Approximately one-half of these w.its were delivered to LeRC for
évaluation, test, and flight. The delivered units represent severdl configurations
and contain various desighied/selected subassemblies. Table 8-1 provides a
summary of the units fabricated, the unit destindtion or location, the contractual
desigriator if applicable, and any urusual design feature of characteristic and/or
utilization associated with the urit. In the case where units did not complete the
fabrication process or they were dismantlied for subassembly reuse, or salvaged for
some other purpose, it is noted.

OST S/N 2023 (QF-4) is presently in orbit via the CTS satellite, and appears to be
functioning in accordance with specification requirements. The summary data and
acceptance test data associated with this unit shows that the output power
exceeds 200 watts, and the efficiency is approximately 50% with a gain of 30 dB.
The values shown reveal that the unit meets or exceeds the specification values in
all but three minor ecategories, including weight. The data shows dn excess unit
weight of approximately three ounces, or less than 0.1 kilogram. The out of
specification readings were considered to have little or no impact on system
operation, and the unit was accepted by NASA anhd desighated for flight operation.

OST S/N 2020 (ETM-3) was selected for life test at LeRC, although the U-tab
¢collector was not the flight design. A summary of the acceptance data for this
unit is contained in section 7.0, herein. At present, the tube has experienced over
14,000 hours of continuous duty without changes in performance. It is scheduled
for additional test until an accumulation of approximately 20,000 hours has been
reached.

OST S/N 2025 (QF-3) was selectéd as the prime flight unit backup. A summary of
the acceptance data, together with a limited amount of test data for this unit, is
shown in section 7.0.

Other units are being stubjected to a variety of functional optimization tests,
subsystem verification investigations, and other related test projects.

PRECEDING PAGE SLANK NoT FiLMYY
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Table B~1. Status of Units

UNIT STATUS/
NO. | DESIGNATOR LOCATION COMMENT/UNIT UTILIZATION

1 E-1 Not Assembled .Incompléte unit

2 E-2 LeRC Two stage collector, demo unit

3 P-1 LeRC Phase I evaluation

4 - Not fabricated Incomplete unit

5 ETM-1 LeRC Phase I evaluation, Preliminary
integration tests

] P-2 Litton Moveable collector spike

7 ETM-2 LeRC Phase 1 evaluation, MDC aperature
experiment

8 - Scrapped PPS integration tests and vibration

9 - Not fabricated

10 - Litton Single step taper

11 - Scrapped Low power

12 - Disassembled Hard limiting, pulse breakup

13 - Litton Refocus desigh tests, pin-yoke,
MDC vibration tests

14 Experinmental | Litton Circuit subassembly evaluation

15 Experimerital | Litton Kidney slot coupling evaluation

16 - Litton Short MDC spike, life test

17 - LeRC Temperature tésts, rf test

18 - Not fabricated

19 QF-1 LeRC Retrofit for ETM-1

20 ETM-3 LeRC Life test, ongoing

21 QF-2 CRC Integration tests, U tab MDC

22 QF-4 LeRC-CTS— | Flight unit, in orbit via CTS

23 - Litton Transit mishap, vibration test

24 - Digassembled Marginal stability

25 QF-3 LeRC Flight backup (Prime)

26 - Litton Low frequency

27 QF-6 LeRC Flight backup

28 - Disassembled Cathode Auger analysis

29 - Disassembled Marginal stability

i92




/
Table 8-1. Status of Units (Continued)
UNIT STATUS/
NO. | DESIGNATOR LOCATION COMMENT/UNIT UTILIZATION
30 QF-5 LeRC Storage test-flight backup |
31 - LeRC Display model-sectioned 1
32 - Litton Marginal stability
33 - Litton Marginal stability -
34 QF-7 LeRC Flight backup
35 - Litton Modified taper, improved stability
36 QF-8 LeRC Display model, packuged
|
|
193



9.0

9.1

9.2

CONCLUSIONS

This section presents the conclusions, observations and the new technology results
obtained during the overall CTS TWT program effort.

ATTAINMENT OF OBJECTIVES

The purpose of this program was to demonstrate the feasibility for the design,
through analysis, limited production, and test, of a high efficiency 12 GHz
traveling wave tube that produces 200 watts of ew output power for use in the
Communications Technology Satellite. The prineiple features of the tube included
a coupled cavity rf circuit, velocity taper, and a multistage depressed collector
which provided an overall efficiency of approximatély 50 peteent from a circuit
operating at 26 percent electronic efficiency. The objettives of the program were
met with the end result being an operational satellice in orbit providing television
transmissions using the L-5394 traveling wave tube.

" The results of this program shpw that design and performance of a highly efficient

200 watt traveling wave tube for space communication are practical and
attainable within the bounds of existing technology. The tube defined durirg this
program uses periodic permanent magnet focusing. A two-stép velocity taper is
incorporated in the slow wave structure for velocity resytichronization with the
modulatéd beam  The spent beam i8 reconditioned in a permanent magnet
refocusing sectivn _efore it is collected ifi the multistage depressed collector.
The collector is radiation cooled to deep space, and is heat insulated from the
tube body. At saturation, the tube provides a ew output power of 225 watts with a
30 dB gain and an overall efficiency of 48 pércent. The weight of the tube is
approximately 26 pounds (11,75 kilograms).

OBSERVATIONS

During the design, fabrication, and test of the tube, several préblems were
encountered. A summary of the problems has been presefited in a previous
section; however, resolutions to some of these problems resulted in providirg
observations relating to interrelated design goals, fabrication techniques, and test
methods. Some of these cbservatioris are presented hérein:

a. Variations in perfornianée characteristics of a tube do ot necéssarily indicate
a deficiency in the basic desigr, but probably the result of comstruetion,
focusing, and alighment operatioris,

PRECFIMNG PACGR RTLANR NOT PILMED
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C.

€.

f.

i

A coupled cavity circuit can be designed and fabricated for greater than 30
parcent basic efficiency over the 85 MHz band at 12 GHz using & two-step
velocity taper.

The performance of a high efficiency céupléd cavity traveling wave tube with
a low perveance desigh tan be predicted using coniputer analyses.

It is possible to éxperiencé fréquency shifts when the circuit assemblies are
exposed to a brazing process. This shift is usually downwatd and must be
considered prior to final dimensioning or selection of the pole pieces, spacers,
and axial dimension related piece parts,

The length and functiorial characteristics of the refocusing section have
significant impact on the collector performance. The increased length of the
refocusing section improves the ovetall efficiency of the tube.

The MDC with nine depressed stages designed by Dr. Kosmahl of LeRC
improves the overall efficiency to greater than 50 percent with collector
efficiencies of approximately 80 percént.

The collector for a 200 watt tube operates dt acceptable temperatures within
the vacuum erivelope using radiation ecoling to deép space.

The spike length affeets the optimization and average ehergy sorting
efficiency. If it is too long (greater than 1.8 &m), the result is excessive
dispersion of the most energetic electrons, If it is too short, an insufficent
number of the eélectons are dispersed, resulting in high power dissipation. The
collector design is insetisitive to variations in voltages, beam size and space
charge as long as the beam is refocused and its entering dispersion angle is in
the range of 1° to 6°.

Utlifzing an experimental tube circuit in a test environment, the following
results were obtained: (1) Maximurm eleetronic efficiency is shown when tho
taper starts several 4B, 2.5 to § dependinig ori freduency, below saturation, (2)
simple cavity probés can be useful in determining forward and backward wéve
power, and can be inciuded in experimental designs without a significant
fmpact on tube reliability; (3) it is possible to separate the forward and
backward waves with a probe, eveii though it is consldered a non-directional




9.3

K.

device, and (4) the experimental design displayed a substantial margin of
stability in both the input and center sections, as indicated by the absence of
oscillations over a wide range of beam voltage ahd {nput source VSWR.

The L-5394, 200 watt tube with the cantileavered multistage depressed
colleetor will withistand a launch environment and function successfully in a
deep space environment.

The design and application of the high power traveling wave tube need not be
limited to a sihgular spice communieation transmission system, but could be
extended to many other applications where low cost ground terminals ¢an be
used. The frequenciés reserved exclusively for satellite communications and
used by the CTS are devoid of thé interference problem associated with other
terrestial communications systems, This could pesult in the expansion of
numercus vital links to isolated communities or outposts and could include
transmittal of intecommunity contact information, mediecal data for improved
health care or rembte diagnosis, wide voverage éducational information or
specialized instructional data, and emergency/disaster data.

NEW TECHNOLOGY

The phenomenon of minute ion oscillations called "tieking" was studied in
conjunction with the test of two late modeél production tubes. The oscillations
were minor and did not cause any operational degradation of the tubes. A possible
technique for suppressing thesé fon oscillations ir linear beam microwave
amplifiers was presefited to NASA via the new technoiogy reporting method and a
summary is repeated hérein. This technique involves the use of the first eollector
electrode and the gun anode to provide a potential barMer at each end of a rf
interaction cireuit.

A.

THe Problemi:
The ticks are small irregular variations of the body currerit, with & generally

tiangular waveform. The amplitude was 0 to 0.3 mA, superimposed on the dé
2 to 8 mA body current, frequency 0.5 to 10 Hz, dufation .02 to .2 seec.
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B.

Otcaslonally the ticks changé from a triangular to a square waveform, Small
changes in the rf output tre observed coincident with the ticks, Figure 8-1isa
simplified illustrative display of tieking records under changing test conditions,
A previous figure; 2-8 is a diagram of the OST, sectioned along the axis,
showing the loeation of the gin anode and first collector electrode.

Observations: .

1.

2.

3.

4.

50

Ticking is only seén in hard, well-aged tubes.

Ticking occurs with or without rf drive, but thé amplitude and frequency
#re modified by the drive.

Ticking oceurs at all values of anode voltage from 0 to 550 volts, but is

modified by the voltage; a generally optimurm region &t about 250 volts was
Seeri oh both tubes.

Ticking is indeperident of E,; (potential on collector element No. 1 with
respect to body) up to +80 volts and is suppressed by higher positive
voltagec. It is also suppressed by similar positive voltages on E, if Ecl is
below the suppression range. The voltage rarge over which suppression
oceurs is only about 20 V.

Tieking is modified by collector temperature; but the observations are
somewhat inconsisterit. One tube showed a reduction of ticking rate with
increasing T, (one test only), while the other tube showed an indréasing
ticking rate and decreasing amplitude, with irereasing T,, i{n repeated
tests,

Tieking rate increases and amplitude decreases (sometimes to Zero) with
application of héat to efther the eight or one liter/second ion pump,
whether the pump is operating or riot. Application of héat to other parts
of the tube produced only a slight increase of ticking rate except on the
refoeus section which produced a slight decreasé.
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9.

In the tests noted in 6.0, pressure readings of about 0.3 uA on the 8
liter/second pump and 0.2 uA on the ore liter/second puimp were observed
when the heat was sufficient to reduce the tick amplitude to .05 mA or
less, No pressure indication was seen urder the other ¢onditions. The 0.3
UA on the 8 liter pump corresponds to 3 x 109 Torr (14 vauns, or jot4
molecules/m>).

No ticking was observed in cathode pulsed operation (eollector voltages on
de), at any duty cycle (maximum at approximately 80%), or at any pulse
length (maximum 18 msee, minifuri 70 usee). There was excessive hash
when operating in pulseé mode, dnd small ticks may hdve beeh preserit, but
might not have been observed.

In de operation with cathode voltages switched off and on again, tieking
took about 2 seconds to restart orn one unit, independent of the off period in
the range 1.5 to 10 seconds; fot longer (several minutes) off peériods the
ticking took longer to reappear. In the other ufiit, the tieking reappeared
faster, but wert through a quité complicated but fairly teproducible eyele
of repetition rate chariges - slowing for 2-3 seconds, then increasing
rapidly, theh décreasing slowly over an hour or so.

C. Theories:

Several causes for the ticking existence can be posited. These causes are
listed and briefly discussed herein.:

1.

2.

3.

4.

Insulator breakdown and recharging.
Thermo-mechanical distortion of a part heated by the beami.
Gas discharges (i.e. ares),

fon discharges.




The last cause seems by far the miost probable sinde: (1) eah be ruled out by
the great similarity in behavior of the two units with respect to eollector
voltages; afid (2) cari be ruled out by the range of tieking frequericies produced
by, for example, heating the pumps, Thermo-maecehanical osefllvtions would be
expected to have a narrow frequency range dontrolled by the elastic and heat
sink properties of the moving part, which would change very little. The gas
breakdown, (3), is more difficult to rule out, but the observed pressures are low
for this to oceur, and it is difficult to see why it would not have been observed
much earlier at higher pressure. The discharge of ions trapped in the beam
potential well, (4), fits most of the observations except the va.i.''on wi‘1
collector temperature on the first unit. It does agree with the more numer -
observations on the second unit.

Briefly, the theory is that at a pressure of <3 x 10"9" © ¢, . ona are formed in
the bedam at a rate of about 1016 per sec per u‘”', cr 109 per sec within the
beam volume. At this rate, the beam will be neutralized in a few seconds, and
the ions will be able to flow over the weak potential barrier formed by the
beam expanzion dt the collector end. When about 10% of the ions huve
escaped, the poteritial barrier reasserts itself, and the accumulation continues.
Thus the iriterval between ticks should be on the order of 10% of theé \ime to
the first tick, when the pressure is constant. After long off periods the
pressure is lower, so the time to the first tick is larger.

The current represented by the escaping pulse of ions is only a few nanoamps,
so this is not the observed current. The escaping ions change the potential in
the beam, and this cause a small change in beam diameter, on the order of 6 x
1074 em; when the beam is already seraping the tunnel wall (which it is,
because we obsetve de body current), then a 6 x 10"4cm change of diameter is
encugh to cause the observed changes in body current. This change in beam
size is consistent with a few volts chatige in beam potential, which in turn is

consisterit with the calculated 20 volts depression for the eleetron beam by
itself,

On this theory, in a poor vacuum the ions are generated fast enough to pour
over the potential barrier in a continuous stream, and the barrier cannot assert
itself until the pressure is down to about 14 vauns, It is not clear why the
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D.

amplitude of the ticks varies as it does, All the evidence so far {s that as the
vacuum improves béyond 14 vauns, the ticks get slower arid larger. The limit
on amplitude was not determined.

Technology Conclusioris

If this theory is correct, then all hard tubes will eventually develop ticking, as
the vacuum improves. The vacuum would have to be less than 12 vauns
(approximately 101! Torr) to make ticking infrequent enough (less than 1 per
misute) to ignore. This is probably unlikely in & closed or sealed tube.

fon oscillations are suppressed when an insurmountable potential barrier is
established at the collector end of the interaction circuit by raising Eel to
+150 volts. This worked, under all conditions tested, on both units. A
potential barrier at the gun end of the interaction eircuit was established by a
positive potentigl of +150 to +550 volts applied to the anode.

A possible technique to suppress fon oscillations in linear beam tubes (such as
the OST) would include the use of the first collector electrode and the gun
anode to provide a potential barrier at each end of a rf interaction circuit.
This technique c¢ould be utilized and demonstrated in future tube designs.
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1.0

2.0

APPENDIX 2
DEFINITIONS AND SYMBOLS LIST
DEFINITIONS
CTS Communications Technology Satellite
s/C The CTS Spacecraft
TWT Traveling Wave Tube
MDC Multistage depressed collector
OST Output stage tube; combination of the TWT and MDC
PPS_ Power Processing' Subsysten; converts solar cell power into__
usable power.
TEP Transmitter Experiment Package; the combination of the
OST, PPS, instrumentation, controls and structure.
LeRC Lewis Research Center, Cleveland, Ohio
ETM Engineering Test Model
QF Qualification Flight Model OST
NF The ratio of the total to available output noise power if the
amplifier were noiseless (Noise Figure).
BW Bandwidth
CaG Center of Gravity
CL Center Line
SHF Super High Frequency
CRC Communications Research Centre (Canada)
PB Passband (the tliree dB small signal bandwidth)
SYMBOLS
B magnetié flux density
b Pierce velocity parameter, or beam radius
c Pierce gain parameter
d Pierce attenuation parameter
E Voltage
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SYMBOLS (Continued)

B Rt a T 0

ol-‘

3

electronic charge
frequency

cavity height

collector electrode current
de current

interaction impedance
loss int eircuit, dB

cavity period

particle mass

magnetic focusing period
nonopers (Pervance)

rf output power

beam tunnel radius

beam radius

radio frequency

time variable

de electron veloeity
electrie potential, Volts
cathode to body voltage
group velocity

phase velocity

radial propagation constant
wavelength

efficiency

plasma wavelength

phase shift angle per e¢avity, radians

.




,
3.0 SUBSCRIPTS
[ eollector : {
et eircuit
dis dissipation
in input
K cathode
n collector electrode number -
o standard section or initial value

P ___ plateau value

out output

r radial component
f- rec recovered

z axial component

!
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2.1

2.1.1
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APPENDIX 4

OST QUALIFICATION FLIGH’ DESIGN DOCUMENT

Scope

This document desctibes the OST design configuration which will be produced for
qualification and flight.

This document reflécts the baseline status as of date of issue &nd will not Le
updated for each engineering change order.

Siow Wave Structure

The slow wave structure (or tube body) is composed of an input section, first sever
(6r termination), center section, second sever;, and output section. The
configuration of the various sections is set forth below:

Circuit Layout Drawing

The OST Circuit Layout Drawing is Litton Drawing #142753-XXX, where¢ XXX
will vary with eachi OST seritl number to doeutent dimensions defined in cold
test. Cavity diameters and gaps specified below may be altered in cold test to
obtain the desired mateh.

Input Section
No. cavities 10
Period .125 inch (.318 em)
Cavity diameter .595 inch (1.511 em)
Cavity height .095 ineh (,241 cm)
Gap .0382 inch (.097 em)
Center Section
No cavities 14
Period 125 ineh (.318 em)
Cavity diameter .595 {nch (1.511 em)
Cavity height ,095 ineh (241 em)
Gap .0382 inch (.097 em)

2.1.3 Output Section

Cavi:les are listed ifi order from second termination to the witput waveguide
coupler.

YRECTDING PAGE BLANK NOT PLi¢°
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NO. OF PERIOD DIAMETER HEIGHT
CAVITIES (IN./CM) (IN./CM) (IN./CM)

10 .1250/.318 .595/1.511 0880/ .241

3 .1197/.304 .608/1.544 .0897/.228

1 .1175/.208 .608/1.544 .0875/.222

1 .1150/.292 608/1.544 .0850/.216

1 .1100/.279 .808/1.544 .0800/.203

1 .1050/.267 .608/1.544 .0750/.191

5 .1000/.254 .608/1.544 .0700/.178

1 .0950/.241 .607/1.542 .0650/.165

1 .0900/.225 .607/1.542 .0600/.152

4 .0850/.216 .607/1.542 .0550/.140

The gap-to-period ratio is nominelly 0.3 but is subject t6 change in cold test to
obtain thz required match.

2.1.4 Cold 7est Criterié

The following &re gohls of thé cold test procedure:

1.

Align the lower cutoff frequencies (Pi) points of each section to 12.010 GHz
before braze. To the extent that some misalignment ( +15 MHz) canhot be
avoided the highest Pi points in the output section must be in T-5. The
distribution of Pi points in the output section shall be verified by the
methods given in Appendix A.

Return loss curves shall have a clean sharp leading edge free from notches
o other structure. As frequendy inereases above the onset of réturn loss,
there shall be a rapid drop in power return ratio to at least -15 dB before
ang change in direction. Return loss shall remain below -10 dB until at least
175 MHz above the 10 dB return loss frequency.

Befote braze, characteristic frequencies as deterined in ¢old test shall be
as given below.

Input Section
5 dB R.L. 12,025 ¢ 15 MHz
10 dB R.L. 12,050 ¢+ 15 MH2
20 dB LL. 11,965 + 15 MHz

Center Séction

5 dB R.L. 12,015 ¢ 15 MHz
10 4B R.L. 12,030 ¢ 15 MHz
20 dB LL. 11,985 ¢ 15 MHz




2.1.5

3.0

3.1

3.2

3.3

/
Output Séetion i
5 dB R.L, 12,020 ¢ 15 MHz
10 4B R.L. 12,030 ¢ 15 MHz
20 4B LL. 12,015 ¢ 15 MHz
In the output section, one of the three above charactesistic frequencies
taken in the forward direction shall exceed the same fréguency taken in the
réverse direction by more than 5 MHz. In any section, each of the three
charscteristic frequencies shall be the samc in both directions within 15
Z. [

2. LeRC shall approve cold test results of output sections before braze.
Majhets

Manufacturer - Raythéon
Material - Samarium Cobalt
Peak Axial Field
Standard Seetion - 1500 Gauss (+ 2 magnet rings)
Remaifider of Section - 2200 Gauss
Focusing Scheme - Double period PPM (single period for éach coupler)
Refocusing Field - 400-600 Gauss (détetmined in test)

Gun

The electron gun is comprised of a heater, cathode button, focusing eleatrode,
dghode, insulating ceramics and supporting structure. The purpose of the guh is to
provide the eléctron beam for interaction.

The guri assembly shall be controlled by Litton Drawing #112783 and Litton Gun
Assembly Procedure CFPA 154.

Description

Cathode type Impregnated tungsten
Manufacturer Litton Industries
Desigh Perveance 62 +2 nanoperv
Operatirig temperature <1100 degrees C
Beam minimum diameter <.030 ineh (.076 em)
Cathode Processing

Cadthode preglow and temperature calibration shall be econtrolled by Litton
procedure CFPT 301. A normal sequence is as follows:

1. Asseriible focus electrode into cathode support assenibly.
2. Place eathode assembly into gun assembly (air expostire),
3. Preglow gun assembly and run temperature calibration.
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5.1

5.2
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4. Adtivate to run béam analyzer tests per Litton gun assembly testing
procedure CFPT 300.

5. Install on OST (air exposure).

Collector

The collector is composed of ten (10) electrodes, an electrically insulated support
structure and a vacuum enclosure. The purpose of the collectof is to provide a
means of recovering kinetic energy from the spent beam, theréby increasing
efficiency and reducing heat loading of the baseplate.

1. Collector assembly shall bé controlled by Litton Drawing #115493.
2. Description

Electrode méaterial Molybderium

Aperture 4 degtees

Spike length .316 inches (.803 ecm)
Tube Processing

All OST's are bakéd out in a double vacuum retort prior to hot test. The inside of
the OST is evacuated at high temperature to remove gas and volatile compounds
and provide the vacuuri riecessary for successful cathode operation and life. The
external vacuum that is provided on the tube, at the same time &s the internal
vacuum, prevents atmospheric oxygen from attacking the circuit bfdaze material
ar):;idicausing leaks. It also prevents the exterior of the copper circuit from
oxidizing.

Exhaust processing shall be controlled by Litton procedure CFPE307. Several
salient features of this procedure are as follows:

1. Tube body baked at 450°C, collector at 600°C,

2. Cathode, Mot flashed 10 minutes at 1200°C when internal pressure
<8 x 10 ° Torr.

3. Cathode operated at 1100°C during remainder of exhaust protessing run.
4. Tube procéssed twelve I vs after low pressure level is achieved.

Subsequerit to exhaust prelimirary packaging is done, such as bonding of the bus
bars, gufi leads, gun shield, and, the riagriets are installed, then the tube is
focused. The tube operdtihg duty cycle shall ther be raised to contihuous
operation (cw) at all drive levels with the collector jacket externally heated to
300°C. This allows removal of gases released by impingement of the electron
beam on various collector pldtes.

1. Bus bér epoxy - ECCOBOND 56C, Catalyst 9
2. Magnet epoxy - STYCAST 2850 FT., Catalyst 9
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6.0

6.1
6.2
6.3

6.4

6.5
7.0

7.1

Final Packaging

Aftef @ NASA decision is made that a specific OST is a eandidate for a deliverable
item, fifial packagirng Is carricd out, This includes the addition of structural
support menibers, thermistors, and air bakeout to outgds the oxterior of the tube.
The packaged OST shall conform to Litton Drawing #113420,

OST exterior bakeout - 12 hours at 125°C in air.

Notch filter shall be adjusted such that the small signal gain shall be 20 dB or less
at frequencies below 11.928 GHz.

Refocusing field optimizdtion shall be performed to maximize overall efficiency
with saturated power outptit.

Collector paint - Sperex SP-101
Data Package

This paragraph deseribes the minimum data required by NASA to determine that
an OST is suitable for final packaging. It also deseribes the minimum data NASA
requires to determine whéther a tube is acceptable for delivery as a qualifieation
flight model.

Preliminary Data Package

1. Purpose
To determine whether to package a tube as a QF tube candidate.

2. Contents

All data shall be taken at the optimum cathode voltage unless otherwise
spevified. Frequericies and operating conditiohs of any osecillations or
deviation from normal performance shall be specifically identified.
Examples of such deviations ate oscillations, spurious sigfials, limiting,
"¢athode sluthp", unstable focusing or unstable body current, leakage or
shorts between elements, collector "buzz" or breakdown of collector
voltages less than 1.5 times nominal operatirig voltage.

a. List of deviations from controlling master list.

b. List of nori-conformances to this control document and request for
waivers,

c. Body current dénd P_ versus frequency at centerband drive levels
adequdte to produc® saturation, saturation drive plus 6 dB, and
saturation output minus 10 dB. Data shall be taken at the
optimum cathode voltage and at two other voltages within the
11.0 to 11.6 kV r-~nge, each voltage different from the other two
by 200 Volts.

P_ versus P, at frequencies of 12.040, 12.080 and 12.120 GHaz.
DBta shall b&' taken a. the optimum cathode voltage and at two
other voltages as specified in 7.1.c.

d.
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€.

Vidar data set - 11 frequencies, 12,030 GHz through 12,130 GHz in
10 MHz increments at centerband drive levéls adequate to
produce saturation, and saturation output minus 10 dB. Vidar data
shall also be taken at three frequencies (12,040, 12.080 and 12.120
GHz) at centerband drive levels adequate to produce saturation
and saturation output minus 10 dB for two other values of cathode
voltage as specified in 7.1c.

Final Data Package

1. Purpose

To document final tube pérformance data in flight packaged condition

and determine acceptability as QF tube.

2. Contents

a.

b.

C.

€.

f’

go

i

Frequencies and operating conditions of any oscillations or
deviation from normal performance shall be specifically
identified. Examples of such deviations are oscillations, spurious
signals, limiting, "cathode slump", unstable focusing or unstable
body current, leakage or shorts between elements, collector
"buzz" or breakdown of collector voltages less than 1.5 times
nominal operdting voltage.

List of deviations from controlling master list.

List of non-conformance to the requirements of this docunent &nd
NASA approved waivers.

Body current versus frequency at centerband drive levels adequate
to produce saturation, saturation drive plus 6 dB, and saturation
output minus 10 dB.

P o versus Piu at frequencies of 12.040, 12.080 and 12.120 GHz.

Vidar data set - zero drive case plus 11 frequencies 12.030 GHz
through 12.130 GHz in 10 MHz increments at centerband drive
levels adequate to produce saturation, saturation output minus 3
dB and saturation output mihus 10 dB.

Coupler and equalizer/notch filter insertion loss and return loss
characteristic.

Widebard pulse data to demonstrate that equalizer/notch filter
criterion of section 6.3 is met (11.750-12.250 GHz).

An envelope of saturated power output versus frequency for the
optimum cathodé voltage shall be provided (12.030-12.130 GHz).

The fadio frequency noise at the OST otuitput, at zero rf drive,
ificluding in-band and cut-of-barid componerits when operating the
OST from a de nower supply. The fadio frequency noise shall be
determined over the frequency band from 10 GHz to 18 GHz.




8.0

9.0

8.1

9.2

9.3

k. Calibration of the telemetry sensors.

. The power and phase of the OST rf output as a funetion of
frequency with five rf input levels recorded for the two

temperatures listed.
Frequericy range: 12.030 to 12,130 GHz
Baseplate Temp: 35°C
65°C
Rf input range: saturation drive
saturation drive +6 dB

saturation drive +3 dB
saturation output - 3 dB
saturation output -10 dB

m. The test data shall include:

spurious outputs
second harmonic poweér
third harmonic power
noise figure

Master List

A Master (parts) List will be issued for each OST S/N to document the actual parts
contained in each tube. The controlling master list for the OST baseline design
will be the master list for OST 2024. Litton QA shall review, approve, and
docgmenﬁ f:r NASA any deviations from the baseline design on OST's subsequent
to OST 2024.

Configuration Control Changes

Litton Engineering will maintain configuration control via the Litton Engineering
Change Order (ECO) procedure. All Class 1 ¢hangés will require the approval of
the LeRC Technical Contract Manager or the LeRC TEP Project Office Manager.
Litton will suppy LeRC copies of all ECO's.

Class Il Changes are defined és:
1. Erpata Changes.
2. Changes to alleviate manufacture, assembly, and installation difficulties
not affecting contract specifications or this configuratioti eontrol
requiremeénts document.

3. Correcting drafting error.
All other changes are considered Class 1 and tequire the above noted approval.

Chariges to the Configuration Control Description Document are to be handled as
Class I changes.
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10.0 Specifications

Qualification Flight specification requirements are as defined in table 1.

PARA.
NO.

]—001

10.1.1
10.1.2
10.1.3
10.1.4
10.1.5
10.1.6

10.1.7
10.1.8
10.1.9
10.1.10

10.2

10.2.1
10.2.2
10.3. —
10.4

10.5

10.6
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Table 1. Specifications

PARAMETER

Saturation Characteristics

Prequency, GHz

Gain, dB

Output Power, P o Min., W
Overall Efficie~~v, Min., %
L2 Input Power, Max., W

Beam Transmission at 50°C -
baseplate, Min., %

AM/PM (P StoPs-2 dB), °/dB

Second order phase deviation, Max., "/lVII-Iz2

Harmonic Output Power
2nd and 3rd, Max., dBm

Thermal Input to Baseplate, Max., W

Small Signal Characteristics

Po = Saturationh Po -10 dB

Gain Variation, peak to peak, dB
Gain below 11.928 GHz, Max., dB

Noise Figure, Max., dB

Differential Gain (3 to 23 dB
below. Pos). dB

Spurious Output Power (Pd = 0
and Pds, excluding harmonically
related signals)

a. In any 4 kHz band between
14.0 and 14.3 GHz, dBm

b. In any 100 MHz band between
10.0 and 18.0 GHz, dBm

Overdrive without OST damage,
a. Continuous, Max., dBm
b. Short Term, <0.8 see, Max., dBin

VALUE

12.038-12.123
30 +2, -1
180
40
500

92
6
0.3

23
150

20
40

$0.7

+29
+43.4




PARA.
NO.

10.7

10.7.1
10.7.2

10.7.3
10.7.4

10.7.5 . .

10.7.6
10.7.7
10.7.8

10.7.9

10.7.10

10.8
10.9
10.10
10.11

Table 1. Specifications (Continued)

PARAMETER

Powér Processor Requirements

{Set to OST decal values)

Cathode Voltage with respect
to ground, kV

Anode Voltage with respect
to ground, V

Anode Current, Max., mA .

Heater Current, (constant
current supply), A

Heater Voltage with respect
to cathode, Max, V

Body Current Overload Trip, mA
Ion Pump Supply Voltage, kV

Ion Pump Current Overload Trip
(sum of two punips), uA

Collector Voltages, Electrode
#1 - #10. (% of cathode voltage)

Baseplate Temperature, operating, °C
a. At turn-on, °C

b...Non-Operating, °C

Refocusing Magnetic Field

Weight OST, Max, 1b

Design Life, yr

Waveguide Type

VALUE

11.3 £ 0.3. —

350 * 200
0.1

1.3 £0.1

4.2V
10
203 - 303

10

0, 20, 30, 40,
50, 60, 70, 80
90 and 100.

0 to +58
-15 to +58
-20 to +65

PM
26.02 (11.8 Kg)
2
WR-15




APP"NDIX §
LITTON L-8394 TWT
FINAL DATA PACKAGE
L Determihe the Operating Parameters

A. From the preliminary data choose and record the optimum

1. Cathode voltage

2. Anode voltage

3. Heater current
B.. Measure and record the actual heater voltage and cathode current.

1. Measure the heater voltage at the socket with a DVM with cathode
voltage off.

2. Measure the actual cathode current with a floating standard.

C. Determine the drive power to get the "best shape" over the NASA band, (+23
dBm is the maximum allowable drive power).

1. Change to single frequency at 12.080 GHz and record the drive power.

9. Caleulate and record the drive power for saturation drive plus 3 dB and
saturation drive plus 6 dB at 12.080 GHz.

3. At single frequency at 12.080 GHz measure and record the drive power
necessary to achieve:

a. Saturation output -3 dBm.
b. Saturation output -10 dBm.

II.____Plots of Output Power, Phaseé versus Frequency.
A. X-Y Recorder settings.

10 X-AXiS
a. Frequeney 12,030 to 12.130 GHz at 10 MHz/div. (100 mV/div.)
20 Y"AXiS

a. Output Power at 1 dBm/div.
b. Phase at 10°/div.

B. Plots required at 35°C baseplate.
1. Output power, phasé versus frequéncy at saturation drive +6 dB.
3. Output power, phase versus frequency at saturation drive +3 dB.
3. Output power, phase versus frequency at saturation drive .
4. Output power, phase versus frequency at saturation output -3 dB.
5. Output power, phasé versus frequency at saturation output -10 dB.
) 223
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C. Plots required at 65°C baseplate.
1. Output power, phase versus frequency at saturation drive +6 dB.
2. Output power, phase versus frequency at saturation drive +3 dB.
3. Output power, phase versus frequency at saturation drive.
4. Output power, phase versus$ frequency at saturdtion output -3 dB.
5. Output power, phase versus frequency at saturation output -10 dB.

Plot of Output Pocwer, Forward Power Detector Voltage versus Frequency.

A. X-Y Recorder settings. - ‘I
1. X-Axis
a. Frequency 12.030 to 12.130 GHz at 10 MHz/div.

20 Y"’AXIS
a.—Output power at 1 dBm/div.
b. Forward Power Detector Voltage at 20 mV/div.

B. Plots required at 35 to 65°C.
1. Output power, Forward Power Detector Voltage versus frequency.

Plot of Saturated Output Power versus Frequency.

A, X-Y Recorder settings.
1. X-Axis
4. Frequency 12,030 to 12.130 GHz 10 MHz/div.
2. Y-Axis
a. Output power at 1 dBm/div.

B. Plot required at 35 to 65°C.
1. Saturated Output Power versus Frequency.

a. On the plot saturate and mark the output powef at 11 frequencies in 10
MHz inerenients.

b. On the plot record the drive power necessary to achieve saturation.

Plot of Body Currerit versus Frequency.

1. Fréduency 12.030 to 12,130 GHz at 10 MHz/div.
2. Body current at 2 mA/div.

B. Plot requifed at 35 to 65°C.

1. Body current versus frequency at Pd Sat. +6 dB, Pd Sat., and Po sat. -10
dB.
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Plots of Output Power, Phuse versus Drive Power,

A. X-Y Recorder settings.
10 X"AXiS
a. Drive Power at 5 dBm/div.

20 Y'AXiS
& Output Power at 5 dBm/div.

b. Phase at 10°/div.

B. Plots required at 35 to 65°C.

1. Output Power, Phase versus Drive Power at 12.040 GHz from Pd Sat. +3
dB to Po Sat. -30 dB.

2. Output Power, Phase versus Drive Power at 12,080 GHz from Pd.Sat. +3
dB tO PO s&t. -30 dBo

3. Output Power, Phase versus Drive Power at 12.120 GHz from Pd Sat. +3
dB tO PO sato -30 dB;

Plot of Forward Power Detector Voltage versus Output Power.

A. X-Y Recorder settings
10 X“AXiS
a. Output Power at 5 dBm/div.
2.J ‘AXiS
a. Forward Power Detector Voltage at 50 mV/div.

B. Plot required at 35 to 65°C

1. Forward Power Detector Voltage versus Output Power at 12.040, 12.080
and 12.120 GHz from Pd Sat. +3 dB to Po Sat. -30 dB.

Plot of Reverse Power Detector Voltage versus Reverse Power.

10 X"AXiS
a. Reverse Power at 5 dBm/div.

20 Y"AXiS
a. Reverse Power Detector Voltage 100 miV/div.

B. Plot required at 35 to 65°C

i. Reverse Power Detector Voltage versus Reverse Power at 12.040, 12.080
and 12.120 GHz from +35 dBm to +10 dBm.
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Plot of Reverse Power Detector Voltage, Reverse Power versus Frequency.

A. X-Y Recorder settings.
10 X'AXis
a. Frequency 12,030 to 12.130 GHz at 10 MHz/div.

20 Y"AXiS
a. -Reverse Power Detector Voltage at 50 mV/div.
b. Reversé Power at 5 dBm/div.

B. Plot required at 35 to 65°C

1. Reverse Power Detector Power Voltage, Reverse Power versus frequency
at Reverse Power equal to +30 dBm at 12,080 GHz.

Pulse Output Power versus Frequency.
A.. X-Y Recorder settings.

1._X-Axis
a. Frequency 11.750 to 12,25 Hz/div.
20 Y"’Ax-is

a. Output Power at 5 dBm/div.

B. Peak Power Meter Settings.
1. Internal Trigger
2. Trigger delay 2.5 usec.
3. Trigger Reset maximum

C. Plot required at 35 to 65°C
1. Output Power versus Frequency at Po Set..~10 dB at 1% duty with a 50
HSsec¢ pulse,
Vidar Data

A. Data at 35 and 65°C.

1. At 11 frequencies in 10 MHz increments from 12.030 to 12.130 GHz, take
data at drive powers adequate to produce:

a. Saturated Output Power.
b. Saturated Output Powér -3 dBm.
e. Saturated Output Power -10 dBM.

2. Nodrive.






