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SECTION I 

INTRODUCTION 

A. DESCRIPTION OF REPORT 

This report describes in  detail a program to design and develop a traveling- 
wave tube amplifier (TWTA) consisting of a traveling-wave tube (TWT) and a 
band reject and harmonic filter (filter). 
tion application requiring operation during and after high impact shocks to 
levels of 10,000 G for 1 millisecond duration. 

The TWTA is for a space communica- 

The report is divided into four major sections: 1) End Item Amplifier, 2)  
Engineering Model TWT Development, 3) TWT Reliability and Life, 
and 4) Recommendation for Additional Development. 

The report is organized in  a way that will hopefully result in a clearer and 
more logical exposition, not to present a chronological development. The 
report progresses from the general to the specific and from the total amplifier 
to its component parts. 

The report has been written to benefit developers of future high shock resistant 
hardware, not necessarily just traveling-wave tubes. It is assumed that the 
reader has some familiarity with the subject matter. 

An attempt is made to clarify the initial evaluation of the development task, 
the preliminary approach to the problem and the logical steps taken to complete 
the task. 

B. HISTORICAL REVIEW 

This review describes the development and research efforts performed to obtain 
the 20 watt, S-band amplifier. 

1. Program Objective. The program had as its objective a TWT amplifierwhich 
had: 

0 high impact shock capabilities 
0 long life with high reliability 
0 the required power output 

0 high RF/DC efficiency, and 
0 high non-operating temperature 

capability 
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The high impact capability remained as the one completely new and unexplored 
environment for these two devices (TWT and filter). 

2. Period of Effort. The development program was begun on 13 January 1966 
and completed with the delivery of the end item amplifier on 31 October 1967 - 
a period of 20 months excluding a 6-week period during which the program 
was i n  a hold category. 

I 

3. Results. The program concluded with the delivery of a prototype amplifier 
which, while not to full specification, did satisfy the principle objective of 
the program. An engineering model TWT was tested to near specification 
limits of shock loading with a large degree of success. Specifications, such 
as power output, gain, noise figure, size, weight, temperature, and non- 
operating temperature, were met. Efficiency and input VSWR were not met 
on the deliverable device but can be met with relatively little additional 
effort. A number of additional specification items remain to be tested by the 
contracting agency, the Jet Propulsion Laboratory. 

This report describes in  detail the problems encountered in developing the 
TWTA with particular attention being devoted to the high impact requirement. 
Since the filter was furnished on a fixed-price basis by Rantec Corporation*, 
only the TWT development is described in detail i n  this report. 

4. History. A brief historical review is presented here to describe theapproach 
used to develop such a high impact device. 

Initially it is difficult for the developer of a sophisticated device to compre- 
hend the implication of a 10, 000 G impact. It is not difficult to perform a 
few elementary calculations to determine the numbers. A s  an example, for 
the case of a uniform deceleration,, the impact level is proportional to the 
velocity squared and inversely proportional to the deceleration distance. The 
engineering model TWT was impacted at 110 mph with a deceleration dis- 
tance of 0.575 in. for an average level of 8500 G .  To anyone who has not 
seen and heard such an impact, it is difficult to get a fffeelff for the problem - 
to become calibrated at these impact levels. However, take the familiar 
example of an  automobile traveling at 110 mph impacted against a concrete 
wall. The deceleration distance (displacement of the front end) is 4 to 6 
feet, o r  less than 1/1OOth of the TWT impact level. It is not difficult to get 
calibrated in these terms. 

* Rantec Corporation, Division of Emerson Electric, Calabasas, California 
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A thorough mathemetical analysis of the dynamics of a 10,000 G, 1 . 0  m s  
shock pulse is impractical for such a device as a TWT which may use 
over 200 separate parts in some 45 assemblies. Such an analysis would 
have to consider the frequency domain response of the pulse and the corres- 
ponding response of the assembly under test. However, it is reasonable to 
assume since the peak loading is at w = 0 (D. C. o r  static acceleration), a 
static analysis is quite appropriate with firm consideration given to the 
lower resonant frequencies. 

Using this approach for the initial design, parts, materials, and interfaces 
were designed to withstand the forces experienced during a constant decel- 
eration of 10,  000 G with allowance for  adequate safety margin. 

With the initial design, key units were tested under statically loaded con- 
ditions to check the calculations. However, at this point further design 
changes were principally determined by the empirical approach based on 
high impact tests. 

The development effort progressed from key parts, to minor subassemblies 
to major subassemblies, to the completed tube. Using this approach, the 
design of progressively larger elements of the TWT could be certified as 
acceptable. In this manner, the specific damage could be analyzed in order 
to isolate the cause of the failure,whether materials, interface, design o r  
geometry. If complete assemblies were tested at high levels at the start of 
the program, the problems/€ailures could not be adequately separated, 
identified, and corrected. 
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SECTION I1 

END ITEM AMPLIFIER 

A. DESCRIPTION OF THE END ITEM (PROTOTYPE) AMPLIFIER 

The prototype amplifier consists of two RF components: 1) t raveling-wave tube 
amplifier, and 2) a combined band reject and harmonic filter. An integrated 
TWTA which includes the power supply, housing, and related hardware has not 
been defined at this time. Without a definition of the interfaces between the two 
RF  components, the impact development portion of the program has been restric- 
ted to determining the shock capability of the separate devices. 

The TWT, Watkins-Johnson Company Model WJ-398 , is a medium-power, 
periodic-permanent-magnet focused tube which utilizes metal-ceramic construc- 
tion throughout. 
cubic inches and a long axis dimension of 11 inches. A photograph of the proto- 
type model TWT is shown in Pig. 1. 

The tube weighs 3.12 pounds, with a total containment volume of 60 

The RF filter, Rantec Corporation Model FS-607, combines both a band reject 
and low pass filter in  a common package, The filter weighs 0.53 ounces, with 
a total containment volume of 12.7 cubic inches and a long axis dimension of 
6.75 inches. A photograph of the prototype model filter is shown in  Fig. 2. 

B. 

C. 

PERFORMANCE OF THE AMPLIFIER 
- 

The principal acceptance test results for the TWT and filter are shown in Table I. 
The complete Watkins-Johnson Company acceptance test results, as well as 
the test sequence are shown in Appendix I. Additional acceptance 
testing will be conducted by the contracting agency at the Jet Propulsion Labora- 
tory; therefore, complete test results are not available at this time. 

Table I1 shows the performance of the prototype amplifier with respect to the 
specification requirements. 

DESCRIPTION O F  THE TRAVELING WAVE TUBE 

1. Performance of the TWT. The broadband performance characteristics of RF 
power output, saturation gain, and beam and overall efficiency for the TWT 
are shown in Fig. 3. As shown, the saturation power output is greater than 
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TABLE I 

END ITEM TWT AND FILTER * FINAL PERFORMANCE RESULTS 

Frequency 2300 MHz 

Power Output 

RF  Drive 

Primary Power 

Operating Input VSWR 

Minimum Power Output 
with 5:l Load 

Small Signal Noise Figure 

Weight: 

TWT 

Filter 

Total 

2 1.8 5 watts 

2.25 dBm (41.24 dB gain) 

75.19 watts (29.1% efficiency) 

1.30:l (1.45 max. ) 

42.9 dBm 

23.6 dB 

3.12 lbs. 

0.53 lbs. 

3.65 lbs. 

* WJ-398 SfN 4 traveling-wave tube and Rantec FS-607 S/N 11 
band reject and harmonic filter. 
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Parameter 

TABLE I1 

SPECIFICATION AND ACHIEVED PERFORmNCE 

Frequency range 

Power Output at Sat., CW 

RF Input at Sat. 

Input power (primary) 

Short term stability 

Long term stability 

Operating input VSWR 

Load VSWR 

Modulation bandwidth 

Phase jitter 

Noise figure 

Harmonic outputs 

spurious output 

Magnetic leakage 

Design Operating Life 

Specification Value* 

2290 - 2300 MHz 

20 watts min. 

18 dBm max. 

60 watts max. 

0.4 dB max. peak-peak 
variation in sat. gain 
within bandwidth DC-50 KHz 

0.5 dB max. decrease 
i n  sat. gain over 20,000 hrs. 

1.2:l max. 

5:l without instability or 
degradation of life of tube. 
Incident RF output power 
shall be plus 42 dBm min. 

0.3 dB max. variation of the 
phase modulation sidebands 
as the frequency of the modul- 
ating signal is varied from 10 Hz 
to 5 MHz with constant mod. index 

12' peak to peak max. 
during vibration: 30' max. 
peak to peak during shock 

35 dB max. 

30 dB below car r ie r  

- 155 dBm in any 20 Hz band 
between 2.108 GHz and 
2.128 GHz 

5 gamma max. measured 
at a distance of 3 feet 

20,000 hours 

- 8 -  

Measured Value 

Specification met 

Specification met 

Specification met, 
2.25 dBm 

75.19 watts 

To be evaluated at 
J P L  

To be evaluated at 
J P L  

1.45:l max. 

Specification met 
42.9 dBm min. 
power output 

To be evaluated at 
JPL 

To be evaluated at 
J P L  

Specification met, 

To be evaluated at 

23.6 dB 

J P L  

To be evaluated at 
JPL 

To be evaluated at 

To be evaluated at 
JPL 

JPL  



TABLE I1 (Continued) 

Parameter Specification Value* Measured Value 

Changing magnetic field 1/2 gamma max. variation at 
rate less than 60 cps measured 
at distance of 3 feet 

To be evaluated at 
J P L  

Weight 4.5 pounds max. Specification met, 
3 . 6 5  lbs. 

Packaging : 

RF connector OSM jack Specification met 
DC power connection 12 inch flying leads Specification met 
Volume Contained within r e  c t angula r Specification met, 

box of 250 cu. in., max. length 
of box less than 14 inches 11 in. long 

consisting of 145' C storage 
for period of 36 hours 

242 cu. in . ,  

Sterilization condition Non-operating: 3 cycles Specification met 

Critical Environments: ** 
Temperature - l o o  c to + 75O c Specification met 
High Impact 3 planes, 10,000 G, 1 ms To be evaluated at 

duration JPL. Engr. model 
TWT tested to 9500 G 
with little change i n  
performance. See 
Section 111 of this 
Report. Filter qual- 
ified to specification 
To be evaluated at 

JPL  
f 14 g, 3 axes, 5 min. Acceleration 

Vi bration 

Sine 

Complex 

f 1 .5  in., 1-4.4 cps 
3 g peak from 4.4 to 15 cps 

14 g r m s  noise 18 sec. To be evaluated at 
5.0 g rms  noise + 
2.0 g rms  sine,l5 - 40 cps 
9.0 g r m s  sine,40 - 2000 cps 
14 g rms  noise 18 sec 

To be evaluated at 
J P L  

J P L  

600 sec. 

* Jet Propulsion Laboratory Statement of Work, Contract 951287. 

** Per Jet Propulsion Laboratory Specification No. 30250B. 
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Fig. 3 -Performance characteristics of the WJ-398 SIN 4 traveling-wave tube. 
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21.6 watts over the frequency range from 2100 to 2400 MHz with 39.8 dB 
minimum gain and 30 percent minimum overall efficiency, including heater 
power. The beam efficiency is greater than 24 percent over the frequency 
range. Due to the mechanical design of the cathode structure for high impact 
capability, the heater power for this tube represents a significant percentage 
of the total primary power, Overall efficiency excluding heater power is 
31.8 percent minimum. 

The power transfer curve is shown in Fig, 4. It has the characteristic typ- 
ical of a TWT operated in  a high overvoltage condition where the saturation 
gain is greater than the small signal gain. The transfer characteristic has a 
broad plateau in power output with only a 0.5 dB decrease in power output for 
over 5.6 dB variation in  drive level. 

2. TWT Design Parameters. The parameters which describe the TWT design 
are listed in Table In. 

3. Physical Configuration. A photograph of the encapsulated tube is shown in 
Fig. 1. The flying leads shown in Fig. 1 are the anode, cathode, heater, 
helix, and collector connections to the tube. RF  terminals are OSM jack type 
connectors. The TWT is described in  detail in the following paragraphs. 

a. Mounting, Tube Capsule, and Encapsulation. The outline drawing for the 
TWT is shown in Fig. 5. 
sions as well as the requirements for mounting the tube to the baseplate. 
The close fitting recess in the mounting plate provides the necessary 
support for the tube during impact in directions parallel to the baseplate. 
Impacts away from the mounting plate are provided for by the use  of 
14 high tensile strength 1/4 inchx 28 Titanium bolts. 
does away with the need for matched machining of the baseplate and tube 
capsule - an intolerable situation from the standpoint of parts interchange- 
ability . 

The outline shows the important externaldimen- 

This mounting scheme 

Fig. 6 shows a photograph of an encapsulated WJ-398 which has been 
machined in half to show the assembly details. The electron gun and RF 
input connector are shown on the right and beam collector and RF output 
on the left; not included in the photograph are the high voltage leads 
which thread through the capsule top at both ends. 

- 11 - 



45 

4( 

3t 

31 

2 

2( 

Drop Less than 

-1 5 -10 -5 0 5 
RF Drive - dBm 

Frequency =2300 MHz 

0 

17840A 

Fig. 4 -Transfer characteristics of the WJ-398 S/N 4 traveling-wave tube. 
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TABLE I11 

TABULATION OF TYPICAL WJ-398 DESIGN PARAMETERS 

Frequency, fo 
Normalized circuit phase velocity, v/c 
Helix pitch 
Helix mean diameter, 2a 
Helix wire size 
Helix loss/wavelength , L/A g 
Barrel  I, D. to helix mean diameter ratio,  c/a 
Dielectric loading fpctor, DLF 
Normalized helix radius, y a  
Beam to helix diameter ratio, b/a 
Helix voltage, Vo 
Cathode current, Io 
Beam perveance, Po 
Beam current density, Jo 
Pierce gain parameter, C 
Space charge parameter, QC 
Interaction impedance, K 
Velocity parameter, b 

Electron Gun 

Gun perveance , lP 
Cathode loading, Jc 
Cathode diameter,  2rc 
Area convergence, Ac/Ab 

Cathode radius of curvature, rc 
Cathode half angle, 8 - 

Focusing * 

Magnet period, L 
Peak magnetic field, %k 
r1 /L 
r2 /rl 

R2 1% 
R1 /L 

dl /L 
d2 /L 

2300 MHz 
0.0562 
60 TPI 
0.091 in. 
0.005 x 0.010 in. tape 
0.2 0 dB/wavelengths 
1.76 
0.766 
0.99 radians 
0.41 
1487 volts 
60 mA 
1.05 x pervs. 
8.5 A/cm2 
0.122 
0.186 
171.2 ohm 
2.705 

0.69 x 10-6Zpervs. 
212 d / c m  
0.236 in. 
13.5 

0.329 in. 
2 lo 

0.206 in. 
980 gauss 
0.449 
1.95 
0.49 
2.06 
0.208 
0.403 

* J. E. Sterrett and H. Heffner, !'The Design of Periodic Magnetic Focusing 
Structures,!' Trans. of PGED, vol. ED-5, no. 1, Jan., 1958, pp. 35-42. 
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The tube is supported between the capsule halves with all gaps and voids 
filled with Stycast 2850GT, an epoxy casting resin. This material can 
fill voids and gaps as small as a few thousandths of an inch. The potting 
material has a low shear and tensile strength; however, its compression 
strength is high. The tube assembly is uniformly supported by the capsule 
and the potting material. 

The magnets used to focus the electron beam are made from platinum 
cobalt magnetic material - a very dense material. Ordinarily i f  the TWT 
were impacted in  the axial direction of the assembly, the combined weight 
of the magnets would be placed on the end pole piece. Such a s t ress  could 
not be supported without damage to the tube. 
ser ies  of ring shaped inserts which f i t  between the magnets and interlock- 
ing recesses in  the capsule bottom. When the voids are potted with Stycast 
resin, the weight of the magnets is evenly distributed to the capsule. 

This difficulty is overcome by a 

A number of section views a r e  also shown in Fig. 6. Section AA shows 
the encapsulation detail in the collector region. 
mounted between the capsule bottom and an enclosing cap. The gap between 
the collector and capsule parts (a few mils) is potted with Dow Corning 850 
silicone rubber. This material provides the needed heat transfer path and 
allows for any misalignment of capsule and tube parts due to machine tol- 
erances. 

The TWT collector is 

Section BB shows the encapsulation detail of the TWT body. For clarity 
the mounting plate and tie down bolts have been included to show the sup- 
port given to the assembly in all planes of shock. Note how the body of 
the TWT assembly is supported about its diameter - over the bottom half 
by the capsule, and over the top half by the capsule along two line contacts 
with the potting material completing the enclosure. The body cannot be 
supported directly by the capsule over the entire circumference due to the 
need for placing "magnet trimming shunts1' along the focusing structure. 

Section CC shows the details of the interlocking mechanism used to sup- 
port the TWT focusing magnets. Also shown i n  Section CC are the taper 
pins used to unite the capsule halves. There are a total of 22 pins which 
are fitted in  accurately matched machined holes in  the capsule halves. 
This interlocking scheme prevents relative movement between the capsule 
halves. The taper pin method provides assurance of support about the 
entire diameter of the pin. 
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Section DD shows the detail about the electron gun area of the assembly. 

A photograph of the capsule parts is shown in Fig. 7. Also shown in the 
photograph are samples of the mounting bolts, taper pins, and magnet sup- 
port sleeves. The capsule parts are machined from 7075-T651 aluminum 
material which has been thermally stress relieved during machining. This 
material combines high strength and elongation with low density. 

Fig. 8 shows a photograph of the TWT assembly, with magnets, mounted 
to the capsule bottom. 
In the foreground of Fig. 8 is the tube assembly as it appears prior to insert- 
ing magnets and encapsulation. The tube assembly is of all metal-ceramic con- 
struction and consists of the following three major regions: 1) Electron 
beam formation region, 2) interaction region including the RF coupling, slow 
wave, and beam focusing structure, and 3) the beam collecting region. 

The magnet support sleeves have not been mounted. 

b. Electron Gun. An expanded view of the electron gun of the tube is shown 
in Fig. 9. Also shown is the electron gun structure, the RF coupling and 
interaction geometry, and the P P M  focusing ar ray  and details of the inter- 
locking support scheme. 

The electron gun consists of the cathode and its supporting structure, focus- 
ing electrode, and anode structure. The header provides the vacuum seal 
and high voltage lead throughs. Individual subassemblies of the electron gun 
are packaged as a series of tightly fitted concentric cylinders for support in 
the radial direction. The cathode structure is brazed to the inner diameter 
of the focus electrode which in turn fits tightly within the inner diameter of 
the anode supporting ceramic. The combination fits tightly within the inner 
diameter of the outer shell. 

The structure is supported in  the axial direction by a number of stepped 
bearing surfaces. The anode structure is held between the shoulders in 
the outer shell; and the focus electrode with the cathode structure brazed 
in place is inserted into the anode structure with the header assembly, which 
is seated against the back side of the focus electrode, completing the support. 

With the exception of the supporting cones, the materials used throughout the 
gun structure are quite common to the vacuum tube industry. The cathode 
supporting cone is made from 0.003 inch Inconel 625 material, drawn into 
a frustrum of a cone. The heater lead cone is made from 0.002 inch 
Hastelloy alloy B material, also drawn into a frustrum of a cone. 
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Fig. 1 0  is an  exploded view of the electron gun structure showing some of 
the individual piece parts and the major subassemblies. Notice the two 
flat surfaces on the anode ceramic. These flats are what are shown in 
section view i n  Fig. 9. A section view located 90 degrees from these flats 
would better show the enclosure of the ceramic by the shoulders in  the 
outer shell. The anode electrode is made from relatively thin sheet mater- 
ial drawn to the dome shape shown in  Fig. 10. 

Fig. 11 shows the individual piece parts which make up the cathode and focus 
electrode assemblies. 

The uncoated surface of the oxide coated cathode has been roughened by 
having fine nickel powder sintered to the surface. This Ifnickelated sur- 
face" is required for adherence of the coating during high impact loading. 

c. - TWT Body Assembly. The TWT Body Assembly houses the helix inter- 
action circuit, the RF input and output couplers, and the beam focusing pole 
pieces. Fig. 12 is a sketch of the body assembly. Fig. 13 shows a break- 
down of the body assembly with its component parts. 

The input and output helix assemblies are made with 0.005 x 0.010 inch 
molybdenum tape which is glazed, turn by turn,  to three beryllium oxide 
wedge shaped ceramic supports. After applying the attenuator coating to 
the severed ends of the helices, the helices are inserted into the body 
tubing, which has been deformed in  a triangular manner to accept the larger 
helix assembly. The tubing is made from Hastelloy alloy C material, 
which retains its high strength at elevated temperatures, thus assuring 
the compressive forces on the helix assembly do not relax during the tube 
bakeout cycle. 

, 

The body tubing with the assembled circuits are brazed to their interfacing 
pole piece assembly, and the RF window and transmission line assemblies 
are brazed in place. The window-stripline subassembly can be seen i n  
Fig. 13 just above the gun pole piece assembly. This assembly brazes 
directly into the threaded window cups, and the end of the stripline is spot- 
welded onto the end of the helix tape. 

The RF stripline is supported by an outer conductor made from rectangu- 
lar waveguide, which has been broached down its small side to accommo- 
date the stripline ceramic supports. This geometry provides the needed 
transverse support for high impact. 
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The window-stripline combination is carefully designed to maintain a 50 ohm 
characteristic impedance right down to the first spread turn of the helix 
impedance transformer. The assembled window is designed to screw directly 
into the back of a specially adapted QSM connector, Fig. 9 shows the QSM 
connector parts and how they adapt to the TWT assembly. 

After the magnet pole pieces have been assembled on the body tubing, the two 
body subassemblies a r e  brazed together with an adapter cylinder. The pole 
pieces f i t  snugly to the body tubing so there is no tilting of the pole piece to 
degrade the beam focusing; however, they can slide to assure that the greater 
par t  of the weight of the magnets is supported by the capsule and not the tube. 

Fig. 14 shows a photograph of the end view of the helix wedge assembly 
mounted in the tube barrel with the pole pieces assembled: The wedge shape 
of the helix supporting ceramics reduces the dielectric loading without degrad- 
ing the heat transfer capability. The back surface of the wedge is a curved 
surface whose radius is less  than the radius of the body tubing, thus insuring 
uniform contact to the tubing. 

d. Collector Assembly. Fig. 15 is a view of Fig. 6 expanded in  the collector 
region showing the copper electrode, the cylindrical insulating ceramic and 
the interface to the TWT and the capsule. The capsule encloses the collector 
about its diameter, as described in a previous section, providing support and 
heat conduction to the baseplate. 

Fig. 16 is a photograph of the collector assembly showing the relationship of 
its parts. The metallized ceramic insulator serves the dual purpose of pro- 
viding the electrical insulation between the collector and ground and also the 
heat conduction path. The copper electrode is brazed to the entire inner dia- 
meter of the ceramic. At the left of the electrode is a part which is brazed 
to the inner diameter of the electrode (See Fig. 15) to protect the pinch-off 
from electron bombardment. 

4. Materials. The materials chosen for the manufacture of the TWT necessarily 
have to meet a number of requirements which are rarely found in  any one mater- 
ial. The following list describes the principal cri teria used in choosing the 
material (in order of importance): 
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0 compatibility with tube hard vacuum (internal parts only) 

0 compatibility with surrounding interfaces 

0 high strength and impact loading capability 

0 compatibility with other TWT operating environments 

0 high or  low thermal conductivity depending on application 

0 workability (machining, drawings etc. ) 

0 cost and availability 

0 low density 

Table IV shows a list of the materials used to manufacture the TWT. Also noted 
a r e  the manufacturers of the special materials labeled. Materials used in  the 
construction of the vacuum tube, with few exceptions, a r e  commion to the indus- 
try. 
along with a few of the materials used external to the tube warrant further dis- 
cussion. 

The exceptions are the Hastelloy alloys and Inconel 625. These alloys 

a. 

b. 

C. 

Hastelloy Alloy B. This alloy, which is used for the heater cone, is a 
nickel-base material alloyed with approximately 30 percent molybdenum, 
5 percent iron, and 2 percent cobalt. Other elements include chromium 
and silicon. It retains a high percentage of its tensile and yield strength 
at elevated temperatures to 700' C. 

Its thermal conductivity, electrical resistivity, and drawability, make 
it an excellent choice for the heater cone. 

Hastelloy Alloy C. 
15 percent chromium, and 4 percent tungsten as the alloying elements. 
Like alloy B, it retains its strength at elevated temperatures. 

This alloy is similar to alloy B with less  molybdenum, 

This alloy is used for the body tubing where high yield strength is required 
both at ambient conditions and at temperatures to 600 C. This property 
assures adequate locking forces on the helix assembly during and after 
processing the tube through high temperature bakeout. 

0 

Inconel 625. This alloy exhibitsgreat strength and toughness at temper- 
atures to 11000 C. The alloy derives its strength from the stiffening 
effect of molybdenum and columbium on its chromium matrix. 
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Like the Hastelloy alloys, Inconel 625 retains its strength at elevated 
temperatures; however, it is not an age hardenable material like the 
Hastelloys. 
thousands of hours at temperature. Age hardenable materials initially 
increase their strength properties with time at temperature. However, 
after 50 to 100 hours the strength may peak and begin to degrade. 

This means it can retain its high temperature strength after 

Inconel 625 has a slightly lower thermal conductivity than the Hastelloys, thus 
adding to its preferred use for the cathode support cone. 

d. D. C. 850 Silastic Rubber. D. C. 850 is a low viscosity material which 
has good dielectric properties, use temperature to 250' C, and has very 
little shrinkage during curing. 

The material meets the requirements of its application. as the encapsulant 
used in the TWT collector area. 

e. Stycast 2850 GT. This casting resin has excellent high temperature 
properties, high thermal conductivity, good adhesion to a wide range of 
materials, low thermal expansion coefficient, and low shrinkage during 
cure. In  addition, it provides excellent rigidity and strength. Stycast 
2850 GT is an excellent material for the varied requirements of a high 
impact TW T. 

D. DESCRIPTION OF THE FILTER 

1. Procurement. Watkins- Johnson Company subcontracted the development 
program to the Rantec Corporation for the output filter. They had 
previously developed a filter that met similar performance requirements but 
which had not been designed to meet the shock requirements. The filter 
development program consisted of an electrical and mechanical redesign, so 
that an insertion loss of 0.5 dB or  less could be maintained while meeting 
the 10,000 G shock requirement. 

The subcontract Specification and Statement of Work are shown in  
Appendix II. 

2, Performance of the Filter. The unit delivered to Watkins-Johnson Company 
was the FS-607 SIN 11 filter. Pr ior  to shipment to Watkins-Johnson Company, 
the filter was shock tested at the Jet Propulsion Laboratory to the qualification 
level of 10,000 G .  Fig. 2 shows a photograph of the unit after qualification 
tests. 
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Fig. 17 shows the post shock test VSWR, insertion loss, and stop band atten- 
uation data for the filter. Fig. 18 shows the fine spectrum response for the 
item. 

The complete Rantec Corpor d- tion Final Report, including Acceptance and 
Qualification Test results, is shown in Appendix III. 

3. Physical Configuration and General Design Aspects of the Filter. Fig. 19 
shows an outline drawing of the filter. The unit weighs less than 0 . 5 3  pounds 
and has a containment volume of less than 12.7 sq. in. As shown in Fig. 19, 
the mounting method and requirements are similar to those of the TWT. 

The filter is a combined low pass and band reject filter. 
cuit for the combined filter is shown in Fig. 20. It has seven (7) low pass 
7~ sections and six (6) rejection resonators. Fig. 21 shows a radiograph of 
the unit showing the physical configuration of the low pass sections and the 
rejection resonators. Lockable tuning screws are used to optimize the per- 
formance. 

The equivalent cir- 

4. Materials. A summary of the raw materials used in the manufacture of the 
filter is shown in  Table V. The materials used differ little from those listed 
for the TWT. 
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Rantcc No. 66245-32 

Frequency -GHz 

2.000 
2.075 
2.148 
2.180 
2.187 
2.192 
2.236 
2,270 
2.290 
2.300 
2.397 
2.420 
2.465 
2.520 
2.580 

’ 2.680 
2.760 
2.790 
2.815 
2.910 
3.010 

22 November 1966 

FS-607 SPECTRUM RESPONSE 
SIN 11 

Insertion Loss 
db Insertion Frequency-GHz 

db 

20 
86 
86 
30 
20 
10 

1.0 
0 . 5 ,  

. ,O.  25 

0.25 
0.5 
0.6 
0.3 
0.7 
0.3 
2.7 
b e 4  
3.0 

10  
20 
30 

3.160 
3.280 
3.540 
3.580 
3.730 
3.800 
5.400 
5.480 
5.625 
5.660 
5.670 
6.950 
6.970 
7.060 
7.160 
7.280 
9.280 
9.500 

10.500 
11.000 

40 
50 
60 
80 
70 
80 
80 

50 
25 
50 
80 
80 
50 
10.5 
50 
80. 
80 

8.0 
8.0 

80 

Fig. 18 - Reproduction of the Rantec Corp. qualification spectrum response test results. 
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Seven Low Pass 7~ Section r 
I 

Six Rejection Resonators 

18285 

Fig. 20 - Equivalent circuit for the FS-607 low pass and band reject filter. 
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Rantee NO. 66245-32 
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CALIBASAS, CALIFORNIA Mter High Impact - 25 October 1966 

+Z I. 
a) Side View 

TR-9 

22 Nokmber 1966 

+Y 

b) Top View 

Fig. 21 - Radiograph of the filter. 
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TABLE V 

SUMMARY OF RAW MATERIALS USED FOR THE RF FILTER 

Aluminum 

Beryllium Copper 

Epoxy (Ecco Bond 55) 

Gold 

Silver 

Stainless Steel (300 series) 

Stainless Steel (420) 

Teflon 
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SECTION 111 

ENGINEERING MODEL TWT DEVELOPMENT 

A. EVALUATION, INITIAL DESIGN AND APPROACH 

The initial evaluation of the development effort, preliminary design, and devel- 
opment approach taken are noted below. A clearer picture of the end item can be 
obtained it the development effort is understood in  view of the initial evaluation 
and design. 

The critical electrical characteristics of the components can be determined by an 
analysis of the system efficiency requirement. Specifications of 2 0 watts mini- 
mum power output from the filter with a limitation of 60 watts dc power input to 
the TWT under worst case conditions imposes very tight requirements on the total 
unit performance. Filter requirements which place a stop-band 162 MHz away 
from the pass band make a low pass band insertion loss difficult to obtain. Con- 
sultation with the Rantec Corporation, which manufactured a filter for J P L  with 
identical electrical characteristics, showed that they were able to build units with 
0.5 dB insertion loss in the pass band for  normally encountered shock 
environments. 
band insertion loss when the unit was ruggedized for 10,000 G shock. Their best 
estimate was that it would be less than 1. 0 dB,unless an electrical redesign were 
undertaken. Table VI illustrates the efficiency requirements for the TWT based 
upon filter losses of 0.5 dB and 1 .0  dB. In te rms  of TWT results achieved at the 
time the program began, the 42.0 percent efficiency required for the case of the 
1 .0  dB filter loss was beyond the state-of-the-art. The 37.4 percent efficiency 
required for the case of the 0.5 dB filter loss was barely within the state-of-the-art. 
This meant that as much effort as possible had to be made to further develop the 
filter to simultaneously provide no more than 0.5 dB insertion loss and 10,000 G 
shock capability. 

The general design of the WJ-398 was chosen from an existing tube, the WJ-274, 
which was developed for NASA, Langley Research Center, under Contract No. 
NAS1-3766. The WJ-274 is a 20 watt, S-band, lightweight, PPM focused tube 
with an overall efficiency in  the range from 35 to 41 percent with the collector 
depressed below helix potential. 
the design details and performance of the tube. 
Fig. 25 have been included to show the physical configuration of the WJ-274. 

They could not make an accurate estimate as to the pass 

The Final Report* of the NASA contract gives 
For  clarity, Fig. 22 through 

* Roberts, Lester A., '!The Design and Performance of a High Efficiency 
Traveling-Wave Tube, The WJ-274. I t  Final Report on Contract No. NAS1- 
3 7 66, Watkins- Johnson Company. 
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TABLE VI 

DETERMINATION OF SYSTEM EFFICIENCY REQUIREMENTS 

1. Maximum dc power input to tube 

Filter Loss 

1 .0  dB 0.5 dB 

6 0 watts 60 watts 

2. Minimum RF power out of filter 2 0 watts 20 watts 

3. Minimum RF power out of tube into filter 25.2 watts 22.4 watts 

4. Required minimum tube efficiency (3/1) 42.0% 37.4% 
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Several areas of the basic WJ-274 design had to be modified to meet the high shock 
requirement. The effects on these areas will be briefly pointed out below. 

1. Cathode Support and Electron Gun. Two factors influence the choice of the 
cathode support design. These lead to conflicting requirements - adequate 
mechanical support under impact conditions, and low heater power. A rigidly 
fixed cathode position with respect to the surrounding electrodes is very 
important to the proper functioning of the tube. However, stiffening the cath- 
ode support results in increased heat loss from the cathode. Since the heater 
power degrades the overall efficiency, it is desirable to keep the heater power 
to an absolute minimum. Table VII shows the requirements on the depressed 
efficiency of the tube for various values of heater power, Heater power 
requirements greater than 4 to 5 watts place a severe requirement on the tube 
performance. 

Several support schemes common to the tube industry include crossed insulat- 
ing rod support, "milk stool" platform, wire  suspension, and cylindrical 
support. However, each of these schemes is deficient i n  one o r  both of the 
requirements of high impact capability and low thermal loss. A support i n  the 
form of a truncated segment was chosen for the cathode supporting structure. 
This configuration has high geometrical strength. In addition, through proper 
choice of materials the thermal conduction loss can be minimized. The coated 
heater, like in  the WJ-274, is a flat ?lpancake'l design, and is potted in  place 
with sintered nickel powder, thereby assuring adequate support to the heater. 
A truncated cone was also chosen for the heater lead return to minimize any 
differential movement between the heater returns. 

The electron gun envelope was altered to provide a metal enclosure which 
rigidly supports the internal gun assembly. The metal envelope allows the 
outside of structure to be held at ground potential so that it can be directly 
supported by the surrounding capsule. 

2. Helix. In  modifying the helix design for high impact conditions, an attempt 
was made to minimize any degradation in interaction impedance, and heat 
dissipating properties of the helix. 

It is important to retain a high helix interaction impedance so that the design 
value of the gain parameter, C, can be achieved with a low beam admittance, 
Io /Vo,since a low beam admittance makes beam focusing easier. 
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TABLE VII 

DEPRESSED TUBE EFFICIENCY 
REQUIREMENT AS A FUNCTION O F  HEATER POWER 

Prf = 22.4 Watts 

(Including heater) = 60 Watts 'dc 

'Htr 

3.0 Watts 

4.0 

5.0 

6.0 

7.0 

8.0 

(excluding heater) Required Depressed 
'dc Efficiency 

57. 0 Watts 39.3 Percent 

56. 0 40.0 

55.0 40.7 

54.0 41.5 

53.0 42.3 

52.0 43.1 
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The high interaction impedance of the WJ-274 design is achieved by using a 
band center y a  of 0.95 and a dielectric loading factor (DLF) of 0.79 .  This 
relatively high DLF is obtained by using beryllium oxide wedges for the helix 
support. The lower dielectric constant of beryllia ceramic compared to the 
higher value of the more commonly used alumina ceramic leads to a consid- 
erable improvement in the DLF. It also performs an excellent job in  cooling 
the helix by its high thermal conductivity. The wedge shaped support rods 
further reduce the amount of dielectric material in close proximity to the helix, 
and thus helping to improve the DLF. 

There are three sources of helix heating in  a tube design such as this: 

a. 

b. 

RF losses in the output section, 

Current interception due to beam defocusing caused by beam 
expansion and velocity spread under saturated output conditions, and 

Reflected electrons from the collector which is operated at a 
lower potential than the helix. 

c. 

It is very important i n  a high efficiency tube to provide a high thermal conduc- 
tance from the helix so that it does not rise to excessive temperatures. 
Heating increases both the skin effect loss of the helix and the dielectric loss 
of the helix support and leads to power fade and loss  of efficiency. The beryl- 
lium oxide helix support, because of its high thermal conductivity, leads to a 
lower temperature difference between the helix and the vacuum envelope. 
Even more important is to provide a low thermal impedance across  the inter- 
face between the back of the wedge and the body wall. 
by providing superior surface contact between the wedge and the body, Accur- 
ate machined fits are used, and strong forces are applied across  this interface. 

This is accomplished 

The helix support chosen must properly support the helix in  order to prevent 
any relative motion between the helix and its support. Any motion would give 
local variation in  helix pitch and could seriously degrade both the power out- 
put and tube efficiency. 
since this leads to discontinuities which will cause regenerative effects. 

Furthermore, the dielectric support must not fracture 
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A more rugged helix configuration than the glazed, beryllium oxide (BeO) 
wedge supported structure was considered necessary. Several possible alter- 
natives were considered including heavier Be0 wedges or  rods, aluminum 
oxide material rather than BeO, or  a ceramic support which is metallized 
and brazed to the helix turns. 

Since each of the alternative methods listed degrade the interaction impedance 
and/or heat dissipation properties, it was important to thoroughly investigate 
these in order to minimize the adverse affects while providing the necessary 
high impact capability. 

3. RF Windows and Stripline. The capability of the RF window and the trans- 
mission line between the window and the helix to withstand high impacts was 
considered to be very good. The actual window is a conical ceramic which 
is metallized on the outside at the large diameter end and also on the outside 
at -the tip. This type of window is superior to the coaxial bead type in the 
method of sealing to the center conductor. The coaxial bead develops s t resses  
i n  the ceramic around the center conductor which create a tensile failure prob- 
ability i n  the weak ceramic. In the conical window, the sealing metal is on 
the outside of the cone (refer to Fig. 9) placing the ceramic under compression 
where it is strong. 

The transmission line consists of a stripline supported within a rectangular 
metal outer conductor. 
port. Since the stripline is supported along its entire length, there is no 
possibility of the center conductor moving under high impact shock. 

This is a very lightweight and strong mechanical sup- 

4. Ceramics. Various metallized ceramic parts are used on the tube to provide 
electrical insulation. If the impact s t resses  which a r e  placed on the ceramics 
lead to large shear or tensile forces, shattering or  crackingof theceramic could take 
place. To prevent this, the surrounding capsule of the tube must be made 
heavier and less flexible and the f i t  between the tube parts and the capsule made 
very close s o  that relative motion cannot take place. 

5. The Effect of Shock on the Magnets. There was no actual data of the effect of 
the high impact shock on permanent magnets of this type. All  conclusions were 
based upon speculation. The effect of shock is a re-ordering of the magnetic 
domains of the material and it may be assumed that demagnetization due to 
shock could be akin to the difficulty of demagnetizing the material by applying 
a reverse magnetic field. In this case, cobalt-platinum is the most difficult 
material to demagnetize because its coercive force is the highest of any per- 
manent magnet material known. It has a coercive force twice that of oriented 

- 48 - 



barium ferrite material which is the next best material. Based upon this rea- 
soning,it was felt that the cobalt-platinum material would be the least sensitive 
to demagnetization by shock of any of the permanent magnet materials. 

Meeting the required impact test  level was the major area of effort i n  the pro- 
gram. A thorough mathematical analysis of the dynamics of a 10,000 G shock 
pulse is impractical for such a device as a TWT. Such an analysis would have 
to consider the frequency domain response of the pulse and the corresponding 
response of the assembly under test. However, it is reasonable to assume 
since the peak loading is at w = 0, a static analysis is quite appropriate with 
firm consideration given to the lower resonant frequencies. Using this approach 
for the initial design, parts, materials, and interfaces were designed to with- 
stand the forces experienced during a constant deceleration of 10,000 G,with 
allowance for adequate safety margin. 

With the initial design, key units, such as the cathode support structure, were 
tested under statically loaded conditions to check the calculations. However, 
at that point, further design changes were principally determined by the empir- 
ical approach based on high impact tests. 

The development effort progressed from key parts, to minor subassemblies to 
major subassemblies, to the completed tube. Using this approach, the design 
of progressively larger elements of the TWT could be certified as acceptable. 
In  this manner, the specific damage could be analyzed in  order to isolate the 
cause of the failure whether materials, interface design, o r  geometry, If 
complete assemblies were tested at high levels at the start of the program, the 
problems/failures could not be adequately separated, identified, and corrected. 

B. HIGH IMPACT INVESTIGATION 

1. Impact Facility and Testing. The impact facility and the test  methods used 
a r e  pertinent to this report since they had a large influence on the design 
and development effort, 
by Section 355, Lunar Spacecraft Development Section, of the Jet Propulsion 
Laboratory, 

The high impact facility and testing was provided 

Fig. 26 is a diagram of one of the test  machines capable of providing near 
10,000 G impacts befmeen 0 . 5  and 1 . 0  ms duration depending on the payload. 
This device in effect is a massive slingshot and operates in  the same fashion. 
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Fig. 26 - General configuration of the JPL horizontal shock test machine (reproduced 
by permission of the contracting agency). 

Calibration: 

Vertical - 4,000 g’s/div. 
Horizontal - 0-5  ms/div. 

Fig. 27 - Typical shock test deceleration - time history for the shock test machine. 
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After  mounting the payload to the sled, the winch stretches the bungee cord to 
the required length; then the holding cable is severed releasing the sled. 
Impact magnitude, shape, and duration are determined by the combination of 
impact velocity (payload and pull back distance), payload weight, penetrating 
tool diameter, and absorbing material. Typical examples of impacts a r e  
8500 G, for a 15 pound payload, with an impact velocity of 162 ft/sec(llO miles/hr) 
and a deceleration distance of 0.575 inch; or  12,940 G, for a 2 . 5  pound payload, 
with an impact velocity of 175 ft/sec (120 miles/hr) and a deceleration distance 
of 0.441 inch. Fig. 27 shows an oscilloscope trace of a typical shock pulse. 
Notice while the average level is 9300 G, there can be peaks as high as 18, 000 G. 

The level of the shock pulse is determined by two methods, one providing acheck 
for the other. The actual pulse is displayed on an  oscilloscope using an  acceler- 
ometer mounted on the assembly from which the average level of the pulse is 
determined. The second method is a theoretical computation using the measured 
impact velocity and the deceleration distance (depth of cavity in copper block). 
The average level is computed using the expression 

2 

5.36 x 

v =impact velocity (ft/sec. ) 
V 

Impact Level = (G's) x = deceleration distance (inch) 

This expression assumes a constant deceleration (i. e. , a perfect rectangular 
pulse). Whenever the impact level is discussed in  this report, it is the average 
level found by averaging the peaks and valleys of the scope trace o r  the compu- 
tation. It does not refer to the peak level of the spikes i n  the pulse. 

Fig. 28 and Fig. 29 show various photographs of the shock test facility. 

To some extent the assembly mounting fixtures must be designed within the 
restrictions of the test machine on payload weight and dimensions. In design- 
ing the testing fixture for the various TWT subassemblies, efforts were made 
to minimize the influence of the fixture on the assembly during shock, that is, 
only the assembly was to be examined, It is important that the fixture does not 
have any weaknesses which could in turn damage the assembly under test. 

The approach taken for the TWT subassembly evaluations was to build test fix- 
tures which were in themselves very strong and free from deformation. The 
subassembly is rigidly potted with an epoxy material in a cavity machined 
deep within a block of aluminum. The fixtures were symmetrically designed 
so the principal planes of the assembly could be shock tested. For the case 
of the TWT assembly fixture, this rigidly potted philosophy could not be used 
since the TWT had to be evaluated mounted to a single surface. Since often 
there is a secondary impact directly to the fixture due to the wild whipping of 
the bungee cord after initial impact, it was important that all surfaces of the 
test assembly be enclosed o r  protected. 
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Fig. 30 shows a photograph of various test fixtures used for the TWT develop- 
ment. Fig. 31 shows the fixture for the TWT with the tube mounted for impact. 
Note how all of the fixtures completely surround and protect the specimen. 

The method used to analyze the results of the shock test is one of the difficult 
procedures to determine. It is important to use, when practical, non-destruc- 
tive tests so as not to confuse impact damage with the damage caused by 
dissecting and analyzing the assembly. Almost without exception, specimens 
were tested at increasingly higher levels successively checking the principal 
planes of orientation at each level. Before and after a series of impacts on an 
assembly, a complete set of diagnostic measurements were made on the speci- 
men. Between each impact, the specimen was examined and measurements 
made of a limited number of key parameters. Table VIII gives a summary 
list of the investigative tools and measurements used on the principal impact 
tests. 

The type of examination and measurement included visual, dimensional, radio- 
graphic (X-ray), electrical, and RF checks. A s  specimens were being manu- 
factured, careful records were kept of inprocess inspections and measurements 
i n  order to compare with post test examinations. 

2. High Impact Development Tests. Impact investigations were made on the 
following assemblies: 

a. Helix Assembly and Body Assembly Segments, 

b. Complete Body Assemblies, 

c. Electron Gun Assemblies (diodes), 

d. Collector Assembly, and 

e. Encapsulated TWT. 

Results of these investigations are described in the following paragraphs. 

a. Helix Assembly and Body Assembly Segments. Adequate support of the 
slow-wave circuit is dependent on the materials and the interface between 
the helix wire and the ceramic supports, as well as between the helix 
assembly and the vacuum envelope. Two experiments were formulated 
to determine first an acceptable helix assembly, and second an accept- 
able helix assembly enclosure. 
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Four helix assemblies and three body assembly segments were tested. 
Fig. 32 shows the basic configuration of the segments. 
samples were similar with the exception of the helix assemblies used. 
The third sample was a more complete body assembly taken from a 
WJ-274 tube. This assembly included the RF coupler assembly with the 
ceramic window, transmission line and helix matching transformer. All  
helix assemblies were locked in  the body assembly using the braze flow 
technique. The assembled helix and barrel is heated to alloy melting 
temperature allowing the material to flow between the barrel and the helix 
assembly. When cooled, the larger contraction rate of the metal barrel 
compresses the helix assembly providing the helix lock-in. 

Two of the test 

Test results of the impact investigation on these assemblies and the con- 
clusions reached are summarized in  Table IX. Fig. 33 shows a radio- 
graph of the body segments after the test ser ies  showing the damage exper- 
ienced during shock. 

b. Body Assembly. Impact studies were performed on two assembly designs. 
Fig. 12 shows the general geometry of the body assembly. Not shown in 
Fig. 12 a re  the RF connector adapters which were included in  the tests. 
Encapsulation details of the assembly showing the method used to support 
the magnets is shown in Fig. 34. 

A summary of the results for the assemblies tested and the conclusions 
reached a re  shown in Table X. 

Fig. 35 presents radiographs of designs No. 1 and No. 2 after the test 
ser ies  showing the resultant damage. Design No. 2, with only minor 
changes, was later shown to be adequate for the high impact requirements. 
A detailed description of this design can be found in  the section describ- 
ing the End Item TWT. 

c. Electron Gun. Prior to impact tests on the electron gun assembly, a 
number of static loading tests were performed on the cathode support cone. 
Results of the tests led to the use of a cone segment made from 0.002 
inch Hastelloy alloy B sheet drawn into the cone shape. 

Three diode designs were evaluated under impact conditions. With the 
exception of a few specific details such as cone material and parts con- 
figuration, the designs are similar to that described in  the section on the 
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. . - - - . - . . .. -. . . . . . . 

Sample 5 

Sample 6 

Sample 7 

Fig. 33 - Radiograph of body assembly segments taken after impact tests (focusing 
magnets have been removed). When impacted in the axial direction, the helix 
assembly in sample 7 broke free of the assembly. All samples separated at the 
pole piece body tubing interface indicating the inadequacy of the body support 
scheme. Spread turns shown in the right segment of sample 6 are  not a result 
of impact but are par t  of the impedance transformation to the helix. 
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Design No. 1 - Damage included gross movement of the helix assembly indicat- 
ing inadequacy of alloy lock-in technique and deformation of RF connector parts 
(non-detectable in  radiograph). Separated body and deformed barrel resulted 
during removal from fixture, not as result of impact. Damage to stripline 
assembly on right caused by shifted helix. No adverse effects of shock were 
detected in  the RF window-stripline a rea  o r  to the body/magnet supporting 
configuration. 

Design No. 2 - Damage occurred to helix turns in  the attenuator area (center). 
Second order changes were observed to the RF matches and the electrical resis- 
tance between the helix and body wall. 

Fig. 35 - Radiograph of body assemblies after impact tests. Focusing magnets 
have been removed. 
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End Item TWT. Only the significant design differences will be presented 
here. Fig, 36 shows the physical configuration of Design No, 1 and 
Fig, 37 the configuration of Design No, 2 and Design No. 3. These lftter 
two designs are the same with the exception of the method used to apply 
the cathode coating, 

Table XI gives a summary of the tests and analyses of the resulting dam- 
age observed, Failure areas and remarks have been labeled for cross 
reference in Fig, 36 and Fig, 37. Radiographs of the three diodes after 
shock tests a r e  shown in  Fig, 38, Fig, 39 and Fig, 40 respectively, 

The cathode cone design weakness was not detected until Designs No, 2 
and No. 3 were tested. Previous static tests on the cones had been suc- 
cessful; however, these preliminary investigations were npt equivalent 
to impact tests. Since the heater lead circuit of Design No. 1 was broken 
at a low impact level, the cathode was not at operating temperature when 
impacted at higher levels; thus, the inadequacy of the design was not 
determined during that test, 

d. Collector Assembly, The collector configuration tested is shown in 
Fig. 41. This assembly was undamaged after a test ser ies  of 12, 500 G 
i n  all planes, Details of the design are the same as described in the 
section on the End Item TWT, 

e, Impact Effects on Magnets, As part of the Body Assembly tests, the 
axial magnetic field of the focusing magnet stack was carefully measured. 
The platinum cobalt magnets i n  the configuration tested show no adverse 
effects o r  degradation in  field strength after impacts exceeding 13,000 G. 

f. TWT. One of the engineering model tubes, S/N 3, was fully encapsulated 
and shock tested, This tube incorporated the design modifications deter- 
mined from the subassembly shock tes ts  discussed in  previous paragraphs, 

Details of the capsule design and encapsulation are similar to that des- 
cribed for the End Item TWT, Fig, 42 shows a photograph of the capsule 
parts used for the TWT. 
aluminum alloy 357, 

capsule parts were made i n  cast form from 

Collector, body, and gun assembly designs were the same as described 
in  the previous paragraphs with little or  no changes, The gun assembly 
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Fig. 38 - Radiograph of Electron Gun Design No. 1 taken after impact tests. 
Assembly damage included cracked header ceramic breaking vacuum seal; broken 
anode ceramic and displaced anode electrode; displaced cathode assembly; change 
in cathode radius of curvature; loss of heater lead connection; and loss of cathode 
coating. 
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Fig. 39 - Radiograph of Electron Gun Design No. 2 taken after impact tests. 
Assembly damage included cracked heater ceramic; deformed cathode cone 
support; and deformed anode electrode (not visually detectable). 
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Fig. 40 - Radiograph of Electron Gun Design No. 3 taken after impact tests. 
Assembly damage included cracked heater ceramic; deformed cathode support 
cone; and chipped anode ceramic. 
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cathode support structure was modified to increase the cone strength. 
A short cone segment of the same material and thickness was spotwelded 
over the upper 40 percent of the base cone. This modification increased 
the effective cross section of the cone in the weak area without increas- 
ing the heat loss greatly. In addition, the anode electrode was changed 
to a dome structure to increase i ts  strength. 

Table X I I  shows the shock tests performed on the WJ-398 S/N 3 TWT and 
the relative values of several electrical and RF parameters. A summary 
of the test  results indicating the damage and test conclusions is shown in 
Table XIII. Mechanical damage to the tube capsule is shown in  Fig. 43 
and Fig. 44. Cathode cone damage can be seen in  the radiograph ofFig. 45. 

After the test series, the TWT was removed from the capsule and the elec- 
tron gun assembly removed for examination. 
was examined using X-rays. 
indicating the lack of any detectable damage. 

The remainder of the tube 
Fig. 46 shows a radiograph of the assembly 

Changes i n  tube RF performance were observed after Tests No. 4, 11, 12, 
and 13. Changes measured after Tests 4 and 11 were due to reduced beam 
current while performance changes measured after Tests 12 and 13 were 
attributed to altered beam optics. Careful analysis of the test data, X-ray 
photos, and dissected tube parts attributed the changes to a deformation 
in  the cathode supporting cone which altered the location of the cathode 
surface relative to the gun electrodes thus changing the gun perveance and 
emission characteristics. RF performance returned to near pre-test 
values when the beam current was increased to its nominal value by increas- 
ing the anode voltage. No damage to the slow-wave structure, beam focus- 
ing, beam collecting, o r  RF coupling structures, which could significantly 
alter the TWT performance, was detectable. 

Fig. 47 through Fig. 49 show performance results after the complete 
ser ies  of 15 high impact shocks. Only minor changes in  the RF match 
were observed. The input match i n  particular showed no change in the 
shape of the curve, indicating no alteration to the helix structure. The 
output shows small periodic changes in the VSWR pattern indicating pos- 
sibly a broken glaze fillet between the supporting wedge and the helix wire, 
o r  a cracked supporting wedge. Changes of this kind would have only 
second order effects on the overall performance of the TWT. 
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TABLE XI11 

SUMMARY O F  TWT SHOCK TEST RESULTS AND CONCLUSION 

Physical damage to assembly. 

1. Transverse crack in  capsule casting. 

2. 

3. 

4. 

Collector high voltage lead severed - caused by fixture. 

Indentation in  top of capsule - caused by defect i n  fixture. 

Capsule ends deformed in  longitudinal direction. 

5. Displaced cathode assembly (deformed cathode support). 

Test Conclusion. 

1. Capsule redesign required; change to stronger wrought 
material; alter pin location and thickness of end walls. 

2. Stronger cathode support required. 
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Fig. 47 - Comparison of the WJ-398 S / N  3 RF match after high impact series showing 
only minor changes in'VSWR. 
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2.1 2.2 2.3 2.4 2.5 2.6 2.0 
Frequency - GHz 

A - Performance before shock test series. 

B - After  test series with same operating voltages as rrArr. 

C - After test series with same operating voltages as rlArr 
except anode increased to give same beam current as rtArr. 

Fig. 48 - Performance comparison of WJ-398 S/N 3 after shock test series. 
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Fig. 49 - WJ-398 SIN 3 Power transfer characteristic comparison after high impact 
shock series. 
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The upper part  of Table XIV shows a performance comparison which 
would be of interest to the spacecraft mission engineer. The TWT is 
operating with fixed voltages and RF drive. While the power output is 
lower by 2 . 3  dB, the TWT is no longer drive to saturation. If the drive 
level had been set  at 10.1 dBm so the TWT was saturated at the same 
drive level in both cases, the power output would have been only 0.18 dB 
below the pretest value. The lower half shows the comparison with fixed 
drive and TWT voltages with the exception of the anode voltage which has 
been increased to give the same beam current. Note, even with the 
improperly generated electron beam, the TWT saturation performance 
is very nearly identical. 

In summary, the TWT after being subjected to a total of 15 high impacts 
including all six directions of orientation, was capable of very nearly 
identical performance. It should be noted, i n  an actual system only a 
single shock would be encountered. Damage which did occur included 
two items - tube capsule and cathode support structure, 

The capsule design was modified to use a high strength aluminum alloy in 
wrought form. In addition, the physical location of the taper pins was 
altered to increase the material thickness around the pins. Details of 
the modified design a re  discussed i n  the section describing the End Item 
TWT. 

Additional studies were made on the cathode cone support. An investiga- 
tion of a number of alternate materials was conducted as well as a re- 
evaluation of the heat treating procedure for Hastelloy alloy B material. 
The materials considered were Inconel 718, Inconel 625, and Renet 41. 
Both Inconel 718 and Renet 41 are age hardenable materials which means 
their strength characteristics are improved by aging at its precipitation 
temperature for a finite time such as 16 hours. However, in  some cases, 
the strength does not remain at its llhardenedll value but degrades over 
time at temperature. For this reason, these two materials were consid- 
e red undesirable. 

Table X V  gives a detailed description of the cathode cone assemblies 
tested under high G loading. Each assembly consisted of a cylindrical 
button made of 220 nickel which weighed 1.6 times the weight of the cathode 
assembly used in the traveling-wave tube, a support cone made of the 
material as noted i n  Table XV, and a cylindrical base to which the cone 
was mounted for testing. Since impact tests could not be economically 
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TABLE XIV 

WJ-398 S/N 3 PERFORMANCE COMPARISON 
AFTER SHOCK TEST SERIES 

~~ 

"TELEMETRY" DATA COMPARISON 

(Spacecraft Conditions Constant) 

Parameter 

Frequency 
Power Output 
Gain (Constant Drive = 6 . 9  dBm) 
Overall Efficiency 
DC Power 
TWT Input VSWR 
TWT Output VSWR 

Before Shock Series 

2 . 3  GHz 
43 .23  dBm = 21.05W 
3 6 . 3  dB 
25.6% 
82.4W 
1 . 3 9  
1.11 

After Total of 
15 Impacts 

2 . 3  GHz 
40 .92  dBm = 1 2 . 4 W  
34 dB 
--- 
7 3 . 3 w  
1 . 3 2  
1 . 1 3  

* Tube not driven to saturation. If increase drive to 10.1 dBm, saturated 
power output is 19 .1W - only 0 . 1 8  dB below pretest value for same drive. 

LABORATORY PERFORMANCE COMPARISON 

(Beam Current Constant) 

After Total of 
Parameter Before Shock Series 15 Impacts 

Saturation Power Output 
Saturation Gain 
Beam Efficiency 
Overall Efficiency 

4 3 . 2 3  dBm = 21.05W 43 .35  dBm = 21.6W 
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TABLE XV 

CATHODE CONE SHOCK TEST ASSEMBLIES 

SAMPLE 
CONE MATERIAL 

Hastelloy B 

Hastelloy B 

Hastelloy B 

Inconel 625 

Hastelloy B 

Hastelloy B 

Inconel 625 

Hastelloy B 

Inconel 625 

MATERIAL 
THICKNESS (Inches) 

0.002 

0.002 

0,002 With 0.002 Outer Cone 

0.002 

0.003 

0.003 

0.003 

0.004 

0.004 

HEAT 

I'REATMENT * 

1175 

980 

1175 

980 

1175 

980 

980 

1175 

980 

* 15 minutes wet H2, Rapid Cool 
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C. 

run under conditions duplicating the operating temperature of the TWT 
assembly, the tes t  cones were tested at room temperature. The increased 
mass of the button compensates for the reduced strength of the cone mater- 
ial at operating temperature and for the limitations of the shock test equip- 
ment. For example: the yield strength of Hastelloy B at 750 degrees C 
is 1.45 times lower than at 23 percent C and Inconel 625, 1.5 times lower. 
Thus, the 10,000 G pulse for  the TWT should be increased to 15,000 G 
for the cone assemblies; o r  since the test equipment cannot reach 15,000 G ,  
the mass of the button was increased with a 10,000 G shock pulse. 

Table XVI shows the results of the test, and Fig. 50 shows an X-ray photo- 
graph of the assemblies after test. A list of conclusions based on the test 
results as well as other influencing factors is shown in Table XVII. The 
0.003 inch Inconel 625 material annealed at 980 degrees C 
ferred material. 

is the pre- 

TEMPERATURE STENLIZATION 

The requirement that sterilization be accomplished by heating of the tube 
to 145 degrees C for a total period of 108 hours can have an appreciable 
effect upon the PPM focusing magnets. Based upon manufacturers data 
for the platinum-cobalt magnet material, the magnetic field strength would 
decrease with increasing time and temperature. Under sterilization condi- 
tions the magnetic field for platinum-cobalt i n  free space would decrease 
to 88 percent of the initial value. The effect of temperature on a magnet 
under the magnetic loading conditions found in  an actual PPM magnet stack 
had to be determined. 

A number of experiments were run to determine the effects of the sterilization 
condition on the magnetic field and to determine the final magnetic design. 
Degradation in magnetic field was found to be a function of the magnetic load- 
ing conditions and the previous state of the magnetic material. 

When a magnet stack similar to the geometry shown in Fig. 51, using magnets 
which had been saturated with a dc field and then demagnetized with a revers- 
ing polarity field, was measured, the average peak axial magnetic field degraded 
less  than 2 percent after three sterilization cycles. When a magnet stack us- 
ing magnets magnetized and demagnetized in  the same manner but tested in  a 
geometry similar to Fig. 52, there was an initial degradation after the first 
cycle of approximately 5 percent. If the magnets are saturated with a dc mag- 
netic field and not stabilized with a reversing field, when tested in  a stack 
similar to Fig. 52, the initial degradation increases to approximately 12 percent. 
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Comments 

1. 

2. 

3. 

4. 

5 .  

6. 

C onclu s i on 

TABLE XVII 

CONE ASSEMBLY TEST COMMENTS AND CONCLUSIONS 

Cones 6 and 7a gave the best results both visually and dimensionally. 

Cones 3a and 3b held up better than anticipated; however, investigation 
of the radiograph showed these items did not have the heavier button. 

Cones 8a and 8b showed greater damage than 6 and 7a. 

The use of a heavier button, to compensate for the reduced material 
strength at temperature, over s t resses  the base of the cone - where 
most cone damage occurred. 

Cold tests do not include influence of changes in elongation of material. 

"All else being equal" Inconel 625 is preferred to Hastelloy B since it 
is not an age hardenable material - strength may reduce with age at 
temperature. 

The preferred material is 0.003 inch thick Inconel 625 annealed at 98OoC in wet H2 
for 15 minutes with rapid cooling. 
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Fig. 52 -Beam focusing structure using pole pieces with a smaller outer diameter 
than the magnet. 
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D. 

The reverse polarity magnetic field accomplishes the same stabilization effect 
as the temperature cycle as long as the subsequent temperature range does 
not exceed the prestabilized range. 

The under cut pole piece geometry is necessary for the impacting support; 
moreover, it has the beneficial effect of increasing the axial field since the 
external leakage fields a re  reduced. Thus, the overall maximum magnetic 
field level can be increased to a level to compensate for the degradationexper- 
ienced during stabilization. 

Magnets are thus prestabilized using a reversing magnetizing field and then 
in  addition are temperature prestabilized on the TWT at 150 degrees for 36 
hours. 

Fig. 53 shows the helix interception a s  a function of depressed collector volt- 
age both before and after the tube is put through the temperature stabilization 
cycle. Helix current increased after the cycle but returned to values lower 
than the pre-cycle figures after readjusting the focusing, indicating the absolute 
magnitude of the magnetic field change only slightly. After these prestabiliza- 
tion procedures - reversing field and temperature - the TWT was encapsulated 
and the temperature sterilization cycle repeated. Helix interception after the 
cycle (without adjustment) was within 1 . 7  percent of its pre-cycle value. Tube 
S/N 4 - the End Item TWT - when processed in the same manner, showed similar 
results. RF performance was unchanged. 

ELECTRICAL DESIGNS 

During the program three TWT's, representing two different electrical 
designs, were manufacturered and tested. Both designs were based on 
the parent tubes, the WJ-274 and the WJ-274-1. Table XVnI shows the 
design parameters for these three tubes with the WJ-274-1, and the 
WJ-274 SIN 13 added as a reference. 

The performance characteristics versus frequency for the WJ-398 S/N 1 are 
shown in  Fig. 54. At 2300 MHz the tube delivers 22.4 watts with 41 dB gain 
and an overall efficiency including heater of 29.3 percent. 
which is of the same design as S/N 1 delivered 23 watts with 41 dB gain and 
32 percent overall efficiency. (Refer to Fig. 3). Fig. 55 shows the same 
characteristics for the WJ-398 S/N 1 with the helix voltage optimized for max- 
imum efficiency at each frequency. In this figure beam efficiency is presented 
rather than overall efficiency. As  shown in  the figures, the performance is 
optimum at a frequency between 2200 to 2300 MHz. Fig. 56 shows a compar- 
ison of the performance characteristics versus helix voltage for tubes S/N1 

The WJ-398 S/N 4 
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TABLE XVIII 

Tube 
Serial Number 

WJ-274-1 

WJ-274 S/N 13 

TUBE TO TUBE 
VARIATION IN DESIGN 

Helix TPI Active Helix Length 
Input Output Input Output 

54 60 2. 07" 2. 70'l 

Assembly discontinued in process. . . . . . . . . . . . . . . 
54 61.3,56 1.75" 2.46", 0.61" 

54 60 2. 07" 2. 70" 

54 60 

61.3 61.3,56 

1.2" 2. 70" 

1.75" 2.46", 0. 61" 
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Fig. 55 - Power output, gain, and beam efficiency characteristics for the WJ-398 S/N 1. 
Helix voltage optimized at each frequency. 
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, 

and S f N 3. 
Fig. 57. The WJ-398 SIN 1 has greater saturation gain due to the longer 
length and lower TPI of the input helix. 

The power transfer characteristics for the two tubes is shown in  

E. MAGNETIC LEAKAGE FIELD 

Early in the program, an encapsulated WJ-274-1 TWT was tested at the 
Jet Propulsion Laboratory facility to determine the magnetic leakage of 
a TWT which is magnetically similar to the then undeveloped WJ-398. 
The measured field at a distance of three feet had peak values of f 17, 
f 14, and f 1 gamma in  the three principal planes. Test data sheets of 
this test are shown i n  Appendix IV. 

Leakage fields can be reduced using magnetic shielding material. However, 
the properties of the materials are susceptible to modifications by large 
shock o r  other aging mechanisms; and stray magnetic fields from other sources 
can induce magnetism in the shield. Another approach to reducing the mag- 
netic fields at the location of sensitive instruments on the space craft isdirect  
magnetic field compensation. Compensation cannot be obtained for the total 
radiated magnetic field of the traveling-wave tube, but compensation at pre- 
ferred locations can be obtained. The compensating magnet material can be 
chosen to have the same temperature coefficient of magnetic field with tem- 
perature as the tube and compensation can be made to work over a wide tem- 
perature range. The use  of a redundant amplifier i n  the system would allow 
placement to give a magnetic field of the opposite polarity at the location of 
sensitive instruments. The advantage of field compensation techniques a re  
that the magnetic shields are eliminated entirely and the possibility of changes 
in magnetization of the shields at low level by stray magnetic fields is elim- 
inated. 

The WJ-398 design is magnetically similar to the WJ-274-1. 
length includes 68 platinum-cobalt ring magnets compared to 58 for the 
WJ-274-1. However, the leakage field does not increase proportionately since 
adjacent magnets tend to cancel one another. In addition, the pole pieces of 
the WJ-398 have been undercut relative to the magnet outer diameter. This 
has the beneficial effect of reducing the leakage fields. 

The total stack 

Throughout the design phase of the TWT, the magnetic leakage requirement 
was considered in  order to reduce the leakage fields. Only non magnetic 
materials were chosen except where magnetic materials were necessary for 
proper operation of the TWT. At  this time, magnetic leakage field measure- 
ments have not been made on the WJ-398 TWT. The prototype hardware is 
now being evaluated at the Jet Propulsion Laboratory. 

- 98 - 



RF Drive dBm 

Fig. 57 - Power transfer characteristics of the WJ-398 S/N 1 and WJ-398 S/N 3 TWT's. 
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F. Thermocouples, normally used to determine the cathode operating temp- 
erature on long life TWTfs, could not be used in  the WJ-398 due to the high 
impact requirements. Nevertheless, knowledge of the cathode operating 
temperature is important to determining the life expectancy of this tube. 
The rate of reduction of the barium oxide molecule to the metal barium 
which is responsible for the low work function of the oxide cathode, is depen- 
dent on the cathode temperature. The optimum operating temperature for 
a TWT of this type is between 720 degrees to 740 degrees C. One method 
of determining the cathode temperature without the use of thermocouples is 
to determine the correlation between the cathode temperature and heater 
characteristics of the TWT with similar data obtainable during the manu- 
facture of the TWT. 

During the manufacturing phase, every cathode focus electrode assembly is 
vacuum fired using RF heating with the help of the filament power. After  
this procedure, the assembly is cooled to room temperature and the cathode 
heated to operating temperature using the heater power alone. At this point, 
the temperature can be measured optically as a function of filament power. 
If a test diode, which is identical to the TWT geometry so that the thermal 
losses of the heater a r e  the same as in the completed tube, is then tested, 
the true cathode temperature of the TWT can also be determined. 

After the correlation factor is determined, the cathode temperature of future 
tubes can be determined by correcting the temperature measured during the 
vacuum firing procedure. Fig. 58 shows a plot of the true cathode tempera- 
ture (optically measured) versus applied heater power for the two cases of 
interest. Also shown i n  the resulting reduction factor used when the focus 
electrode assembly characteristics have been determined to obtain the 
cathode temperature of the complete TWT assembly. 

When a given focus electrode assembly is placed in  the TWT, the cathode 
operating temperature can be approximated by reducing the Tcath vs  Phtr 
curve obtained during the vacuum firing operation by the factor shown in  
Fig. 58. The temperature is only approximate to the extent of the tube to 
tube variations in  the effective thermal path from the focus electrode to the 
outer surface of the TWT envelope. 

The data shown in Fig. 58 is for a structure like that used in Tube S/N 3. 
However, the cathode support cone has since been modified to a single cone 
made from Inconel 625. Therefore, the data of Fig. 58 is not directly appli- 
cable to the prototype tube. An additional correlation experiment must be 
performed before any flight units are manufactured. 
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SECTION IV 

TWT RELIABILITY AND LIFE 

The inherent reliability of the traveling-wave tube amplifier is determined by the 
design of the two necessary constituent components - the traveling-wave tube and 
the output filter. 

A reliability analysis has been performed by the supplier for the filter which shows 
an in-service MTBF of 11, 000,000 hours. Due to the highly passive nature of this 
component, the lack of significant environmental test data and more importantly 
adequate failure mode criteria, no further theoretical analysis is deemed possible. 
Coupled with this information.should be considered the fact that the active 
nature of the TWT makes the tube the limiting component with respect to the 
total amplifier reliability. 
solely with the traveling-wave tube reliability and life. 

Therefore, the remainder of this report concerns itself 

A. RELIABILITY OF THE TUBE 

Reliability of the tube is controlled by three basic aspects: 

1. Reliable design. 

2, Reliable construction. 

3. Testing of the finished units. 

1. Reliable design depends almost entirely on engineering experience in tube 
construction techniques and tube performance. Knowledge of tube perform- 
ance under vibrational and other physical stresses can lead to a design 
choice. Within a device as complicated as a traveling-wave tube there are 
many facets of construction which bear upon the ultimate reliability. They 
have to do with methods of metal joining, support techniques of hot and cold 
parts, insulation techniques and many others. A s  can be seen, these depend 
to a great extent upon the engineering experience of the designer. Many 
times choices are made that ultimately may not prove to be optimum. These 
faults can be revealed by thorough testing both from the electrical and environ- 
mental standpoint and by constructing many samples. 

2. Reliable construction is controlled by careful attention to high reliability and 
quality assurance procedures. It is Watkins-Johnson procedure to establish 
a tube construction and process control book for a tube at the completion of 
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the development phase. This book consists of complete assembly, sub- 
assembly and parts drawings, plus material lists and process control sheets. 
The book is so organized that by following its procedures step by step, the 
tube can be completely constructed and tested. 

In  addition to this, quality control sheets are generated for major subassem- 
bly operations. These sheets are so designed that critical steps and inspections 
must be done, and in most cases measured answers must be recorded. Each 
tube has a folder which accompanies it throughout the construction and test- 
ing phase and the quality control sheets a r e  kept in this. Process of such 
items as helix phase velocity, attenuation profile, cathode vacuum firing, and 
cathode breakdown, are included in  the folder. In the testing and final encap- 
sulation phase test data sheets a r e  filled out. In this way, it is assured that 
all required tests and measurements a r e  performed. 

Therefore, one can see that with the above type of documentation uged in the 
fabrication of the tube, careful records of each tube assembled are available. 
In  this way, repeatable performance is obtained; but more important, a detailed 
history of the fabrication of each tube is available and can be used to evaluate 
o r  predict its behavior. 

3. Final Quality Assurance Testing is performed on the units on a 100 percent 
basis to determine that no marginal or  defective unit is delivered to the cus- 
tomer. Throughout this testing phase, a complete running time log is main- 
tained. A typical sequence of tests is as follows: 

Pre-Encapsulation Test 

This test establishes the tube performance versus frequency, drive power, 
etc. 

Stabilization of Magnets 

The non-operating tube assembly is cycled through 150 degrees C for 36 hours 
minimum to assure that the magnetic field is stable. 

Encapsulation and Age 

After encapsulation, the tube is aged under full RF conditions for a total of 
300 hours minimum to assure full cathode activity and stability. 
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Pre-Environment Test 

This test is performed to establish data for comparison with post environ- 
ment tests. 

- Environment Tests 

a. 

b. 

C. 

d. 

Vi bration 

The tube is vibrated in two transverse and one longitudinal plane" over 
the vibration frequency range at some predetermined peak acceleration 
level which is chosen to pick out marginal tubes but which is not so 
large that the tubes can be damaged. 

Temperature Sterilization 

The tube is soaked, in a non-operating mode, at a temperature of 145 
degrees C for 36 to 40 hours to assure stable performance after the 
sterilization cycle. 

Temperature (as part of End Item Test) 

Power output tests are made and tube element currents are monitored 
for five temperatures: Room ambient, low temperature limit, room 
ambient, high temperature limit, and room ambient. 

Final Tests 

This test establishes the final performance of the deliverable tube and 
is compared with the pre-environment tests to determine i f  any gross 
performance changes have taken place. 

Fig. 59 shows the test  sequences for the WJ-398 TWT prior to acceptance 
testing with the filter. Each tube has 400 hours of operation before the 
final acceptance test is performed on the amplifier. In this way, marginal 
and early failures are rejected. During the test sequence, detailed docu- 
mentation of the performance of each tube is maintained. 

It is seen that the reliability of a tube is a function of many facets of design, 
controlled construction and quality assurance testing. It cannot be assumed 
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that just good electrical design will necessarily result in high reliability 
tubes being delivered to the customer. It takes a carefully planned sequence 
of the operations of construction and testing to guarantee a product with a 
high degree of reliability. 

B. TUBELIFE 

In a properly designed traveling-wave tube, tube life is determined by the wear- 
out life of the cathode. Experience has shown that the cathode life can be many 
tens of thousands of hours if a few simple precautions are followed, The three 
major precautions are: 

9 Maintenance of a very high vacuum throughout the life of the tube with 
freedom from poisoning agents, (I, e., mm Hg pressure), 

9 Prevention of ions in reaching the cathode from the helix and collector 
region by the simple expedient of operating the anode at a higher voltage 
and the collector at a lower voltage, than the helix. 

0 Controlling the reduction rate of the metal barium from the barium oxide 
coating of the cathode. 

When the first two factors are provided for, the third factor becomes the con- 
trolling item and will determine whether the cathode will continue to perform 
for only a few thousand hours or  for a life of over 100,000 hours. It is within 
the control of the tube designer to determine where within this wide range his 
tube will lie, 

1. Tube Cleanliness. The assembly techniques used to obtain ultra-clean 
tubes with good cathode "activity levelsff include the following operations: 

0 Selection of materials with low vapor pressures and free from 
contaminants, 

0 Rigorous parts and subassembly cleaning, 

0 Environmental control of the ultra-clean final assembly area, 

e Pre-exhaust vacuum processing, 

9 Controlled atmosphere brazing system, and 

0 Extensive high-temperature, double vacuum, bakeout including 
cathode conversion at the high temperature, 
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Al l  parts used in the tube a re  pre-cleaned using the normal degreasing 
and acid-etching techniques employed throughout the tube industry. After  
this operation, they a re  recleaned in a separate controlled atmosphere 
facility using deionized water and isopropyl alcohol with ultrasonic 
agitation. Mineral base acids and alkali solutions a re  prohibited in this 
facility . 
Subassemblies which can be cleaned after fabrication a re  done so in the 
special cleaning facility; subassemblies which are not cleanable a r e  built 
in the ultra-clean assembly benches which incorporates laminar flow filtered 
air. The a i r  in these benches is passed through absolute filters so that 
particles larger  than two (2) micron in size a re  essentially eliminated. The 
two (2) micron and larger particle count within these benches is less than 
6-2/3 particles per minute with a sampling rate of 100 cubic centimeters 
per minute. 

The cathode focus electrode assembly receives its own vacuum firing at 
temperatures up to 1000 degrees C in a sealed glass envelope prior to 
spraying the cathode and inserting the assembly into the gun stack. Imme- 
diately after breaking the glass vacuum envelope, the components a re  RF 
brazed in a controlled atmosphere. After  RF brazing, the a i r  in the tube 
is evacuated by an ion pump which is started by a cryogenic pump. The 
entire bakeout oven is also evacuated to limit the diffusion of gases through 
the walls of the tube which would result in a permeable gas within the tube. 
This diffusion of gases is quite large at the high bakeout temperature. Tests 
with appendage pumps on the tubes have shown that the pressure within the 
tube after the aforementioned assembly techniques and processing is consider- 
ably less  than 10-9 mm of mercury pressure. 

2, Ion Block. Ordinarily ions created in the helix region will be drawn to the 
lower potential of the cathode surfaces ultimately causing deactivation of 
the coating. The ions can be blocked from reaching the cathode by operating 
the anode at a slightly higher voltage than the helix and depressing the 
collector voltage. This drains the ions into the collector. In addition, the 
beam interception to the anode should be maintained at a low level to 
minimize ion formation in the cathode-anode region. 

The potential profile for the WJ-398 shows an anode operating 450 volts 
above and a collector 400 volts below the helix potential. Anode interception 
is less  than 80 microamps. 
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3. Controlling Reaction Rate of Barium. Aside from catastrophic failures, 
the most important parameter affecting life is the electron producing 
capability of the cathode or  the "activityff of the cathode. 
which are most important in  determining this level are: 

The parameters 

0 Cathode temperature, 

0 Cathode base material, 

0 Composition, density and thickness of cathode coating (BaO), 

0 Cathode current density, and 

0 Cathode environment. 

Of the various parameters listed that affect the ffactivityff level of a cathode, 
the cathode environment is the only one that is not directly amenable to 
measurement. The cathode temperature can be determined using the method 
described in  a previous section. 
erial can be minutely analyzed. 
of the cathode coating can be measured extremely accurately. Finally, 
from the cathode dimensions and beam current, the emission current den- 
sity can be determined. 

The composition of the cathode base mat- 
The composition, density, and thickness 

The cathode environment is a description of the amount and type of gases 
and ions which contact it during operation. This environment cannot be 
measured and will vary with different tube types. However, in terms of 
long life tubes, the goal for any type of tube envelope is to minimize the 
effect of this environment by minimizing the residual gas pressure and also 
excluding materials that are especially harmful to the cathode. 

It has been shown that the material responsible for the low work function 
of the surface of the oxide cathode is the metal barium. It is only neces- 
sa ry  to have a monomolecular layer of free barium on the surface of the 
cathode to achieve the low work function. 
barium oxide coating on the surface of the nickel cathode body. The barium 
is released by one of two means. The barium oxide molecule can be broken 
down either by electrolytic action or  by chemical reduction. 
means in  the situation under discussion is by chemical reduction. During 
electron emission, the BaO coating acts as an n-type, excess-impurity 

The source of the barium is the 

The principal 
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semiconductor, with the Ba as the impurity donor. These Ba donors are 
lost by evaporation and chemical reaction with gases and ions in  the tube. 
The continual replacement of these lost donors is essential to prevent 
decline of emission and subsequent failure of the tube. The production of 
the Ba donors is a result of chemical reaction between the BaO coating and 
certain impurities in the base nickel. These impurities are refered to as 
reducing agents. The reducing agent reacts with the BaO coating to form 
an impurity oxide. The chemical equation for this reaction is given in 
Equation (1). 

R + B a O  - R O + B a  (1) 

where 

R = reducing agent 

BaO = barium oxide. 

The impurity oxide is produced at the interface between the nickel base 
and the coating. 
BaO coating to maintain the desired donor level. 
as given in Equation (1) is very strong to the right side of the equation 
hence, the Ba production is determined by the diffusion rate of the reduc- 
ing agent. 

Free Ba atoms formed by this reaction diffuse into the 
The chemical reaction 

The diffusion rate of the reducing agent from the nickel core is determined 
by the type of reducing agent and cathode temperature. A cathode nickel 
containing a reducing agent with a high diffusion constant will produce more 
donors/sec as compared to one with a low diffusion constant. The cathode 
temperature is involved since the diffusion constant is dependent upon this 
temperature. Provided that a sufficient amount of reducing agent is avail- 
able in  the nickel core, then the end of tube life will occur when a substantial 
part  of the barium oxide coating is depleted. 
required value of the donor production rate is indirectly dependent upon the 
cathode current density. 
the required operating temperature, thus a larger donor production rate 
must be maintained. 

For sustained emission, the 

The higher the cathode current density, the higher 

The prototype tube design uses 220 nickel for the cathode button. Since 
this alloy contains varying amounts of the reducing agents, carbon, magne- 
sium, and silicon, fundamental studies of donor-production rates cannot 
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be conducted. 
by calculations. However, life test results on medium power and low noise 
TWTfs using 220 cathode nickel show long life capabilities in  the range from 
10,000 hours to 50,000 hours. The following is a brief summary of perti- 
nent life test results at Watkins-Johnson Company: 

Thus, the depletion rate of the coating cannot be predicted 

Medium Power Tubes 

The WJ-227 is a 10 watt, S band, PPM focused traveling-wave tube. A 
total of 10 tubes were placed on life test beginning on 2 October 1961. The 
results of this life test program has demonstrated that the MTBF of the 
WJ-227 is 42,100 hours. Cathode loading for the WJ-227 is approximately 
100 mA/cm2. 

The WJ-237 is a 2 .5  watt, 1.85 to 1 .95  GHz PPM focused traveling-wave 
tube. 
Syncom. One tube was placed on life test 11 September 1962. A s  of 24 
June 1966 this unit had accrued 31,241 running-time hours. Cathode load- 

2 ing is approximately 100 mA/cm . 

This tube was developed for NASA as a backup tube for Project 

Low Noise Amplifiers; Tubes and Power Sumlies 
(cathode loading considerably below 100 mA/cm2) 

The WJ-252 is a 1 . 2  to 1.4 GHz TWT. A total of seven tubes were placed 
on life test during the period 4 January 1963 to 10 June 1963. As of 12 
October 1967 five units have each accrued greater than 37,858 hours each 
with two of them in excess of 41, 558 hours. Based on life test data the 
following MTBF and Confidence factor can be computed: 

MTBF 

88,100 hours 

Confidence Factor 

50 percent 

44,400 hours 90 percent 

28,200 hours 99 percent 

The WJ-268 is 1 .0  to 2.0 GHz TWTA. One amplifier was placed on life 
test 25 August 1963. As of 12 October 1967 this unit was performing 
within specification and had accrued 36,015 running-time hours. 
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The WJ-269 is at 2.0 to 4.0 GHz TWTA. An amplifier placed on test 
11 June 1964 is performing in specification and has accrued 29,123 
running-time hours as of 12  October 1967. 

The WJ-271 is a 4.0 to 8.0 GHz TWTA. An amplifier placed on test 13 
September 1965 is performing in specification and has accrued 17,459 
running-time hours as of 12  October 1967. 

The WJ-276 is an 8 . 0  to 12.0 GHz TWTA. Two amplifiers have been 
placed on life test since 22 September 1964. As of 26 October 1967 these 
units have accrued a total of 46,957 running time hours. One unit has 
26, 942 hours to date. 

Cathode Design 

It is seen that for a long-life cathode design, the tube engineer must go 
through the following process: First, minimize cathode current density 
consistent with other good design practices. 
material with a reducing agent that is known to have good long life capa- 
bilities. Possibly the best example of this ultra pure nickel with a known 
single reducing additive of approximately 0 . 1  percent zirconium. Second, 
choose a cathode temperature which, from past experience, is compatible 
with the current density. From this temperature and cathode material 
chosen, it is now possible to calculate the diffusion rate of the reducing 
agent for various cathode thicknesses. This diffusion rate must be suf- 
ficient so that with the cathode temperature and current density chosen, 
the cathode is !'active!' 
tion rate of 1010 to 10f1 atoms/cm2- sec is sufficient to maintain "activity'? 
for a cathode loading of 200 mA/cm2. Finally, the maximum amount of 
barium oxide coating is desired. Depletion of this item must occur before 
the reducing agent is consumed. The maximum coating density and thick- 
ness is restricted based upon experience. Too thick o r  too dense a coat- 
ing will cause peeling o r  physical separation of the cathode and the coating. 
An optimum value for the coating seems to be 1.1 gm/cm3 density and 
0.0015 inches thick. 

Then, choose a cathode 

For example, Kern1 says that the donor produc- 

Predicting Cathode Coating Depletion for Ultra-Pure Zirconium-Doped Nickel 

To determine the cathode depletion, one must f i rs t  solve the equation for the 
diffusion of the reducing agent in the nickel core. Initially, the atoms of 
the reducing impurity are distributed uniformly throughout the nickel. 
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When the cathode is heated, the reducing impurity atoms react with the 
BaO at the interface of the coating and the nickel to form the impurity 
oxide and free barium, as mentioned earlier. 
atoms from the coated surface layer of the nickel creates a concentration 
gradient. A t  the elevated temperatures of the cathode, this gradient 
induces diffusion of the impurity atoms toward the depleted surface layer. 

The removal of impurity 

Calculations were made to predict the useful cathode life for the WJ-398 
design. The following assumptions were made in  the calculations: 

1. Barium oxide evaporation rate is negligible. 

2. A single reducing agent in  the ultra pure cathode base nickel. 

3. Carbon has been removed from the cathode nickel by proper wet 
hydrogen furnace firing. 

4. Cathode is unbounded in the y-z plane. 

The following parameters are given by the WJ-398 design: 

1. Cathode loading of 212 mA/cm2 . 
2. Cathode nickel thickness of 0.030 inches. 

3. Zirconium reducing agent content of 0.15 percent by weight. 

4. Cathode coating 1 .5  mils thick with a density of 1.1 gm/cm3. 

Fig. 60 shows the diffusion constant of zirconium through pure nickel as 
a function of temperature. The values were obtained from D. Maurer of 
Bell Telephone Laboratories in a telephone conversation with Dr. George 
Wada of Watkins-Johnson Company. Fig. 61 shows the time in hours for 
100 percent depletion of the cathode coating as a function of true cathode 
temperature. Notice on this figure that with a cathode temperature of 
720 degrees Cy total cathode coating depletion occurs after 114,000 hours. 
A t  a cathode temperature of 735 degrees C, total cathode coating depletion 
occurs at 90,000 hours. 
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Fig. 60 -Diffusion constant of zirconium through pure nickel versus true cathode 
temperature. 
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Fig. 61 -Time for 100 percent cathode coating depletion vs. cathode temperature. 
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Fig. 62 shows the arrival rate of the zirconium reducing agent to the 
cathode surface after 50,000 hours of tube operation, as a function of 
true cathode temperature in  degrees centigrade. In this calculation, the 
cathode temperature is held constant from time equal zero to 50,000 
hours. For example, if the cathode temperature is held at 720 degrees 
C, then after 50,000 hours the arrival rate will be 2 . 2  x 1O1O atoms/cm2- 
sec. If the cathode temperature was held at 750 degrees C, then after 
50, 000 hours, the arrival rate will be 2.15 x 1O1O atoms/cm2-sec. It 
should be pointed out that the donor production rate is twice that shown 
in Fig, 62 because of the chemical reaction: Z r  + 3 BaO =BaZr03 + 2 Ba 
Notice here that over the cathode temperature range of 720 to 750 degrees 
centigrade, after 50,000 hours the donor production rate is within the 
range specified by Kern . 1 

Finally, in  Fig. 63 is shown the percent of cathode coating depletion, after 
50,000 hours of tube life as a function of true cathode temperature. 
amount of cathode coating depletion that signifies end of life is a matter 
of debate. 

The 

Referring back to Fig. 61, Fig. 62 and Fig. 63, it is seen that the cathode 
temperature of 720 degrees C originally chosen, should provide life in 
excess of 50,000 hours. Fo r  example, the donor production rate after 
50, 000 hours operation is sufficient as illustrated in Fig. 62 and that only 
80 percent of the cathode coating will be depleted after this time. 

The previous calculations have to be extended due to the increase in the 
cathode thickness determined during development as necessary for the high 
impact requirement. 

Fig. 64 shows donor production rate, percentage zirconium depletion, and 
percentage coating depletion as a function of cathode thickness. The pro- 
totype design has  a cathode thickness of 0.050 inches. 

The results of these calculations are shown in Table XIX. As indicated 
on Table XIX, after the tube has operated for 50,000 hours, 91.5 
percent of the cathode coating will be depleted with the cathode at a tem- 
perature of 735 degrees C. Also, at the end of this time, 45 percent of 
the zirconium additive in the base nickel would have been consumed and 
the donor production rate would be 5.3 x l o l o  atoms/cm2-sec. As men- 
tioned previously, a donor production rate of 1O1O to atoms/cm2-sec. 
is required for sustaining emission for this cathode loading. Therefore, 
by these calculations the WJ-398,using 0.15 percent zirconium doped high 
purity nicke1,should have a useful life of at least 50,000 hours. 

1H. E. Kern, "Research on Oxide-Coated Cathodes'", Bell Telephone Laboratories 
Record, Dec. 1960. - 115 - 
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Fig. 62 - Arrival rate of zirconium reducing agent to the cathode surface as a 
function of cathode temperature, in OC, after 50,000 hours of life. In this calculation 
the cathode temperature is held constant from time equal zero to 50,000 hours. 
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Fig.63 - Cathode coating depletion vs. cathode temperature after 50,000 hours 
for the WJ-251 TWT. 

- 117 - 
15133 

- - I 



10 20 30 40 50 60 70 80 

Cathode Thickness in Mils 
Fig. 64 - Donor production rate and zirconium and coating depletion rates as a function 
of cathode thickness for the WJ-398’design after 50,000 hours of life at 735O C. Cathode 
nickel is high purity 0.15 percent zirconium doped material. 
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TABLE XIX 

THE WJ-398 CATHODE CALCULATIONS 
(Using Zirconium Doped Ultra Pure Nickel) 

After 50, 000 hours of tube operation, the WJ-398 cathode would be in  the following 
condition: 

Cathode coating depletion 91.5 percent 

Zirconium additive depletion 45 percent 

Donor production rate 5.3 x l o l o  atorns/cm2/sec 

Above calculations are for a cathode temperature of 735 degrees centigrade. 
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SECTION V 

RECOMMENDATION FOR ADDITIONAL DEVELOPMENT 

A number of items discussed in  the previous sections of this report warrant additional 
study and development to either correct non-specification performance o r  improve 
the predictability of the life and shock capability of the design. 

Three recommendations for  additional study and development will be presented: 

1. Modify the helix design to improve the overall tube efficiency to 
greater than the specification requirement. 

Change the cathode material to ultra-pure nickel with a single 
additive agent of 0.15 percent zirconium. 

2.  

3. Evaluate a statistical sample of tubes to confirm the shock environ- 
ment capability of the design. 

1. High Efficiency Improvement. Concurrent with, o r  since, the high impact 
development, a number of traveling-wave tubes have been developed i n  the 
S-band area which have increased the efficiency state-of-the-art for space 
type hardware to greater than 40 percent. 

The WJ-274-6, which is electrically and dimensionally very similar to the 
WJ-398, has shown performance of 26 watts power output, with 42.3 per- 
cent overall efficiency including heater power. Table XX shows the final 
performance data of the WJ-274-6 S/N 3. This tube was delivered to the 
Je t  Propulsion Laboratory i n  December 1967. Other tube designs in the WJ-274 
family of tubes have demonstrated overall efficiencies as high as 44 percent 
at the 26 watt power level. These tube designs are entirely compatible with 
the existing WJ-398 physical geometry and high impact construction tech- 
nique s . 
Other tube types in  the S-band telemetry band have demonstrated overall 
efficiencies as high as 45 and 46 percent at the power levels between 50 
and 100 watts. 

The efficiency improvement development could be kept within the existing constraints 
of the WJ-398 high impact design without altering size, geometry or shock capability. 
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TABLE XX 

FINAL DATA 

2.10 

2.15 

2.20 

2.25 

2.30 

2.35 

2.40 

2.45 

2.50 

FOR THE 

WJ-274-6 S/N 3 TRAVELING-WAVE TUBE 

Saturation 

Current output Gain 
Helix Power Saturation 
-- 
(d) (Watts) (dB) 

8.6 

8.4 

8.2 

8.1 

8.1 

8.2 

8.2 

8.0 

7.4 

23.75 

24.30 

24.60 

24.85 

25.15 

26.00 

26.00 

25.15 

23.45 

28.65 

28.95 

28.30 

27.55 

26.90 

25.95 

24.65 

24.00 

22.70 

Overall 
Efficiency 

(%) 

38. 5 

39.4 

* 40.0 

40.4 

40.9 

42.3 

42.3 

41. 0 

38.4 
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2. High Purity Cathode Nickel. A s  discussed in  Section IV, the expected life 
of a traveling-wave tube using a 220 nickel cathode cannot be calculated 
because of the numerous impurity elements and various concentrations. 
Useful life must be determined by actual life test. Existing data indicates 
a useful life of between 10,000 and 40,000 hours. 

On the other hand, single-additive high-purity nickel such as 0.15 percent 
zirconium-doped nickel, has well known properties making life predictions 
calculable. A s  shown earlier, the WJ-398 design with a highpurity, 0.15 
percent zirconium-doped nickel has an expected life of approximately 50, 000 
hours. 

To take advantage of the predictable nature of the highpurity nickel, the 
WJ-398 design should be modified to include this material. 

3. Because of the unusual nature of the high 
impact environment, the WJ-398 design should be evaluated using a statis- 
tical sample rather than the usual single unit type approval. The sample 
should be manufactured under full quality assurance provisions and be large 
enough to give an acceptable confidence factor to the shock capability of the 
design. 
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APPENDIX I 

END ITEM ACCEPTANCE TEST SEQUENCE 
AND TEST RESULTS 



Nominal Performance 

4.405 

4.406 F i n a l  performance 

t 

t 
Y 
3 
D 
ill 

-1 

L 

X - 
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- 
X - 
X 

0 

f 

- 
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Fr: 
3 
C3 
3 

a 
10 
3 
4 

0 

t 

Figure 3 End Iten T e s t  Sequence . 
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A D S - 2 '  - x AMPLIFIER 
DATA SHEET 

MODEL NO wJ0398* 
SERIAL NO 4 

r---- I 

1 DATE 
I 

MEASUREMENTS I DATA SHEET ' PROCEDURE BY i 1 TEST i NUMBEB , PARAGRAPH i 1 
I 

CLCCT(I0N DKV- ELECTRONIC SVSTSYS 



DATA *SHEET 

I t 
Discrepancy 
Number Test Name 

Load VSU’R 

Power Con- 
sumption 

Input VSWR 

Discrepancy 

Exceeds spccification 
Spec: 60 watts 
Actual: 75. 19 watts inax. 
Exceeds spccification 
Spec: 1 .2 : l  
Actual: 1.4.7: 1 111m. 

. 

“ 

Disposit$.oI  

. - - ~ . .  

/Adjust Vc and 
rerun final per. 

! €0 rm ance 
I 
I 

! 

i 
Continue test 

*T 



TWT, Filter 
1 

AMP LI FI C R 

FAILURE-REPAIR HISTORY 

TFR 
NO. 

. - . . . _. - __.- 



AMPLIFIER 
DATA SHEET 

MODEL NOWJ 398 
SERIAL NO 11 

F i l t er  0.52 lba * 

Amplifier (total 3. G 5  IbS a 

above) 
$ 

4,s lb. max, 

2 .  P o s t - T e s t  Clleck 

Ins Dector : 

Date: I .. -. 

i 

\ 

607 



TWT, Filter 
1 I 

AMPLIFIER 
DATA .SHEET 

MODEL NO wJ-398 . . -  f 
SERIAL NO,. 4 11 

TFAVELJ'NG-WAVE TUBE VOLTAGES AND CURRENTS 

.. 

RF Drive: S u f f i c i e n t  to 
saturate tuba 

Anode: 1850 - 2 0 5 0 V d ~ C O - 0 . 5  a 
Helix: 1387 - 1587Vdc:0,2-9.0 n 
CollectorS87-1187 ?do: 48-61 ra 
Filarrtent: 4.5-5.5 Vdc: 0.7-1.0 

1 

i 
Vdci 0.0; InA ] 

Ydc 5::.  5 

. I 
i 
I 

NOPINAL, 1 CURRENTS 

?dcj 7 . 0  mA 

QA 
0. $4 A - _  - 'Jac 



--..-- 
!*IJ 398  E'S* 

4 11 

9 MODEL NO.- -; 

AHPLI FI C R 
QATA SHEET SERIAL NO H D S - L  N P  

RF Power Output: 43 dBm, 
( 2 9  w )  d n .  

RT T\river 18 dBm, max 

SF Frequency: Ao S p e c i f i e d  
W DPivet E U f  f i C i e J i t  t0 

saturate m p l i f i a  
YifT Voltages: P a r  DS-6 

___ . _-_ . . -_ - - - - 

j-- - -1 ._-. . _-  - - 

* 
I 
I 

t 
I 
i 

1 -,-. ~ _ - _ _  4 -  - . .  i I I 1 -__-__ ~ _ _ _ _  - _. -_ . 
See appropriate calibration trheet: f o r  convers ion from 
m o n i t o r  power to t r u e  power 

07  



TWT,Filtar 

MODEL NO- HJ. 398 F 
AMPLI FIT? 

DATA SHEET 

RF Frequency: 2300 MHa j 
RF Drive: As specif fed 
Voltages : P e r  DS-6 I saturation 

i 
i 

i Pi lament ... ! . ,.- 4.75 .. . . .- . I ... 
* Total , .  .._.__._..___.___I.___ .___.._” _-_-____*....-- . - .--,. -- - * _ _  . 



AMPLf FIER 
DATA SHEET 

MODEL N O . ! d L A U . E '  
SERIAL NO 4 I 

saturate TWT 

I 

Cold VS'tlrR 
(Ref. Gnly) 

. \  -.I.- 

2 2 9 0  

2 2 9 5  

2 300 

1.18 

1 .20  

1 .30  
* 

0 7  



AMP LI FI E R 
'DATA 8HEET 

Power Output; 43 dBm min 
i (1,281 load) 

SF Frequency: 2 3 0 0  MUz 

i 142 dRrn mfn 
K f  2r i iver  S u f f  i c i m t  to 

saturate tube 
T3'I' Voltages: Per DS-6 :I h o d )  
Load: As specified 

i 

.. _. -. _. - _-.- *- .. .I .. ---I. " i - 
1 

2 i 
1 

KOTE: 
1nst:tbility corrected by increasing wllcctor voltage. After voltage 
adjust :ill post triii~)cr:tture nominal performance tests were repeated 

LCCCTRON O C V  
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l1 N P  - AMPLIFIER 
DATA SHCET 

MODEL NO- WJ 398 FS 
SERIAL NO 1 :  

TEST C O N D I T I O N S  SPECIFICATION LIMIT 

RF Frequency8 2 3 0 0  Hf.Iz 
RF Drfve: Sufficient to 

incrcaoe receiver 
output by 3.0 dB 
above no d r i v e  i condi t ions  

35 dB max 

-I 

- 
- 
) TWT Voltages: P e r  DS-6 

i 
I RI’ Frequency Generator Naf se 

(MHZ) Level (dSm1 Figure (dB) 
t 

I 
2 300 86.9 23.58 

t I I 

?i 

* Noise f i g u r e  is c a l c u l a t e d  as f o l l o w s :  

Where * 
= Generator Level i n  dBrn 
= Loss of i n p u t  cable in dB = -0.95 dB 

cbw a 10 Log B = 4.47 dB 
B = Receiver Bandwidth i n  b!c. = 2.8 R2c 

;t’xF) 
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1. CONTRACTOR REQWIXEVtENTS 

1.1 H t w d ~ 8 r 8 :  Tho omtrrot #hall dorign, f8brio.k aad tort: 

b. Throe (8) ..oh BBHP, producrticm Ildodslr, in raaordanaerith 
tho requiremanta rot forth hornin rad 8prlWlilo.ttra No. 1 ~ o o O O  
hersrftsr rdorrod to ar T h o  8pWiorticm1'. 

1.2 Dowmmtatlaq: The oantrrutor rhall: 

1. a. 2 QualltY Proma m P l q  Provide om (1) nproduclble capy ad tho 
Quality Program Plan gmerrkd frr tho porform.nol, of armgraph 4.1.1 sat forth in 
tho Bpeoiffaatlon with aoanplota inopeution proo.dunr for eulb faapeutfar 
during frbriaatloa of the deliverable flltorr. T!H Qwrllty P r o m  Plrn lm ta bm 
approved by Watlsfno-Johaooa Company before fabrlortian of thm filterr. 

1.2.8 Final Ouflfno Draw- Submit far approval am (1) reproduoiblo 
copy 04 the Finrl Outllno Drawing. Tho Ftnrl Outline Drawing tr to bo appmul by 
Watkfnr-Johuan Compmy befor8 irbrlo8tfon of tho produotion medol fflknr. u1 
change8 tn tho F'inal W i n o  Drvwhg nqUirv the prior 

All pa*, mrWria2o. drawings, fkbriuation px~medu191, e. 819 to b. under 
llCuatcmer Control" conditionr, md rclquire prior approvnl by Wat)char-Johnrar 
Company fer sll ahanger. 

d W8tkln8-~ohnran. 

1.2.4 
of ail tost rsoultr s;aemted in tho performmao aQ Psragmph 4.6. B and 4.6.91 ad tho 
8psoit1oatlon. 

Toot Results: PFOvlde on0 (1) flrpmcbcible and sfx (8) print oorpior 



2. Design Analyeis and Amwoval: Prior to tho Qwllflcation 8hwk Tert, a 
final derign revfuw dm11 lm hold by the aomtraetior rt the omtractor'i froility. mould 
Watkino-Johnem Company determine tho filkr Wl8 to rohiove tho rsquircansak 
fipwlflod, the contraator 8h.ll cmnduet 8 rcrdsrlgn effort to oorr8ot tho dsiioiamier 
revealed. W a ~ - J o b n r o n  Company approval of ~t roderip shall be r.qUiral prior 
to any further bbricaticm offwt. Approval or dir.pproval rWl be forwarded to the 
contrrator within tan (10) wozlclng dnys fram rocteipt of requeat. 

3. JPL Teet Fwifftlea: JPL will provide, at no oort to the C)tmtr8ctof, Ugh- 
impact tsottng fscilitles during the devolopmmt to arrlst tho aontnicrtor in dealping 
to meet the reqrriromonta of Paragraph 3.5.3 ob tho Speoifioatlon. The contr8ator will 
glve JPL ten (10) odmdar day@ advanes notice of raqulremontr for eaid JPL te8t 
facilities to allow necoesary preparation and amure availability. JPL will also furnibh 
one man wmek of con8ulting sorvicre with regard to high-impact caprblllty. 

4. F b a l  Aweptrooe: Final a c c t r p t e  ob rll iUm8 will be at Watklno-JobneOn 
Company, 3333 Hillviaw Avernu., Palo Alto, California. 

6. Delivery 8ohedda: Tho czontraotor r b l l  furnlsh and deliver the supplier 
and porform the servieos required by W e  6tatm.nt of Work, in roeorcianu6 with 
tha following eohedula - 

6.1 

6.2 

5.3 

6.4 

6.6. 

6.6. 

5.7. 

5.8 

8.9 

- Itme 
One (1) eaob BRHF, Qualifiuation 
Model, Paragraph 1. la 

One (1) .(rQb BBHF, Produotion 
Model , Parogreph 1. lb 

Two (8) raoh BBHP, Produation 
Model. , Paragraph 1. lb 

Prrlimlarry Outline Dnwlng, 
Psragraph 1.2.1 

ouarlty Prognam PLan, 
Paragraph 1.2. Z 

Final Outlina Drawing, 
Porpgraph 1.2.3 

Test Remrlts, Paragraph 1.2.4 

Deeign Analysim, Parqraph 2.0 

Delivery of Performance 
Not Later Thaa 

July 11, 1966 

August 29, 1966 

September 19, 1866 

1 
May 23, 1966 

May 30, 1968 

July 11, 1966 

With delivsnblo hrrdwaro 

Semi-monthly, by I&. and 
15tb ad eauh month 

Juno 0, 1966 
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1. SCOPE 

1.1 &ope: Thie 6psCifiCdOn deflnee the requiremswb for the design 
of a Band hject and Harmonic Filter (BRfIF') , hereinaffer referred ta ab filter 
or BRHF. 

2. APPLICABLE DOCUMENTS 

2.1 The folluwing documents of tha exact ieaua noted oon8titute a part 
of this specification to the extent ~pectfied herein. &odd umfiicting requirements 
erfst, the requirements of this specification shall govern. 

2.1.1 m- 
NPC-200-3 t~Ilrspactlw System Provieione for &mliere 

af @ace Materiala, Pa*, Components rad 
Servicesrt dated April 1962. 

"Quality RequiremenU for Had Soldering of 
Electrical Comctiastl, August 1964. 

NPC-200-4 

30250 B 8vEmrirunmentoll Speeificrth Mariner C Flight 
Equipment@'. 

m0I.s c Workmanship Requireaaenfs for Electronic 
Equipment" dated 8 F e b n u r g  1963. 

. .  

3. WUIREMENTS:  
A. 

3.1.1 Deecriptlon: The Reject a d  Ifammie Filter (BRBF) shall 

! 
coneiet of a eh@s Wegrated n~asembly. 

-, 



9.1.2 Application: The BRHF providea output filtering for a traveling- 
wave tube amplifier package capable of operating while being eubjected to a high 
impact such 88 could result from unmanned lunar and planetary landinge. 

3.2 Electrical Design: 

3.2.1 
CW at a frequency between 2.200 and 2.300 GHz. Maximum incident power tn the 
paes band is 26 watts. 

Power Capacity: The nominal incident R. F. power is 23 watta 

3.2.2 Laad VSWR: The maximum load VSWR will be 5:l. 

3.3 Mechanical Deaign: 

3.3.1 Magnetic Characteristics: 

3.3.1.1 Magnetic Leakage: If magnetic materials are a part of the unit, 
the BRHF shall not produce a static magnetic field with a magnitude greater than 
two (2) gamma when measured at a distance of three (3) feet. 

3.3.1.2 Changing Magnetic Fields: The magnetic field of the BRHF, if 
any, shall not change more than one-half (1/2) gamma when measured at a dietance 
of three (3) feet at a rate of lees than lsixty (60) cps. 

3.3.2 Operating Life: The BRHF shall be designed to achieve an 
life shall be considered operating life greater than 20,000 hours. Ope 

ended when the BRHF can no lonmr meet all of the requirements specified herein. 
The designed operating life shall be supported by analysis sufficient to satisfy 
Watkine-Johnson Company that the design requirement has been met. The analysis 
shall include, but not be limited to, analyses of known wearout mechanisms. 

3.3.3 Size and Weight: 

3.3.3.1 Maximum Allowable: The BRHF size and weight shall not exceed 
the following size and toto1 weight: 

Size: 

. Weight: 

6 in. x 3 in. x .94 in. 
(excluding connectors) 
16.0 ounces 

3.3.3.2 Design Objective: A design objective shall be to minimize the 
BRHF size and weight as epeeified m parag 



' 

3.3.4 Impedance: Nominal R. F. input and output impedance shall be 
50 ohms resistive, 

3.3.5 R. F. Connectors: The unit ehall be provided with R. F. input 
and output connectors an oppoeib end8 and parallel to the milk long dimension. 

Input: OSM Jack/Terminal 

output: 06M Jaek/Te&al 

3.3.6 Orientation: The unit shall be capable of operating in any position. 

3.3.7 Mounting: A single plane mounting surface shall be provided for 
mounting of the BRHF. This eurface ehall 6e one of the maximum area surfaces. 
Mounting hole configuration shall be consi~tent  with the requirements of the 
specification. 

3.3.8 Identification Marking: Identification marking shall be of a 
permanent type, euch 8s engraving, which will not be deatroyed by application 
and removal of various encapsulating materials and shall be located on the surface 
opposite the mounting eurfaee. Mentificatioa marking ehall include; 

a. Companyname 

b. Model number 
C. 

c. Serial number 

4 d. hput  and output terminal identification n 

3.4 Perhrrnance Characteristics: 

3.4.1 Pass Band: 

3.4.1.1 Frequency: 2.290 to 2.300 GHz 

3 .4 .1 .2  Ineertion Low: 0 .5  dB maximum 

3.4.1.2.1 Design Objective: A design objective shall be to minimize the 
pass band insertion loss. 

3.4.1.3 Inpu t and Out& VSWR: 1.2:1 maximum 

3.4.2 gtOp-Band: The mfnimum stapbaad attenuation shall be a8 
specified below and in Ngure 1. 
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3.4.2.1 Frequency: 2.108 to2.128 GHz 

3.4.2.1.1 Attenuation: 86 dB minimum 

3.4.2.2 FreqU8QOy: 4.580 to 4.600 GHZ 

3.4.2.2.1 Attenuation: 20 dB minimum 

3.4.2.3 Frequency: 6.870 to 6.900 GHz 

3.4.2.3.1 Attenuation: 12 dB minimum 

3.4.2.4 Frequency: 9.160 GHz to 9.200 GHz 

3.4.2.4.1 Attenuation: 5 dB minimum 

3 e S Environmental Conditions: 

rating Environment: The BRHF shall be cazabfe ob meeting 
0 

3.6.1 
all requirements spezfied herein at any tempeqture between -10 C and +75 C 
with any air pressure between sea level and 10- 
puwer (26 watts, CW). 

Hg. with full incident R. F. 

3.5.2 Sterilization Conditions: The BRHF shall be capable of meeting 
all requirements sgecified herein both before and after three (3) sterillzatlon cycles 
consisting of a 145 C storage for a period of thirty-eix (36) hours. 

3.5.3 High Impact fiequirements: The BRHF shall be capable of 
meeting all requirements specified herein both before and after six (6) 10,000 
*lG*' shocks of duration between one half (. 5) and me (1) millleecond one shock 
to be applied in each directim of three mutually perpendicular planes. 

3.6.4 Environmental Requirements: Tbe BRHF shall be capable of 
meeting all requirements specified berein while being subjected to  the environmental 
canditiools of JPL Specification No. 30250 B with full incident R. F. power (26 watts, 
cw). 

3.6 Workmaaship: As a minimum the contractorvs workmanship 
8pecifications shall be in accordance with Rantec Specification llWorkmanship 
Standardst", Revision dated 15 April 1966. 



3.7 Documentation Requ irements: 

3.7.1 Drawin~s: Engineering drawings shall be prepared in accordance 
with the etandard drafting practice6 of the contractor, with the exceptions apecified 
hereta.. 

a. The envelope and/or outline drawing eball reference t h i B  
specification number. 

b. The following paragraphs of JPL Specification No. 200SOA, 
"General Specification, Drawinge Standards Procedures, 
dated 4 March 1963 apply and are part of this specification: 
3.1.4, title block, 1.1.8 drawing change (including all 
subparagraphs, 3.2 submittal , release, and change procedures 
for contractor drawings (including aH subparagraphs), 4.1, 
4.2 and 6.2 definitions (including all sub-paragraphs). 

3.8 Reliability: The filter shall be designed such t h d  it will function 
sa intended during and after being mbjected to all environments specified herein. 

3.8.1 Hand &Mering: Hand mldering of electrical connections shall 
be in accordance with the praeedures and requirements of NPC200 4, llQuality 
Requirements for Hand Soldering of Electrical Connectionst1. 

4. Qualits. Assurance Provisions : 

4.1 General: The contractor ahall establish a Quality Program in 
accordance with NASA quality document NPC200-3, dated April 1962. In the 
implementation of NPC200-3, the eontractor shall include, but not be limited tro, 
the follawing: 

4.1.1 Quality Program Plan; This plan shall include actions to be 
taken not only during development but ale0 those planubd if a follow-on co&ract 
is awarded to pFoctnce hardware. 

4.1.2 Znstitu&e wd xmintain a system which will ansure maintenance 
of all R & D documentation to current program &atus. 

4.1.3 Install and maintain 8 ayetern which will record all tests and 
results thereof. 

4.1.4 Institute nnd maintain B system which will as8ure and 
document conformance of all materiale used to applicable specifications and 
drawings. The eyatem should document u w e  of any materials for which 
specifications do not exi& and record the selection process for same. 

L 



4.1.5 Institute a Material Review Board for the control of non- 
canforming materials and maintain reconie of MRB actione. 

4.2 Test. Conditioner: 

4.2.1 Test Environment: Unless otherwias Wecified herein, all 
tef3ts SWl be performed undarr &e folfowing conditions: 

a. Atmoepheric preamm: between 28 and 32 inchea of Mercury. 

b. Temperature: between plus 60QF (plus 15.6%) and plus 
98F @ius 35%). 

c. Humidity: Not to exceed 90%. 

4.2.2 Tolerances: The maximum allowable tolerances for specified 
test conditions during mviponmental testing are to be as listed below: 

a. Temperature: - + 5 O F  

+ 10% at room ambient - + 5OoJo at vacuum 
b. Atmospheric Pressure: - 

c. Relative Xumidtty: - + 5% 

d. Vibration Amplitude f s h ) :  + 10% 

e. Vibration Frequency (sine): 2 wo 
f. Gauseb Vibrstion Power 

Spectral Density (25 cps or narrower) 
- + IktS(5-2000 cpn) 

I , 

g. Shock: i) Average Amplitude: f. 10% 

b) Peak Amplitude: - + 35% of average amplitude 

c) Duration: +2wo 
-10% 

h, Acceleratinn Ampltbade: + 10% 
C. 

i. Test Duration: - 570 

SHEET 
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4.2.3 Test Equipment Calibration: All test measurements shall be made 
witb precieiar lab~ratOry hnetnunsatS whom aocuracy hur basa certified at intervals 
establiehed to ensure eoatlnnsd aecunwy and is t m d l e  t~ national etands~rde. 

4.2.4 Temperrtr;urs Stabilizatlon8: Temperature stabilleation shall be 
considered achieved whaa the temperature of any randomly picked point on the 
external surface of the bardware remains within 5 F degrees of the epecifled test 
temperature. 

4.4. 

4.5. 

4.5.1 

Classification of Teets: Inspection and testing shall be classified 

a. A c u m t m x s  Teak Ins;pecticm and functional tests performed 
on each deliverable filter. 

b. BMuf fcatim Test: Functional and environmental testa 
performed an the qualification model. 

inspection: The filter shall be for the applicable 
requirements listed below fa accordance with approved oontnrctor  standard^ 
and/or procedures. 

a. Completeness of product. 

b. Confon;nt~.~~e to drawings. 

8. 

d. Workmanship, assembly and fit. 

e. Materials, parts and finiah. 

f. Welded and/or soldered joints. 
c 

Acceptance Test Requirements: 

Test Procedure. The tance test procedure shall prok-de 
proceCtnne to demonstrate the deliverable filter'8 capability of meeting the require- 
meats of Paragraph 3.4, Performanoe Characteristics, and associated sub- 
paragraphs under nominal operating coL1cHtlms. 



4.6. P 
rhalf inolud.: 

As  a minimum, the mocrptmae test report 

a. Summary of inrpection infomation relevant to Paragraph 4.4 
herein. 

4.6.1 Tert Procedure: Tho qurWieatlon to& pmedure ehall provide 
procadurea to demonstrate the filter's crapabflity ob meeting the requlrmenta of 
Paragraph 8.4, Pcrformmcre Charaot~rfrties, and aesooirted subparagraphs under 
naxninal aperatlag oondlttonr before and after the mvl 
Paragraph 3.6.3, High hpaot Requirements. 

at81 aondltissl of 

Satisfaotory pmformmoo under the other rolvirsnmental requiremanta 
d Panrpph 3. S, and associated eubparagraphs shall be quaranteed by the Qontractor 
but need not be terted. 

4.6.2 &wrlfilcatim Test Re~ort: A Qualiffcatian Tert Report shall be 
prepared; and shall indude, but not limited to, test data, irregularitiee obesrvsd 
during test, teat r08ults, diecuesion and andyefo d fallure8, canclusionr and 
raoommendations. Sketchbe, graphs, ohartr phdagraph8, etc., shall be ino1ud.d 

part of the toat data aa sppllorble. 

8. Preparatlm for Delivery: 
c 

6.1 Pre@rmtion aad Pwkan ing. Preservauan md pro 
nrdtl&mt to insure safe MUvory. Contrretor's p 
love1 C proksppryr ahall be sufthient if it m.ek th 
aWe. 

5.2 be label& or etencilled 
for sbipmeat of Work. Tho package 
18b .U .hrll inoludo tb aontmt or pur8haoe crd8r number. 

e 
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APPENDIX 111 

RANTEC CORPORATION FINAL REPORT 



ranfec corpomfim cafahxas. cafl’fornlh 91302 
area code 213 387-58.6 

22 November 1966 
Rantec No. 66245-32 

Watkins -Jphnson Company 
3333 Hillview Avenue 
Stanford Industrial Park  
Palo Alto, California 94304 

Attention: Mr. E. Beckmeyer 

Subject : Test Results, Band Reject and Harmonic Fi l ter  

Reference: Watkins-Johnson P. 0. No. 51220 
Specification 120000 

Gentlemen: 

This is  the final report  to be  submitted in compliance with P a r a  1. 2.4 
of Watkins-Johnson Statement of Work No. 120000, Revision A. This 
report  includes all data pertaining to the acceptance and qualification 
tests. One (1) reproducible and six (6) print copies a r e  provided. 

The data is as follows: 

TR-1)  

TR-2) 
TR-3) 

TR -4) 

TR-5) 

TR-6) 

TR-6a) 

TR-7) 

TR-7a) 

TR-8) 

TR - 9) 

Assembly Display Band Reject and Harmonic Fi l ter  
Model FS-607 

Performance Test Report f o r  the FS-607 P r io r  to Qual Test  
FS-607 Fi l ter  X-ray before High Impact 

FS-607 Fi l ter  mounted in the shock fixture 

VSWR Measurement Set_up at  JPL 

VSWR Data before, during and after each impact (original) 

VSWR Data before, during and after each impact (retyped) 

Let ter  by JPL to Rantec regarding the final shock data 

High Impact Test  Data by JPL 

Performance Test Report fo r  the FS-607 Pos t  Qual Test  

FS-607 Fil ter  X - r a y  after high impact 



Watkins -Johns on Company 
22. November 1966 
Raiitec No. 66245-32 
Page 2 

TR-10) 

TR-11)  FS-607 Spectrum Response 

TR-12) FS-607 Spectrum Response mot  

FS-607 Filter Pass  Band Reflection plot 

During the Impact Tests, due to the shortage of bolts as specified on the 
Assembly Display drawing, one bolt was substituted by a bolt having markings 
"FL4 S, C, L. ' I  which apparently has higher strength than that specified. 
Due to the mounting configuration (filter recessed on the mounting plate), 
this substitution should not be of any consequence to the performed qualifi- 
cation test. 

Very  truly yours, 
RANTEC Division 
Emerson Electric Coo 

mk 

Attachments 

J. Puskorius 
P r o  j e ct En,' cJineer 
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‘* Rantec No. 66245-32 

--I.- 

JET PROI’ULSZON LABORATOlZY 

22 November 1966 

Cnlifornin Iiistitute of Technology 4SOO Oak Grove Drive, Pasndena, Cnliforiiin 71105 

17  November 1966 

- . . . . ._ .. .. . _ _  ._  .. _ .  . . . _ _  . . . - . . - -  . . . - . . . - .  

Rantec Corporat ion 
Calabasas ,  C a l i f o r n i a  

At ten t ion :  Jonas Puskorius  

Dear Jonas;  

Enclosed a r e  two copies  of t he  f i n a l  shock d a t a  f o r  the 
Photographs of the  f i l t e r  q u a l i f i c a t i o n  t e s t s  on 25 October 1966. 

shock wave shape have been added t o  th2 usua l  d a t a  format where 
such photographs a r e  a v a i l a b l e .  

WMH:at 

Enc Is. 

Sincere ly  yours ,  

W.  M. Holmes, Jr. 

TR-7  
Twx 213-459-2151 
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APPENDIX N 

MAGNETIC LEAKAGE FIELD TEST RESULTS 
FOR THE WJ-274-1 S/N 5 



Orientaxion 
for Pos, 2 

O r  i esra t ion 
for Pos. 3 

Distance I Equivalent 
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