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FOREWORD

""} The technical accomplishments of this program were largely by personnel at the
| General Electric Space Division. In addition, the harmonic filter (Section 5.2)
-"i and Diplexer (Section 5.4) were developed by C. C. Allen and J, Maurer of Gemeral
i Electric's Corporate Research and Development, assisted by R, L. Williams of the
! Heavy Military Electronic Equipment Department.
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SUMMARY

This program was to analyzo, design, and ovalute waveguide componentn at 12
CHz and 2.64 GHz for operation with a CW power laovol greater than 1 kW, in support
of a spaceborne high power microwave transmitter in googtationary orbit. The
objective was to include exrperimental verification of a reliable long 11{fe capa-
bility iu space, low loss and distortion for a high power signal, minimum weight
and slze, and direct applicability to a gpaceborne high power transmitter,

The design study included evaluations and concepts for harmonic filters,
power monitors for both forward and reverse power, & diplexer for two=channel
simultaneous transmission, thermal control, electrical breakdown sensors, & high
voltage DC waveguide blocking flenge, and the supporting areas of waveguide,
flanges, and rf seals. The assembly was to be of open construction to operate
as a high vacuum waveguide in space. The fabrication involved designs of opti-
mum components for each item, except that the high voltage DC blocking flange was
excluded. The components were assembled and tested in a high vacuum at high rf
power. Tests were at 8.36 GHz, the available test facility frequency, and extrap-
olation functions were derived to predict operation at the two design frequencies
of 12 and 2.64 GHz., Final testing was for rf leakage.

Conventional silver plated aluminum waveguide with miniature flanges and
soft aluminum gasket seals were found to be suftable for all cases except the
diplexer. The high voltage DC blocking flange was deleted because it can be
circunvented by simpler means, it would be a relatively weak element of the sys-
tem, and other problems present such as harmonic leakage greatly complicate the
entire approach. A unique leaky wall harmonic €ilter was developed, combining two
filter techniques for optimum performance. The forward power monitor was & rela-~
tively straightforward cross-guide coupler development; the reverse power monitor
had more severe requirements, including a reverse pewer measuring accuracy of 20%
with a VSWR of only 1.05, This was accomplished with a multi-aperture directional
coupler combined with very careful adjustment of the termination to optimize dir-
ectivity. The diplexer was fabricated of invar because of the extreme stability
required in its cavities. The diplexer was slightly overdesigned with respect
to bandwidth, but a resonance effect restricted its power capability: this would
be correc-ed in subsequent models.

A special breakdown test section permitted a high power evaluation of elec-
trical fault sensors in a vacuum environment. The results of the tests indicated
that three sensors should be used to observe the presence of either multipactor
breakdown or urcing; these were the reverse power monitor (VSWR indicator),
optical diodes to note visual arcing, and biased probes at points where multipact-
ing may occur to detect electron and ion flow. All three sensors were incorpor-
ated into the waveguide assembly.

Bench tests indicated a somewhat greater {nsertion loss than expected at
certain frequencies when the diplexer was used; without it, loss was less than
the specification. In a vacuum environment, the diplexer overheated, and the
resonance in the end irises was discovered. These irises were restricted to
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dlelectric loading 4n the design that evolved; & different approsch eliminating
tha diolectric to avoid the overheating has been auggested,

The waveguide assembly was tested at 3.5 kW (cwW) 61 hours with no indica-
tion of difficulties. Power was increased briefly to about 8 kW with only & small
accomparying increase in outgassing. A magnetic fleld was applied with no detect-
able effocts. The final test was for rf leak 3o. One of the flanges had some
leakage, indicating that the facing of the flanges prior to assembly is critical,
and should be performed very carefully. The other flanges, when carefully tight-
ened, had no detectable leakage at the «122 dB level the components were rf tight.

The general conclusions were that thé components as developed were appropri-
ate for a long life satellite system incorporating & high power transmitter. Scal-
ing of effects to 12 and 2.64 GHz showed they ghould both be acceptable frequencies
for adapting the 8.36 GHz components as developed. Specific recommendations for
the two design frequencies include design chénges for the diplexer to permit high
power operation, smaller harmonic filters and power monitors for the 2.64 GHz
case where size may be critical, and other techniques which could iuprove individ-
ual components. Mechanical testing and extended thermal testing to simulate
eclipse conditions are also recommmended for subsequent programs.
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SECTION I,  INTRODUCTION

1.1  BACKGROUND

This program is one of a number of feasibility studies being implemented to
evaluate high power radio frequency transmission problems and techniques from
satellite to earth, Specifically covered are the waveguide components for a high
power microwave transmitter. Typical applications are cormunications satellites
for voice and data communications. The results have a direct applicability to
future power microwave space transmitter systems.

The application of satellites for communication relays has been well demon~
strated by the INTELSAT series as well as by other similar satellites. However,
these required large and expensive ground stations as a consequence of the low
power transmitters used, up to a few watts. In addition the 4 GHz and 6 GHz banus
used are becoming crowded which makes the higher frequencies around 12 GHz more
attractive, particularly for domestic and special services. The 2,6 GHz region
has been identified as having potential for effective satellite systems, particu-
larly where costs and heavy rainfall are critical factors (ref.l), but again this
is a crowded area of the spectrum.

Canada is presently developing a 200 watt 12 GHz experimental satellite,
called the Communication Technology Satellite, which will provide basic experience
for developing this frequency region for higher power systems, Transmitter tubes
for supporting operation in this region also are being investigated on several
NASA Lewis Research Center contracts.

1,2 SCOPE OF EFFORT

This program was to analyze, design, and evaluate space-oriented waveguide
components applicable to frequencies from 2.6 to 12 GHz at a power level above one
kilowatt, in support of spaceborne high power microwave transmitters in geostation-
ary orbits, The general relationship of the rf subsystem to the overall satellite
system is shown in Figure 1.1,

The program was directed at the development of waveguide components required
in a high power satellite transmitter to insure continuous operation over a 5 year
1ife. The components specifically included in the program were:

Waveguide, Flanges, Gaskets, and Venting

Harmonic Filter

Power Monitors for Reflected and Transmitted Power

Diplexer = Two Channel

Mounting Plate for Thermal Control

Fault Sensors

Impedance Matching

High Voltage DC Isolation Flange (Analysis Phase = not fabricated)
Special Breakdown Test Section (for calibration only)
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FIGURE 1.1 Relation of Program to High Power
Satellite Transmitter System

Each of these items was analyzed and evaluated in terms of overall system require=
ments. The fabricated components were asgembled and tests performed to satisfy
the basic requirements for high power operation in the high vacuum euvironment of

space.

1,3 SYSTEM IMPLICATIONS

The primary purpose of the program was to develop and test appropriate wave-
guide components. Also important are the interfaces between the waveguide com=
ponents and the other parts of the satellite system where an interrelation exists.
Emphasis was placed on low weight and size, low loss, and high reliability which
are fundamental factors for any high power communication satellite system. The
electrical relations interfaces fundamental in achieving good performance include
the output power amplifier tube, antenna, and the protective control circuitry.

The thermal effects of the waveguide components are also of importance where a high
power transmitter's losses may create an overall thermal problem of a substantial

magnitude,
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1.4 APPLICABILITY TO OTHER SYSTEMS

The waveguide component designs can be extrapolated to othor froquencion by
direcct wavelength scaling in most cases. Performanca at other froquoncies 1s
predictable through the usc of scaling functions derived in this program, Specific
designs were developed for 2,64 and 12 GHz, the two required design froquencics,
and at 8.36 GHz which was the test frequency, used because of thc high power
avallability. The components are applicable in gemeral to any high power satellite
transmitter operating in the microwave frequeney spectrum and using waveguilde
transmission.

1.5 PURPOSE AND GENERAL REQUIREMENTS

This program was established to determine the feasibility, design, and
performance of vital waveguide components for future high power communication
type satellites. An initial experimental satellite is presently being
developed by Canada; it will include transmission gt the 200 watt CW level at 12
GHz. The objective power levels for some of the 12 GHz tubes now under development
by NASA are in the one to two kW range; the reference equivalent testing power
used in this program was 1.5 kW at 12 GHz. The component designs developed were to
be directly applicable to communications satellites of this or higher
powers. Performance predictions can be made for waveguide subsystems at frequen~
cies above 12 GHz if desired.

Results permit straightforward design and fabrication of components for a
selected frequency. In limited instances, normal manufacturing tolerances,
materials variations, and extreme theoretical complerity may necessitate some
design iterations, as exact designs are not possible, Means for handling these to
minimize additional engineering are defined in this report.

1.6 APPROACH AND PROCEDURES

The program was directed at tl.2 development of waveguide components for 12
and 2.64 GHz, possible frequencies for future high power communication satele
lites, Initial emphasis was placed on the 12 GHz band, but no high power test
source was available to evaluate waveguide components at that frequency. The
experimental assembly, therefore, was developed at 8.36 GHz where the combination
of a 5 kW source and & large vacuum chamber was available for environmental tests.
Analytical scaling for component designs at the two design frequencies is a part
of this program,

The approaches for individual components are directly related to requirements,
with a consideration for materials suitable for space systems. An anal ysis was
performed for predicted operation of each component, each was fabricated, and the
assembly was tested in a preliminary bench test at accomplish impedance matching.
The assembly was then run at high power in a high vacuum for 60 hours. Finally,
it was checked for possible rf leakage interference. The components were developed
to meet the specifications as 1isted in the next Section.
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SECTION II, SPECIFICATIONS AND CONSTRAINTS

2,1 SPECIFICATIONS

The requirements for the subsystem and its components are as follows:

Z2.1.,1 General

e Operate in a simulated space environment; subsystem to be capable of five
year life in geostartionary orbit while operating continuously at rated

power,
e Space Environment:

Utilize open comstruction (as opposed to pressurized sealed enc losure)

Materials must have negligible outgassing; multipactor breakdown may
require low Secondary emission waveguide walls.

One week dormancy in orbit before high power applied.

e Launch Environmanti

Shock = 30g for 8 msec.

Acceleration = 7g for all axes
RMS Vibration = 1lg from 10 to 60 Hz, 2g from 70 to 2000 Hz

Temperature = 323°K (50°C) ambient in satellite.
e Signals (frequency, bandwidth, power)

12 and 2.64 GHz design frequencies; experimental components at selected
{ntermediate frequency (used 8,36 GHz)

Bandwidth (no diplexer) = 0.5 GHz at 12 GHz
= 0,25 GHz at 2.64 GHz

Power = 1,5 kW maximum c¥ ,
Harmonics from power amplifier more than 20dB below fundamental

e Magnetic Field Environment
§4mulate leakage from magnetic field of TWT per Figure 2,1t

By = 5 X6 for 12 GHz

Bo = 1 KG for 2.64 GHz
Maximum required is equivalent to field at one waveguide width from TWT

= o
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FIGURE 2.1 Test Magnetic Field Distribution

e Temperature in Orbit

KG
KG

for 12 GHz
for 2.64GHz

Ambient in satellite nominally between 3139k (40°C) and 323°K (50°C)

In eclipse, may drop to 193°K (-800C) for ome hour.

Subsystem Operating Requirements

e Impedances, Input and Output

Match to WR75 for 12 GHz; to WR340 for 2.64 GHz
VSWR of sowce (tube) = 1,2 max,
VSWR of antenna line = 1,1 max.

e VSWR
Less than 1.05 at center frequency (matched load)

Less than 1.15 over band (per 2.l.1 above)
Second Harmonic: 1less than 1.5




B

0 Weight
Objeetivo! ~15.9 kg (35 pounds) at 12 GHe
;é ) <20.6 kg (45 pounds) at 2.64 GHe
| o 8ize

i Objoctive: <8194 em® (500 1n%) at 12 GHz
' «13,000 em® (800 in3) at 2,64 CHz

o Insartion Loss

Objective: 0.5 dB at carrier; «<0.3 dB (7%) variation over
bandwidth (less diplexer)
with diplexer, <1.5 dB at carrier (12 GHz)

o RF Leakage
Less than -80 dBw at design power level (1.5 kW)

o Venting

As required; TBD. ;

2,1.,3 Component Requitrements
e Waveguides and Flanges

As required to meet above subsystem specifications

3
o}
poos = A =

i ¢ High Voltage DC Isolation Flange

Insulation for 10 kV while conducting 1.5 kW rf power
Meet leakage specifications of Section 2.1,2 above -
(Note: this component not gabricated; see Sections 3.3.8 and 5.8) .

T ¢ Harmonic Filter Pt

Attenuation shall exceed: 30 dB at 2f o
20 dB at 3fc
10 dB at & and 5f¢

; VSWR at 2f, less than 1.5
o (Measurement required at 2f¢ only)

e Power Monitors

Forward Accuracy = 0.5 dB (11%)
Reflected Accuracy = 1.5 dB with directivity of about =51 dB at .
carrier and =41,8 dB across band V.




e Diploxor "

or » 0,75 kW in caeh port aimultancously
Bandpass charactoristic and igolation por Figuro 2,2 ’

2.1,4 Scaling of Sgociﬂicngiona to 8,36 GHz

All specifications were 1isted for 12 and 2.64 GHz} broadboarding and tosts
were performed at 8,36 Glz. For compatibility and interprotation of data, scaling
_ functions wete used to determine an equivalent specification at the test frequency
» ' to achieve the same performance as expacted from a 12 GHz component. Scaling is
3 discussed in Sections 3.2.3 and 5.9. These were used to derive some cquivalent

specifications as follows:

;! Powar capability = 1.5 kW in oither input port |
| H
]

e Bandwidth = 0,35 ¢Hz min at 8,36 GHz
N - Power = 1.6 kW min, (applies to long duration tests; other powers for break=
¥ down tests only)

Weight: between 15.9 Kg (35 1bs) and 20.6 Kg (45 1lbs) 3

Size: increases by about 50% in each dimension, or up to 27,850 em 3

Diplexer Bandpass: Scale from 12 GHz case = 105 MHz (1700 in?)

piplexer Insertion Loss: 0.66 + 0,16 dB

System Insertion Loss Without Diplexer: 0.4 + 0,25 dB
(Note the original specification was the same for both frequencies
considered, so this imposed requirement is the more severe of the two
cases)

Magnetic Field Environment: B, = 5 KG in Figure 2.1 ©

)
- .

Other specifications were the same for both frequencies, and the same values are
used for the 8,36 GHz test frequency.

2,2 TEST REQUIREMENTS AND CONSTRAINTS w

PP DR S S L

v Tests were to be performed at a convenient frequency between 5.5 and 12 GHz. o
B Power levels of more than 3 kW were desirable at the test frequemcy to show a L
U significant margin of capability. (For these tests, the facility was a 5 kW k D
' ‘ klystron at 8.36 GHz} standaxrd WR112 waveguide was used, and scaling factors

M developed to extrapolate performance to other frequencies with other waveguide
s . cross sections). The three major tests on the waveguide assembly were: #&

. Bench Tests = Matching and insertion loss tests, vacuum not required.
e Vacuum Tests = Breakdown, outgassing, and high-power loss tests; =~ followed .
-j-'J by a 60 hour run at rated or higher power (scaled as appropriate) . This N
- test was to determine loss factors, effectiveness of materials selection -
! and venting techniques, effect of a magnetic field on vacuum operacion,
breakdown tendencies, and all electrical performance data that may be

iy influenced by the environment.
Anechoic Chamber Tests = determine the rf leakage level of the fundamental

and second harmonic.

-

Test plans were required prior to developing the final rf components .

N B
Lo i 2
. e MR o
T T

Ry
L]
] TS

10
'




|
|
{
=
.
1
3
oY
L
>
i
!
{
e m -
‘Q-.-A.
‘Q
i

11

zox91d¥Id IO sjuowmaxnbay UOTIBTOSI puB ssedpueg  7°7 TNOI

A.nm! oa.v
HWA 0S1 .
Tl ZHH 0S1 IJ me-ll
. ap

; | 1°0¥
$S07
o e SSVdANVH

44 1# TAXTId1d

ap 0¢t-

C e a——

1# i 14

»{ZHH 0t

e T o At Al L e e I ' -
S ) , oo T - B S IR v C R | P
RIPE Mo B a7 E L e ol e amome e o ans b - .. e il b, _
¢ m oy T S T -



: }
f
2,3 FINAL DESTGN .
A dosign with drawinga and fabrication data is roqui.zad for each component. at t
cach of tho two selectad froquencios: 12 and 2,64 CHz. Thoso werao to be diract L
3 froquency translations, but includo suitablo variations whoro 8 direct 11l corre~ }
4 ! spondonéc doos not occur. Also, matorials dimonsions and standard parto do not |
=l noccasarily scale diroetly, and wore to be included appropriatoly in tho final
e dasigno.
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8ECTION ITT,  RESULTA

3,1 SUMMARY OF RRESULTS

Tho waveguido subsystom dovolopod, fabrieated, and tootod in tho program
gave oxeollont porformance, mooting or oxcooding spocifications} a minox axeoption
was tho diploxor which dovelopad a power=limiting stray rosomnanco which can bo
removed casily but there was insufficiont time on tho curront program to effoet a
fix, Component and asscmbly tosts werc gatisfactorily performod on the boneh, in
the vacuum chambexr, and in the rf loakage tests, The designs woro scaled for
fabrication at 12 and 2,64 GHz. Special design instructions are included for the
fow instances where a direct scaling might not provide correct operation, either
due to normal manufacturing tolerances or somc form of non=lincarity or dimension=
ing., The déviations are discussed in Section IV on Recommendations and in the
technical details of Sections V and VI.

The major requirements and results of the program are listed in Table 3.1.
The specific factors and component performances involved are discussed below.
The results indicate the approaches used were satisfactory, ard the designs which
evolved are directly applicable to space systems, The components included in the
program are adequate for a complete space transmitter; possibly an rf switeh may
have some utility and could be included in future programs.

Detailed components data is included in Section V. The effect of these
results in determining an optimum waveguide assembly are included there as well as
in Section VI on the assembly and testing.

3.2 WAVEGUIDE ASSEMBLY

3,2,1 Description of Waveguide Assembly

The waveguide assembly developed includes the geveral components listed in
the program scope in Section 1.2. The final assembly is in Figure 3.1, and a lay=
out sketch is in Figure 3.2. The complete assembly was developed using venting to
achieve an "open" configuration to insure that there can be no pressure buildup
should any of the materials in the assembly be a source of any outgassing.
Materials which outgas in a vacuum were carefully avoided, and all parts were
cleaned thoroughly before final assembly and placimg in the vacuum chamber, For
this program, baking was accomplished by rf heating in the preliminary tests;
deliberate baking would be advised before launch in an operational equipment.

With these precautions, no arcing forms of breakdown were expected in final testing,
and none were observed.

Analyses performed during the study indicated no expected source of multi=
pacting, which would only occur in a high vacuum within a certain range of rf power
for a given electrode configuration, operating voltage, and frequency. No special

13
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TARLY 3,1,

Subsystom Hoat Run

Insortion Less (loss diploxor)

Variation
VSWR (loss diploxer) = contor
= over band

Magnetic Field Effecct

Bandwidth = 12 GHz
- 8036 G'Hz
- 206 an
Power = 12 GHz

« gcaled to 8,36 GHz

Temperature

Harmonics = 2f,

Harmonic VSWR

Weight = 12 GHz 15.9 kg (35 1bs.)
- 8,36 GHz cnw
- 2,64 GHz 20.4 kg (45 1bs.)
Volume (with - 12.0 GHz | 8200 em® (500 in3)
mounting plate) - 8.36 Glie wam
RF Leakage = fundamental £ -80 dBwW

D, g ol A

Wavegulda Aubaystem Performanece

Campa: nnn‘Fra uane I I

no broakdown in
precence of field

500 MHz
(scales to 350 MHz)
250 MHz

105 kW max

to 2,75 kW (scales
differently for
different parameters)
in 323K (50°C) ambient

30 dB attentuation

1.5 at 2£f,

Oblasetiva Achtovomont
60 hours 61 hours
< 0,3 dB 0.3 dB
< %0,3 dB $0.2 dB
1,05 1,02% (cst.)
1,15 1,05%

verifiod no breakdown

500 MHz

3 kW for 60 hours,
to 8 kW for breakdown
evaluation

in 3230K (500C) ambient

60 dB TEjp
38 dB TEp1

1,12 worst case

Est. 1,63 kg (3.6 1bs.)
4,65 kg (10,25 1bs.)
Eet. 58 kg (128 1lbs.)

gst. 2210 em® (135 in.3)

6650 em3 (406 ind) (mo
external connections)

r~~ =90 dBW

% Measuring Equipment Accuracy = 1.02 at bend edges

Tuned to 1.00 at fo
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materials or teckniques were thus used or considered nocessary to praovont multie
pactor braakdown. Sansors for this type of breakdown were included in the diplexer
which was the only component having a high voltage field which might have caused a
breakdown. Appondix I further discusses broakdown prevention techniques, ghow.ld
some component in the future include a questionable regilon,

The components in Figures 3.1 and 3,2 showed separate power monitors for
forward and reverse power measurements; the latter provides a measurc of systom
VSWR, This approach was desirable because of substantially differing requirements
for forward and reversa power accuracy, and because reverse power should be measured
near the tréansmitter tube output while forward power is best measured
close to the antenna. Modifications of this arrangenent xay be desirable for any
specific individual transmitter syssem, The assembly shown is considered optimum
for a demonstration of waveguide couponeént techniques and performance capabilities.,
The components are mounted orn a 0.635 cm (1/4 inch) thick jig plate which is
somewhat heavier than would be required for space; a thinner meunting plate
would result in slightly higher component temperatures for a given average
radiation temperature, but the effect is not significant.

These and the other components will be described in more detail later in this
Section of the report. The harmonic filter may be omitted if'a diplexer is used
since the initial tests indicate the latter is an excellent harmonic filter, at
least for the 2nd harmonics in the basic modes, TE10 and TEg1. Optical diode arxc
sensors are shown at three points which are sufficient to see all parts of the sub~
system and to warn of any arcing. The input and output terminals were arranged
merely for the convenience of testing in this program, and a different orientation
may be required in a final system.

= Erus e

3.2.2 Performance of Waveguide Assembly

The performance of the waveguide assembly was assessed in three major tests:
bench testing to match the assembly for a low VSWR, a 60 hour run in a vacuum
chamber at high power, and a leakage test to insure an rf tight structure.

LA <

3,2,2-1 Bench Testing

Bench testing was to determine VSWR, insertion loss, and power monitor cali-
bration. The initial testing was performed without the diplexer, and only a small
matching iris was found to be required at the elbow below the harmonic filter to
achieve an excellent match. All other components had been individually corrected
for a matched load, and the resulting VSWR was below the measuring equipment
accuracy and well under that required by the specifications. The VSWR and loss
over the band are shown in Figure 3,3. After this tuning, the diplexer was added
and the resulting VSWR and loss were those shown in Figure 3.4. The increase in -
insertion loss is greater than that predicted from the component measurement. The
cause of the difference was not determined; the two measurements were made with |
dif ferent equipment at different locations. High power tests later confirmed a ¥
high loss but this was due to a substantial extent to the stray resonance which :
would be designed out of subsequent models. (Note that the diplexer met basic ’o-
VSWR and loss requirements over the region in the center of the bandpass in either ;
case, but should be better than specifications ultimately.) —
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Having completed thie hasic toats, the entire system was then placed in the
vacuum chamber for high power tosta.

3,2.2=2 Vacuum Chamber Teating

Water cooling was added to the bascplate to simulate the effects of radiating
heat to space (sce Section 5.5.1), Otherwise, the thermal loss of the plate would
be insufficient to maintain a reasonable temperature if only radiating to the room=
temperature chamber.

The initial test with the diplexer in place showed that the ends of the
diplexer tended to heat much more than expected although operation in air might be
acceptable with sufficient cooling. In the vacuum, the boron=nitride inserts in
the end irises of the diplexer (see Section 3.3.5 for description and purpose)
became red hot at about 300 watts CW, and the diplexer had to be removed., A stray
coaxial resonance mode appears to be responsible for the localized heating. The
rest of the system was operated about 8 hours over a three day interval in the
vacuum, and then the 60 hour test was run at a power level of 3.5 kW CW, twice
the minimum required power level. After the 60 hours were complete, the power was
elevated to about 8 kW with no difficulties except a small increase in outgassing.
Thus the major operational requirement was accomplished but without the diplexer in
the circuit. .

The vacuum levels were read with two gauges, one in the waveguide output port
at the exit from the chamber, and the other in the chamber wall, The readiags
indicated a slight leak probably existed at the waveguide window; pressures

measured were: Newton/m? (Torr)
Main tank pressure 0.67 x 10 0.5 x 10~
Waveguide open into tank 1.73 x 1074 (1.3 x 1079
Waveguide assembly attached, = no power 6.67 x 10"4 (5 x 10'6)
Waveguide at end of 60 hour run at 3.5kW 12.0 x 10"4 (9 x 10'6)

There is a little outgassing present, observable particularly if the power is
increased. The cooling also is increased to maintain a nearly constant temperature,
so the outgassing is localized and affected by thie power level, It is believed to
be largely due to the harmonic filter which was not baked prior to installation.,
These pressures, however, are three orders of magnitude below the critical arcover
pressure, so the overall results indicate a large breakdown safety margin. The
components therefore are suitable for a space application in their developed form.

The equipment was not baked prior to the vacuum test, so a significant amount
of outgassing occurred for the first couple of hours, in part from the metal
surfaces. This suggests that initial operation in space include a gradual increase
of tr .asmitter power, perhaps in 4 or 5 steps at an hour each, letting the transe
mitter provide the bake-out function for the surtace absorption. In the initial

rests, outgassing was generally held below 6.7 x 10°° N/m”~ (5 x 10" Torr) by a
combination of power adjustment and water cooling as necessary.
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Temperatures were greatest on the mounting plate away from the water cooling.
Typical temperatures maintained during the teat after steady state was rcached
weres

Plate 3692& (96°C) (tiear harmonic filter away from cool-
First Elbow 350°K  (779C) ing pipe)
Secord Elbow 3469K  (73%C)

Harmonic Filter, Top 348% (75°C)

Harmonic Filter, Near Water 349°K (76°C)°

Power Monitor Terminations - reverse: 327 K (54°C) (near water)
o forwsrd: 339°K (66°C)

Surrounding Ambient 298K (25°C)

The water cooling averaged about 175 watts and radiation cooling was estimated to
be 45 watts. This calculation indicates a loss of 0.28 dB with an output power of
3500 watts.

A 12 GHz system with 1.5 kW input might have 105 watts loss with a tempera-
ture ot 60°C, which should present no problems in space if proper design techniques
are used, With the diplexer in place, the 8.36 GHz test system would have removed
the extra heat by additional watev cgoling.oyhile the 12 GHz assembly would experi-
ence a temperature rise to about 373°K (100°C) with an expected diplexer loss cof
0.4 dB. Thermal design aspects are considered further in Sections 3.3.7 and 5.5.

A magnetic field, simulating a TWT focus field, was added at the completion
of the test; it had ne detectable effect on waveguide operation.

3.2.2=3 RF Leakage Testing

Following the high power test, the waveguide assembly was checked for rf
leakage in an rf anechoic chamber, with the diplexer in place. For this test, a
16 watt transmitter was used as a source, and the receiver and horn provided a
gensitivity to ~126 dBW, the noise level observed. The second harmonic measurement
had about the same sensitivity, but a source of 0.05 watts and a larger hoim were
used, In all cases, no detectable signal was discerned after carefully tightening
all flanges (with the exception of one faulty flange facing indicated below.)

The requirements and measuring gensitivity of the leakage frem the waveguide
assenbly were:

Fundamental Frequency. Required =111,75 dB
Achieved up to =122 dB

Harmonics (assumed 20 dB Required =91.75 dB
below £,) Achieved up to =95 dB

The measurement results assumed a point source if thetre were radiation from any
component of the system, and the horn was placed directly at the coiponent which is
well inside the far field near-limit. The far field starts at a distance of about
30.5 em (12 inches) for both the fundamental and harmonic with the specific horns
used; measurements were made down to about 1/10 this distance to give 10 dB more
sensitivity than in the far field measurement.
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The major difficulty in achiaving low leakage was in the flangea., In each
case, the cight bolts por flange were tightoned heavily; ideally they should gupply ‘
about 1800 Kg (4000 pounds) clamping pressurc (for 8,36 GHz) which is within limite |
for the eight stainless stael 6=32 bolts. However, the flange between the firet .
optical diodc section and the roverse power monitor input would not tighten suf~ i
ficiently, indicating an inadcquate facing on ono of the two flanges. Normally, %
these pieces would be disasecmbled and refaced., For the purposes of this program,
a covering was placed over the flange seam so the other components could be checked
for rf leakage without this interferemce. The unused waveguide terminals (two
power monitor detectors and second input guide of diplexer) were shorted for this
test, but would add no problems other than the normal caution in insuring that
accessory waveguide or coaxial line be well shielded against leakage.

3.2.3 Scaling Results to Other Frequencies

The waveguide components were developed for testing at 8.36 GHz, but final
designs are provided for the same components at 12 and 2,64 GHz, with performance
predictable such that further experimental development is not required., The
quantities considered in equating performance of the components at different
frequencies are listed in Table 3.2, which shows the power for the 8,36 GHz test
frequency to provide the same performance as would be encountered at the other
frequencies. The functions consider the differences in waveguide cross section
dimensions (WR340 at 2.6 GHz and WR75 at 12 GHz have sides with ratio of 2:1 while
WR112 used for testing at 8.36 GHz has sides with ratio of 2.258:1, the factor
used is Y = 0,886) as well as the differences in wall thickness as it influences
heat conduction (1.28 for the 12 GHz case and 0.80 for 2.64 GHz). The frequency _
ratio, f, in the Table is freq/8.36 (1.435 for 12 GHz and 0,316 for 2.64 GHz).

Wil os B R

The two colums at the right i{indicate the worst case power requived at 8.36
GHz to simulate a given power effect at either of the other two frequenctes and
the power in kilowatts at 8.36 GHz to simulate performance equivalent to 1.5 kW at
the worst case, The term showing the greatest discrepancy is the thexrmal radiation ]
term, but little dependency is placed on direct thermal radiation from any of the s
components so this temm is greater than would ever be experienced. The harmonic
filter is partly cooled by gself=-radiation, so the equivalent power for it lies -
somewhere between the conduction power and radiation power, possibly about half way S
between or at about 2,7 kW, This power would also be required for ionizati on tests
and is considered an upper limit as a firm requirement.

Practically, the conduction loss is about the most significant for high power k
continuous tests. Thus testing could have been performed at 2.04 kW to simulate '
the 1.5 kW at 12 GHz, Electrical breakdowns due to ionization were checked with _
power levels to about 8 kW but no effects were obsexved., The I2R loss relates to ae
the insertion loss overall heating effect and is not as significant a test criterion e
as is conduction of the thermal loss. The 3.5 kW used for the test thus covered

all circumstances that are considered pertinent for continuous operation testing. : i
Conduction losses, of course, are always related to CW operation. : !
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3.3 COMPONENT DESIGN, FABRICATION, AND TESTING

This Section summarizes the results of the analysis and design phase for cach
component, the fabrication used, and the component test results. Dotails on the
evolution of the results are in Section V. The componcnts arc discussed in the
following order:

1., Waveguide, Flanges, Gaskets, and Vents
2. Harmonic Filter

3, Power Monitor, Forward

4, Power Monitor, Reverse

5. Diplexer

6. Fault Sensors

7. Thermal Mounting Plate

8., High=Voltage Isolation Flange

3.3.1 Waveguide, Flanges, Gaskets, and Venting
3.3.1=1 Waveguide

This task provided the groundwork for the fabrication of all the waveguide
components. The general recommendation for all components is to use silver plated
aluminum waveguide with standard dimensions, except for the diplexer which must be
of Invar. Copper guide could also be used effectively without a plating. In
either case, a gold or rhodium flash should be applied to retard corrosion effects.
Typical theoretical losses at 12 GHz (WR75) are:

- plain aluminum, ideally smooth ,233 dB/m (.071 dB/ft)
- silver plated, 0.762 microms (30 pin.) rough .170 dB/m (.052 dB/ft)
- gilver plated, 0.254 microns (10 pin.) rough .141 dB/m (.043 dB/ft)

The latter reduces the waveguide loss over the rougher finish by about 17%, which
may be significant if the waveguide absorbs 0.5 dB (10%) or more of the rf trans-
mitter power.

An experimental evaluation of electropolishing of aluminum waveguide showed
the improvement in performance to be negligible, indicating that the waveguide
roughness from the manufacturing process was & “coarse! sort of roughness which
did not greatly contribute to resistivity. It appears then that waveguide can be
purchased with the necessary smoothness. However, a waveguide lot when purchased
should be checked to determine the roughness and whether electropolishing would
improve the performancc significantly. A 6061-F aluminum alloy was used for the
experimental components which would be heat treated to T6 temper for flight compo-
nents. An 1100 alloy should be used where electron beam welding is employed.

The diplexer uses Invar with a heavy silver plate. The elements of the

device would be electropolished prior to assembly because of the limitations
imposed by the configuration.
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TABLE 3.2 Froquoncy Scaling Factors

Power Pg.36 Pg.36
Scaling Worst kW for
Parameter Function Case Tests
Ionization Breakdown v 1.824 Pyy 2,74 kW
Multipactor Breakdown \fs 0.7 Paither 1.05
Paschen's Minimum Gas Arc 1 1.129 Poyeher 1,70
Breakdown Y
- Pressure Minimur _:}F. n.a. n.a
I%R Loss per Unit Length y £3/2 1.53 Pyp 2.29
- per Guide Wavelength yel/2 1.06 Py, 1.59
Thermal Loss = Condiction 7751/2 1.36 Pjyg 2.04
- Radiation v £3/2 2.18 Py, 3.27

v = 0.886

f = 1,435 for 12 GHz

f = 0,316 for 2.64 GHz
= 1,28 for 12 GHz
7= 0,80 for 2,6 GHz

Oversize low~loss waveguide is generally not recommended except possibly for
long runs, either straight or with very few bends. Oversize waveguide would
provide only a small saving in power, at the expense of an extensive development
program and sensitive operating characteristics of the components. The complexity
would lead to an impractical approach in most cases.

3.3,1=2 Flanges
Standard CMR112 small flanges were selected, These are physically small, but
have eight bolts for a mechanically solid and low rf leakage joint between wave-

guide components. Dimensions are in Figure 3.5; material was 6061 aluminum alloy,
with Invar flanges used on the diplexer.
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A,
BO
c.
D.
E,
F.
G.
HC
J.

See drawings for tolerances and details

Dimensions - Centimeters glnchasz
Tap 6-32

0.373
1.405
2.108
2.812
4.210
2,560
5.120
0.602

(0.147)
(0.553)
(0.830)
(1.107)
(1.660)
(1.007)
(2-1/64)
(0.237)

FIGURE 3.5.

K.
L.
M.
N.
P.
R,
8.
T.

Iy

b -

1.314
2.023
2.625
1.763
3.493
0.318
0.508
0.635

CMR-112 FLANGE DIMENSIONS

(0.517)
(0.797)
(1.034)
(0.694)
(1-3/8)
(1/8)

(0.200)
(0.250)
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3.3.1.3 Gnﬁkot

Gnrkat scals are of soft aluminum with a photoectchad eronn~hateh pattern
batweon the olamping holts and the waveguide innide periphory. The croas-hateh
lincs are raisod about +05 mm (,002 in.) on cach aide of tho gasket auch that when
clamped, the aluminum will dopross to glve a vory tight rf scal, Figuro 3.6 is a
photograph of tho goskot., This dosign 18 based on similar types which koop rf
leakago at about =130 dB when proporly clampod, A rcsilicnt type with silvor
loading can give comparable results but the silicono used could kesult in some
outgassing. For usc as gaskots, this would be negligible, but tho resiliont typo
{sn't nocessary since the soft aluminum type is adequate,

FIGURE 3.6, RFI Gasket
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3.3.1~4 Venting

Three approacheos were uaod for vents ta yomove. outgasaing from the wavagulde
componontn' interiora, Components containing 81C torminationn gonarally uned an
invorted channal along the guido aurfaco, with small holes into the channel from
tho waveguide and tho outnide, suitably staggored. Tho channal dimension 10 amnll
onough to bo beyond tho [ifth harmonic cutoff; holos arc spacod auch that tho
channol longth botwoen holes is at loast five times tho hole diameotor. This koaps
tha rf lcakage por hola down to «150 dB or lcss. Tho channol typo vont shown in
Figurc 3.7a, was uscd on the two powor monitors and tho diploxcr tormination,

In other components, vertical tunncls were used, rotaining the length to
diameter ratio of five., Figure 3.7b shows the basic approach, This type was used
for the harmonic filter where each of the 390 side muides required a vent. Each
of the six sets of side guides 1s topped with a 0.794 cm (5/16 inch) aluminum bar,
brazed in place to prevent rf leakage along the seams. Each side guide then has a
0.159 cm (1/16 inch) hole drilled through the bar for venting.

The third approach was used on waveguide saect:ions which did not appear to
require extensive venting, guch as the optical sensor guides. Here the flange
depth was used to advantage as in Figure 3.7c, and a hole about 0.159 em (1/16
inch) was drilled through the flange and guide which have a total depth of more
than 1.142 cm (7/16 inches). The 0,159 cm (1/16 inch) hole through the flange is
more than adequate for most of the components that have no significant outgassing
sources.

No difficulty from outgassing was experienced, and the approaches were judged

to be adequate for waveguide subsystems of the type developed., Initial outgassing
which would be expected in any system was rapidly removed by heating the assembly

at low rf power levels, and then raising the level to the operating point. Pressure

in the vacuum environment was constant at le.s than twice ambient for the final
two=thirds of the 60 hour continuous run at over 3 kW cw.

3,3.2 larmonic Filter

e —

The harmonic filltevr was quite successful, providing performance beyond re=
quirements., The basic design is a combination of two types of leaky wall harmonic
filters. The two end sections are the conventional slotted type of Figure 3.8a,
tapering the slots at the ends to obtain a good VSWR; the center section is of
open-end waveguide as in Figure 3.8b, The latter is particularly effective for
the higher harmonics (Reference 2) while the end sections give good harmonic
absorption of the lower, more intense, harmonics with less loss than the open=end
section, The filter was fabrieated of 6061 aluminum alloy, uvsing slot and tab
construction with dip brazing. Terminations were type SP gilicon carbide, fabri-
cated in groups of 11 spikes to reduce mounting problems and manufacturing costs
for the 390 required in the unit. The completed filter is shown in Figure 3.9.
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’ /// Tunnel Type Vent

e T AT

g' " FIGURE 3.7c. Flange |
ti 159 cm D. Type Vent |
N ' (Vie i)
!
; FIGURE 3.7. VENTING TECHNIQUES L
i |
. i _ : 27 ‘




£
7§
i
L -

b
oft
L.

L
adl
i

‘.
g
of

i

F

28

a)

Leaky Wall b) Open Guide
End éections Center Section

Figure 3.8. Approach to Harmonic Filter

Figure 3.9. Harmonic Filter
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b  The filter vequived additional matehing affort to vedues it'a VBWR at the 4
' rapt froqueney of 8,36 GHz, Reflections wera largely from the junetions of the i
o ond and centor soetions, Ao A emall alot vedeaign effort in suggeated to peduee

: this mismateh, Borom nitride dielectric irises wera added for the program teata. ;

E | Final results worel

Inoortien Loss at fo! 0,2 dB

, Insortion Loos, Maximum in Band: 0,28 dB (at high ond)
N VSWR at fo! o 1.02

% VSWR ovor Band! 1.03 £ .02

2nd Harmonic Attonuation: > 60 dB for TE1p modo
~ 39 dB minimum for TEgy mode

e e

2nd Harmonic VBWR: 1.12 for TE1p

‘ﬁ Estimates from low-frequency slot coupling measurcments indicated the other
' harmonics are attonuated well within requirements, and ghould be about:

; {ﬂ.‘i 3rd harmonic = 23 dB
N 4th harmonic = 16 dB
L 5th harmonic = 12 dB

There were no facilities or requirements to perform these measurements . Each f
harmonic can take on a number of different modes, and each mode has a different
attenuation., A more effective approach would be to use the actual TWT tor the §
system, measuring the harmonics radiated by the tube alone, and by the waveguide

system with the harmonic filter in place.

SN

The particular configuration developed is ideal for 12 GHz, combining good
harmonic attenuation with moderate insertion loss. This design would be very large

;@ at 2.6 GHz, so a different type might be preferred which may have a little more \1w'

o loss but much less weight; the loss could still be within specifications. e

, v Physically smaller harmonic filters are briefly described in Section 5.2.8. L o
L

E };' 3.,3.,3 Power Monitor, Reverse

§ f The reverse power monitor is a multi=hole type, using a six hole=palx array L
E i centered on the wavegulde broadwalls (Reference 3). The reverse power monitor ie ~
located as close to the transmitter tube as possible to provide a fault signal for va

breakdown anywhere within the waveguide system. The unit has a =21.,25 dB coupling
and a directivity which varied from 48 to 61 dB over the band., The impedance
matching was accomplished by a slight narrowing of the waveguide at the points of
reflection, resulting in a VSWR of less than 1,02 which was the measuring equipment ;

accuracy. A photograph of the unit is in Figure 3.10.

=
Lo

A

o This component was fabricated of 6061 aluminum and dip brazed. The termine
) acion is a spear of silicon carbide which was bolted to an end plece which was in -

turn brazed to the waveguide.
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Figure 3.10. Reverse Power Monitor

This type of coupler is necessary to achieve the very high directivity
specified for the reflected power accuracy. At 2.6 GHz, however, the component
becomes quite large, about 0.610 meters (two feet) long., For purposes of measur-
ing the VSWR near the transmitter tube output flange, a simpler device could be
used, and the threshold of the protective circuitry using the signal be adjusted
accordingly. A further evaluation of the necessity for the very high reflected
power accuracy is suggested before the high-directivity type is fabricated for low
frequency operation; a loop coupler would probably suffice for most systems, as is

discussed in Section 5.3.3.

3.3.4 Power Monitor, Forward

The output power of the transmitter is measured after the harmonic f£ilter to
obtain a reading as near the output terminal as possible. The monitor uses a
Moreno cross=-guide directional coupler (Reference 3) with a coupling of =54.4 dB
across the band, This unit was impedance matched by making small deprecsions on
the waveguide sides, resulting in a VSWR of less than 1,02, the limit in measuring
accuracy. The coupler's directivity was 29.6 dB which is not critical for this

component .
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Figure 3.11, Forward Power Monitor

The cross=-guide coupler was fabricated of 6061 aluminum using electron beam
welding. Future units, if electron beam welded, should be fabricated from an 1100
aluminum alloy which is more suited to this type of fabrication., Alternately, dip
brazing can be used. The termination is silicon carbide.

This type of coupler is recommended for 12 GHz operation and could be used
at 2.6 GHz, However, a loop coupler would be adequate for the latter, and would
have some weight advantage. This {s considered further in Section 5.3.3,

3,3.5 Diplexer

The purpose of the diplexer is to provide an isolation between two trans-
mitters with frequency separation but using a common antennaj these two may or may
not operate simultaneously. The device is essentially a filter which passes power
within it's bandpass limits, but it also has a directional characteristic so the
power transmitted into the 2-port output waveguide will travel in only one di-
rection. The sketch of Figure 3,12 shows the signal passing through the unit when
in the passband (output from upper port) and being ignored by the filter when
outside the passband (output from lower port). Alternately, a second transmitter
out of the passband can be connected to the upper input port so that both the in-
band and out=of=band signals emerge from the upper output port.
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Figure 3.12. Directional Filter Figure 3.13., Diplexer
Operation

The directional filter is a four cavity configuration, Operation is
accomplished when the input signal couples almost completely to the cylindrical
cavity filter, changing from the TE1o mode of the rectangular waveguide to a TE;11
mode in the cavities., The latter mode accounts for the relatively low loss of the
unit as compared with a rectangular cavity filter. Coupling between rectangular
and circular sections is accomplished at both ends by locating the coupling iris
at the point where the Hy and H, magnitudes are the same, thus inducing a cir:ularly
polarized field in the circular cavities with a linear polarization in the rectangue-
lar guide., Unfortunately, after extensive analysis and experimental work, it was
discovered that the end circular irises for a four cavity filter cannot be large
enough physically to provide sufficient coupling without extending beyond the wave-
guide wall; this was not the case of the three cavity filter which is quite well
developed. Thus extending the stute of the art of directional filters led to the
problem of how to increase coupling between the rectangular guide and the cylindri~
cal cavities. Three solutions were considered: adding dielectric to the iris,
reducing the height of the waveguide to about 1/10 its normal height at the iris,
and changing from a circular to a slotted iris. The best approach appears to be a
combination of the latter two, using a three=slot coupling arrangement with under-
gized slots, and reducing the height of the waveguide but not as drastically as

noted above.
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The time schedule and resourcof did not permit such redesign effort so the
simpler dielectric filling approach was implemented, A major problem with this
approach 1g affixing the dielectric, boron nitride in this case, to the iris for
heat conduction. An analysis indicated this should not be necessary up to about
2 kW at 8.36 GHz, but a stray rcsonance was found in the final unit, and high
power operation was mot possible., This resonance has been identified as & radial
1ine resonance mode which could be avoided if the iris were redosigned without the
dielectric loading., A visual inspection of operation at 300 watts input in a
vacuum showed a bright rod glow in the diplexer, evidently due to heating in the

boron nitride.

The bandpass characteristic is shown in Figure 3.14. The center region is
well within requirements, although a higher {insertion loss was measured when the
device was included in the overall waveguide assembly. The 0.3 to 0.4 dB loss is
expected as normal; the meacurement in the system was about 0.4 dB greater, which
{s about the specification limit. The heating effect of the jris indicates the
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Figure 3.14. Bandpass of Diplexer
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logs would tend to be greater than that first measured. The bandpass in Figure
3,14 is greater than required, but the dips in the outer regions of the Tchebychef £
response are also larger than desired, indicating the filter needs additional

trimming for the operational model.
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K The skirts of the filtew ghow the 30 dB dropoff requirement £o bo accomplish=
. ed in 70 MHz at the low ond and in about 100 Miz at the high ond; the ohjoetive was
90 MHz. The operation i8 considered acceptable. The 8lope dropoffs at the pand=

pass limit should improve somewhat with the dielectric removed from the two irises.
' The bandpass for the gecond transmitter channel, which would lio in the raeject
g reglon of this filter, 1is considered in more dotail in Scction 5.4,5~1, 1In general,
f it has a negligible loss, .0l dB or better, and shows a much stceper bandadge slope

than for the bandpass region.

The f£ilter was fabricated completely of invar with a heavy silver plating;
. invar is a very poor conductor in itself. The parts were machined, and assembled
N by oven brazing. The four probes for detecting multipactor breakdown, visible in
' Figure 3.13, were brazed in place later; these are designed to have low rf leakage,

SO using rf absorber inserts. "
L The mount for the diplexer presented the most difficult thermal problem in f
e that the relatively small unit generated much concentrated heat. For the test ¥
f% . system, a large aluminum block was used as the bed for the cylindrical cavities. é
A Heavy aluminum straps were added to hold the diplexer tightly against the block '
—3& ' and to provide a thermal path for heat generated near the top of the diplexer. 1

i In addition, a resilient gasket of high thermal conductivity material was placed
e between the cylinder and block to take up the differences in thermal expansions

‘ between the aluminum block (and straps) and the invar diplexer. Although this

T arrangement worked moderately well, the diplexer mounting design should be revised
= to eliminate bolted junctioas as far as possible, and to braze rather than bolt the
w mounting block to the thermal mounting plate. The arrangement used dropped the
— diplexer temperature from 388°K (115°C) to 318k (45°C) in two minutes in air, and :
o to ambient at 295°K (22°C) in less than two additional minutes, {ndicating a
_37-; moderately good thermal path. Specific recommendations for mount ing subsequent
models are included in Sections 4.3.5 and 5.4.7.

3.3.6 Electrical Breakdown Sensors

I gsensed by the reverse power monitor. Optical semsors use light diodes, like the
EG&G SGD=-100A photodiode, with a quartz rod light guide affixed to extend to the ‘
waveguide interior wall such that any lighteemitting breakdowns in the waveguide S f
L would be detected, For the system developed, three diodes observe all but the .
e final output waveguide which would be ccvered by a fourth unit. Configurations for

SR a detector in a straight waveguide run and in an elbow for looking down two wave= 4’:
ro guldes at right=angles are shown in Figure 3.15. Also shown is the arrangement of .
components within the barrel: a boron nitride seat holds the diode and quartz rod l",f

; in position, an rf absorber (Lundy) is placed above the diode for low rf leakage, e
o and a compression pilece of silicon is added at the top to hold all parts firmly in

position. The waveguide interior includes a shoulder to insure a solid seating ‘

for the quartz rod.

| Twe types of breakdown sensors were added in addition to the VSWR which is P .

; For multipactor breakdown detection, biased probes were added, flush with the oo
y ' waveguide wall and biased 15 volts. The diplexer was judged to have conditions ‘

L closest of any of the components to those that would lead to multipactor breakdown, -~
i ' although none was expected and none observed, Four coaxial bypass capacitor probes

g were used, adding a Lundy absorber to minimize the rf leakage through the probe e

i

#

support tube. r‘




Figure 3.15, Optical Dioce Light Sensors

Both of these sensor types were tested first in the special breakdown test
section described in Sections 3.4 and 5.7. Both types gave satisfactory per=
formance, and the only engineering problem was to design the holders to have very
low rf leakage. The RFI material used was adequate for the fundamental and 2nd
harmonic; a longer piece, perhaps two inches, is suggested for the high harmonic
isolation. The locations of the three photodiodes and the diplexer biased probes
are shown in the layout of Figures 3.1 and 3,2.

3,3.7 Thermal Mounting Plate

The entire waveguide assembly was mounted on a 0,635 cm (1/4 in) thick
jig plate with external dimensions of 0.610 x 0.914 meters (24 x 36 inches). The
jig plate avsured a flat surface for mounting the components with a good thermal
interface. The temperature of the plate reached about 369°K (96°C) im the center
remote from the water cooling, and about 348°K (75°C) wherve measured elsewhere.
This is representative of the operating temperatures expected in a space applica-
tion, The mounting plate used is included in Figures 3.1 and 3.2, Temperatures
in the 60 hour continuous heat run cgﬂldee controlled easily by the cooling water
flow rate, which was about 0.95 x 10"° m~ (2.5 gallons) per hour.

For a 12 CHz space system a 0,318 cm (1/8 inch) thick plate should suffice.
The aluminum surface should have an oxide finish applied since this has a highuer
emission coefficient than does bright mctal. In practice, the thermal plate must
be large enough to radiate all the absorbed power without exceeding the component

temperature limits.
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3. 3 '8 ne Bloc“ing Flnnga

Tha intont of this task was to devise a waveguide flange which could tolerate
10,000 volts dc but which would have no degrading cffecets on the waveguide oper=
ation., The purpose of such a flange would be to pormit the TWT to have a large dc
voltage on the output cavity and waveguide, which would facilitate a voltage=jump

TWT should orie be used.

After some study, the problems became clearer, and the decision was made that
this 1s not a practical component for the current approach because the flange must
be an rf filter to keep rf leakage to a tolerable level, and also the filter must
be essentially a harmonic filter since there is a stringent specification on
harmonic leakage. A preferred approach, if one were to be used, is rearrange
biasing to put such a flange at the TWT input where the signal is perhaps 40 dB
lower, and the rf leakage is correspondingly less critical. Another problem lies
in the tube, which normally would use the flange only with a voltage=-jump TWT;
some sort of leakage reduction technique also must be incorporated into the TWT
jump section to make the whole approach effective. A substantial radiation may

otherwise appear from that point on the tube,

The type of flange filter that appeared most applicable for a first develop=
ment was a two-stub band-stop filter with a lossy dielectric at the periphery of
the flange. The latter would also have to be a good insulator for the 10,000 volts
across the flange. A possible arrangement for the flange is shown in Figure 3.16,

LOSSY
LINE

SECTION /4 MATCHING SECTION

STUB @)
STUB (1)
/4 MATCHING SECTION

ppoogriopapmiegern BERY IRttt lddalied

A4 LINE
' (1=2)
CREEPAGE SECTION OF BN

Figure 3.16. Configuration for DC High Voltage Blocking Flange
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which would be fabricataed laxpely by a sexiles of boron-nitride dapoaitions with
auitable motal deposition to form the filter aurfocas., This flange would oparate
satisfac torily, however, only if it wero located aftor the harmonie filter, which
would thon have to be insulated to aperate with 10,000 volts de, Otherwise, tha
harmonic leakaga of the isolation flange of Figura 3,16 could ba quite large and
would probably cxceed lcakage spacifications.,

3.4 SPECIAL BREAKDOWN SECTION TESTS

A low height waveguide section was fabricated to provide a means for creat-
ing electrical breakdowns under controlled conditions. For these tests, a height
of .018 cm (.007 inches) was used in a half-wave long section, with two-step
quarter-wave impedance matching sections at each end to match to the standard
waveguide height. Three types of sensors were used to detect electrical faults;
an optical diode to detect glow, biased probes (Faraday Cups) for electron flows
between the two plates, and a VSWR meter, The photograph of Figure 3,17 shows the
breakdown section with the top broadwall removed to make the .018 cm (,007 inch)
region and tha impedance matching steps visible. The optical diode used for the
tests was in a separaté wavegulde section, as in Figure 3.15. A water cooling
pipe was incorporated for possible future cw tests; it was not required for the
low duty cycle pulses used here. The breakdown section tests used pulsed rf power
to provide a control over the breakdown process and avoid the CW avalanch effects
which would cloud the data and negate anlayses of the effects.

Figure 3.17. Special Electrical Breakdown Section
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Tostn wore conducted for both multipactor breakdown and arcing, the latter
roquiring a substantial atmosphare., The data provided a moans o eOmpATO oparation
with carlior rosults (Reforenco 4) as woll as dotermining the porformanco of the
throo scnsing toechniquan omployed.

3,4, Multipactor Broakdown

The initial tests were to calibrate the multipactor broakdown phenomanon,
Here freec electrons and subscquent gacondary eloctrons lcaving the broad'nalls of
the waveguide oscillate betwecn the walls in synchronism with the applied rf ficld.
On the average, for most metals, each electron crossing between the broadwalls
will dislodge more than one secondary electron from the opposite wall, which can
sustain the breakdown. Nine biased probes of .127 em (.050 inch) diameter per=
formed as Faraday Cup type devices to detect the multipactor electrons om the
waveguide broadwall.

An initial estimate indicated breakdown should occur at about 52 volts for
£. = 150 MHz=cm (reference 4), or near 630 watts., The data showed some dependen-~
cy on the actual gap used so the 800 to 900 watt breakdown level observed is
considered to be a verification of previous measured data. A "cleaning' process
was first performed, using a low duty cycle pulsed rf signal to provide a "cleaning"
function of releasing surface contamination which hindered consistency of breakdown
operation.

The results showed the probes to be excellent detectors of multipactor break-
down as long as they are in the breakdown region. The current and rf power
recordings of a typical test are shown in Figure 3.18. Here the peak power is
about 1 kW in the multipactor region, and the current measured was about one micro-
ampere per probe through a 10,000 ohm resistor with 15 volts bias. When the peak
power was reduced to 830 watts, the multipacting disappeared, These tests were
made with a 3% duty cycle,

The effect of the multipacting is also evident from the cover plate of the
test section, in Figure 3.17. There were no multipactotf electrons in the small
spaces surrounding the insulated probes. Elsewhere, the marks are quite evident.
(The plate also shows arcing marks which will be discussed next,)

The optical diode was less sensitive than the probes, but gave a strong
indication in a CW breakdownm where the effect avalanches. The reverse power moni=
tor had a large output also in the more drastic CW breakdown test but was somewhat
erratic under the pulse conditions. The pressure in the waveguide was also
measured, and indicated when a fault existed., However, it varied with power level
and was not consistent enough to use as a threshold=type breakdown indicator.

3.4.2 Arc Breakdown

In a weak atmosphere, between 1.33 and 9300 N/m2 (,01L to 70 Torr) for the
equipment tested, a gas arc can occur., Tests were begin at a high pressure work-
ing toward a lower ome, and then with a low pressure working upward., Tests were
performed with a 3 kW pulse at a 3% duty cycle. The arcing tended to occur away
from the flat surfaces of the .018 em (.007 inch) high section, gnd the multipactor
sensors did not register. At lowpressures, around 13 to 133 N/m® (10-1 to 10-2
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Figure 3.18. Power Level and Multipactor Current
in Special Test Section

Torr), multipacting and arcing appeared to occur together, and the two types of
bre%kdown could not be distinguished. At the higher pressures in the 53 to 106
N/m® (40 to 80 Torr) region, only the 1ight diode and the VSWR sensors indicated
outputs; both gave good signals. An imspection of the breakdown test section
after the tests indicated strong breakdowns near the edges of the step sections;
arcing frequently begins at such sharp edges. The effect can be seen in Figure
3.17.

The general conclusion is that arcing is not likelx in the waveguide
assembly if the vacuum is maintained below 1.33 N/m? (102 Torr). Where arcing

is likely, the optical diode and VSWR (reverse power monitor) sensors provide good
fault signals for protection of the system, Probe type sensors should not be
depended upon for arc detection.
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3.4,3 Mngnetie Fiaeld Effacts

Magnotic flclds can affect the initintion and charactoriatica of aleetrieal
broakdowns in cortain situations, A choek on the broakdown acction and associnted
waveguido indicated no tondoncy to brnak down or chango charactorinticn, A fiald
of over 100 Gauss was uscd at the broakdown scction,

3.4.4 Conclusion

All throc sensor typce should be included in n wavoguide subsystom, Their
applicability is as follows:

probe, biased = output to 30 microamps each, but location important

optical diode - output varies widely, but indications are considered
reliable for GW operation, particularly for arcing

reverse pewer (VSWR) = weak indication for weak breakdowns; operates well
with strong multipacting and arcing

3,5 SYSTEM IMPLICATIONS

A consideration was given to the impact of the various features of the wave-
guide assembly in a satellite system, In most of the interfaces, conventional
engineering techniques and pfrecautions are sufficient to insure no erupting problem
areas, but care must be exereised to recognize aspects critical to a space environe
ment.

3,5.1 8ize and Weight

Size and weight are of primary concern in all satellite systems. The wave-
guide assembly, as such, is probably not as gignificant as the surface area
required for cooling the components, particularly at higher frequencies, At lower
frequeneies, the volume and linear dimensions of the waveguide assembly become
large, and efforts to feduce component size might be considered. For instance,
the harmonic filter as developed would be nearly 1.5 meters (5 feet) long at 2.6
GHz (including flanges) and & smaller but more lossy type could be more desirable,
For instance, a 0.25 dB loss leaky wall £{lter at 12 GHz would have very low loss
at 2.6 GHz, A smaller one with dimensions of 0.3 to 0.6 meters (ome to two feet)
might have about the same 0.25 dB loss, generally ronsidered acceptable.

In many cases, overall size is dictated by thermal considerations. A
critical item is the photo-diode used for detecting the presence of arcing or
multipacting; it should be held under 423%K (150°C), which places an overall
temperature limit on the entire assembly which may contain three or more of these
gensors. The 0,610m x 0,914m (2' x 3') plate used in this program was conservative
with no diplexer,and acceptable with a diplexer.
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3.5,2 Amplifier f8tage

The waveguide assembly will havé elther a klyatron or TWT as the ¥f powar
aource, The wavoguido input VESWR should be small for a low reflected pownt lavel
at the tube's output port, Many beam typo amplifier tubes cannot tolerato A
aigndficant rovorno powor lavel without bocoming unstabla or distorting the autput
signal badly, Without tho diploxor, a very low VSWR 18 attainablej tho diplexer
tonds to incroaso tho VSWR, but with a good dosign tho waveguido subgystem should
still bo adoquato. With the diploxor as dovolopod in this program, tho VSWR had
pcake as high as 1.3, but thesc could probably be roduced with some caroful
impedance matching to tho 1,15 requirement. For groater roduction of rofloctead
gignal, a circulator might co uscd although the tradc-offs for using this dovire
will require carcful consideration at higher f£requencics.

3.5.3 Antenna Transmission Line

e

The transmission line VSWR specification ie 1,1 or less, whilc the waveguide
assembly was tuned for a matched load, The antenna mismatch can be tolerated, but
final system matching should be performed with the antenna and feed line ineplace
at the waveguide assembly output port. Alternately, the antenna line can be tuned
in advance to present a matched load.

3.5.4 Power and Breakdown Monitoxs

The electrical outputs of the several sensors in the waveguide asscmbly wmust
be integrated into the overall transmitter system, In particular, the power moni-
tors arc used both for the telemetry subsystem (forward and reverse power monitor=
ing) and for the fault sensing subsystem. Since the VSWR is a measure of reflected
powers, an out=of-tolerance reading would indicate a fault exists, In addition,
the optical diode and multipactor probe sensor outputs must be integrated into the
protective logic circuitry within the system, A buffer circuit 18 ugsed to convert
any fault indication signals into a pulse which is used as an off trigger. The
method for reinstating operation is subject to evaluation, comparing telemetry
control from the ground with an on=board time=delay circuit. )

3,5.5 Harmonic and Leakage Power

Neither of these are considered to be a problem in an overall satellite
system using a well developed waveguide subsystem., The harmonic filter removes
the harmonics very effectively while the rf leakage of the fundamental from the
waveguide components is substantially lower in magnitude than the back=-lobe and
side=lobe power of the antenna, and possibly the leakage from the tube itself, No
problems are anticipated in these arcas.

3,5.6 Mechanical

The systems implications of the mechanical nature of the waveguide assembly
werc considered briefly in Section 3.5.1, An additional factor to be considered
explicitly is the launch environment which places certain stresses on the waveguide
components. The waveguide subsystem is generally considered to be mechanically
gdgq?ate to mect the shock, acceleration, and vibration specifications of Section
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: A tight and anlid contact hafween each comporient and the thermal wounting }
i plate 48 voquirad of all components to insure adoquate heat tranafer, Thuas thowe :
ghould bo ne mechanieal difficultios from lack of ripgidity. FExeeptions are the

; terminations and loads, whieh ara cantilaver in configuration and the 81C used 18

a volativoly fragilo matorial, No mechanical teats wore porformed within the

scopo of this contract, but shako tosts to destruction should be porformed at somo

futuro time to dotormine tho sufoty margin oxpoctod in these dovicos, Manufacturing
tochniquos or cenfiguration dosigns may havo to bo adjustod to insurc sufficiont :
strongth. 1

3.5,7 Thormal

System specifications require operation in a 323°K (50°C) ambient environ-
ment which presents no problems excopt that any lossy components, of which only !
the diplexer is of concern, must have a sufficient radiating surface to avoid over- :
heating of the optical diodes used 18 fault sensors. Testing was mnot performed at
the low tomperature specification of 193°K (~80°C), and this temperature may causc
gome thermal stress problems if transmitted to the TWT or klystrom output window.

i Within the waveguide assembly, the two areas of concern are the optical diodes
S with temperature limitatdions, and the diplexer which is of invar and has a much I
f different coefficient of expansion than does the aluminum of the mounting plate
and other components. To minimize stresses, some form of automatic louver control
on the thermal plate may be considered to keep the temperature from dropping as

low as 1939K (=800C),

3.5.8 System Operating Requirements

; After system definition, the components required in the waveguide assembly
should be reviewed, and those to be employed reconsidered if different from those
of this program., Questions that will arise include the use of the diplexer versus

; two antennas for the two transritters, and the use of a single antenna with switched
transmitters to be operated fadependently. The system requirements for a specific
applicution will determine the applicability of the subsystem developed herein and

Q also the necessity for considering any other possible candidate components. o

: E Section IV on recommendations will expand in this area, L -
A

T { 3.6  DRAWINGS .
}_' ! Drawings are provided separately to detail the construction of each component. ‘;*
SR For the purpose of this program, the components developed at 8.36 GHz are scaled B
NP directly to 12 GHz and 2.6 GHz. Where the resulting component is unwieldly or },ﬁ,;
JC_ P undesirable for some reason, the recommended changes in approach are included in [ LA
%’ the next Section on Recommendations.
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SRCTION TV,  RECOMMENDATIONS

4.,)  APPLICATION OF RESULTS

1) Dooigns are gonarally applicablo; thay may bo scalod mechanically
nccording to wavolength for oporation in other bands.

2) Oporational scaling cffects arc predictablo por functions of Scetlon
3.2‘3‘

3) Physically smaller components may be desirable at 2,6 GHz; suggestions
are made in Section 4,3 for smaller harmonic filter and power monitors. T.ese are
loss cffeetive but ...y be sufficient to meet operating requirements.

4,2 SUBSYSTEM RECOMMENDATIONS

1) Single channel and two channel representative configurations are shown
in Figures 4.1 and 4,2, No diplexer is required for a single channel system, but
it requires a waveguide switch, The second circuit is applicable for both simul-
taneous or sequential two channel operation. An alternative is to use two inde-
pendent transmitters with separate antemnas.

2) ‘The diplexer performs well as a harmonlc filter and is shown instead of
an added leaky wall type in the upper part of Figure 4.2, The loss is somewhat
higher but is acceptable where the diplexer is required anyway. It could also
serve as a harmonic filter at lower frequencies where the large size of the leaky
wall type is undesirable,

3) Channel spacing in a two channel system should be at least 90 MHz at 12
CHz with the diplexer specified.

4) A permanent water cooling pipe should be ineluvd:d for ground testing.

5) Vented open construction provides breakdown-free performance in a space
environment; nothing should be pressuxized.

6) A waveguide switch should be developed for potential single~channel
systems or for switching common~channel TWI's,

7) The RFI specification is more stringent than usually is necessary for a
gatellite system, Other rf leakage sources could be substantially worse, including
antenna backlobes and TWI leakage from a voltage=-jump junction and possibly from
the depressed collector,

8) The transmitter stage should have stepped power level capability or a
variable duty cycle pulse capability to accommodate residual outgassing triggered
by the waveguide heating. Four or five variation steps to maximum power are
adequate.
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9) The entirc aquipment should ba bhaked out hafore final tontn in a vacuum,
Honters arc also desirablo to hasten outgassing in apace before tranamitter turn-
ong particularly 1f low power initial operation cammot ba implomented for hakeout.,

10) Matching for a low VSWR can bo facilitated if the antenna transmission
linc is well matched by itself,

4,3 COMPONENT RECOMMENDATIONS

1) 1In general, the components as developed form suitable modele for develop~
ing space type hardware. The recommendations which follow include variations
which can lead to improvements in either operation or mechanical configurations,.
Otherwise, the compoments should be used as developed,

4.,3,1 Waveguide, Flanges, Gaskets, and Seals

1) The generally recommended waveguide is 6061-T6 aluminum with a silver
or copper plating; alternately, an all-copper waveguide could be used, In either
case, a rhodium or gold flashing is required to retard atmospheric surface con-
tamination. Inside surface roughness should be specified as 0.254 microns (10 pin)
or less to avoid an electropolishing step. Small CMR alumj.um flanges are used,
and these should be of 6061-T6 for a high strength. After complete assembly, each
flange should be faced and lapped to obtain a flat surface., Bolts should be large
enough to permit a high pressure on the seal (see Section 5.1.3). Gaskets are
photo-etched soft aluminum and are good for one use only. All components must be
vented, with more venting on components which are more likely to have some out-
gassing; vents should be small tunnels with length/diameter of at least 5/1.

2) Dip brazing is generally preferred, using tab and slot fabrication for
an accurate assembly., Electron beam welding may be used with an 1100 aluminum
alloy or with dissimilar metals; some warping resulted with the soft 6061-F
aluminum. Heliarc welding is applicable for add=ons such as the RFI seal around
the harmonic filter and the multipactor sensor tubes for the diplexer.

3) Invar waveguide and flanges, with silver plating for conduction, are
required for the diplexer to avoid thermal stresses at the junctions of cavities
and waveguide.

4,3.,2 Harmonic Filtetr

1) A brass model should be fabricated For iwpedance matching at the two
points where the leaky=wall sections join the open-waveguide section. Irises or
changes in slot taper can then be established for a good match before final model
fabrication. This approach is preferred over adding an iris after assembly.

2) Lengths of the slotted and open-guide sections may be altered to suit

impedance matching and changes in harmonic attenuation requirements. The filter
is somewhat overdesigned, and could be shortened while still mceting specifications.
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3) A zigezag typo of harmonic filter (sce Saction 5,2.8) has a small eizo
for 2.64 GHz operation; it would generally be praferred at that frequency but
becomes inefificient at higher frequencios. The diplexer developed on this program
also proved to be an excellent harmonic filter although performance was evaluated
at just the 2nd harmonic in this program.

4) Tab and slot comstruction with dip brazing should be used. A die is
rocommended for precision cutting of the cross plates sincc the computer=controlled
nibbler had small but significant variatioms.

4,3,3 Power Monitor, Reverse -

1) Specification on directivity is generally more stringent than usuully
required, but can be achieved with the design as developed; measurement of small
reflected signal should not have to be precise,

2) For lower frequencies near 2.6 GHz, a loop type coupler is much smaller
and will provide reasonable operation but not up to specifications. The trade=off
in size and weight versus accuracy should be assessed before a final design for
low frequencies.

3) Use limiter with detector to prevent burnout in the event of a large
reverse signal resulting from an electrical breakdown in the waveguide.

4) Dip brazing is recommended for fabrication,
4.,3.4 Power Monitor, Forward

1) For lower frequencies near 2.6 GHz, a loop type coupler is smaller and
lighter, and will provide sufficient accuracy for most operation, The trade=off
in size and weight versus accuracy should be assessed before final design for low
frequencies,

2) Dip brazing is recommended for fabrication.

4.,3,5 Diplexer
1) Design

The computer design (Section 5.4.1) is suitable for a 3 or 4 cavity
directional filter diplexer. The two problem areas in the diplexer are the input
and output irises, and the thermal control. Invar must be used bécause of the
dimensional control required of the cavities to achieve sufficient frequeney
stability.
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2) Input/Output Irises

The analytical design of theso two iriscs (identical for this application)
showed they would have to oxtend outside the waveguldo. The effective clectrical
aperture, thercfore, must appear larger than the physical aperturc. This can bo
achicved by:

- using slcts which can be lengthened for tighter coupling
- using a low height (and low impedance) waveguide
- using a combination of these two techniques

The latter is recommended. The diplexer should be fabricated in brass first, and
the slot irises trimmed for proper coupling. The available analysis is not precise
for the large apertures used, and some trimming is required for any final design.

3) 1ris Heating

A brief analysis showed the irises could become very hot by virtue of the
poor thermal conductivity of invar in the substantial distance between the iris
inside edges and the surface of the cylindrical cavities. Better thermal conducti-
vity can be achieved by using a sandwich material for the irises; a heavier invar
plate of .152 cm (.060 inches) thickness would provide a good mechanical stability,
and a cladding of .013 cm (.005 inches) of copper on each side would provide a
thermal path with less than 1/7 of the thermal resistivity of the invar alone.

The iris plate should be tapered to perhaps .025 cm (,010 inches) thickness at the
iris becsuse best cperation is obtained with very thin iris coupling between
cavities. This should be verified in a brass model.

4) A copper-on~-invar laminate can also be considered for the barrels of the
cylindrical filters of the diplexer. This would provide a better thermal distri-
bution and avoid hot spots.

5) Thermal Mounting

The thermal mounting used is sufficient for 8.36 GHz but is not considered
optimum, Techniques for using a corrugated aluminum or copper interface to
replace the compressible silicon are included in Section 5.4.63 this 1is to insure
the component can tolerate the temperature ranges from 1939k (-80°C) to maximum
operating temperature, have a good thermal path throughout, and avoid excessive
mechanical stresses in the mounting.

6) The invar rectangular guide should be longer, 10 cm (4 inches) or more,
to ease the problem of tightening the flange bolts; one bolt on each flange could
not be used with the 7.5cm (3 inch) long rectangular sections.
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4.,3.,6 Breakdown Sensors

1) All three types of sensors: optical, biased probe, and reverse power,
should be incorporated into the waveguide asscmbly. The photodiode to detect
visual breakdowns in the diplexer should be better thermally insulated to provent
overheating. It should also be made somewhat less sensitive than the other photo=
diodes since there will be considerable iris heating, particularly if the copper=-
laminant is not employed.

2) The quartz rod light guide should be thinner to insure 5th harmonic
cutoff in the light diode assemblies preceeding the harmonic filter. The 0,.254cm
(0.1 inch) diameter rod with € %4 should be reduced to .ll7cm (.046 inches)
diameter for 12 GHz operation; operation will still be adequate.

3) The RFI material for the optical diodes and multipactor sensor probes
may be longer, 5 to 7.5cm (2 to 3 inches)., It has 14,2 4B attenuation per cm
(36 dB/4n), about 1/3 of the attenuation for a non-vacuumeoriented material. The
greater length than 2.5cm (1 inch) would reduce possible harmonic leakage from
components preceeding the harmonic filter.

4,3.7 Oshexr Components

ductive metal
1) The mounting plate should be aluminum or other highly con s
with an oxide surface treatment to increase radiation. Aluminum oxide is comsider-
ed to be a good radiator if the thickness is greater than 7 microns (275 pin)

(anodizing would be used) .

2) A dc blocking flange is not recommended for the system specifications of
this program, It is too complex for the harmonic attenuation required, An input
waveguide blocking flange would be preferred for a TWI if one is required.

3) The lower (second) elbow should have an iris brazed imto place; this can
be oversize and then trimmed to minimize the reflection.

4,4 TESTING PROGRAM

1) Future models should be tested in a vacuum environment for tolerance to
a 1939K (-80°C) temperature for a 60 to 90 minute period, followed by almost
immediate transmitter operation in a 3239K (50°C) ambieént. Simulated tadigtion
cooling might involve some minor problems in procedures; achifeving the 193°K
(-80°C) would require a 1iquid nitrogen wall adjacent to the radiation surface ef
the waveguide assembly mounting plate. (Cold testing was not required in the
program.)

2) Mechanical tests of shock, acceleration and vibration should be performed
initially on susceptible components, particularly the 8iC terminations which should
tolerate the relatively conservative requirements but which have not been checked.
No other components are sensitive, and would only fail in the event of some fault
in fabrication.
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SECTION V. DETATLED TECHNICAL RESULTS, COMPONENTS

This section datails componcnt developments, Tha purpose in to show
the paths followed in the davelopments, and provide the data used for the
final designs. Where the developments pointed to approaches for possible
further improvements, such approaches are daescribed.

5.1 WAVEGUIDES, FLANGES, GASKETS, AND VENTING

5.1.1 Waveguides

Selection: The waveguide assembly designed, fabricated, and tested
in this program operates at a frequency of 8.36 GHz, and was designed to
simulate a system as would be developed for 12 GHz, with results extended to
2.6GHz, Figure 5.1 shows the three bands considered and how they relate on
a percentage basis. All operation would be near the center of the recommended
frequency range 80 any differences among the three in terms of band location
are not significant.

The 8.36 GHz was selected because of the in-place 5 kW testing facility
associated with a vacuum chamber. Different phenomena, particularly electrical
breakdown and thermal effects, will vary with frequency and waveguide dimensions
so scaling factors are necessary to predict accurately the effects of these
phenomena at the two final design frequencies of 12 and 2.64 GHz; these are
discussed in Sections 3.2.3 and 5.9.

Standard waveguide sizes are used in all cases:

Centimeters (Inches)
12. GHz WR75 j.d. = 0.952 x 1,905 (0.375 x 0.750)
8.36 GHz WR112 i.d. = 1.263 x 2.850 (0.497 x 1.122)
2,64 GHz WR340 i.d. = 4,318 x 8.636 (1.700 x 3.400)

Compensation for the different height/width ratios is included in the scaling
functions of Section 5.9.

The basic waveguide used was of 6061-F aluminum alloy, to EIA Standards
RS-261A except that an {interior surface f£inish of 0.254 microns (10 microinches)
RMS and an interior tolerance of 1 .0254mm (f 0.001 inch) were specified. In a
fl1ight system, 6061~-T6 would be used for its better mechanical properties as a
result of heat treating and aging. The availability of beryllium copper waveguide
in 0.4 mm (1/64 inch) thick walls also was checked for possible use where aluminum
may encounter difficulties. Both types are available in 6 to 8 weeks ARO, Weight
reduction by milling the waveguide external walls is not necessary at 12 GHz where
the guide weighs 0.298 kg/m (0.2 1bs./ft.), but may be desirable at 2.64 GHz where
components are much larger.
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goveral materials wore consildered to idontify prefarrad onea fox apace waven~
guide subayatems. Baryllium ahowed the best characteriatien, but is vory diffiecult
to work and was rojected, Aluminum 1A an axcellont choice when all factows axc
conaldored, and a silvor or coppes plating roduces the loasan conaiderably, Copper
18 also a good choice and would not roquire plating, Tablo 5.1 lists charactor=
{stics of various matorials. Invar with a silvor plate 4a required for tho cavi-
tics of tho diploxer which roquire oxtreme mochanical stability to avoid serious
dotuning as temporaturc varices. The roctangular wavoguide connoctod to the
diplexer cavitice should also be of invar, silverplated, to avoid scvera thormal
stresses. A rhodium or gold flash is applied over the silver or copper to rotard
corrosion in thc atmosphere.

Plating: Silver or copper plating can be applied by electroplating of an
electroless method; the latter is particularly useful in intricate configurations.
Electropolishing prior to plating will result in a smoother and less lossy
interior, but it was not significant {n this program because the waveguide was
obta ined with a 0.254 micron (10 pin) surface roughness, considered to be a
reasonable value, Plating thickness should be at least three skin depths, The
one-5 skin depths for aluminum and silver at the three frequencies of interest are:

g 8 ALCT (}Jin) S Ag?Cl (pin)
12 GHz 7.4 x 1073 (29.1) 5,7 x 1077 (22.4)
2.64 GHz 16 x 10=3 (63.0) 12.4 x 1073 (48.9)
8.36 GHz 9 x 1077 (35.4) 7.0 x 107 (27.6)

Thus three skin depths in silver is 1.71 to 3.72 microns (67 to 145 pin). A rough=
ness of 0,254 microns (10 min) increases the loss in silver by approximately 67 at
g=band and about twice that at X=band over the theoretical perfect case, These
losses are considered acceptable compromises when comparing loss against finishing
costs for extreme smoothness, Attenuations for the three guides with silverplatings
and a 0,254 micron (10 min) roughness are listed in Table 5.2.

Assembly Methods: Fabrication techniques to be used sre those available
for precision work with moderately difficult metals, particularly aluminum and
invar. The general methods to be used are as follows:

Aluminum: Dip braze or vacuum braze, follow with heat treatment.
Electron beam welding also can be used but usually is
not required.

Invar: Furnace braze

Difficult Situations involving dissimilar metals and/or critical
dimensional control: Electron beam welding.

Silver Plate: Electroless process = gives uniform coverage up to a
depth of 5 x 10-4 cm (2 x 10=4 in) for intricate
assemblies; use at least three skin=depths to minimize
diffusion effects between Al and Ag and to minimize

resistive loss.
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Eleetroplating muat bo used for plating greater than
5 x 107%em (2 % 1074 in)

g1 lver Plata Profactlont ecan uae n allvar=converaion rather than Au
or Rh flashing

Thun tho techniquen avallable will providae for all the fahrieation required
for optimum spaeo oxientad waveguide componentn,

Eleetropolinhing: Eloctropolishing was considored as o meand to roduce rvf
logsas due to roughness of waveguide intorior walls (rof. 3, pagoe 27). Eloetro=
polishing is the rovorse of oloctroplating; it romovoeso matorial from the obloct,
more from the peaks than from the valleys, which results in lesse rough surfacce.
Reducing roughness from ,762 microns (30 pin) to 381 microns (15 uin) will remove
about .0254 mm (.001 inch) of surface material, which is usually negligibla., This
amount of clectropolishing should reduce logscs as follows, assuming ,762 microns
(30 piu) initial roughness:

12 GHz - 23,5%
8,36 GHz - 20,7%
2.64 GHZ - 12 05%

A loss test was performed on a .305 meter (12 inch) elcctropolished gection of wave~
guide but no significant improvement was observed, The conclusion was that the

254 micron (10 uin) specification placed on the waveguide vendor was met and further
polishing will have little or no improvement.

Oversize Waveguide: Oversize waveguide has been considered as a means for
reducing losses; typical values for two such guides are at the bottom of Table 5.2,
Oversize guide would be relatively lower in effectiveness for the harmonic filter
since there are many more higher order modes possible than in standard guide. The
approach also may be undesirable for accurate power monitoring using directional
couplers. The diplexer design may be impossibly complicated in the coupling irises.

nus the recommendations for use of oversize waveguide is limited to the run from the
rf assembly output to the feed horn and would be considered only for long rums. The
WR=75 waveguide has a loss of about 3.2% per meter (1% per foot), and a run of some
distance would have to be involved before the oversize guide is considered advisable.

From Figure 5.2, a 12 GHz oversize rectangle waveguide, retaining the TE;g
mode, could take on the following dimensions for a 1.64% (.,0706 dB) loss per meter
(0.5% or .,022 dB per foot):

cm X cm (in_x in)
height x width = 1,42 x 2.84 (0,56 x 1,12) (1:2)
= 2,03 x 2,03 (0.80 x 0.80) (1:1)
= 3,56 x 1,78 (1.40 x 0,70) (2:1)

These assumed RgMy = 7.96 x 10=3 for silverplated aluminum. In each case, mode

control becomes a problem since additional modes can be supported for the funda-
mental frequency as well as harmonics. Even bends, which are about the simplest
component, must be designed with great care to avoid power conversion into
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unwanted mades, Transition taperas from atandard alee wavegulde to averalze eause
the peneration of apurious modes, whieh ecan be minimized by uaing rvelatively long
tapera. Thia furthey emphafizen the recommendation that oversize waveguide should
be used only for long runs whare the loas raduetions would be aignificant and long
trannition tapers are tolewxablo,

5.1.,2 Pinconncet Flangoen

Standard CMR type flongos wero utilized for diacomnoct purponcs batwoon
componento and at the input and output torminals. (In tho flight configurationm,
only ond £langoo should bo boltod and all eothors woldod aftor oporation io satine
factory.) The CMR flange, a miniature EIA roetangular type, was shown in Figuro
1,5, it 18 small and light, and can achicve a very tight junction when used with a
gealing gasket, The oight bolts with rather close opacing can provide a high
compression force between flange faces.

Other types of flanges considered were the larger CPR version of the EIA rec-
tangular flange, a choke/cover and cover/cover type, and a quick disconnect typej;
these types with their relative advantages and disadvantages are in Figure 5.3,

5.1.3 Caskets

Gaskets may be of two types: soft aluminum with a raised cross-hatch con=
tact area, or resilient material, a silicone, with embedded silver spheres. The
first type, which was shown in Figure 3,6, was used in this program. The gasket
was of 6061 aluminum, .0Z . em (.,010 inches) thick with a cross=hatch area raised
.005 em (,002 inches) on each side. The cross-hatch pattern consisted of ,0127 cm
(,005 inch) width raised lines spaced .089 cm (.035 inthes.) The shape of the
gasket is that of the flange. This gasket requites a considerable clamping pressure
to insure the flange will crush the .005 cm (.002 inch) cross-hatch region sufficient-
ly to make a solid contact to eliminate all rf leakage. Typical pressures required
to achieve a =130 dB leakage are:

12 GHz 1,043 kg (2,300 1bs.)
8.36 GHz 1,814 kg (4,000 1bs.)
2,64 GHz 10,000 kg (22,000 1lbs.)

These are no problem with appropriate sized stainless steel bolts. Gasket fabri=
cation used conventional photo-etch methods. Insertion losses per gasket were
computed to be:

12 GHz 0.002 dB
8.36 GHz 0.0012 dB
2.64 GHz 0.0002 dB

Resilient gaskets that may be considered are cut from Chonerics 1224 material or
equivalent. This is a low outgassing silicone with a copper screen sandwiched
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for stahility, and loaded with s1lver spherce for conductivity, The material 1is
genernlly acceptabla (Appendix I1) since outgassing is low after a suiltable bakeout
and very little outgassing surface 1s exposed to the waveguide interior. It has a
computed VSWR of 1,005 which is satisfactory, and clamping presaure 18 much less
than for the metallic gasket:

12 GHz 36 kg (80 1bs.)
8,36 GHz 75 kg (165 lbs.)
2.64 GHz 750 kg (1650 lbs.)

These gaskets may be reused, but should be cleaned and baked for use in vacuum tests.,
Losses will be three times that of the aluminum gasket because of its greater thick-
ness and tendency to deform, but .006 dB per flange at 12 GHz is still quite nominal.

5.1.4 Venting

The purpose of venting is to insure that no significant amount of gas or subli~
mation particles can accumulate at a point within a waveguide component to cause dis=
ruptive rf arcs. The entire waveguide system is vented to give an "open" effect; a
pressurized waveguide approach would result in a total system failure if a small leak
ever dev.loped. The vented system is obviously more reliable when the thermal
stresses between 1939K (~80°C) and 373°K (+1000C) are considered, and the generally
fragile nature of the waveguide windows and electrical connections are recognized.
The task has the restriction, however, that the rf leakage from the vents must be
low enough to keep the total rf leakage from all sources below the specification
of -80 dBW at either 12 or 2.64 GHz., For practical considerations, the total
leakage from the vents is nominally set at -130 dB, or the equivalent of -98 dBW.

Vent Size to Remove Qutgassing: The initial objective of venting is to
insure adequate open area for gas particles to egress. The effect of venting on
gas particles can be expressed in different ways: a rate of flow of number of
particles, volume change rate, or pressure change rate. The first approach is
expressed by (ref. 5, page 20):

éy- = .l'. Va‘A(nZ"nl)
dt 4

where %% is the rate of molecule outflow, v, is the molecular velocity (from Boyle's
Law), A is the orifice area, and n2 and nj are the number densities of gas
narticles on the high and low pressure sides of the orifice. At the coldest temper=-
ature that might exist, 193°K (=80°C) in an eclipse, the particle velocity is of the
order 20,000 cm/sec (7870 in/sec) for a molecule like Al1203 and 50,000 cm/sec (19,700
in/sec) for a water molecule. At a temperature of 323°K (50°C), vg increases by 30%,

go the va's are large in all cases, An indication of the rate of molecule outflow
as a function of or*fice diameter is indicated in Figure 5.4, These curves assume

n] is negligible, o* the lower pressure is much less than the high. These curves
gshow clearly that ¢ven in the safe operating region of .0133 N/m (10‘4 Torr), an
opening of .127 em (.03 inches) diameter will pass 1014 molecules per second or 2.5%
of the molecules in 103 cc (1 liter). With ten vents per 103 cc (1 liter), the
exhaust certainly would be complete in a matter of minutes,
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The outgassing can also be axpressed in cuble centimeters or liters per
focond per fquare centimetor, which 1s a convenient comparison paramoter since
1200 ec (12 liteta)/ecc/cmg is about the maximum that can be achieved with
moleeular flow (mean free path large compared to dimensions of component being
considered). Figura 5.5 indicates the outflow rate that would be achieved
(Reference 5, page 92). From this data, it would appear that a vont gize of
127 cms (.05 inches) and a length of 1,016 em (0,4 inches) would result in a
maximum conductance ratc of 20 cc/sce which, again, would provide a complete out~
gassing function in a matter of minutes for most components which generate little
contamination. A check on pressure reduction rate indicated a .127 cm (.05 inch)
diameter orifice would reduce ptressurc by a decade in 33 seconds, again showing
orifice size is not a problem,

Outgassing from metal surfaces is usually negligible after a short time
in a vacuum, particularly if heat is applied such as from rf losses in a wave-
guide., Outgassing may be significant from oily uncleaned components, organic
materials, and porous materials such as the SiC terminations used in the system.
The first item can be avoided by a complete and careful cleaning process for
every component and part of the system as assembly progresses, In this program,
this procedure was implemented.

Organic materials are generally avoided. Some interconnecting waveguide,
not a part of the subsystem, used gaskets of Chomerics 1224 material during
vacuum testing., If this contributed to the reridual gas in the waveguide system,
the effect was negligible. However, the com_.cuents for the space-oriented trans-
mitter can avoid organic materials.

The porous termination material is not avoidable. But its effect can be
minimized by baking before installing, and further heating in space for several
hours before full transmitter power is applied.

Outgassing of rf absorbers is also not well defined. The GE Tube Depart-
ment bakes SiC at 8739K (600°C) for 8 hours. Outgassing varies as a function of
the exponential of temperature, although the expression for the variation is not
simple (ref. 6, page 38). As an order of magnitude, an assumption that the
simple gas law applies permits equating P/T® for the two conditions, and at 323°K
(50°C), a termination size piece should outgas adequately in about a day. It
would thus appear that an ambient of 3239K (50°C) and a week to permit completion
of the outgassing process should suffice for 8iC material, In the test program
of Section 6.3.3, outgassing had stabilized at about a pressure of 6.7 x 104 N/m2
(0.5 x 10"5 Torr), and was continuing at the test termination.

RF Leakage from Vents: The outgassing removal did not place any severe
restriction on the orifices, but rf leakage must also be considered. For the
requirement that the Sth harmonic must be attenuated, no radiation should be
permitted from the vents at that harmonic. Thus the vent diameter will be
smaller than the cutoff limit for cylindrical waveguide:
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£ 3£ D (cutoff)

12. GHz 60.0 GHz 0.292 cm (0,115 inches)
8.35 GHz 41,75 GHz 0.419 ¢m (0,165 " )
2,6 GHz 13,0 GHz 1.344 em (0,529 " )

Attenuation is given by:

2
o~ a__zx.-LL_- \/i - ( : ) nepers/length,

c

which applies for all cases. Practically, wheree should be fairly large, f/f
could be set at about 0.8 which would then provide an attenuation at the fiftﬁ
harmonic of 19 dB per diameter of length, but would approach the limit of 31.9
dB per diameter of length for lower harmonic frequencies where frequency is
much less than cutoff. Thus the maximum vent diametexs should be:

12,0 GHz 0.234 em €0,092 inches)
8.35 GHz 0.335 cm (0.132 " )
2,6 GHz 1,074 em (0.423 " )

The length of the tunnel for each of the orifices determines the attenvation, and
the total number of tubes must be considered in determining overall attenuation.
To meet rf leakage requirements, vent leakage has been restricted to less than
-130 dB. The number of vents used in the waveguide subsystem was about 40 plus
400 in the harmonic filter. To keep the leakage low, each of the 40 vents had a
length/diameter ratio of 5, giving -160 dB leakage per vent and -143.5 dB for
the total. The harmonic filter had vents with length/diameter'ratios of 7, and
the 400 vents should leak no more than -197 dB. In experimental tests, no rf
lenkage was discernible.

Vents were generally placed where outgassing was possible. All sicC
terminations were vented at about one inch intervals. Other components such as
straight waveguide sections were vented only at the flanges. The diameters used,
actually .160 cm (.063 inches) in most cases, was adequate as can be deduced from

Figures 5.4 and 5.5,

Vent Configurations

The three techniquas shown in Figure 3.7 can be used in whatever form best
fits a given component configuration. The type should be identified before
fabrication so any materials to be added, such as the inverted channel of Figure
3.7a, can be included as an integral part of the assembly. Note that the out-
gassing rate for the inverted channel configuration is about half that for a
straight tunnel, but this factor 'is not of significance.
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5.2 HARMONIC FILTER

5.2,1 Performance Requirement

The specifications for the harmonic filter, as noted in Section 2,1.3, were
to insure a minimum of harmonic {interference from the transmitter. In addition,
the filter should have a minimum detrimental effect on the transmitter per formance,

Pertinent specifications, all of which were bettered, are:
Attenuation: £, = < 0.3dB
2£, = > 30dB
*3f,
*4 and Sfo =>10dB

= >20dB

% (These were not measured herein)
VSWR: f = < 1,05 at ceriter

f =<K 1.5

RF Leakage: fO = less than ~111.75dB
£ = less than -91,75dB

The implication of these characteristics is that the transmitter tube may
generate at least 5 significant harmonics that may be as great as -20dB, and
the filter should be capable of accommodating such performance.

This is not a likely situation for the type of tube to be used at 12 GHz,
which will be either a klystron or a coupled-tavity TWT and usually will have
lower power at the higher harmonics. Typical valucs are (Reference 9):

2f 3f 4LE 5€
o o o o

Klystron -30dB -40dB -40dB* «40dB*
TWT (Cavity Type) -~30dB =40dB - -

(*Estimated Maximum)

Thus the attenuations noted should reduce the harmonics well beyond 50dB

below the carrier. Only a helix type TWT is likely to have high power harmonics

and thus would require a filter with greater attenuation,
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The requirement for measuring the harmenie offectiveness of the filter was
14mited to include enly the TEgy and TE10 modes of the second harmonie. The
socond harmonic can appear in five different modes with algndficant energy from
a TWT or klystron likely in the TEjp and TMyg modaa in addition to the TEpg
and TEO ., The third harmonic can appear in cleven difforent modes, although
the four mentioned will tend to predominaté, By noting the relative coupling of
the various harmonic modes to the harmonic attenuator cavities, the effectivoneas
at the unusual modes can be deduced qualitatively. This qualitative approach
was coniidered sufficient for the higher and odd modes harmonics in present

program,

5.2.2 Harmonie Filter Type Selection

Several types of harmonic filters were considered in this study. The two
preferred types selected were the standard leaky-wall ty,e and the "large-aperture'
leaky wall type which were shownh in Figure 3.8, Others considered but rejected
for this program were:

waffle Iron - a reflective type which is subject to multipacting
(Ref. &4); absorption is preferred to reflectionm.

Helix Open-Periodic - data indicated poor 2f, attentuation; would
be excellent at 3f and higher (ref. 2).

Spiral Leaky-Wall - also had poor 2f, performance but excellent
higher harmonic per formance (ref. 2).

Zig-Zag - physically small but high insertion loss; may be
acceptable at low frequencies (ref. 7); see below.

The initial preference was for a leaky wall type which has proved to be
effective, at least for the second and third harmonics (ref. 2 and 8). A typical
response for this filter is shown in Fig. 5.6; this Figure also shows that the
large~aperture type of leaky wall filter is more effective at the 4th and Sth

harmonics,

PO L OTTED WAVESUIDE LEARY WALL PILTEN
I APTATURE LEAKY WALL FILTER
" ,
§ A
I}
40 i 4 +
20! .
® \
©
o 7

RELATIVE PREGUENCY (1/1g}

Figure 5.6 Filtering of Leaky-Wall
and Large Aperture Filters
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But the large~aperture type, ecssentially made up of open waveguide ends,
would have about 0,5 dB loss at 12 GHz, compared to 0.2 dB for the slotted loaky
wall type. Thus as a compromide, two short end scctions of slotted leaky wall
filter wore separated by a short center section of the largeoe=aperture typco.

The latter provides better high harmonic attontuation, and increasecs the overall
loss by only a small amount. An all slotted type leaky wall filter might have a
loss of 0,2 dB; the combination should have less than 0,3 dB, The improvement in
harmonic attentuation at the 4th and 5th harmonics, and the probable higher
coupling for other modes of lower harmonics, makes this approach optimum for the
program. :

The leaky wall filter for 8.36 GHz was about 45.7 cm (18 inches) in length.
This translates to 31.8 cm (12.5 inches) at 12 GHz and to 1.45 meters (57 inches)
at 2.64 GHz. Since the latter is rather unwieldy and is heavier and more voluminous
than desired, the recommendation is to-develop a zig=zag type for the 2,64 GHz
frequency region. The general layout of this filter type is shown in Figure 5.7,

AB0NNN
HATERIAL (0A0080) !

Al
Y

LOSSY AT HIGH FREQUENC IES
- GOOD AT S-BAND

Figure 5.7. Zig-Zag Harmonic Filter

Note it is very similar to a folded version of a large-aperture filter in that
harmonice couple into attenuators through essentially open waveguide beyond funda-
mental frequency cutoff. The S=Band loss was estimated to be 0,25 dB; the unit
would be about 35.5 cm (14 inches) square which is quite reasonable. The attenu-
ation of this type at all harmonics of interest is 50 dB or better, It would have
too much 1088 to be effective at 12 GHz, however, where loss is estimated at
0.55 dB or more.
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For tho slotted lecaky-wall filter, the qualitative coupling for the broadwall
and narrow-wall slets are as follows (ref. 9): _ .

) o Broadwall Medium  Low High  Medium  High  Medium Low
; Narrow-Wall Low High  High  High Low High High

SN

These show good attenuation for all the modes noted. The large aperture center
section of the filter would generally be higher in attenuation per slot. The
filter length, in general, is paced by the TE,q mode attentuation requirement,
and as long as this mode is satisfied, the ot%er modes will be attenuated to a

satisfactory level.
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A technique considered but not evaluated was to use mode scramblers in a
conventional leaky-wall filter to change énergy content of the various harmonic
modes in the filter to improve coupling te the side guides. The action is com-
plex, however, and not easily analyzed., The above approach using large aperture
coupling is preferred.

.-

et

The types selected or recommended, therefore, are:

s P gy e o o T Moy e

f' ) 12 GHz - slotted tapered leaky wall types at ends, large-aperture leaky
- wall mid-section, 8.36 GHz component scaled to this type.

2,64 GHz - zig-zag type to reduce size and weight,

5.2.3 Slot Designs

_‘ The slot designs for the end sections of the filter follow a conventional
design process, similar to that in reference 8. Each end of the filterhas six
rows of 20 slots each, with two rows on each broadwall and one on each sidewall.
The layout of the two end sections is shown in Figure 5.8, and slot dimensions
are in the Teble below.

500000000000 L 0N

”_ Figure 5.8. Slot Designs for Hdrmonic Filter
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Broadwall Sidewall
Station Length Width Longth Width

1 em (in) cm (in) cm (in) em (in)
1 396  (.156) 317 (41258) 396 (.156) 317 (,125)
2 470 (.,185) 470 (,185)

3 546 (,215) 546 (,215)

A 622 (.,245) 622 (.245)

5 698  (.275) 698  (.27%)

6 o774 (.305) 774 (.,305)

7 .850 (.335) .850 (,335)

8 ,927  (.365) 0927  (.365)

9 1,003  (.395) 1,003  (.395)

10 1,003 (.395) 1,003 (.395)

11 1,003 (.395) 1,003 (.395)

12 1.003 (.395) 1.003 (.395)

13 1,003 (.395) 317 (.125) 1,003 (.395) 317 (,125)
14 1,050 (.413) «345 (.136) 1,036 (.408) 345 (.136)
15 1,095 (.431) 373 (.147) 1.070 (.421) 373 (.147)
16 1,140  (.449) 401 (.158) 1,103 (.434) 401 (,158)
17 1,087  (.467) £29  (.169) 1,136 (.447) 429 (.169)
18 1,233 (.485) 457 (.180) 1.169 (.460) 457 (.180)
19 1,277  (.503) 485  (L191) 1,201 (.473) 485 (.191)
20 1,323 (.521) 513 (.202)* 1,233 (.486) ,513 (,202)%

% Actually, these were ,520 (.205) which resulted in an open end slot, per Fig. 5

The slots are spaced on 0.610 cm (0.240 inch) centers, and centered on the inside
centerlines of the narrow wall and half-sidewall, The slot patterns in the first
nine slots were tapered linearly to provide a gradual transition from the
unslotted input waveguide to the several slots in the middle which were
resonant at the second harmonic; the transistion resulted in a relatively small
reflected signal from the early slots. The second tapering from slot #14 to
#20 was to effect a transition to the center section which is made up of open
waveguide ends. A sketch of the appearance of this taper is included in
Figure 5.9. The height of the WR112 waveguide is less than half the width,
so the narrow-wall slots above have a different dimension than the broadwall
slots. In the case of WR75 or WR340 waveguide for 12 and 2,64 GHz, the narrow-
wall slots would have the same taper as the broadwall slots.

The center section of the filter consists of 25 slots per row, and these are
made up of .0762 cm (,030 inch) aluminum sheet. The waveguide wall looks like ends
of waveguide cut for second harmonic operation at 16.72 GHz, The configuration is
obtained in the assembly of the pieces, and does not involve a separate slotted
piece of waveguide as do the two end sections.

Experimental evaluation of slot performance was performed at 3.3 GHz, which
permitted measurements through the 5th harmonic with available test equipment.
The tests used WR-284 waveguide with a one inch slot on one side of the broadwall.
A test on the large-aperture type of coupling to an open waveguide was evaluated by
using & section of WR-137 waveguide on the broadwall of tne larger guide. The
resulting attenuations per slot for the TE,, mode were:
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2054 X 0794 cm 8Slot

Harmonic (1" x 5/16") WR137 8lot
2 .20 48 .14 48
3 .08 .12
4 ,035 .10
5 ,022 .08

The effect of the open-waveguide type of slot is evident for the higher har-
monics. The transition slots in the tapered regions would give varying amounts of
attenuation and were not evaluated in detuil, A check was made on a 2.54 cm (one
inch) narrow wall slot with the TE1o mode, and coupling was low as expected, about
,01 dB. However, the latter is effective for TEOn modes, and all TM modes.

5.2,4 Tab and Slot Assembly

The leaky wall harmonic filter involves a large number of small waveguide
sections surrounding the main transmission guide, To build this componient up by
any way but dip brazing would be very expensive. The filter consisted of several types
of parts which were precision cut, agsembled by inserting tabs thru slots and
twisting same to achieve a rugged egg-crate type package, and then dip brazed to
electrically seal all the seams in the entire component. The {initial attempt to
dip braze the harmonic filter used external jigs rather than tab and siot construction,
but the brazing did not £ill all the seams. This was thought to be due to the
extreme softening and sagging of the aluminum which reaches a temperature only about
50K below the melting peint of the aluminum, and the jig did not provide a complete
support for the parts. A second filter of tab and slot construction worked very
well. A couple of seams were still open, which was attributed to the minor
inaccuracies in the cutting of the parts by a nibbler. This suggests that future
filter parts be die cut to insure high accuracy and uniformity. Open seams in
many cases lead to substantial reflected signals. Further, repairing open seams
satisfactorily is very difficult because of the small openings and deep tunnels
formed by the cell type of construction that results.

The filter, shown in Figure 5.9, is made up of 66 cross sectioms like the one
shown in the figure, which hold 10 side pieces in place. In addition, two sections
of WR112 waveguide are used for the tapered-slot section at each end of the filter.
Dip brazing was then performed; this preceded the inclusion of the absorbing termin-
ations used in each of the side waveguides. A cross section of the center section
where the propagating waveguide is formed by the eross plate and side piece edges
{s shown in Figure 5,10, Included are the 20 tabs used on each of the 66 cross
section members.
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Figure 5.9 Harmonic Filter With Parts

Mounting
E - Flange

Figure 5.10 Center Cross-Section of Harmonic Filter
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5,2,5 Termination Nesign

The harmonde filter required a total of 190 torminationa for the endn of the
nide guiden that ahsorb the harmonie power, gingle terminationn such an uped olaee
whore 4n the nyntem used individunl 81C spenvn, matalized and affixed with a bolt,
Thin would be prohibitively oxponnive for the harmonie filter, Tnntead, the apears
wore ent in groupn of 11 before firing, and thua cach was able to provide the
cormination requirements for 11 compartments, Actually, tho 81C dintorted somewhat
during curdng, and nome touchup with o diamend wheel wan necennary. Somo of the
plecon aeparated, so picces woren't all 11 units in length, llowever, the tochnique
sti11 permitted a mechanical arrangement whereby the 8iC picces were fitted into
slots in the crosspioces; rote the slots at the oxtromitics of the cross scction
pleces of Figure 5.10.

A typical picce of the SiC termination material is included in Figure 5.10,
These pleces are held in place in the eggecrate assembly by 0.8 cm (5/16 inch)
thick cover plates, with an intdrmediate beryllium=copper strip spring. For a
{light model, the latter would give better thermal transfer Lf it were brazed to
the cover strips. The thermal absorption is relatively small in each anyway, 80
this is not a critical factor.

e material used was type SP silicon carbide which was found to be entirely
adequate.  No baking was performed, and a small amount of outgassing persisted
during the tests in a vacuum, Usually, for high vacuum use, the material is baked
for several hours or more at 873°K (600°C) which would be recommended, The
material is used in vacuum tubes and so is suitable for a space waveguide component,
particularly when vented. Venting, in this case, involved drilling .12 cm (3/64
inch) holes in the cap strip, one for each compartment in the egg-trate configuration.

Other materials considered for the terminations were:
Eccosorb ZN and NZ ferrite material
g§ilicon Carbide, Nortom Co.
EMAiron
EMA=9030 and 9040
The materials used in formulating some of these weren't known, and there was
1ittle outgassing data, However, it appeared that they should all be applicable with
a bakeout, The decislon was largely on moulding capability for ..ake a number of

gpears in a single plece to facilitate installation as well as to minimize cost,

5.2.6 Impedance Matching

The filter as constructed showed a remarkably good VSWR, about 1,02, but at a
frequency near 8,2 GHz. At 8.36 CHz, it had increased to about 1,12 which is not
within tolerance., The assembly did not lend itself to adding metal irises as required,
hut the main points of discontinuity were identified as being the transistion points
between the slotted=lcaky=guide sections om the ends and the open-waveguide large
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aperture centew geetion, The recommendation in this case was to revise the length
of the centay seetion and to build the tapered alotted sectionA in copper to
detorminn a best sige and arrvangemoent of alots to minimize roflectiona, In nddition,
irdiacs may be added in the initial fabricatiom, and redueed in alze ta an optimum
valuo durlng compenent teating., Far the current filter, two small horen nitride
pants were added to achieve o roasonable fmpodanece mateh, The finnl VSWR penked at
1,03 at 8.45 GHez., Tha matehing procers wap adjunted to show a 1,00 VABWR at center
froquency on tho display, which 10 subjoct only to measuroment nquipmont variation
which may bo 1,02 or loss.

5.,2,7 JYerformrnec
The harmonic filter recquires two sects of porformance data: the ability to
attonuate harmonics, and the ability to avoid attenuation of the fundamental, 1In
all cascs, the VSWR should be low since IWT amplifiers are quite sensitive to re-
flacted signals at the output éavity, which can cause serious distortion in the tube.
Sccond harmonic attenuation was as follows:
TE1Q mode: more than 60 db over the band
TEyy mode: 45 db at low ead, 39 db at high end of band

The VSWR's for the second harmonic peuked at: s o s s 1 s e

TElO H less than 1,12

TEOI: less than 1,05

These are all well within the specifications of gection 2.1.3. Extrapolations to
higher harmonics indicated that all harmonics will be heavily attenuated,
based, for example, on the response of Figure 5.6.

Attenuation of the fundamental was also found to be low, varying from 0.16 4B
at the low end, to 0,22 at center frequency, to a maximum of 0,25 at the upper
frequency limit of the band, The VSWR, as mentioned above, was zeroed on the
indicator of the measuring equipment at carrier, and measured 1,015 at the low end
of the band and 1,03 at the peak near the upper end, A measurement of the complete
waveguide assembly VSWR confirmed that an excellent match had been achieved,
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5.3 POWER MONETORS

5.3,1 Rovorag Power Mopitor
5.,3.1l=1  Requiromonte

Ravorao powor ie an impertant paramoter in that TWT's and other mierowave
tubes arc sensitive to rofloctod powor at tho output cavity. High roflectod power
lovels load to sorious distortion of signal transfor charactoristics, inatability
and possible damage to the tube (in oxtrome casos). For this program, the rofleet~
ad power was to be less than ,06% of the forward power (VSWR< 1.05) at the carricr
frequency, and more than eight times this permitted ovor the band., Accuracy was
to be +1,5 dB which is quite difficult to accomplish with such a emall signal.

The directivity was determined as follows:

Reverse signal = =32,22 dB

Accuracy; allot 0,5 dB to level calibration error, 1 dB in directional
coupler; then

Reverse Signal Apparent Range Limits: =31,22 to =33,22 dB

" range: ,0218 to ,02745, one half total differemce = .00283

Directivity is then 20 log (.00283) = <531 dB

Directivity at VSWR = 1.15 can be computed similarly to be =41,8 dB
These directivities can be relaxed somewhat if the detector calibration error is
made less than 0.5 dB; for instance, an error to 0.4 dB changes the directivities
to =50.2 and =41.0 dB, respectively.

A sketch of the directional coupler used for the measurement is in Figure
5.,11; the actual coupler was shown in Figure 3.10, The approach selected for

6x10 P
£.4x10"7p
|
b 1 l -¢—— Reflécted Error o
\4 e wtggg’n.'.w‘;-,.!. e K “::,. e
P —> #— 0006 P ’] e
.999p

Figure 5.11. Reverse Power Monitor Relations, =30 dB Coupling

3!

q\,;‘:“_




i
R

{mplementation of the high directivity waveguide coupler was to implement a multie
aperture array design with high directivity and good broadband coupling
characteristics. In the reverse puwer couplet, the FORWARD wave signal

1s coupled into the fourth port terminstion st 8 level 32.22 dB higher than the
REVERSE signal coupled into the detector port. The intrinsic directivity of

the coupler can be altered adversely by the reflection of this forward signal
sample from an imperfect termination. This problem was countered by controlling
two factors. First, the VSWR of the termination was held to a low valve consistent
with the directivity of the coupling array. In fact, it was selected so that the
reflecti on from the termination was approximately equal to the component of the
component of the FORWARD signal coupled to the detector port due to imperfect
coupler directivity. Second, the termination position was determined experimentally
where the approximately equal nreflection" and "directivity" components due to the
forward wave are out of phase at the detector port at band center, thus, improving
the overall midband directivity somewhat from that attained with the array alome.
A long double tapered (pyramidal) silicon-carbide load wit" VSWR< 1,02 was used.,

VSWR of the coupler at all three ports was minimized by inductive iris
tuning at the signal input port and by optimum spacing of termination and detectot
port miter bend in the decoupled waveguide portion of the directional coupler.

The detector nominally measures 0.9 milliwatts under the optimum conditiova.
This power level would rise substantially if a large reflected signal is encounter-
ed, and with a VSWR of 1.30 as might be expected with a diplexer in the 12 GHz
region, this power level becomes 25.4 milliwatts. However, with an arc or other
breakdown at some point in the guide, the reflected power may approach the entire
signal, which would produce a signal as high as 1.5 watts, for a 1.5 kW transmitter.
Lo prevent this power level from damaging the diode detector, a limiter should be
included. Representative solutions to this requirement are (1) a combination unit
such as offered by Airtron which is rated at 1.5 watts, with limiting starting at
20 mW, or (2) the HPA 33800 detector which is rated at 0.1 watt (a little low for
this application) combined with a limiter such as the Microwave Associates MA~-
8444-X75 which is rated for up to 2 watts average. This consideration also led to
the selection of =30 dB for the coupling in the monitor since this results in
convenient signal sample power levels under normal operational conditiong, and
implementation of detector protection 18 reasonable under fault conditione.

The bandwidth of the reverse power monitor is not a problem, Matching the
unit to achieve the very high accuracy required is of concern but proved to be
achievable with the design that evolved.

5.3,1=2 Design Approach

The design method used for the reverse power monitor followed the method of
Levy (ref. 9 ) which showed the general design approaches and typical results for
a WR90 unit. This was scaled to WR112; and the hole sizes were designed to pro\lde
the =30 dB coupling required. A sketch of the resulting hole pattern on the wave-
guide broadwall is shown in Figure 5.12. This coupling was placed between the two
waveguides of Figure 5.11; flanges were affixed for the input, output, and detector
terminals. The latter two ports required elbows to provide a means of achieving a
compact two transmitter layout.
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Figure 5.12. Hole Pattern for Multiaperture Coupler

The output is attached to the next component in the chain, the harmonic filter, and
‘ the detector port has a detector module attached. The fourth port is terminated as
o discussed previously. The predicted performance was 30.65 dB coupling and direc-
tivity varying from =48 to «61 dB over the band, using design and performance data
similar to the WR90 coupler data of Figure 5.13. The measured performance was

29.6 dB coupling and variation cf about +0.5 dB over than band; directivity was mure
than =50 dB. The unit was designed to have a total of 12 vent holes, 0.32 cm (1/8
inch) diameter, distributed along the exermal broadwalls of the waveguide used with
a spacing of 1.724 cm (0.679 inches).

The termination was a 16% cm (6% inch) long silicon carbide spear tapered in »
both dimensions. A threaded insert was fastened to the large end so it could be ..
bolted to a bracket which in turn was welded ivnto the end of the waveguide. Before F’.
welding, the spear was positiomed along the guide to give optimum directivity. It
is a stock item and available from Electronautics. Y

5.3.1-3 Assembly “

The two major sections, joined electrically by the 6-hole~pair coupling i
" region, were of WR112 aluminum waveguide. The broadwall of the secondary section 'ﬁtg;z
- (detector and termination port) was cut so the coupling area would only be a single | )
waveguide wall thick, .1625 cm (.064 inch) for the WR112, The flanges were the |
- CMR112 types. The two elbows, at the output and detector ports, were MDL-112BE32 '
%;v 90° miter E types. These are the largest standard elbow of this particular group,
I and have a distance of 2.144 cms (0.844 inches) spacing between the centerline of b o ]

* the guide and the flange edge at the opposite end. In both cases, the waveguide
wall was remcved to adapt to the single-wall between the two maia guides. Bolting
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Figure 5.13. Typical Overation of Multiaperture Coupler

flanges to the thermal radiator used 8-32 bolts spaced 2.54 cm (one inch), and
- nverted-channel type vents were installed for outgassing control with 4 holes in
the main guide and 8 in the secondary guide containing the SiC termination.

The entire unit was tack welded, jigged, and dip brazed. For dip brazed
components, flanges used were the butt type, so the waveguide did not project all
the way through the flange. Thus there were no breaks in the flange face. Aluminum
was 6061, A small amount of warpage along the length of the component was noted;
this was faced off to provide a flat, true surface to insure good contact for
thermal purposes with the mounting plate.

50301"4 Test’.ing

The initial tests were to determine VSWR with a matched load. The unit
required a small iris at the first elbow location, due largely to the reflections
from the second elbow., The impedance matching was accomplished by a slight narrow-
ing of the waveguide by small indentations in the narrow wall. Only a slight
reduction of width was required, and this was more effective to implement than
placing a metallic iris inside the guide and adjusting to size by filing. The VSWR
resulting was under 1.0l and the insertion loss less than .02 dB.

Following this, the termination spear was located to provide a minimum

reflected signal to the detector. By using an extremely well matched load on the
output port, the effect of moving the termination was observable, and it was placed
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[ where the refloction was a minimum at the detoetor, 1l.a, maximum directivity at
midband. The termination mounting plate was then welded in place,

. As noted previously, the coupling waa alightly below the 30 dB objective,
but coupling is not critical as long as it can be measured accurately, The :
directivity was also acceptable, with a level below =50 dB, ;

5.3.2 Forward Power Monitor

T e
R P
o =

5.3,2=1 Requirements

g The forward power monitor is required to measure transmitter power following
! the harmonic filter. An accuracy of 0.5 dB is required, which was found to be
o attainable with a Moreno cross-guide coupler. This is a relatively small component,
A and has no critical parameters. A forward coupling of =50 dB was selected to place
il the detector input signal at 15 mW level which 1s well within the linear range of ﬁ
N the diode to be used., There is no danger of diode failure due to overload in this ;
‘{ component because of the very light coupling set for coupling to the high power
. forward wave. Effect of reverse power coupling on the FORWARD power sample is
negligible but & short termination of silicon carbide provided an sdequate absorber
for what little power was present. S

AT A TR T T

= S

5.3.2=2 Design Approach

The major design problem in the cross-guide coupler is the hole designs.
These are shown in the form used in Figure 5.14 and were designed along the lines
of those in standard literature (ref. 3, page 119, for example). From the guide ;
A wavelengths, the quarter-wave spacings in the direction of propagation for both ]
R the main and cross guides were:

h
i
i
b
o
By
L

8.36 GHe 1,153 cm 0.454 inches
12,0 GHz 0.739 ¢cm 0.291 inches
2.64 GHz 3,88 cm 1.527 inches

The lengths of the slots and widths were computed from coupling equations developed 4 T
by Bethe (ref. 10 ) which led to a determination of the lengths and widths of the S .
crossed slots. Using two slots in the manner of Figure 5-14, the FORWARD F.’ﬂ g

coupled signal travels in the direction indicated where a detector is mounted to

e v« s e o Ty Ve e o o

observe its magnitude. S
Lo
The slots were designed to provide =50 dB coupling, and results were slots ‘a:
with lengths of .394 cm (.155 inches) and widths of .079 cm (.031 inches). These ,
: take into account the thickness factor in determining glot dimensions., The e
i directivity of this type of coupler is theoretically =26 dB. PJ@{QQH

5.3.2=3 Assembly i

The Moreno directional coupler shown earlier in Figure 3.11 was machined from
two sections of waveguide, cutting a section of broad wall from one piece such that o e~
the coupling holes between the two sections were reduced thickness wall, .051 cm
(0.20 inches). Flanges were placed on three ports, and the termination was placed
at the fourth, Again, the termination was silicon carbide, but a piece the
size g
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Figure 5.14, Hole Pattern for Moreno Cross-Guide Coupler

size of the waveguide interior was used with a quarter-wave input matching section
formed into the material to minimize reflections. As noted, this termination does
not have the severe VSWR requirements of the reverse power monitor.

The monitor was assenbled by electron beam welding. Some distortion along
transverse weld lines was noted (tesulting in capacitive discontinuities). This
distortion may have been aggrevated by the use of 6061-F aluminum alloy which does
not lend itself to electron beam welding. A.preferred material is an 1100 alloy.
For future assemblies, dip brazing would be adequate, with electron beam welding
being reserved for cases not covered by more conventional fabrication methods. The
bottom of the coupler was faced to insure a good contact for thermal purposes with
the mounting plate. A two-hole venting design was adopted for the setondary guide
holding the silicon carbide termination; venting of the short main guide was
through other components although a vent in each flange would be suggested as extra
egress points in case of excessive ouvtgassing in the system at any point.

The detector can be the same as for the reverse power monitor except no

1imiter i1s required., The termination was again adjusted to give a minimum reflection

at the detector and was then welded in place via bolting to a flange which fit
inside the waveguide.
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Toats on the unit ahowed a coupllig o) =52 di with a directivity of =26,5 dB,
Thus the slots should he slightly larpey for abtaining a =50 dR ecoupling, but this
amall difference in no particular conpequence as long as its value 1B known
aceurately, A low VSWR, low loss, and 10% hanewidth were all adequate to produce
no limitation on the overall asubasystem operation,

5.3.,3 Other Types of C(ouplers

The demanding specifications for the reverse power monitor led to a general
cvaluation of directinnal couplers. The type sclected for the reverse monitor,
the multiaperture coupler, was found Lo provide the best performance, but is quite
large for lower frequency operation. The component at 8,36 GHz was 116l cm (14
inches) in length, which would be about 1.117m (44 inches) at 2.64 Glz. The
cross=guide coupler could be used, but has a poor directivity. Five other forms of
directional couplers were considered but generally not considered adequate for the
reverse power monitor if the accuracy specified in this system is required, For the
forward power coupler, the Moreno type had about the best combination of bandwidth
and directivity. The several types are shown in Figure 5.15; the pertinent per-
formance data is as follows:

Bethe=Hole: Bandwidth 4%, Directivity 36.9 dB max, for basic
design, small gize and weight, bandwidth and directivity
mediocre

Loop Coupler: Bandwidth 7%, Directivity 36.9 dB max. for basic loop

to waveguide design, small size and weight, considered
suitable where size is important, and generally
recommended for 2.64 GHz if requirements on reverse
power coupler directivity can be relaxed,

.

Schwinger: Bandwidth 10% but Directivity 25 dB, latter mnot good,
Riblet=Saad: Performance same as Schwinger, Directivity considered

poor for single hole=pair

Two=-Hole Sidewall: 1% bandwidth inadequate

The loop coupler is the best type,following the multiaperture type and the Moreno
cross=guide types. It is preferred where weight 1s critical since it requires no
secondary waveguide but the signal comes off on a coaxial line which may be the
detector/mount.,

The loop type coupler has a disadvantage in some applications in that its
sensitivity increases with frequency at 6 dB per octave. The 10% bandwidth of the
2.64 GHz band therefore would have about 0.6 dB difference in sensitivity, which
would place a corresponding accuracy limit of +0,3 dB on the measurement., However,
since this error is predictable, it can be biased out later in the data interpre-
tati(’n .
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Figure 5.15.  Alternate Forms of
Directional Couplers Considered
but Not Preferred .
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5.4 DIPLEXER

S.,4,1 Requirements

The diplexer is the component which permits two transmitters on different
frequencies to function with a common antenna, and without mutual interference.
This is accomplished by the use of a four port device incorporating a directional
filter. The latter is so arranged that a signal at ome end of the filter will go
to only one of the two ports at its output and not thu other. Also, a signal in
the second port at the filter's output passes by the filter an¢ goes out the same
port, providing of course it 1is outside the bandpass oi the filter. The sketch
of Figure 3,12 showed the operation. A fourth port ¢f the diplexes is terminated
in a matched load to absorb leakage power, preventing veilection to the input ports.

The initial f£ilter specifications of this program were for a 30 MHz band-
width at 12.5 GHz at the -0.2 dB points; the 2.64 GHz requirement pormitted a 25
MHz bandwidth. In the 12.5 GHz case. ihe bandpass skirt was to be 25 dB down at
50 MHz from the band edge; the 2.64 GHz case was to have the same dropofi in 25
MHz. Figure 5.16 shows the 12.5 GHz requirement, and also the theoretical
performance of the three cavity filter originally proposed. A 36 MHz bandwidth
is reconmended (and shown) to permit some detuning from thermal and critical

tuning considerationms.

- 3 cavity \\ -
- 0.2 4B Ripple ~.

" NN

et . . l . —y ot .
l v ‘ v 1 [ v I " Al v l ¥
12.44 12.47 12.5 12.53 12.56 GHz

Computed Requirement
-20 -

0 dB -
.10 — yd / Minimum

L e nam

¥igure 5.16. Diplexer Bandpass - Original 3-Cavity Filter

The banipass requirements subsequently were changed substantially to have
a 0.2 dB ripple bandwidth of 120 MHz at 12 GHz, a 150 MHz bandwidth at the -3 dB
points, and a skirt slope dropping to -30 dB at 90 MHz from the -0.2 dB point.
1r. both cases, the nominal insertion loss was to be less than 0.8 dB at 12 GHz
and 0.4 dB at 2.64 GHz, Figure 5.17 shows the bandpass required and the theor-
i lcal bandpass as computed. The bandpass of the 8.36 GHz filter as fabricated
was scaled to show an equivalent 12 GHz performance although an exact correspons
dence is not likely in practice. The latter would be improved with some
additional trimming of irises and changing the dielectric loaded end irises to an
open type. This will be discussed in mwore detail in Section 5.4.4.
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Figure 5.17. Diplexer Bandpass - 4<Cavity Filter

other requirements for the diplexer include the ability to maintcin tuning
over a substantial temperature range, and survive repeated temperature swings to
193°K (~-80°C) up to well over 3739k (100°C). Invar is required in the fabrication
to insure accurate cavity dimensions over a reasonable range of temperatures, even .
though it will not have to operate at the low extreme of around 939K (-80°C). The RN
device, with an insertion loss of 0.8 dB, will absorb about 250 watts, which puts a '
considerable demand on the thermal mounting for the diplexer to get the heat to the
thermal plate and distribute it as well as possible. The expected insertion loss is
about half this amount, waich will not present any difficulty., The invar must be
silver plated to insure high Q cavities in the filter; invar by itself has extremely
poor conductivity, about 1/40 of silver. The majox problem in mounting is to devise

-

a compressible member to take up the wide difference in invar and aluminum expansions. -
Initial calculations showed either the invar or the aluminum would fracture over a oo

453°K (180°C) temperature excursion if no specific relief element was included. - -
Specific designs are postponed until Section 5.4.6 at the end of the diplexer Pp~"ﬁ

discussion. Tt

5.4.2 Design

Narrow-Band Design: The initial design for a three-cavity directional
filter form of diplexer was developed over a period of time, and was reported
some time ago in literature (ref. 11), The general design involved two rectangu- S
lar waveguides having TE10 mode propagation coupled through three series cavities '*/‘“
with TE11] modes. A circular iris couples the rectangular weveguide
TE g power to the circularly polarized cylindrical cavities through an iris so o
placed in the rectangular waveguide that the Hx and H; components are equal. '
Ideally all of the energy transforms into the TE1]] mode within the cavities, .
which are coupled by circular {irises. Each cavity has four tuning screws to .
permit fine tuning to compensate for small variations in analysis approximations
and dimension tolerances during fabrication. A sketch of the equivalent lumped o~
circuit for this arrangement is included in Figure 5.18, showing the series-tuned )
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Figure 5.18.

version, which can also be
arranged as a parallel tuned
circuit. The conatants aro uscd
in the equations of reference 11.
Thoe original developmont waf
incorporated into a computer
program, but was modified since
the diplexers equations were for
a maximally £lat (Butterworth)

" response which turns out to hove

poor skirt selectivity. The
Tchebycheff response used had
considerably steeper slopes at
the band edges, and could operate
well within the 70,2 dB ripple
1imit for 12 uilz. These
equations and computer program
will not be detailed here since
the requirements changed and a
four-cavity filter then became

. pecessary.

Equivalent Serxies Circvit
of Directional Filter

Typical design values from the computer program for f£o = 12,500 MHz were

as follows:

Filter Bandwidth

Objective 30 MHz

Butterworth 30
3-Cavity

Butterworth 36
4=-Cavity

Tchebycheff 30
3=Cavity

Same 36

Same 45

(*Does not include {nsertion loss)

Ripple

¥0.2 a8
0

3 o

1
.2
2

'3'd

Band Edge
Attgguation*

-054
-0.4

-0.2
"Otz

-0.4
-0.4

Skirt Width at =25 dB
from Band Edge

dB 50 MHz (65 MHz from Center)
42.3 (57.3 from Center)

53 (71 from Center)
45 (60 from Center)

26 (44 from Center)
34 (56% from Center)
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These typical combinations of paramatars show that the Butterworth has

broader alopas at the bandpass edges, and should be avoided. The Tchebycheff can
easily provido tho low ripple daosired, 40,2 dB, and provide very steap cdge slopos
while performing with a larger than minimum bandwidth. The 36 Mie bandwidth 18
considercd a minimum desirable level to toleratc a smoll amount of thormal drift,

The computar program for this calculation can be derived from tac more
complex veroion used in the four-cavity version required for the wider bandwidth
of Figure 5.17. The basic equations in all cases were oxtracted from Dishal's
and Cohn's papers (ref. 12 and 13), combined with Williams' Butterworth filter
an.lysis (ref, 11), with added equations relating to the coupling of the TEjp
rectangular mode to the circular TE111 mode as extracted from papers by Nelson and
Young (ref. 14 and 15).

Wide-Band Design: The design of a four cavity directional filter is quite
complex relative to the three cavity type. The computer programs were developed
for the designs of the cavities, the coupling irises, and for thick-iris
corrections., The programs evolved directly from the equations of the several
filter papers of literature, with an assumption of symmetry and very high Q
cavities incorperated. The programs are included in Appendix III, and are in
BASIC language. These specifically are:

1II.A - Circular Waveguide Tchebyeheff Filter (CHEBFIL 2)
I11I.B - Directional Tchebycheff Filter Design (CHEBFIL 3)
III.C - Iris Hole Dia. Correction by Cohn's Corrected Eqs. (HOLCOR 2)

A typical result printout is included in each case; the designs were prepared for
the 8.36 GHz operation (calculations at 8.35 GHz which was not a significant
difference at this point). The first program describes the bandpass, ripple, and
phase characteristics of the filter. The result was used to plot the curve of
Figure 5.17 at 12 GHz. The second progrdm led to the design of the filter in
terms of the two different cavity lengths, the three iris dimensions, and the
offset of the end irises in the rectangular waveguides. The third program was
then used to determine corrections to the iris diameters required because of the
thickness and large size of the irises. The data was derived in terms of selected
{initial diameters and interpolated to obtain a final design. The iris diameter
correction was about a 17.6% increase over that determined from the design
program.

The actual iris diameters used were slightly different from calculated;
they were based on an earl fer less accurate program. However, the result was a
somewhat broader bandwidth than required, which is not a serious problem, and a
1ittle gveater loss, about 0.4 dB worse than specification, in two sthall regions
of the bandpass. The use of the newer design should eliminate this situation.

5.4,3 Fabrication

The entire diplexer was fabricated of invar, furnace brazed, and silver
plated. The two rectangular waveguides were of invar to reduce the possibility
of thermal stresses at the junction with the cylindrical filter sectionms. The
flanges were also made of invar.
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The ractangular wavegulde was drawn from a plece of invar without claw A
and allver plated after tia uplt was nssembled, The eylindrical filtern wer -ut
from cvlindrical bay atoek and notchad arous . the periphary. The five iris laten
wore from flat stock and fitted betwoen cach gnir of parta of tha compan n .
Grooven 254 mm (,010 inchap) Bquase ware placad at all junctionn for the razing
material., The nspambled unit was cven beasad,

A romovabla bushing was placed in the cutatde wall of the rectanpular gulde
that was on the input ond of tho diploxor, and an optical diode was mounted in the
opposite rectamgular guido. Those ware alignod with tho axio of the cylindriecal
cavities such that when they were romoved, a gold or rhodium rod could be placed
through the cntire unit after assembly for flashing the eilver surfaca, The optical
diode was used to observe electrical breakdowns within the diplexer if one should
NCCcur.,.

In addition, a multipactor probe was placed in the wall of each cavity to
provide a detection means if a breakdown should occur., The probes were small
coaxial by=-pass capacitors trimmed such that the probe is £lush with the inside wall
of the cylinder. The probe was ,127 cm (.050 inches) diameter in an opening of .178
cm (,070 inches) diameter. A typiteal by-pass capacitor is the Erie 2425=001=X5U=101AA}
this particular ome was 100 pfd. The capacitor was in an invar tube, and has a one
inch section of RFI absorber surrounding the output lead., The probe has a +15 volt
bias, and current is measured by voltage drop across a 100,000 ohm resistor in series
with the probe.

The problem of RF leakage was considered to be minor. The probe opening will
couple a small amount of power since the assembly acts as a coaxial probe, and will
conduct all frequencies. The coupling should be less than =80 dB (ref. 3) and the
RFI material was expected to add about 100 dB. However, the material was found to
provide only about 40 dB, but mno rf was detectable in leakage tests with a sensitivity
of over 120 dBw. Future systems should use a little more RFI material, perhaps two
inches, to add a margin of insurante. The RFI material used was manufactured by the
Lundy company, and shows excellent performance at 8.36 GHz and all higher frequeucies.
Attenuation is less at 2.64 GHz, about half as many dB per inch (see Section 5.7)
and multipactor probes should have perhaps 10 cm (4 inches) of material om the probe
leads.

The optical diode was mounted to look through the cylindrical cavities, This
was one of the three included in the assemblv, Refer to Section 5.6,2 for details.

After completion of the initial design, operation was found to be different
from expected, and a subtle typographical error was discovered in the literature.
After correction, the input and output iris diameters were computed to be 1.726 cm
(0.68 inches) while the space available within the rectangular waveguide was only
1.244 em (0.49 inches). Thus some method for obtaining an electrical aperture
larger than the physical aperture was requ.red to obtain sufficient coupling at the
two end irises. This is covered in a separate section which follows because of its
relative significance to future diplexers.
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This program was the first in which a four~cavity dircctional filter was
developad, After asscmbly and initial test, it was dotermined that a eircular
1rin could not ho large cnough to provide the coupling roquircd, at least with tho
apocifications on bandwidth and ripple of this program, This circumstanca
roquired that ono of throo ackionn, or combinations thoraef, be takon:

. tho ond irisos could bo loaded with a diclectric te increase coupling.

, tho waveguide hoight could be reduced to about ,127 em (,050 inches),
which could change impedance and coupling to a correct value,

e S R

., The couplifig iris could be made up of three slots, each cf which could
be longer than the circular iris diameter, and dual slots could be used
in the z direction to achieve additional coupling.

For this prop im, time and resources were limited, and the dielectric load-
ing appeared to be suitable., This was finally accomplished with a .,254 cm (,100
inch) thick disk of boron nitride in ecach of the end irises., Tests were conducted
and good results achieved; these are described in Section 5.4,5. However, a
problem appeared when high power operation was attempted.

|

This problem involved heating of the boron nitride dielectric as a conse-
quence of a radial or circumferential resonance mode. The small air gap between
the dielectric disk and the iris is just about one wavelength in circumference and
is effectively two wavelengths in the dielectric. Without the dielectric, this
resonance should not be significant except to heat the iris somewhat, an expected
problem but of no detriment with a good silver plating on the iris edge.

The heating of the iris was such that the optical diode would trip off when
ihe input power reached about 300 watts. The iris could be observed through the
bushing in the rectangular waveguide which had a .16 em (.063 inch) diameter hole
for outgaseing venting, and a definite red glow was seen to start at about the
200 watt level,

The recommendation therefore is to use a combination of the other two
techniques. Three slots would be cut into the waveguide instead of the single
circular iris for each end of the filter section. The requirement is only that
the Hy and H, components in the cylindrical filters be equal. The initial effort
would be to determine the sizes rcquired for the x-8lot and z-slot(s) to provide
sufficient coupling in each of the dimensions. With the independent slotting,
the cylindrical cavities may be centered, which could ease the mechanical problems
{n construction and cooling. Practically, it is necessary to keep the coupling
aperture smaller than the cavity internal dimensions. This may turn out to be a
problem also, so a preferred approach is to design slots for more coupling than
with the 1.219 cm (.480 inch) diameter circular iris, but smaller than the
equivalent 1,726 cm (.680 inch) diameter required. Then the waveguide height .
about the iris could be reduced using the technique set forth for the special :
breakdown test section of waveguide, Section 5.7.
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The waveguide height with no change in the present iris (in air) would
requirg a height of about ,127 em (,030 inehies), which 18 a function of (Ra1d/
Rq vg) . The old zadiua 18 1,219 cm (0,480 inches) and tho requived 18 1,719
(.90 Y, the value from Appendix IIIR with somo correction for thicknass and sizo
from Appondix 11IC, The impedance matching of a 1,219 em (,050 inch) height
wavoguido would be quite difficult, so a recommondod approach is to uso a waveguidae
hoight of ,508 cm (.200 inchos) which would roquiro an oquivalont iris sizo of
1.422 cms (.560 inches), This should ba caslly accomplished with tho throe=slot
arrangement., Such an arrangement may bu as indicated in FPigure 5.19, Fabrication
and tosting in brass will give the exact dimensions required.

‘Low Height
3-8lot Pattern A2 Section
g ., TeRut
e M v e ek
taput) ) [ wl/ | |
/I’; sl e Z-Matching
Filter Filter

Figure 5.19. Iris sesign Approaehes Required

5.4,5 Testing

The diplexer was tested in terms of bandpass, insertion loss, VSWR, and

skirt slope for inputs to both of the input terminals of the diplexer. The
overall bandpass characteristic for the frequency within the bandpass was shovmn
in Figure 3.14., This is wider than required, but indicated bandedge slopes to the

-30 dB peint of about those desired:

Specification Upper_Skirt Lower Skirt
75 MHz from -3 dB point 85 MHz 61 MHz
90 MHz from -.4 dB point 99 MHz 73 MHz

No attempt was made to improve these. As can be noted, “he tests should be per-
formed with a larger test signal than available, but this was not considered of
consequerice for this program. The redesign of the end irises without the dielect-
ric disks is expected to change the characteristics, and should provide slopes

at least as good as indicated, and probably better since boron nitride has a small
loss and would tend to reduce the Q's of the end cavities.

Additional test results with signal in the bandpass region are indicated in

Figures 5.20 through 5.22. 'These undicate the signal levels in the three ports
for a signal in No. 1 port. The three in order are the terminated port, trans-
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mitter #2 port, and the output port. These demonstrate that in the center of tha
band, exccllent performance is obtained, Figure 5.23 indicates the reflected
signal to the input port, leading to VSWR calculation of 1.12 at 8.36 GHz and
varying between 1.06 and 1.2. Insertion loss was detcrmined to be about 0.22 dB,
gubtracting the losses or reflections noted at the first three ports from the
1sss shown at the fourth port, Reflection to port 3 would appear to result in a
VSWR of about 1,04 at center frequency which is more than ultimately desirable
but is not considered a critical factor.

A check was also made on the performance of the diplexer for a transmitter
signal into Port 3, the second input port. In this case, the transmitter
frequency is outside the bandpass of the filter, and performance is determined
on that basis. From results, there is no essential difference between frequencies
above and below the passband. The stray signal reflected back to port 1. The
first transmitter input port, from the port 3 signal is shown in Figure 5.24.

This is about -30 dB at center frequenty, equivalent to a VSWR in Channel #1 of
about 1.066., This is higher than the specification, but not geriously so. A
further design effort to change the end irises of the diplexer would be expected
to improve on this somewhat. The upper frequency limit VSWR approaches 1.29

which is quite large, and would be reduced by design refinement. Insertion loss
here is very low since the signal does not go through the f£ilter, but only through
the section of waveguide. The losses in the channel are largely those of the
extraneous signals coupling to ports 1 and 2 and the reflection within the channel.

For testing in the assembled waveguide subsystem, tests were run near the
center of the bandpass spectrum, This still led to the high heating effect. In
air, the two end irises exceeded 3739K (100°C) with water cooling while the other
components were operating in the vicinity of 3230K (509C)., MNormally, the center
of the diplexer should have the highest temperature. There was little thermal

contact between the dielectric disks and the metal iris, so the heat was removed
largely by radiation and somewhat by convection., In the vacuum, the heating was
observed visually., Iris temperatures at the ends of the filter also rose heavily
in a vacuum, and was around 373°K (100°C) with water cooling and about 200 watts

input.

The test equipment used in the component testing is shown in Figure 5.28.
This setup permitted simultaneous readings at all four ports. In the assembled
waveguide subsystem, similar measurements were made, as considered in the discuss-
jon of bench testing, Section 6.2,

An additional test was performed on performance of the diplexer as a
harmonic filter. The test was performed with a TE10 second harmonic signal, and
attenuation exceeded 60 dB, the limit of the measurement system as shown in Figure
5,28 with the appropriate 16.7 GHz equipment utilized. Thus the diplexer can be
used without the leaky wall harmonic filter where the diplexer is required in the
selected system configuration.

5.4.6 Thermal Control and Mounting

The major thermal/mechanical problem in the program is a consequence of the
rf losses in the diplexer which are expected to be as large as all the other
components combined, and which will be generated in a small concentrated space.
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Provious 3=cavity diplexers showed losses up to 0.5 dB (ref., 11) although 0.2 dB

at 8 7% GHz and 0.3 dB at 12 GHz would be likely with carefully fabricated and

adju. 9 units., The loss in the diplexer is assumed to be in the gencral ranga

of 70 to 100 watts. A best radiator surface then would require over 1161 em? (160
square inches) of arca to reject this amount of heat to the space sink at 373°K
(100°C). The larger problem is to conduct this heat from tho diplexer itsclf to

the radiating platc used also to support the waveguide assembly., Tho effects of

this heat source on overall thermal operation is in Section 5.5; here the concern
will be on the construction of the diplexer and developing an efficient heat transfer
technique.

Diplexer: The diplexer is of invar, which has a very low thermal conductivity,
around 0.1152 Joule/sec/em?/9K/cm (80 BTU/hr/£t2/°F/in) compared to a constant of
2,16 (1500) for aluminum und 4,176 (2900) for silver. Thus the iris disks and the
barrels of the diplexer are marginal heat conductors, and as much surface must be
contacted as possible by the high conductance material of the mounting to carry
the heat to the radiating plate.

Silver or copper cladding is recommended for all parts of future diplexers
to improve the thermal properties. A calculation of heating of the inner iris is
enlightening on the poor conduction effect in invar by itself, The iris has inmer
and outer diameters of 0.881 and 3,326 cms (0.347 and 1.310 inches), respectively,
and a thickness of ,076 cm (,030 in°). An estimate of the rf losa in the center
iris is 1/5 the total diplexer loss, or about 20 watts. As a rough approximation,
the cross section is assumed to have an _average d}ameter of 1.700 c¢m (.670 inches),
or an average cross section of 1,600 em® (.063 in ). These conditions result in a
temperature drop of about 300°K between inner and outer edges of the iris. This
assumes one-half the power is lost on the inner third of the plate diameter, The
calculation may be refined to include how the curremt distribution tends to heat the
iris, radiation losses which will contribute, and other factors, but such would not
likely change the result by a significant amount, Adding the 3009K to a barrel
temperature of the filter cylindecrs of at least 373°K (100°C) gives an iris temper=-
ature of 6739K (400°C). However, if more-power is lost at the iris itself, the
temperature will go up considerably; all the loss at the iris edge, unrealistic
but indicative, would give a temperature drop through the iris plate of 520°K;
expected temperature is somewhere between this and 300°K, Temperature drop goes
up directly with power loss, and would be worse if insertion loss increased. There
is a definite advantage in cladding the iris with silver to reduce the iris tempera-
ture.

The temperature drcp between inner iris and outer diplexer barrel would be
only 1/6 of the numbers noted above (509 to 87°K) if the iris were made up of .152 cm
(.060 inch) invar with .0127 cm (.005 inches) of silver clad on each side. The
thicker invar is desirable for mechanical purposes since silver tends to expand
faster than invar by a factor of 25. The combination of lower temperature differ=
ential and heavier invar results in less distortion than the .076 cm (.030 inch)
invar presently used. The possible conditions of separation of silver cladding
trom the invar was not evaluated.

Silver cladding is also recommended for the invar cylinders of the cavities.
This is because the thermal clamps to transfer the heat to the radiating plate
cannot cover the entire filter because of the 16 tuning screws, and also the
multipactor probe cylinders. The diplexer would then have a more uniform and
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N R . Clamp -~ Tunin: S
g , .-‘%§ Scrow: “47;1 ‘iT ’ﬁ Diplexer
. i ¥ 4 SO R Filter
H casket bi Rectangular , V4 :
B} Waveguide 1 \a i !
7 * « ]
{ Diplexer . \ Y S 2 '
‘ l'A\\ '—/’:I‘ ’ 8 ’-—:
. == i -/ W L
- Bloek | , \
~ Fhermal Plate 2 E Thermal Plate __ Méunting
Block i

Figure 5.29. Diplexer Mounting Block and Clamp ;
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For this program, this mounting was considered adequate at the scaled power ﬁ
for 1.5 kW at "* CHz, which is about 2 kW at 8.36 CHz for comparing on conduction b
effect of heat. This is more than adequate for most other effects considered {f
the heat is generated equally around the cylinder periphery, and good thermal A
transfer is achieved. A calculation of temperature «t the top of the clamp -
T shows it will be 46°K greater than at the mounting block. This is a little R

< higher than ultimately desired although it is not critical. The tie~down clamp

may be of silver, soft copper, or heavier aluminum to reduce this temperature
4ifferential.

cab L)

=0 | e :

géfff;‘ The major difficulty with the diplexer mounting is the large differential

T thermal expansion between the invar and the aluminum mounting plate; an interface
T {s unavoidable, and it must have some flexibility or fracture will result either

N i{n the aluminum clamp or in the invar itself. The technique employed for this

3 R program is adequate, and is adapcable to space. A silicone material was used

(Chomerics 1224) even though it will outgas to some extent, The significance of

this outgassing will depend on the presence of other gas sources and sensitive

cirzgggi which may be susceptible to arcing. The Chomerics material was baked

at 2 (8 ) %g

by the vacuum gauge attached to the waveguide during the tests. Measurements

also indicated a relatively small outgassing would be observed, but well below oo

a dangerous level (Appendix 1I), The material was cut to completely surround the

diplexer barrel with cutouts for the tuning screws and the cylinders holding the CL e
+tipactor probes. The material is a sandwich arrangement of copper screen and
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amall silver sphores imbedded in the silicone, The thermal conductivity of the
combination 48 about ,0029 Joule/sac/em?/K/em (2 RTU/he/£6%/9F /in), which rasultn

in about a 69K drop through the material, The two sides of tho material inter=-
facing with tho filter and clamp, respoctively, would have temporatura droos
ostimated to be ahout 79K at the bottom of the cylinder and about 17°K at the top
whore more material had been cut away to accommodato the multipactor probo e¢ylindors,

An altornate concept, cvolving late in the curront program, udes an aluminum
bellows type of gaskot which would be brazed in place rather than operating under
mochanical clamping. This would climinate both the siliconc and tho contact
interfaces. A suggestion on implementing such an approach is sketched in Figure
5.30. '

EB Weld

Figure 5.30. Cowpressible Thermal Aluminum Gasket

The corrugated bellows would be electron-beam welded to the invar cylindrical
fllter (or to the silver if cladding is used on the outside) sinte these are
dissimilar metals. The resulting assembly would be placed on the mount ing block
and clamped. The block 18 bolted to the thermal plate and then brazed to obtain
a good thermal path. Also, the bellows peaks can be brazed to the clamp at the
game time. This approach will require additional thermal engineering to insure
no fractures between the braszing temperature and 193°K (-80°C), but this does not
appear to be a problem with the configuration used. The effect is to eliminate all
contact interfaces and provide optimal heat transfer from the diplexer. The
corrugated bellows typically might be of .013 to .018 em (.005 to ,007 inch)
aluminum formed with a peak to peak spacing of 127 cms (.050 inches) and a height
of 064 cms (.025 inches).

However, a stress/strain analysis is required to determine an optimum design,
The compression of a perfectly elastic gasket with the invar cylinder and the
aluminum clamp enclosing it show that it would be required to change thickness
from .064 cm (.025 inches) at 3739K (100°C) (assumed) to ,0305 em (.012 inches) at
1939k (-180°C), The approach then must consider a moderately compressible gasket
where the sine=waveform of Figure 5.30 is compressed such that the bulging tends
toward a squarish pattern., The limit in how far the gasket can be compressed with-
out exceeding the bending limit is to be determined. This will be a function of the
thickness of the gasket material and of the specific allow used,
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The atresa/strain relatlons in the ganket can he intograted with the atreas/
atrain relations and limite in the invar eylinder and the aluminum clamp. Ideally,
the deaign will balanee the stresscs in throe mombora Ao the burden will bhe
proportioned aceording to compressive and tonotle Jlimito, Tha invar will ba
under compresaion from the gaskot /ciamp, and has half the linear displacement of
aluminum., The gasket will bo under comprossion for thao mont part, while the
clamp will be undor tcmsion from tha rosistance of the other two mombors. A
computer program should be generatod to arrive at an optimum balance., Cilrecum=
stances did not pormit a dctailed design.

Mounting Block: The mounting block was solid aluminum with openings to
permit accecs to the tuning screws at the bottom part of the filter barrel, The
thermal mounting plate is also requircd to have holes drilled for this access,
The upper part of the block is cylindrical with a diameter of 3,81 em (1.3 in). The
filter cylinder has a diameter of 3,683 em (1,450 inches). The 127 em (0.050
inch) differential was taken up by compression of a .076 cm (,030 inch) thick gasket
to 064 em (,025 inches) un each side. The block was bolted to the thermal plate
for the 8.36 CHz test component, but should be brazed in a £light configuration,
particularly at 12 GHz where the thernal flux density is much higher.

5.4,7 Termination

The unused port of the diplexer, designated as #2 port, was terminated with
a SiC load that could absorb the power that might bypass the diplexer and also
have a low VSWR such that reflected power was negligible, Note that reflected
power shows up directly at port #3 which connects the second transmitter. Thus
to keep the second channel VSWR low, the termination must be well matched. The
component developed is in Figure 5.31., Basically, it is a seven inch double-
spear of SiC affixed to the end piece of the waveguide with two bolts. Four
venting holes in the waveguide wall lead into an inverted channel type vent. The
component is bolted to the thermal plate after facing has insured a firm physical
contact. The termination could absorb as much as 38 watts at center frequency
with a 3 kW input, but substantially more would be absorbed near the bandpass
oxtremes. With the diplexer characteristics shown in Figure 5.20, the input to
the termination then would be much higher than permissible, emphasizing the need
for trimming the diplexer operation to eliminate the outer dips in the bandpass
characteristic. No problems were encountered in the low powar testing with the
diplexer., The termination was not required for the testing with the diplexer
out of the assembly.
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f Figure 5.31 Diplexer Termination ; i
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5,5 THERMAL CONTROL

The thepmal control task wan Llargely concerned with the vadiating aren,
offoctivenens, and temperature eof the mounting plate, and the mounting techniquen
for tho componenta, The caleulatlionn were divoetnd at the B.36 (He exporimental
aubaystom wich extonsdona to the 12 Giz cane, The largor 2,64 OHg compononts
mako this frequoncy rogien lean of a thermnl problom and more of a aise problom,

5.,5.,1 Mounting Platc

5.5.,1=1 Temperature

The losses in the waveguide subsystem are listed in Table 5.3, ‘The 8,36 Gliz
values are about those measured eoxcept for a more optimum diplexer, ¢.. tho 12 Gl
data are predicted based on enginecring estimates for the harmoniec f.ltor and
diplexer, An average temparaturc on the 2 ft x 3 £t plate can bo obtuined by as-
suming all heat is radiated from a constant temperature mounting plate into space
at near 0°K, and to the satellite interior at 3230K (50°C). For the 8.36 GHz case
using an optimum surface aluminum plate:

358 W = 0.8 (.610m x .915m) (57 x 10°9) (214 - 109 x 108)
= 0.8 (24" x 36™) (36,8 x 10°12) (214 - 109 x 109)

or
70 = 3349K (619C)
The external side of the plate radiates at T° to near 0° of space, and the

{nside surface at TO radiates to the vehicle iiterior at 3230K (50°C). This is
the condition used in the estimating of the temperature contours on the plate.

Table 5.3, Losses in Waveguide Components

8.36 GHz 12 GHz
C .
CGomponent 3 W 1,5 kN
Loss P P
. % Watts % Watts
Reverse Power Monitor & Elbow 1.0% 30 1.35% 20
Harmonic Filter 4,5% 135 9 % 133
Forward Power Monitor & Elbow 0,3% 10 0. % 5
Diplexer 4,87 135 10.0 % 134
Diplexer Termination 1.1% 30 1.5% 18
Output Waveguide 0.7% 18 0.9% 11
Power Lost 358 321

RF Power Output 2642 1179
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A more realiatic indication of temperature aerosn the plate was ohtained by
anpuming line and pointheat soureen, AR in Figure 5,32, and nectloning the plate
tnto 39 subacctiona, meatly 10 em (4 1n) naquarer,

p— 3owpwiw,." ,
-
Mounting
Plato
135w
30w
10wy o
[kBSw
b

lgw Cutput

L 4

Figure 5.32., Thermal Sources On Mounting Plate

Each subsection is assumed to be at constant temperature., A computer program
then determined temperature based on heat input at the edges and heat radiated at
the computed temperature (one sided radiation), The unradiated heat constitutes
the inputs to adjoining sections of the plate. The sectioning and resulting
temperatures are shown in Figure 5.33.

These temperatures represent a lower bound since, in practice, the 0.8
emissivity constant is a little better tham would be obtained consistently.
Some typical values for the emissivity conmstart, € , are found in literature and
values tend to vary in the different sources, but the average are about as follows:
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325°
(52°)

3152
42"

326°
(53°)

331°

(63°) (58°)

341°{

719y (73°) (68°)

346° Y 3709 353°
(73°)/497°)

3430 | 366° | 352°
(709 (93%)] (799

355°
(82°)

337°

347° | 346° | 347°
(64?1L§Z§°) (73%)] (74°)

Figure 5.33.

Material

Aluminum
Copper
Silver
Nickel
Stainless

Temperature Distributi
for Mounting Plate -

€
Pure Metal

.07
.10
.07
.10
.08

% For 7 x 10°%4 e (2.76 x 10*4 in) thickness

Specific values will vary with temperature and surface preparatiom but these

are sufficient for estimating ranges of temperatures.

A near optimum zlate would have an a'uminum=oxi

on Estigate
% (¢ “¢)

oRide

o15%
.70
.37
W79

de surface finish, more than

SR AT

~oit

7 microns (2.76 x 10°* in) in thickness (anodized) . For the 12 GHz case, radiation
will be quite important since the power dissipation is nearly as great as for 8.36
GHz, but the effective plate size is about 2/3 as large. With a .406 x .610 meter
(16 x 24 inch) mounting plate, and an € of 0,75, the average temperature is 378°K
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(105°C), This 48 a high but tolerable level. The maximum Lemperaturd at the
diplexeér for the assumed conditions would approach 413°K (140°C), high but still
not an unreasonable temperaturc, Special care would be required to keep the
photodiodes sufficiently cool, Alternately, a larger mourting plate would be
desirable and should be considercd,

The plate used in the 8,36 GHz program was o J.635 cm (1/4 inch) thick
aluminum plate (a jig plate for flatness), The calculations leading to Figure 5,33
were based on this value, Temperatures on a 0,318 cm (1/8 inch) plate would be a
iittle higher near the components and a little lower at the extremities. The
average power radiated is the same, so the temperature variations will not be very
significant, If the satellite structure calls for less than 0.318 (1/8 inch) plate,
the temperature distribution should be recomputed to ascertain feasibility of
obtaining adequate temperature control.

5,5,1=2 Water Cooling of Plate

Assume that a water temperature rise of 209K is permitted, and the cooling
pipe is arranged appropriately on the thermal plate to correspond to the contours
for radiation cooling., The data of Figure 5,33 was used to roughly determine
thermal contours of Figure 5.34 which are equivalent to those to be encountered

Imput

0%) 353°k

AN

(50°c) (60°C) (70°C)
323°K 3339k 343°K
Figure 5.34. Approximate Temperature Contours on Plate
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in space, Power consumption (12 GHz) is 321 watts (joulea/sec.), per table 5.3
(18.25 BTU/min). Then a water flow of 3800 cc (ome gallon) per 15 minutes 18
adequate. The flow rate would be twice this to hold the water temperature rise to
10°K. The cooling problem then becomeg one of using a small emough orifice to give
a steady reliable flow rate of 15.2x103 cc to 30.4x103 cc (4 to 8 Gallons) per
hour.,

The cooling pipe used in the 8,36 CHz equipment and shown in Figure 5.35 is a
0.635 cm (1/4 inch) copper tubing affixed to the underside of the mounting plate.
Copper and aluminum is best joined by electron beam welding. The aluminum also
can be silver plated, and soft solder used for a temporary setup or mockup.
Conducting epoxy has also been used for mockups but tends to be brittle, and must
be well cured before using in a vacuum. The latter was used here in the absence
of any immediate mechanical requirements.

Figure 5.35. Mounting Plate With Cooling Pipe

The cooling pipe in Figure 5.35 was placed to cover the highest temperature
region, A different pipe routing might better simulate the equivalent of space
radiation by estimating water temperatures along the pipe and relating this to
gources and contours. There will be some restrictions on the cooling pipe location
because some components, particularly the harmonic filtex and cross-guide coupler,
project through the plate. Access to disconnect flanges must also be muintained.
- Temperature control can be improved if a more consistent valve for finee-stream
Ly e water control were included as an external component to the testing system.

5.5.1=3 Air Cooling

Iy

Air cooling can also be effected quite easily and would only require an
adjustable deflector to vary the air rate on the equipment. It is of no value in
vacuum tests, so a water cooling capability is still required. (A 1iquid nitrogen
wall could be used if available.) For atmospheric cooling, values may be:
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321 joules/sec (18.25 BTU/min)
AT = 59 (9°F)
Rate = 3m”/min (105 cfm,)

This can be accouglished with a 190 W (1/4 HP) fan motor 1f the back-pressure
{s less than 3400 N/m* (one-inch Hg) (ref. 13)., Practically, the pressurc drop
should be only a fraction of this, and a much smaller motor should suffice. A
disconnectable tube can carry the cooling air against the radiating side of the
plate.1 Control of temperature contours would be a problem in simulating space
operation.

5.5.2 Thermal Mounting of Compoments
5.5,2-1 Temperature Effect

Most of the components will be adequately cooled if just clamped tightly to
the thermal plate. The temperature drop across a clamped junction varies, but
with milled flat surfaces and using one to two bolts per effective 6.45 cm? (square
inch), the temperature differential is about 0.560K per watt per 6.45 cm® (square
inch). Typical temperature drops for the several components are listed in Table

5.4.

Table 5.4 Temperature Control Effects for Clamped Components

8.36 GHz 12 CHz
Component Wem? W2 %R M/ em?  w/in®  _°K
Power Monitor, etc., 0.51 (3.3) 1.8 1.63 (10.5) 5.9
Reverse
Harmonic Filter 0.93 (6.0) 3.36 1.83 (11.8) 6.7
Power Monitor, 0.71 %.6) 2.57 0.67 (4.3) 2.4
Forward
Diplexer 4.29 (27.7) 15.5 8.53 "(55.) 30.8
Diplexer Termination 0.81 (8.0) 4.5 1.47 (9.5) 5.3
Waveguide, Other 0.45 (2.9) 162 0.54 (3.5) 1.96

Obviously the diplexer is of greatest concern, particularly at 12GHz. The

other components may be clamped with no concern over temperature differentials
across the junction, Some components, the harmonic filter in particular, will
lose some heat by direct radiation as well as conduction to the thermal mounting
plate because of its large surface area.

5.5.,2=2 Diplexer Mounting

The 8.36 GHz experimental diplexer had three mechanical contact interfaces,
which indicated a likely operating temperature of 413°K (140°C). This could be
reduced if two of the junctions were brazed resulting in about a 386°K (113°C)
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fipal diplexer temperature, At 12 GHz, the temperatures would be higher, although
the shorter thermal paths will compensate gomewhat. For a aingle interface with
the other two brazed, the tomperature at 12 GHe is estimated to be about 400°K
(127°C) based on one-half tho transfer area of tha mount ing bloek.

The diplexer thermal design was covered in Section 5.4.6 in which an aluminum
block provided the thermal path to the mounting plate as well as the mechanical
support for the diploxer. The diplexer is best brazed or electron-beam welded to
a comprcssible member such as a pleated aluminum gasket which is brazed to the
block which in turn is brazed to the mounting plate. The problem that results 1is
the differential thermal cxpansion between the invar and aluminum. The pleatcd
aluminum gasket, adequately designed, will perform this function. However, the
thermal problems should be reviewed on an overall basis, considering the practical .
aspects of fabrication.

5.5.3 Thermal Distortion

All parts of the waveguide assembly including mounting plate are aluminum,
except for the invar.diplexer. Consequently, there should be 1ittle mechanical
stress as the temperature varies over a wide range if all parts expand and contract
equally. The nominal range for the thermal plate {s about 453°K (180°C), from 193°K
(-80°C) during eclipse to perhaps 373°K (100°C) maximum during operation. The
dimensions for the waveguide assembly and mounting plate for hot and cold conditions
are shown in Figure 5.36,

The dimensional changes of 0.4% for the 180°K range would overstress conven-
tional alu?inum if it were dimensionally constrained. The tensile force would be
2815 kg/cm® (40,000 1lbs. per in.2) which is about the iimit for tempered aluminum
and over four times the limit for soft aluminum.

A waveguide assembly which has sufficient freedom requires that the connecting
waveguide should be oriented to permit some lateral bending to replace the longi-
tudinal contraction during the cold eclipse periods. Possibly, the antenna end
would go to 193°K (-80°C), but the TWT end would not. The length and width of the
assembly at the waveguide terminals clange by .241 and .264 cm (0.095 and 0.104
inches), respectively; these contrar.tions must not overstress the waveguide compon-
ents nor must it overstress any comnzcting components including the TWT window. A
conventional displacement/stress calculation shows that connecting waveguide should
have a free length equivalent to a cantilever of 5 to 10 inches in length, depend-
ing on the stremgth of the aluminum used and whether stress relief is at both ends.
The stress in a flexed plece of waveguide is

s =  Mc
1

where
M = newtons of force x length,

¢ = distance to worst case point in cross section
0.794 cm (.3125 in) for WR 112
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Input

,60960 m (24. in) at 3739k (100°C;
,60716 m (23.904) at 1939k (-80°C)

Strain
Relief
Waveguide

Output

1
!
i
!

F.esoao m (26. in) at 373%K (100°C) 4,
i .657758m (25.896) at 193°K (-80°C)
%@5, '} Figure 5.36. Thermal Distortion of Mounting Plate
Eﬁ'““' I = moment of inertia .3583 cmé (.014 in®) for bending in the
N S narrow wall direction.
=

s = 632.3 kg/cm? (9000 psi) for soft aluminum, 1264 kg/cm’
R (18,000 ps.) for average aluminum, 3161 kg/cm® (45,000 psi)
= for annealed aluminum.
'eﬁ“"“ With this range of stress the Pl range is:

b

4 Pl = M = 460 kg em (400.1b in) minimum
4 = 2300 kg cm (2000 1b in) maximum
' EAL.'V .
?ﬁ This 1s then used in the deflection equation for a cantilever:

i i . p13
R 3E1

i
|
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where E is the modulusof elasticity, equal tio 107 , this gives
p13 « 74,200

Then using the previous maximum and minimum values of P1,

1= 25.4 cm (10") maximum

1= 10 cm (4.5") minimum

An 18 cm (7") free length may be used at one or both ends of the assembly to provide
a good margin.

Alternately, some form of temperature control may be considered, such as
thermostatically controlled louvers to cover the plate during cold periods and
retard the outflow of stored heat. This approach would be considered only after
a thermal evaluation of the entire satellite shows problems would be encountered
due to unequal strains in the waveguide assembly caused by some external componént.
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L0 I -EARDOWN SENSORS

«

5.6,1 Requirementn

The basic requirement of the sensors is to provide a means to porirively
doteet an clectrical fault in the waveguide which may be a multipactor breakdown
or any of scoveral types of arcing, and provide a suitable signal which can tum off
the rf before the breakdown can cause permanent damage to the transmitter tube or
some critical component. The sensors should be sensitive to a small breakdown, or
preferably to the start of a breakdown which would avalanche into a major operation
fault,

Three effects can appear from a brcakdown: a large reflected signal appears
which can be detected by the reverse power monitor, an arc with visible light
output appears in some cases which can be detected with a photo diode, and an
clectron or ion cloud forms in some cases which can be detected by a Faraday Cup
(a biased probe)., The three approaches were evaluated first in a special breakdown
test section, described in Section 5.7 which follows, and the results interpreted
to determine how the sensors could be best integrated into the waveguide assembly.

5.6.2 Optical Semsor

The optical sensor is a photo diode, suitably biased, and with output to an
amplifier/trigger circuit which can trip a gate in the rf drive circuit. The
diode's physical integration into sections of waveguide can be seen in Figure 3.15,
and in the sketch of Figure 5.37 which extracts the parts used. The diode support
configuration must tolerate certain other system requirements, including no deteri-
oration to the rf signal in the waveguide, low rf leakage paths, low outgassing,
and rugged construction,

Cap
P
/ - Washer
/ //'" RFI
Cushion Boron
/ ’ . %‘ Abaorbgr ~\\- g‘;g;: Nitride
w2 , e Cup  Quarts
Rl < [ \ S y Light
N <y LR _Cuide
\ “ 9 ( /( \\\.\
‘i / . ;\\\
2
A
! Wedge Flat '
Figure 5.37, Photodiode Assembly Parts no K i
(See Figure 3.15) (\/] ‘
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Thae diode used was an EG&G §GD~100A photodieda. The diode 48 mounted on A
quarts red light guide affixed to tta window, The far and of the quarta rod 1s
placed on or inaide the innor wavoguide aurfaed, uning an appropriate arrangement
to observe the regions required, For looking both wayn along a atraight wavegulde,
the quartz vod has a wodge shape with anglos of 38° hotwaen tha wodge alde and rod
axia, Any light presont would then bo doflectod iito the quarts rod and to the
diode, The rod was scated in a hole into the wavoguido having ghouldern o0 pravsnt
it from dropping imnto the guide, In the 8,36 GHz toat cquipmont, O ,318 em (,125")
rod was used with a .254 (,100) opening to tho guide. Tho ghouldor is ahown 1n
Figure 5.37; the wedgae point roquired a squaro hola which was milled, uning a .08
em (1/32 inch) mill for the cormere, so that the flat sides of tho wedge will have
a full suppurt. The length of the rod was determined by the scating dimenalons,
the thickness of the waveguide wall,.163 cm (.004 inches) here, the depth of the
end of the cylindrical holder, and the boron nitride cup used at the upper end of
the rod for firm mechanical physical positioning against motion from vibrations
and accelerations. The boron nitride was required to insulatc the diode which has
a floating case as used here. The compartment is vented with a small hole through
the wall of the tube holding the diode assembly, retaining the 5:1 length to

diameter ratio,

Looking into the diplexer with a photodiode, which is seen in Figure 3.1,
requires a flat face quartz rod since only one direction, coincidental with the
rod and diode axis, is viewed., This rod is supported by a circular seat at the
waveguide. This seat is .025 cm (.00 in.) and has a .254 cm (.100 in.) opening;
thus the face of the rod is .025 cm (.010 in.) short of the waveguide inside wall.

A third photodiode was placed in an elbow, shown in Figure 3.15. This diode
also used a flat face, even though the look angle was then 459 rather than the more
optiwum 38°, This arrangement permitted the diode to see light sources or arcing
throngh either the harmonic filter or the rectangular waveguide of the diplexer,
forward power monitor, and diplexer termination. ‘

The other elements of the assembly in Figure 5.37 include a section of rf
absorber material, This was a necessary item because the quartz rod used did not
provide for 3rd and higher harmonic cutoff. The rf absorber would also insure a
further reduction of any fundamental and second harmonic leakage. The small
opening for the quartz rod would provide only a very small rf coupling. The rf
absorber was to attenuate 10C dB per 2.54 cm (inch) above 10 GHz, but a measurement
indicated about 1/3 of this was achieved for the .635 cm (.250 in.) diam. material
used, This is still quite adequate, but an additional length may be desirable for
further reductioh in harmonic leakage from the diode holdet preceeding the harmonic
{ilter. The rf absorber was manufactured by Lundy Electronics and Systews, and
used a base of Epon 828 epoxy. An ecarlicr attempt to include the rf absorber
granules (not identified by Lundy) in Steatite for machinability and an inorganic
base was unsuccessful in that the materials tended to decompose oY combine during
curing of the Steatite and the absorbing propurties became very poor. An attempt
was then made to incorporate the rf absorber material in a cement type base but
this combination did not have sufficient mechanical strength. Dow Corning 93-500
is the next preferred base; it is quite cxpensive and would provide somewhat better
outgassing characteristics, but the requirement on performance for this application
{s nominal and the Epon 828 proved to be entirely adequate, For a case where high
power is involved, a different material might be desirable. The material was
cleaned thoroughly and baked for about 24 hours just before final assembly.

106

e




B S ]

a-‘a.\'

Ak

I
3T "'"1.-~£ =

i

i

D e

N S
AT

e

The additional items in the diode assembly in Figure 5,37 ipelude a Al .con
cushion to pravide a smdll amount of preasure to the dlode, but this proasurne must
be light in omder not te ftac.ure the. diode glana., A metal washar and enp completaed
the araemhly,

The diode war used with an amplifier cirvcuit to provide a tvip algnal in the
ovont that the diodo output ecurront oxcoeded a throshold. The elreult of Filgure
5,38 ugos a type 3064/12C module (BurreBrown) to drive a Schmitt triggor typeo 525
modulo (California Elcetronic Manufacturing Co,, Inc.) which drovo a final onao=ghot
multivibrator using another 3064/12C modulo. The circuit had boon deve lopod
previously and was adapted for this program. Note here that tho throe diode loads

Test A A Other 15v
Point
. L‘ o ;?n‘L-Lﬁwﬁ?Hm”w_m‘m 1
]
v 4, 7K I L '
IN75 T '

Schmitt One-Shot
Trigger Multivibrator
525 _3064/12

SGD-100A 4w £ 100K

a"

N | L
! y | . : ! ’ ‘
O | @ e 5 !
S PO A

+15v -l!v Txip

Relay
Figure 5.38. Photodiode Amplifier Block Diagram

are floating with none grounded, leading to the necessity for the boron nitride
insulating cup for the diode as in Figure 5.37. For testing, the three photodiovdes
in the assembly were paralleled which reduced sensitivity only slightly since the
diode's dark resistance, about 150K ohms, is high compared to the input resistor
of 10Kk ohms and the resistance of a conducting dicde, about 1000 ohms,

5.6.3 Multipactor Breakdown Sensor

The multipacting phenomenon is a consequence of an electron cloud oscillating
between the broadwalls of a waveguide in synchronism with the applied rf electric
field, The field voltage is such that an electron, emitted from one wall of the
waveguide, arrives at the other wall while being accelerated by the rf
clectric vector. This electron, on the average, dislodges more than one secondary
rlectron. The electric fileld polarity then is reversing and the new secondary
clectrons are in a strong electric field which accelerates then back to the first
wall. The secondary electron cloud continues to build up, travelling back and
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forth in synehronism with the electric fiald dirvection. There a¥s certain con=
ditions under which this type of action ocouraj Figura 5,39 indicates experimental
ranges of hreakdown voltages for given values of product of fraquency and electrode
spacing, Material 18 also significant in that the secondary electron emisaion
varies; tungsten carbido will not gustain a multipactor action while most p'-.ie
motals, and many nonemetals, will (ref. 4).
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SEPARATION DISTANCE 14, MHg-CM

Figure 5.39. Conditions for Multipactor Breakdown

The sensors for multipactor breakdown are simply biased probes (Faraday cups)
set at about 15 volts and conmected through a 100,000 ohm resistor. The current
will be of the order of a few mictoamperes under average conditions, so the voltages
generated are of the order of tenths of a volt at best. This voltage is then fed
into the same amplifier as used by the photodiodes at a suitable point, Fig. 5.38.

The probes used were small bypass capacitors as moted in Section 3,3.6; the
specific type used here were Erie 2425-001-X5U~101AA, which had a coaxial configu~
ration and a value of 100 pfd, These were mounted at one end of a cylinder with a
part drilled and tapped for the 8-32 thread of the capacitor. The ends of the
capacitors were cut to be £lush with the imside of the waveguide surface, and they
were carefully straightened since the probe end is of relatively soft metal and
tends to bend easily. The probe is .127 cm (.050 in.) in diameter while the open-
ing for the probe was .178 cm (.070 in.). Figure 5.40 is a sketch showing the
cross section of the probe and the holding cylinder.
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Figure 5.40, Multipactor Breakdown
Probe and Holder Cross Sections

The cylinder above the probe is for rf absorbing material, again that manu-
factured by the Lundy company. The probe acts as a coaxial line, and is not cut
off for any frequency. The probe's small size will couple relatively little of
the rf power into the capacitor which tends to reduce the outflow by acting as a
low impedance circuit. Transfer is estimated at less than =45 dB (ref., 3, page
121), so about another 90 dB is desirable to insure no rf leakage. A 2.54 cm (ome
inch) plece of rf absorber was added, But later measured to have 36 dB attenuation
per 2,54 cm (one inch). A longer piece, perhaps 5 or 7.5 cm (2 or 3 inches), is
suggested for future assemblies. In spite of this apparent reduced attenuation, no
rf was detectable in tests (Section 6.3.4) so the coupling into the probe must be
much less than estimated. Perhaps also the rf absorber, in the configuration used,
was more effective than 36 dB.

This type of probe was evaluated in the special breakdown test section and
found to be a very effective indicator of multipaction. In the final waveguide
assembly, there were no components identified as having conditions close to a
breakdown., The cavities of the diplexer have high electric fields, however, which
might lead to a breakdown for larger "gaps.," The diplexer was not checked at high
power, but the possible effects at lower power in terms of rf leakage showed the
technique was quite satisfactory.

Multipacting would be expected in the waffle-iron harmonic filter under some
conditions, and the probes could be built into the filter to determine conditions
under which a given design would break down: these conditions would limit the

utilization of such a filter although not eliminate it as a contender for certain
applications.
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The roveraa power monitor described in detad) in Bection 5.3,1 18 alao a
good indicator of a broakdown, Any arcing of aleatron flow between the wallas of
waveguide ropresents a lowered impedance path, and a aignificant signal in ususlly
reflacted, Tt maybe much larger than the normal roflected signal, and can bo ufad
to genorato a cutoff signal. Tho output tomdn to bo a rapidly inercasinp alpnal
which ean give a roanomably good output voltage; in an initial CW toot, the indi=
cation went offegeale with a maximum of 0.3 volto. Thio signal 18 also tied in
with tho trip signal amplifior usod by tho photodiodo and the multipactor probe,
with sonsitivity such that the normal roverso powoer indication will not euuso a
trip.

5.6,5 Pressurc Scnsor

Pressurc sensors of tho vacuum ion gauge typo wore used in tho waveguldo (at
the output end) and in the vacuum tank during the testing of both tho spuciul breake
down scction and the complete waveguide asscmbly. The wavoguide lon detoector was a
good indicator of a breakdown since broakdowns rcolease gas and particles which can
be detected, However, the gas buildup is relatively slow, and tho indicator io
considered inadequate in response time to provide good protection for the transe
mitter tube.
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9,/ RPRCTIAL RREAKDOWN TEST SECTION

5 7,1 Requiremeptn

The Apecial teat sectlon, designed apocifically to break down at relatively
nominal power lavels, waa doveloped and tested to detormino the performanece capa-
hilition of tha broakdown nenrors just dincussed Beoctiom 5.6. Both multipactor
broakdown and areing are of intorest, and offoctive usc of the throe nonfors;
photodiodo, biased probo, and VSWR indicator; wore to be ovaluatod. The toat unit
Iabricatod was in two parts, tho low-hoight waveguide scction shown in Figure 3.17,
and an optical sonsor as in Figurc 3,15, Tho roverse powar monitor associated with
(he teot facility was uscd to detect a high reverse power level.

5.7.2 Low Height Waveguide Section

The data of Figure 5.39 was used to select a waveguide height that would
result in a multipactor breakdown with a power level of one kilowatt or less,
The product of frequency (8360 MHz), and spacing was selected to be near 170,
miking the spacing .018 em (.007 in.) for a power level of 600 watts. Lower power
would require a smaller spacing which would be more difficult to implement. The .018
em (007 in.) high waveguide has an impedance of 6.05 ohms, which must be matched
to the waveguide, 430 ohms for WR112, The large difference in impedances can be
matched with a 51 ohms quarter wave line, or a two-step arrangment of quarter wave
lines with the step impedances of 148 ohms and 17.5 ohms. These are based on using
the relations (ref. 13):

2 = 4 23 Z
1 o ° 3

Z, = Z - 2

N
[+
w

The corresponding step heights are directly proportional to impedances:

Guide height - 1.260 cm (,497 inches) (standard wa*aguide)

First region height = ,437 cm (.172 in.), step is .826 em (.325 in.) high
Second reglon height = .508 cm (.020 in,), step is 386 cm (.152 in.) high
Third region height = .018 cm (.007 {n.) (selected), step .033 cm (.013 in.)high

The impedances are subject to some variation depending on the overall spectral
response: the two step match will have a wider bandwidth an a single step which
has a very sharp response (ref.13 ). The response can be adjusted for a Butter-
worth, Tchebycheff, or elliptical response. For this application a wide bandwidth
was not critical but the two-step matching Butterworth was desirable.

The quarter-wave lines also have to be foreshortened since the steps are
rapacitive, and the shortened line provides a compensating inductive effect. The
capacity can be determined from literature (ref.14 ) which shows the equivalent
capacitors to be approximately :
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First step = .21 pfd
Second step = .17 pfd
Third step = .13 pfd

The corresponding shortening of the quarter wave sections to provide a matched
{nterface can be determined from a Smith chart. In the cases of interest, the
shortenings were determined to be as follows, where a quarter wave 1ine is 1.153

om (.454 1n.):

437 em (.172 1n.) section: shorten .117 cm (.046 in.) to 1.036 em (.408 in.)
.051 em (.020 4n.) section: shorten ,033 cm (.013 in.) to 1.120 cm (.441 1n.)

Sensors in the .007 inch high waveguide section were biased probes
(Faraday cups) for multipactor detection; a separate wavegulde with a photo
diode as described in Section 5.6.2 was used for detecting visible light. A
cross section view of the low-height section is in Figure 5.41 which indicates

the steps and biased probes.

Bypass
Bolted Capacitor Probe
(.007) (.020) (.172) (in)
"6

7

Figure 5.41. Cross Section of Low Height
Waveguide Special Test Section

The latter were jdentical to the ones described in Section 5.6.1, excepf the RFI1
material was not required here. The probes were carefully cut to be flush with
the .018 cm (.007 in.) surface and were centered in the .178 cm (.070 in.) openings

as in Figure 5.40. Nine probes, three

at the center and three at each end of the

.018 cm (,007 in.) breakdown gection, were used in the testing, with each group of
three tied to a +15 volt supply through a 190,000 ohm resistor.

The breakdown block was cut from solid copper 1.424 x 3.175 x 8.128 cm (.561
x 1.25 % 3.02 inches). Corners were left with a 1/32 inch radius where an end mill
could not be used. The block formed three sides of the waveguide; the fourth side,

the top, was a flat sheet of hard copp

er bolted to the block. The waveguide

narrow-wall edges on the copper block were bevelled slightly so the bolted top

would have a firm seat against the nar
losses from the mechanical junction.
ends of the unit. Note that some of t
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row-wall edges inside the guide to minimize
Brass flanges were soft-soldered to the two
hese techniques would not be acceptable for

T egEER T TNIT




S ehe i

Eo—

high reliability space equipment, but were tolerable in a test component which
was to break down anyway. 2Zinc in the brass and tin in the soft solder both tond
to "whisker" in a high vacuum and result in electrical arc hraakdowns. Unfortun-~
ately, no such interesting breakdowns were observed in the tests, but sirlct
avoidance of such metals should be observed for flight modcls.

The resulting breakdown section was shown in Figure 3.17. Note that the
top was configured to £it inside the flanges so all discontinuities are at the
flange. The top was bolted in place, and the flanges faced so the removable top
would not cause a significant discontinuity at the flanges. The photodiode unit,
essentially that of Figure 3.15, used a wedge tip quartz rod which was located on
the top broadwall to view the .018 cr (.007 inch) section.

Bench testing was performed to check the VSWR, which was 1.29, indicating
that if this were to be included in the system, some trimming would be desirable
for a better match. The insertion loss was 0.65 dB due to the high I2R of the
low height section. This is close to a calculated value, Asuume the loss per
foot in standard size copper waveguide to lie about .050 dB or .006 dB in the
length equal to the low height section 2,306 cm (.908 in) plus an equivalent of
1/3 of the length of the two adjacent matching steps = 3.053 cm (1.202 in), then
the loss is approximately

006 (12283 y = 0,43 4B
,018

A more rigorous comparison would determine the losses in each of the steps of the
mat hing sections as well as a more exact roughness factor for the unsmoothed
surfaces of the machined copper block. These would increase the estimated loss
closer to the measured value.

A water cooling pipe was added since the 0.65 dB is eguivalent to 140 watts
for a kilowatt input. This would heat the section excessively in a vacuum. But
pulse operation was used with a 3% duty factor and no heating probiem was present.
Where CW tests were made the test durations were short.

5.7.3 Installation

The special breakdown test section and the optical sensor were installed in
a vacuum chamber as in Figure 5.42. A waveguide window at the left provides the
input for up to 5 kW. At the right, the signal is absorbed in a water cooled
load external to the chamber.

Instrumentation included leads from the three groups of multipactor sensors
as noted previously, three leads from the photodiode just to the left of the
breakdown section, and temperature sensor. External instrumentation were two
vacuum gauges, one each for the chamber and the waveguide end, the reverse power
VSWR measurement at the input, and forward power at the waveguide output. No
water cooling was required.
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Figure 5.42. Special Breakdown Test Section in Vacuum Chamber

Test data was obtained with an eight channel recorder on which was
recorded:
power output
tank vacuum
waveguide vacuum
reverse power (VSWR)
photodiode output
photodivde trip
multipactor probe (2)

In addition, all three multipactor probe groups were monitored visually with
meters, and temperature was observed on a meter.

5.7.4 Test Results

5.7.4-1 General Summary

A series of breakdown tests were conducted to determine the merits of the
three types of sensors used. The first test performed used CW in a high vacuum,
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and at the inatant of breakdown, all sensors except the photodiode went off scale,
The pressure gauge returned to a normal reading in about 30 seconds. This break-
down provided a cleaning action but was too drastic to draw any suitable conclu-
sions. Subsequently, all tests were made with a low duty cycle pulse transmission,
Fraequently a breakdown could be observed to start, but would not build up suffi~
ciently during the 15 microsecond pulse to trigger the sensors, particularly after
the earlier breakdowns had cleamned the surfaces. The test program included a total
of 31 additional multipactor breakdown and 17 arcing tests, some of which included
mote than one breakdown per test. (The use of pulse power has no significance in
terms of breakdown conditions).
Breakdown .Power:. 900 watts for multipacting a little above

theoretical; 3000 watts used for arcing

tests with no determination of the minimum

(but estimated to be 260 watts)

Multipactor Breakdown Probes: strong indication for multi-
pacting; no response for arcing (at high
pressure end of pressure range.)

Photodiode Generally reliable indication for gas arcs;
four failures may have been due to arcs at
the remote end of the breakdown test section
where most of arc wasn't visible; variable
somewhat for multipacting.

YVSWR: Cenerally good for both types of tests; CW
tests suggest a small time lag exists but not
critical as for the ion gauges. Should be
used in conjunction with other sensor for
redundancy.

Ion Gauge: Usually gave a definite reading from a fault,
but rise time was too slow to be useful.

The biased probes, photodiodes, and reverse power sensor should all be included
where appropriate such that a redundant protection situation exists.

The multipactor breakdown tests were peformed at a high vacuum, and the
rf power was increased slowly until a breakdown was observed from the biased
probes. The photodiode was usually used as the protective sensor for the test
transmitter although an especially large reflected power level also would trip
the transmitter's own VSWR threshold circuit,

The arci. g tests were performed by approaching the arcover region from
both the high pressure side and the low pressure side. From the high pressure
side, the blased multipactor probes gave no output, indicating that the arc
occurred in some other part of the breakdown test section. (From Fignre 3.17
arcs are seen to have occurred near the sharp edges of the breakdown section,
which is expected for low pressure arcing). The photodiodes worked well much
of the time; the VSWR indication was not quite as good but still was valuable.
The ion gauge provided a good indication also but with a slow response time.
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Working from a high vacuum condition toward a higher pressure, the gas arcing
conditions and multipact conditiona did not vary appreciably, and bhoth types
oceurred, In general, they could not be made exclusive, but the photodiode
oparated quite well on the combination. As the pressure was increased, the
breakdown tended toward the ion arcing type. From Figure 3.17, the evidence of
arcing appecars at the larger gape which clearly indicates ion arce tend to occur
over longer gaps rather than ghorter gaps for a higher vacuum condition.

5,7.4-2 Summary of Multipactox Breakdoyn test Data

The recorded data is summarized in Table 5.5 for the 32 tests performed.
The VSWR channel operated well for the first five tests; it was later found to be
inoperative and corrected after test 26, Results were positive lor tests 27 to
29. The final tests established the breakdown level as being about 900 watts.
The equipment was operated at the threshold to result in a level that would not
trip the protective circuit, Two signals were used for protective purposes here:
the photo diode and the test facility VSWR circuit. The channel amplifier for
the photo diode also was found to be faulty through much of the test, but the
diode trip signal was generated quite reliably. The biased probes for multipactor
breakdovn detection worked very well and were most consistent. They were not tied
in to the trip circuit in order to get a better indication of the nature of this
breakdown. With the pulse operation, these signals were always widely variable,
but always had a peak magnitude sufficient to trigger a control circuit if
required.

The diode trip was considered less desirable since it usually permitted
a4 multipacting situation to exist at low and moderate breakdown levels before a
sufficient blip would occur to trigger the trip circuit. The VSWR measurement
zppeared to be good when the recorder channel operated properly.

An examination of pressure in the waveguide showed it usually increased
with a substantial breakdown lavel, but the rise was slow and would not be
accoptable for protective purposes. Early breakdowns were, in part, aggravated
by surface contamination boiloff, but the final tests indicated quite clearly a
relatively narrow power range between multipactor breakdowh and no breakdown;
an 867 watt level was firmly without braakdown while 933 watts was firmly in the
breakdown region.

5.7.4-3 Summary of Gas Arc Test Data

The summary of the recorded data {8 in Table 5.6. Five tests were made
at the high pressure side of the breakdown region, and 12 on the low pressure end.
No previous data is available on arcing over small gaps, like the ,018 em (.007 in)
used, in a waveguide. At the low pressure end, the arcing tends to occur in the
larger gaps of the impedance matching quarterwave sections, but there was also
multipactor breakdown at the pressures and powers used. Thus determining an
arcing breakdown point is rather unreliable.

The first five tests indicate the pressure was about 330 N/m? (40 mm
Hg) for arcover in the .018 cm (.007 in) section (p'd = 93 N/m®-em (0.7 omHg-cm))
for a power level of 3.3 kW (voltage was 140 volts across the gap). This
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' TABLE 5.8, MOLTTPACTOR BREAKDOWR TESY DATA
TRST xnnmn . PRAK PHOTO
. W £08R) ~POMER L) L)1 ~IRLL. ~YAHR* SAIIPACT.
9.9x10%  (7m10°H
1-Cw to favr off to far oft 810 W Firm (dcde) of £ scalo 0,7~ 1.0V
scale scale (no calibr.) « over 10X (visual) ‘
norml X
PULSED. 4
2 o102 (6. 8220"%) 730 W Off Rcale (d1odc) X3.8 Visual - no ‘
(1o v) record .
3 CHECK POR TRANSIENTS IN SENSORS - NONE NOTED ON CHART RECORD ,;
b4 '
b, $x10-3 (6.8x10°9) 2 W Good (d1odc) x2.% oft scale iy
burst to  burst to at IV F.8, :
13%10°3 104 ;
s, 9x10°3 (6.8210°5) slight
H
6. 630 W slight Chatter Inoperative 1told V \
‘to & Trip )
} 1.25 k¥ (d10de) ‘
7 1.8 W Channel Chatter 04 k0 3V ;
9 trip:) Faulty 8 Trip strong
(14 trips) (410d0) ;
1,25 kv i
(8 trip)
8. 9x10-3 6 .8 1.1 kW 0.4 to 1.8V
€10 trips) ( 'Bfm ) (consistant) °
9. l 1.2 kW 0.2 to 0.5V '
(5 trips)
10. l 1.2 kW 01V
(4 trins) !
ADD 4 SOURCE, THALIUM 204, 60 /;.,CURIBS
11, 7x10-3 (5.3x10-3) 2,8 kW v no. 1 volt
(burst) (burst) to 1.2 kW trip
12, ! 3.1 kW 0.5V Chatter « .68 ¥
no trip -
13, 3.1 kW None Chatter = S v
(Faulty) trip \
14, 8,7x10°3  (6.5x10"5) 1.6 kw Chatter « 85 v . Al
‘ ) teip R
18 : 1.6 to Chatter - 2to bV
3.5 trip .
1 Qa,,’
l‘o 3.3 kW SV 4
17, : 6V
18. Sy
19, Notey A5 Y
20, 3.9 kW Tedp 2t .5V %
| (Diode) o
2., 3.9 kW 23 to 1V ‘ :
to 3.9 k% .
: 22, 3.5 W - RERY bmom
. 23, 1.4 kW Trip ot Low
(over 8 to 1.9 kW ond to 0,4 V s —
wisutes) . to 2,4 kv to 2,0 V
. (variable)
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24,
2.
3,
27.
a8,
29,
30,

3.

32,

it st 2

TEST

33,

34,
3s.

LEE. tense.

36.
3.

38,

40,
41.

43,
44,

a5,
46,
47.
48,
49,
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8.7%10°3  (6,5%10°9)

TABLE 5.5 (Continued)

1,2 kW
1 kW
2 W
2k
2 kW
1
2.2 k9

0.5 to
1 kW

Noisy

07V
0V

0.6V

o0
= N
-<

0.1 to
0.5V

* VSWR NOTED RELATIVE TO. NORMAL LEVEL OF ABOUT 1.3

PRESSURE
Nm? (20RR)

2,67x10%0 (200 to
1.02x10% m

1.2x10%  (90)
1.46%10%  (110)
to 5.3x103 (to 40)

to 5.6x103 (to 42)

133 (1)

67 (.35)
13.3 ©.1)
1.6 €.012)

6.0 to €0.045 to
50 0.370)

| |

]
30 ¢.370)

'

TABLE 5.6.

PEAK
POWER

e —

3.3 kW

2,3 kW

2.2 kW O

to 2,2 kW CW

2,5 kW CW
1.7 dv CW
1.3 kW CW

PHOTO
DYIODE

004 v

[
none
faone
0.2V
none
none
0.5V
1.4V
low

0.7 Vv

low to 1.0V
- orratic

0.2V
0.2V
0.2V
0.3V
0.2V

Teip

Chatter -

Trip

none

none

GAS ARC TESTS

TRYP

Xmtr
VSWR

(Dlodc)

no trip

(biode)

no trip

(biode)

Manusl

® VWX ralative to mormal power with VSWR = 1,3

#% Fault in ipstrumentation

Inoperative

(repaired)
none
sadll
good

smal}

ng_(*

X2.$
(bi1p)
x.2
x2,4
%2.4
%2.4
x2.5
X1.%
slight
x2.%
x2.4

v

3V
0.7V
2y

2.2V
1.4V
2,1V

0'2 to
0.6V

(none below
830 W)

0.3 to 0.4

above 900 W
(only)

MULTIPACT

SENSOR

None

Slight

to .2V
2¢t0 3V
.9'V
0.8V

0.1 to 2.5V
erratic

A3V
to .8V
to 1.3V
(BB J
oAV
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point can be used to determine the upper part of the are breakdown curve for a
At the low end,

very low height waveguide with height to width = 006,

the

curve 18 not well defined since the arcing occurred at other points than in

the low height sectiom,
curve for the low height saction (b/s = 160).

Figure 5.43 shows the upper reglion of the areing
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Figure 5.43. Paschen's Data for Low Height WAveguide
(DC Data)

The VSWR proved to be a reliable sensor here, and gave a strong
indication in all but two cases. The photodiode was also quite reliable,
particularly for the lower pressure operation. The results indicate the desira-
bility of including both types of sensors. The biased probes, for detection of
multipactor breakdown, were ineffective for detecting gas arcs at high pressures,
and only operate when the breakdown is at the probe.

5.7.4-4 Magnetic Field Effects

A magnetic field of about 100 Gauss was applied next to the breakdown
section. It was found that the field had no effect. When a breakdown was
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occurring, thr breakdown continuad at the name lovel, When the power level wan
just balow tha breakdown threshold, the magnotic fleld would not induca any
hreakdown. The magnetie fleld and pewer wero both varied over ranges up fte a

max imum (930 watts poak).

5.7.4=5 Broakdewn Provoention

No cffort was included specifically to determine tochniquas to prevent
breakdowns should they occur. Gas arcs can only be prevented by operating at low
power levels, probably under 200 watts as indicated in Figure 5.43, or by
maintaining the high vacuum, Multipactor breakdowns are pest eliminated by
suitably dimensioning the components 80O the critical frequency X spacing factor
{s avoided, per Figure 5.39. On another program, the ability to prevent multi-
pacting was evaluated for other types of surfaces, particularly perforated
broadwalls backed by a biased electrode, and coated walls with low secondary
electron emission coefficients. These are described in Appendix I. Essentially,
the perforated approach is quite feasible and should be considered were all else
fails. The coatings which will prevent breakdowns tend to be very lossy and
ghould only be considered for points or lines, not surfaces. Neithet completely
eliminates the effect, but there is no buildup of any significance beyond perhaps
a little electrical noise. The perforated sectiom could have been more effective
if more heavily perforated, and both surfaces had been so modified.
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5.8 HIGH VOLTAGE DC BLOCKING FLANGE

5,8,1 Requivomentn

TWT'a having a voltage=jump nsection to improve efficloncy requirxe that one
of the onds of the device be at a substantinl de voltage, as high as 10,000 volta,
An investigation was porformed on the parameters and design of a wavegulde choke
gsection which could withstand this de voltage with an rf powor level of 1500 watts,
but which would have a negligible cffcet on VSWR and loss. This flange would
normally be placed at the TWT ouiput flange to minimize the cextent of the-syctow
having the very high voltage prescnt.

A number of factors must be considered for a practical dc blocking flany:.
Materials should be inorganic in nature for low outgassing and sublimation, and
should have a reasonable safety factor with long life continuous operation. RF
leakage through the flange is required to be low enough so that thc entire waveguide
assembly meets the lcakage specification of =111,75 dB. The harmonic leakage
specification was implied by the overall assembly leakage specification., 1In
addition, the rf loss in the flange will have to be distributed to a heat sink to
control temperature.

This task was carried to the conceptual design stage, but the problems
identified led to the deferment of additional effort. The fabrication of such a
flange would be quite complex to achieve the performance objectives, and operation
appeared to be marginal. Harmonic leakage would be a very difficult problem in
that the second harmonic would have to rely completely on absorption by a lossy
material in the flange. Adding filters for the harmonics as well as the fundamental
would result in an impractically large, complex, and costly flange. In addition,
it would only be effective if all other rf leakage points in the system, including
the TWT input circuit, the voltage=-jump interface, amd the collector also were
heavily shielded. Some practical factors are considered in Section 5.8.4.

5.8,2 Flange Filter Design Analysis

At the time of the design, a specification was applied which indicated that
total rf leakage from the dc blocking flange should not exceed a level about 130
dB below the rf level propagating through the waveguide. The basic configuration
of the dc blocking flange structure is illustrated in Figure 5.44a. The
illustrated structure is depicted schematically in Figure 5.44b, which is a '"one-
line" representation of the waveguide circuit, The waveguide wall, represented by
the vertical line is cut to provide a gap with dc isolation between input and output
terminals, This gap alone through the waveguide would introduce an intolerably high
VSWR into the system, which can be reduced to an acceptable value over a narrow
frequency range by adding an open=circuited radial line section at the cut, If the
radial line is nominally a quarter-wavelength from the waveguide wall to the open=
circuited perimeter of the line, the open=circuit at the perimeter is transformed
to an electrical short circuit at the waveguide wall, This results in minimization
of the disruption to rf current in the waveguide walls and a moderately low VSWR
over a narrow bandwidth, However, it will not meet the requirements of this appli-
cation since rf radiation is high at the radial line open end and the low-VSWR band~
width is not likely to be acceptable with dielectric gaps (i.e. radial line spacings)
large enough to safely withstand 10 kV,.
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Figure 5.44. Design Approach to DC Blocking Flange
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RF requivementa can be met with the use of a more sophistieated hand atop
filter than the radial line aection, Thie approach ia indicated in Figure H.4h4e,
A satisfactory band atop filter styucture, of course, muat inelude de fnolation
acyons the gap, Theo filter mcction could be designed for an open cireuit termin-
ation, in which ecase it muat pravide the total required itaolation to vf leakage
(130 dB), or Lt could bo designed for lower isolation (say 30 dB) and terminated
with o de iselated, lossy tranomiasion line section to provide the balaneo (100 4B)
of requirnd inolation,

Considoration of poasible band stop filter rf structurcs which would provide
tho nocossary de isolation across tho waveguide gap and which would lond thomoolvos
to being applicd around tho circumforonce of the waveguldo lod to tho soloction of
the approach illustratod in Figurc 5.44d. This band stop structurc comsists of a
sorios of ono=quarter=wavclength shorte=circuited rosonators comnccted in sorics
with onc conductor of a transmission linc comnected across the gap in the wavoguide.
Thase resonators are each spacod cne=quarter=wavelength apart alony this transe-
mission line. The filter can be cesigned to operate open=circuited or with a lossy
line termination as mcntioned above, Matching scctions, such as the A4 section
between the waveguide and first stub in Figure 5.44d, may be required for impadance
matching purposes and to permit maximum flexibility in dimensioning the band stop
filter componhents,

Before designing the filter structure, it is necessary to consider the proto=-
type design. The general band stop filter selectivity characteristics are shown in
Figure 5.45, For a required minimum attentuation in the@iy toWjy, stop bund, a
given prototype will have a certain lower pass band extending from dc to a pass band
upper frequency®; and a "minor-image'" upper pass band beginning at w,.

7
£

Attenuati

| L
w' C We wz
Wip Wy

Figure 5.45. Band-Stop Filter
Rejection Characteristics
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Tnaight into the filter requirvement can be ohtained by evaluating reveral

filter prototypas for a variety of conditiona. The reaulta for repvaﬁengatLVﬂ
canes nf multi~renonator filters are rabulated in Tahle 5,7, The canen nf

Sm—— "

TABLE 8.7
A Comparinon of fitop-Band to rass-Rand Ratios for a Nomber
of Prototype DG Bleeking Vlanpgoe Bandatop Filter Deaipna

Pehohyehov = Prototypo,

3,0 dB Ripple = Lossleos ..cmont case

N M
Number of for 130 di for 30 dB
Resonatory Tuolation Taolation
3 33 2,15
5 9 1,38
7 4 1.18
Butterworth Prototype ,
- b
Number of for 130 dB for 30 dB
Rasonators Isolution Isolation
2 - 6.3
3 40 3.2
5 20 2.0
7 7.0 1.65
9 4,7 1.47
W
where ﬂ, - —a-)-—:'-é-

attentuation A = 130 dB represent the open circuit terminated filtér., Actually

this termination is a non=infinite impedance since the radiation resistance at the
"open=circuit" at the end of the filter may be a fairly good impedance match, Thus,
both open circuit and terminated cases werc considered, Here, all of the required
rf leakage suppression is supplied by the filter alone and the end leakage should
be at least =130 dB. A second series of cases was determined for 30 dB attenuation,
which requires a lossy=line termination of 100 dB insertion loss., The stop=band

T o

he to puss~band frequency factor M1, defined by: . "
‘\I; w 1 . ¢ o
124
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Larpe valuee of SV are indieative of sevare filter paramater requirements
where difficultetosranlize resonator and transminoton line values ara required,
This will he soen laker for computed canes,

Tho oloment dimonaiona for tho bande=atop f£ilter were dotormined (vef. 16) for
a throosrosonator filfor eireult, shown with oxprossion for alemont values in
Flgure 5.46, Torminating admittancen Yp and Yy and the transmission lines

Y Y Y
b we 2 3
—] .’L 2 Yoz
YA g“ B e e e - o %Yg
- A L
v, = 1/793 who v, = AB0 (141 )
A 3 34 J\83 g
v = YA Y. = ¥, (1+ Asg,8)
1 A '80 B, 12 A 08
Y g
- A B0 You = Y, =0
Yoy 22 23 A g (1+ _/\33 34)
N og 3
= 1 = Q-
JN\= cot ( J} = cot (-'I;— (-ﬁ———wo ))

0

Figure 5.46. Expressions For Element Values for a Three

Resonator Band-Stop Filter

admittances Yip and Y, were sclected to be equal to the source impedance at the
waveguide gap. At thgg point, the characteristic impedances of the two waveguides
are in series and equal to a total of 792 ohms., The normalized low pass filter
prototype element values, gy, are obtained from published tables (ref. 17) and

are 1isted in Table 5.7. Simple Fortran routines were written for one, two, and
three resonator cases (see Appendix IV), Calculated results are given in Table
5,8, Cases for more than three resonators were judged to be too unwieldy for
practical fabrication and were not considered further.
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TABLE 5.8

Calculated Bandstop Filter Designs for DC Block Flange

Transmission
(dB) Resonator Z, TLine 2
Case Number of (dB) Prototype Termination o 7 - Zo
No. Resonators Isolation _Ripple¥ (ohms) 1“3 2 12 23
1 1 30 - 792 30,785 - -
2 2 30 3 792 701 601 91
3 2 30 o%* 792 661 158 132
4 2 20 3 635 1140 157
5 3 30 O% 792 521 207 272
6 3 130 0 792 763 15.2 29.4
7 3 130 0 oo (21=1736) 22,9 (215 = 55.7)
(23 = 7.9 223 = 20.3)

x1012)

% Butterworth

Impedance values calculated and listed in Table 5.8 were too high for
practical application in most cases. It is desirable to use the aforementioned
A/4 transformer between the waveguide gap and the first resonator to permit
optimization of impedance levels in the bandpass filter choke section., As will be
discussed later, it will be advantageous to build the choke assembly folded onto
the surface of the waveguide rather than using the radial configuration shown in
Figure 5.44a. For this configuration, transmission line impedances can be calcu~
lated on a parallel plate model with little error using the relation:

7 = 377 + _a
o er b

where a is the dielectric thickness and b is the nominal perimeter of the trans-
mission line or resonator section. For the purpose of this calculation, the
material selected for a dielectric in the choke region is pyrolytic (chemical
vapor deposited) boron nitride which has relative dielectric constant (€p ) of
about 3 to 5 depending on the process used. A nominal value of €, = 4 is used for
illustration, Pyrolytic boron nitride has good insulating qualities; ideally a
thin section of .0127 cm (.005 in) will withstand 10 kV. For the perimeter of
WR75 waveguide, which is 6.371 cm (2.65 in), the characteristic impedance of the
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lowest impedance lime could be tranaformed to

. 37700005
z, = SH0:083 = 0.355 ohm for

Case 7 of Table 5.8, The impedances normalized to Zj3 for these three resonators,
open circuited, 130 dB isolation case would then be

Zl = 12,8 ohms le = 0,99 ohms
Z9 = 0.4 ohms 223 = 0.355 ohms

23 = 4.9 x 1014

and the N4 matching transformer would be

2o = 792 = 104.6 ohms

v20.34/0.355

In practice Zp, would be terminated with an open circuit and Z3 and Zj3 omitted.
Two difficulties in this design are the still too~high impedance required for the
matching ttansformer, and producing a very high impedance at Z3 since the radiation
resistance of the open circuited 21y line is of the order of only 50 Z12 or 50 ohms.
Thus, the expected attenuation of 130 dB would not be achieved.

Similar problems exist in the other 130 dB isolation designs, with values
of transmission lines or resonator impedances being obtained which are impractical
to implement. The 30 dB bandstop filter plus 100 dB dissipative transmission line
attenuator gives more reasonable transmission line impedances for implementation.
Normalizing Case 2 of Table 5.8 to Z12 = 0,355 ohms gives element values as
follows:

2, = 2.74 212 = 0.355
Z, = 2.35

which require boron nitride dielectric thicknesses in the range of .013 to .102 cm
(0,005 to 0,04 inch). In this case the input matching transformer could be any
convenient impedance since it is merely necessary to transform the high stopband
impedance at the input of 21 to a very low impedance in series with the waveguide
gap. The conceptual approach to physcially implementing this bandstop filter choke
plus lossy dielectric termination is illustrated in Figure 5.47.

5.8.3 Blocking Flange Fabrication Approach

The method of fabricating the high voltage blocking flange was examined to
determine a reasonable size and rugged construction, The first approach considered
was a disk arrangement with the quarter wave filter sections radiating out from the
waveguide, as shown in Figure 5.44; it was rejected on general grounds in favor of
a folded arrangement like in Figure $.47 which would be lighter, more rugged, and
be less susceptible to undesirable resonances in the filter structure.
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Stub 1

Matching Xfmr

Lossy
Dielectric

Line

Line

23 12

Figure 5.47. Schematic of an Approach to Implementing

a Two-Resonator Filter

The folded filter would be fabricated by a series of depositions and
machining of boron nitride and metal, This approach eliminates much of the concern
for air pockets in the assembly which otherwise could result in possible outgassing
and electric field distortion. The progression and final configuration are shown
in Figure 5.48., The boron nitride insulation must be effective both in the air and
in vacuum, so the path length inside the guide is required to insure no arcing from
the 10,000 volts. The design must be checked carefully to minimize reflections as
the reverse power monitor will not include this point in its measurement. The BN
may be set into the waveguide surface somewhat, with a pathlength determined from
Paschen's Law, with dimensions to minimize reflections, Mechanical rigidity during
this stage of the fabrication will have to be carefully observed. The deposition
of the lossy dielectric has not been pursued, but the material would be the same
as the Lundy rfi material used for attenuating rf in the optical and biased=probe
sensors as considered in Section 5.6. This material has a high dc resistance but
a further evaluation would be required.

The resulting fabricated choke flange approach is similar to that of
Figure 5.47 except more folding is used. The first sketch in Figure 5.48 shows
the first application of boron nitride which covers both the inside and outside of.
the waveguide. This is then machined to provide a notch for the quarter-wave lines
that will be added., The third sketch ghows metalizing; this provides lineyy of the
previous figure. This metal is filled with boron nitride, and the surface planed
with a notch again over the quarter-wave section. The next metalizing operation
of the fifth sketch forms the side of stub 1, aud covers some of the other parts of
the boron nitride which must be removed. The third and final deposition of boron
nitride in the sixth sketch provides the dielectric for the second stub of Figure
5.47. The surface is planed with an appropriate notch above Stub 2 as required.

The lossy dielectric can now be added, followed by the final metalizing of the
last sketch in the figure,
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The final package has tho quarter=wave matching tranaformer at the gap., The
rf goes past Stub 1, which ia the middle section of the three stacked quarter wave
lines, then through linejg which is at the surface of the wavegulde, 8tub 2 is the
top of the three atacked quarter=waves, The wave then goes to the left through a
matching section of boron nitride, as required, and into the lossy dielectric which
has whatever length is required for 100 dB of attenuation.

The most critical breakdown region is in lineyz which may be from 0.13 to
.102 cm (.005 to .040 inches), depending on final design. Pyrolytic boron nitride
will normally handle this voltage, but this region is the one of greatest concern
in achicving & good final design.

5.8.4 Practical Application Problems

A general objective throughout this program was to hold rf leakage to a very
low level. The design shown in the previous discussions can hold the fundamental
leakage to a level of =130 dB. The harmonics will rely on the rf absorber which
might be adequate. But the overall transmitter system is subject to rf leakage
fron the voltage=-jump section of the TWI, the input circuitry, and the collector.
The latter is of particular concern since it also is a new element considered for
the overall transmitter system.

The dc blocking flange may be placed in three different places:

1. Input waveguide which would shift all biases and permit the output
flange of the TWT to be at ground potential. This has a strong
advantage in that the signal will be 30 dB to 40 dB below the output,
and there will be much less concern over rf leakage. In addition,
harmonics can-be removed more easily from the driver stage output,

2. At the TWT output flange, which is the approach discussed in the
previous sections, RF leakage is the greatest concern because of
the large signal with moderately high harmonic content.

3. After the harmonic filter, which would remove the concern for harmonic
leakage and the design shown would be completely adequate. However,
the large harmonic filter would have to be insulated for the 10,000
volts, and thermal control would be more difficult,

The possibility of leakage and its control from sources other than the blocking
flange should be examined in considerable detail, and the trade-offs of developing
this flange in the presence of possibly worse sources of rf leakage should be
examined thoroughly. The three sources of particular concern are the voltage=jump
region, the collector if the multi-ring depressed collector is used, and the antenna
backlobes., Upon determining that the de blocking flange is definitely required, the
preceding design should be reviewed and a program directed toward developing a
breadboard model to ascertain that all problems in design and fabrication have been
identified, and all are adequately solved.
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5.9 SCALING TO OTHER FREQUENCIES

A basic requirement for performing experimental work at 8.36 GHz is that the
effects can be interpreted in terms of performance at 12 GHz and 2,64 GHz, This
was done by considoring the phenomena of interest, and developing a function to
relate each one in torms of frequency and waveguide dimensions. The specific
factors are discussed bricfly herc., Results were shown previously in Table 3.2.

Terminology used here is arbitrarily defined as follows, which corresponds
to that of Table 3.2:

or f12a _12 = 1,435

orx f = 2064 L] 0.316

(b/8)g 36
Y= —b7a)

and

0.886
other

The latter comes about because the WR112 waveguide used in the experimental work
has a height to width ratio, b/a, different (by .886) from the ratio either WR75
(12 GHz) ot WR340 (2.64 GHz).

5,9,1 Jonization Breakdown

Paschen's Law indicates that arcing due to ions is a function of voltage and
electrode spacing. In the case of waveguide at a given pressure, the height is the
spacing factor, and voltage is determined from the required power level and guide
impedance. The power in a waveguide can be expressed as:

P - Y2 oo ¥
2 ke b/a

where k is a constant relating waveguide dimensions to wave impedance. To determine

the power at one frequency that will simulate the ionization breakdown at another
frequency, the voltage gradients in the guide should be the same:

(%‘)new - (‘é—)ref.

Using this in the above equation:

. T a——
P ref., (a.b) ref.
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The value of £ can be expressed in texms of wavegwide widths (assuming operation at !
a proportionate part of the band): ’

a pow

f - o ————

a E

R et

raf.,
Then

s Yf

Comm———

|
P new 2 &
; |

ref,

o From the requirement for 1.5 kW at 12 GHz, the equivalent 8,36 GHz power is 2.74 b
kW. This equation can be extended to the 2,64 GHz case, substituting values at i
that frequency for the 12 GHz ones. In this case, a 1.5 kW signal is simulated at ‘
8.36 GHz by a level of 133 watts, indicatinga low problem likelihood at the lower
frequency of interest. In all cases the 2.64 GHz simulations require power less
than or equal to that for 12 GHz,

5.9,2 Multipactor Breakdown ' :

This type of breakdown is concerned with the time for an electron to traverse
the distance between the waveguide broadwalls relative to the frequency. For a
comparison, the effects of the sine wave 1s assumed to be the same for both
frequencies, so a static calculation illustrates the result. TBe time to accelerate
the distance b with a voltage V is derived from b = % (accel.)t5 or:

t =[ 2 b/ks /vy ] 2

where k is a constant relating acceleration to voltage gradient, V/b. The condition
for maltipactor breakdown is that this time be a half=-cycle interval, or the values

of kz.t/f be used in determining voltage for the two sets of conditions. Carrying -
this analysis through and placing the voltage ratio in the power ratio equation, :
the conclusion is that the phenomenon is independent of frequency, and- is .only L
altered by the v factor: F -

PN S SEPERE .

e i e S Semmgben mn e A e - it

Pg.36
—t— = y3 = 0,6955

12 h

The same expression holds for relating 8.36 GHz and 2.64 GHz since the value of Y
{s the same in both cases. Thus for a 1.5 kW signal, the gimulation can be achieved CIN
with a power level of 1.05 kW, However, from Figure 5.39, there is a considerable i
range in breakdown power (voltage) levele and in some cases, there is a change with
spacing. The above gives a reasonable direction of power change, however.
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5.9.3 Paschen's Minimum Breakdown

The minimum breakdown voltage for a gas arc ia constant, and dopends on the
product of electrode spacing and gas pressure, If the cleetrode spacing changes,
such as going from WR75 to WR112 waveguide, the minimum breakdown voltage stays the
same oxcept it will occur at a slightly different pressure. The only contributing
factor,where the minimum point is of interests 18 that the power involved will vary
with waveguide height, since the same voltage is necessaxy to effect the same
minimum., Referring to the first equation of this section and noting that the two
voltages must be equal, then the equivalent power is only a function of b/a which
is found to be:

Ps.36 i
P12 "y

The resulting simulation power is then 1.7 kW for a 1.5 kW input at 12 GHz.
5.9.4 Paschen's Pressure Minimum

The pressure minimum varies with spacing, but the product of pressure and
spacing should remain a constant. Denoting pressure by p:

(pxblg,ze = (Pxb)

from which
Pg,36

Ppp o L
12 -

This indicates the test pressure to operate at the minimum breakdown point is about:
P8.36 = Pyo 1,27
relative to 12 GHz. There is no power involved in this expression, only pressure.

5.9.5 ;ER Loss Per Unit Length

The power lost in a wavegulde wall is directly dependent on current flow and
on resistance which varies with waveguide dimensions and frequency. Power lost is
proportional to power input, surface resistivity, and skin effect loss. Thus for
a unit length (ref. 15):

PIZROC—?&- (1 +{°—) (freq.)®

where the last term i8 the skin effect. The ratio of IZR losses for two frequencies
is:

b
Prew Phew DPref (1+ ) '
- . new
P P b 1+ 2 £%
ref/ 20 ref new ')ref
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The (1 *%}) terma are nearly equal and were cancelled, Then for aqual Iza logges:
P 3/2
ng! - v f
P rof .
Thus

Pa.ae - 2029 watts
to simulate 1,5 kW at 12 GHz,

5.,9.6 12R Loss Per Guide Wavelength

The lengths of waveguide componen:ts are frequently scaled to wavelength, so
the losses at 8.36 GHz should include this factor in many of the components that
might be used., Scaling to wavelength merely reduces the above function by 1l/f,
assumed to be at proportionate points relative to cutoff. Then the simulation (ncw)
power relates to reference power by:

Pndwlpref - v £

A 1.5 kW requirement at 12 GHz is simulated by slightly less than 1.6 kW at 8,36
GHz,

5.9.,7 Thermal Conduction

The change in thermal conduction as a function of frequency band includes the
effect of path length, power absorbed per unit area, and cross section area of the
conductor. The objective is to find the power relations to give equivalent maximum
temperatures; the power absorbed, all of which is conducted to the heat sink, was
given in the relation in Section 5.9.5.

The temperature between the hot spot and the sink is (ref. 4):

2
. _L
8T = 7xact

where L is the path length (a + b/2), Q is total power absorbed in a length 2, K is
the conductivity, A is surface area absorbing the heat and equals 2(a+b) .z , and t
is metal thickness. The latter is assumed to vary in accord with the thickness of
the waveguide walls; then 7° is used as the ratio of tpew/treg:

Ta.66 = ts.36/ty,eq = °064/.080 = 0.8
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The Q/% 1s power loat for a given Pyp, and from 5.9.5 18!

Prov |, Y’fﬁl/Z
Prof

If tho procoss is to conduct all tho hoat away xegardloss of temporature, tha
function from Scction 5.9.5 applics sinco all T2R logsns aro conducted away. Tho

AT's, relating to input powors via Scction 5.9.5, may bc cquated to dotormino what

input powers will give the same OT's:

2
AT oy - (Qe)pew * ew (8 pag Erof
OTyet (Q/2) rof Lyeg®(atb)new tnew
-1

The concern must be of trends rather than absolute value since this expression is
not as convenient as previous ones. For simulating at 8,36 GHz (ref,) operatiom:

2
L hew (a + %)2 new 2
- - 0957 f
vef B’ retf
d 4+ b
an %2_1_53“»: = 0.962 f

ref
This ratio is nearly £. Thus

2
AThew _( 2 dnew £

o

A Tref ( I_z_& ) T
z ‘vef

From Section 5.9.5%

2
%g)new ! ] Frew 1
(_11,5) ref £ Preg TVf

and this equals B7/f from above.

Then P
Pref

This is for the same temperature drops in the two cases; for 1,5 kW at 12 GHz,

P8.36 = 2,04 kW,
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§,9.8 Thoxmal Radiation

Thermal radiation leads to a temperature deatermined by area and power, and
depends on tha nink tempevature. The baaiec radiation equation 1a:

i P-Qmk., (asth) a ( Ta - Ta )

| 0
whero k includos tho omission coofficiont. For tho same radiating tomporaturc of i
tho roforence and simulation (new) frequemeden, tho pownr lavela aro: L

P i

)

% 1% Praf ;
% i which uses the expression from Section 5.,9.5 for the heat, Q, involved, This !
o function indicates a relatively high power level is rcquired for simulating thermal

E,; ! radiation from a waveguide:

o

P:-,f for simulating 1.5 kW at 12 GHz,

ot
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SECTION VI, TEBTING

6,1  TEST PLAN

A comprohonsive test plan was prepared ta dofine teste required and toat
proceduroa, Included aros

Beneh Teat: VSWR and tuning
Insortion Loss
Bandwidth
Harmonic Performanco
Power Monitor Performance

These tests were performed separately with and without the diplexcr.
(Component test results were discussed for each component separately and won't
be repeated).

High Power Vacuum Chamber Test: Arcing
Multipacting
Outgassing
Magnetic Field Effect
Thermal Effects

RF Leakage Test: Fundamental
2nd Harmonic

For each test, the requirements provided the basis for the type, con-
ditions, and quality of measurement. All bench tests were performed with
matched terminations. The elements of the test plan are integrated into the
discussions of the tests which follow.

6.2 BENCH TESTS

6.2.1 VSWR and Tuning

6.2.1-1 Requirements

The assembly was required to have a VSWR of less than 1.05 at center
frequency and 1.15 over a 10% bandwidth at 2.64 GHz or 42 at 12 GHz; these
scale to about a 4.8% bandwidth, or 400 MHz at 8,36 GHz. With the diplexer,
the VSWR is based largely on the diplexer's effect, and should be less than
1.8 which corresponds to a reflected power of 8.2%.

6.2.1-2 Measuring Method

The test arrangement used for this test is shown in Figure 6.1, The
equipment used were: HPB690B Sweep Generator
HP423A Crystal Detector
HP8734A PIN Modulator
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20dB Directional Coupler

HPB742 or 3 Raflectlon Test Unit
8410 Notwork Analyzer

HP135 X=Y Plottor

MRC H80 lLoad

MRC H40 Transition APC7/WR112
8411A Frequency Converter

Tho VSWR accuracy is oxpected to be +.02 without diplexer and +.053
with dipleror.

The measurcment system was first checked without the waveguide
assembly in place for calibration. An expanded Smith chart was used to
adjust sliding terminations for best results over the 10% band used for
the test.

6.2,1-3 Tuning

Obtaining a low VSWR required tuning to compensate for reflections
from various points in the system. This task was minimized by tuning the
individual components to minimize each one's veflections. Matched termina-
tions were used throughout the bench testing.

The waveguide assembly required one additionali capacitive iris at
the elbow following the harmonic filter to achieve a low VSWR. The elbow
had not been checked for a match previously. The tuning was performed with
no diplexer. The iris was made oversize and trimmed in two steps; the
three check points permitted an accurate extrapolation to the best match
condition and the final trimming resulted in a VSWR as close to ideal as
possible.

6.2.1~4 Results

The results, as noted in Section 3.2.1, showed the VSWR t~ be less
than 1.02 at center frequency and 1.03 + .02 over the bandwidth with no
diplexer,

The diplexer brought the VSWR up to about 1.15 at center frequency,

but no additional tuning effort was performed because the mismatch is largely

inherent in the diplexer. The peak VSWR was 1.28 which could be improved
by further work on the diplexer.

6.2.2 Insertion Loss and Bandpass

6.2.2=1 Requirements

The insertion loss was required to be less than 0.5 dB without the
diplexer and 1.5 dB with the diplexer. In addition, the performance of the
two power monitors could be determined at the same time, and the isolation
objective of 25 dB between transmitter input guides checked with the
diplexer in place.

 ea imm amB_mes
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The bandwidth characteristics measurement with the diplexer would
confirm its performance relative to requirements as in Section 2.1.3 and
Figure 2.2.
6.2.2-2 Measuring Method

The test circuit used for the loss and bandpass measurements is in
Figure 6.2. The components are essentially the same as for the VSWR tests
of Section 6.2.1 except an 8740 transmission test unit and two coax-to-
waveguide transitions are tequireduf An additional waveguide detector 1s
also required for checking power monitor operation.

Accuracy in measurement was expected to be + .1 dB per .0 dB
difference between reference and test channels, + 0.2 dB for differences
from 10 to 40 dB, and up to + .5 dB for 52 dB difference.

A loss calibration for the measuring system was taken with three
pieces of waveguide having lengths differing by 60°, and results averaged.
The waveguide assembly was then placed in the circuit and loss measurements
obtained. M
6.2.2-3 Results

The basic results of the tests were indicated in Section 3.2.2-1.

Summarizing:?

Insertion Loss, no diplexer

e at center frequency: 0.3 dB

e range over band: 0.3 + 0.2 dB "
Insertion Loss, with diplexer

e at center frequency: 1 dB

e out of band: > 40 dB

isolation: 22 dB at center frequency

Bandwidth at =3 dB points: 145 Miz (this is greater than required).

Additional detailed tests on the power monitors were not warranted
on the basis of previous tests. A check was performed which confirmed
previous measurements; the forward coupler showed the small reduction

in output due to the loss in the harmonic filter and other components
preceding it.
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6.2.3 Harmonic Performance

6.2.3-1 Requirementt

The second harmonic performance was measured for the TEjg and TEgy
modes at the time the rf leakage tests were being performed. The harmonics
were to be attenuated at least 30 dB to keep total antenna emission below
50 dB, assuming the TWT harmonic output is 20 dB below the fundamental. In
addition, the harmonic VSWR was to be under 1.5.

6.2.3~2 Measuring Method

The harmonic performance test was made in conjunction with the rf
leakage tests; refer to Sectilon 6.4 and Yigure 6.8 for the test circuit.

The harmonic VSWR of the harmonic filter was measured during bench
tests (see Section 5.2), and the results were good enough that additional
detailed tests weren't warranted.

6.2.3-3 Results

From the tests on the harmonic filter and diplexer, a very high
second harmonic attenuation was expected. With a sensitivity of about -95 dB,
no signal was observed from the waveguide assembly output. A signal would
have been observed with the diplexer removed, but the harmonic filter com-
ponent tests indicated the specification was significantly bettered, the
worst case being 9 dB better than required. The VSWR had been measured at
1.15 for the harmonic filter so the requirement of 1.5 appeared to be easily
met. Only an added elbow and -30 dB coupler (at the fundamental frequency)
would contribute some reflection but this would not be great.

6.3 HIGH POWER VACUUM CHAMBER TESTS

6.3.1 General Requirements

The waveguide assembly was to be placed in a vacuum chamber, and
operated for 60 hours at a power level scaled from 1.5 kW at 12 GHz to ob-
serve possible component or operational problems. Fault sensors were in-
corporated into the assembly, following evaluations of the special break-
down test section of Section 5.8. The scaled power was determined to be 2.04
kW for the long range effects, largely thermal, and ad¢itional tests could be
performed to determine possible breakdowns at lower and higher power levels.
In addition, the effect of a strong magnetic field was to be evaluated using
a scaled field as noted in Figure 2.1.
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6.3.2 Teat Facllity

The two principal elements of the test facllity were a vacuum chamber
’ four foot in diameter by aix foot long with a vacuum capability better than

1.33 % 1079 N/m? (107 Torr), and a 5 kW CW klyatron at 8,36 Gz, The
. vacuum chamber is shown in Figure 0.3 which also shows the output wavegulde

elements used in testing, sacluding the ion gauge, vacuum window, output

v 7"’_‘3,._ M

Figure 6.3. Vacuum Test Chamber

HILL UL N
' R

power measuring coupler, and 7 kW load. The tark ion gauge for measuring
pressure is on the top of the chamber. At the left side of the chamber are
two windows (later one defaulted) with a reverse power monitor. A plug
arrangement carried 52 lines for {nstrumentation. Water lines are located on
the top of the chamber for any water cooling required. All three waveguide

vacuum windows were water cooled.
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The test arrangement 1a shown in the dlagram of Fipure 6.4, Thin in-
culden the klyatrom and ite auxiliavy equipmont, and also the inatrumentatlon
uncd. The thermal moasuremonts were recorded separately with a aingle channel
recordor and a stepping switch to recovd nine points at two minute intervala.
Locations and typical temperature record are shown in Figure 6.5. The multi-
channel recordor covered the waveguide pressure, power output, photodiode
output, photodiode trip, and VSWR. Tank pressure was raecorded manually.

In the initial tests, the wavegulde pressure was much higher than
anticipated. This was traced to a cracked window in the input channel. The
transmitter was then shifted to the second window on the input side of the
chamber, and the faulty window replaced with a cover.

The vacuum gauges on the waveguide and on the chamber differed some-
what, indicating a possible small leak in the output waveguide window. For
instance, turning on the cooling water for the window reduced the ambilent
reading in the waveguide ion gauge, suggesting that.-possibly the contraction
tended to reduce the leakage slightly. In addition, the pressure readings
were made with the output waveguide open to the chamber and with nothing
attached. In this case, the pressure differences tended to diverge as the
pressure was reduced:

Tank Pressure Waveguide Pressure
4.9 x 102 N/m® (3.4 x 104 Torr) 6.0 x 10°2 N/m? (4.5 x 10-% Torr)
3,1x 103 " (2.3x100 ") 3.6 x 1003 " (2.7 x 1073 " )
3.2 x 104 v (2.4 x 106 " ) 3.6 x 10-4 " (3.6 x 10°6 " )
0.7 x 1004 " (0.5 x 1076 " ) 1.7x 1004 " (1.3x 100 ")

Thus in the tests, a higher reading of the waveguide ion gauge is expected than
that shown by the tank gauge, With the waveguide attached, the cold ambient press-
ure was 6.7x10-4 N/m2 (5x10-6 Torr) while the tank was 6.7x10"3 N/m? (0.5x10-6 Torr).

6.3.3 Test Procedures and Results - Initial Tests

A series of preliminary tests were performed with the equipment in
the vacuum chamber. It was here that the diplexer iris heating was first en-
countered. The tests prior to the 60 hour continuous run were used to remove
initial outgassing and to determine the suitability of the instrumentation.
One waveguide window was found to be cracked which caused a high reading of
waveguide pressure, higher than reasonable and close to a potential arcing
level. When the diplexer was removed, the third (faulty) window was no
longer required in the test system. All tests used CW power. The tests and key
results 'vere as follows:
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Figure 6.5, Thermal Measurement Points
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2.

TEST_TYP
1, Full Systom

« Vacuum
- High Power

2, Thormal Stability

=« Vacuum
- High Power

Thermal at Atmospheric
Pressure

1. Repeated thermal
at Atmospheric
Pressure

2., Same in vacuum

Replaced Faulty waveguide

window

1. Recheck system in
vacuum

2. Removed diplexer
- Atmospheric
Pressure

3. Diplexer out
= Vacuum

Vacuum sustained from here

to end of test program

1. Power raised, vacuum

operation.

1.
2.

1,

2,
1.

1.

1.

1.

3.

2,

TEST RESULTS (CW POWER)

Automatic trip at 480 watts via :
photodioda. ?
with 270 watts, thormal runaway after
4 minutes from diploxer phetodiode.

180 watts limit to keep photodioda
below trip threshold

Flashlight check on photodiode;
operates well

Checked at 800 watts; end of diplexer
at 3819K (1080C) while all other parts
at 333°K (60°C).

No photodiode signal.

g e e e

To 1350 watts; diplexer to 343°K (170°C)
at end, 350°K (77°C) center, 311°K
(38°C) at thermal plate over 2 hour
period.

Added visual facility to observe diplex-
er iris; strong red glow at 270 watts,

Wavzguide pressure down to about 1.3 x O
N/m (10' Torr) with no power K
Visual glow at 270 W.

Power to 4 kW; no problems

To 1600 watts, pressure to 1,067 x 10° -3
N/m2 (8x10"6 Torr) over 70 minute build-
up.

Tank pressure up 20% to 1.3 x 1074 N/m?
(10"’6 Torr) .

Rectifier failed; shutdown for replace-
ment.,

No cooling, pressure to 2 x 10"2 N/m?
(1.5x10=4 Torr) with 1,8 kW.
Add w ster cooling, pressure down to 1.33 . -

x 107¢ N/m? (104 Torr) and power to

2.7 kW.

Short run at 4.0 kW, pressurc near 0.8 x e

102 N/m? (6:(10"5 Torr) with water cooling :
Fill-n
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4, Applied hot water for 3 hours, 3389K
(559C), no rf pawer.

6. Power Run in Vacuum 1. Initial pressure = 1.07%10"3 N/m? (81077

Torr)

2, Raiood to 3.6 kW in 30 minutos, prossure to
26, 7x10~3 N/m2 (20x10=9Torr) aftor ono hour,
1ight water cooling.

3, Rnigod to 4.2 kW, pressurc off to 1.33x10"3
N/mé (103 Torr) after. total .xun. of 2_hours
10 minutes.

7. Power Run in Vacuum 1. Raised to 4.2 kW in 5 minutes; pressure
peak to 0.8x10" N/m? (6x10-5 Torr) after
one hour. Run 100 minutes.

2. Hot spot on thermal plate at 350°K (77°C)
with 200 watts removed by cooling water.
Fstimate radiation cooling is 63 watts max.

This completed the preliminary runs to effect outgassing and to confirm the
{instrumentation. The 60-hour run followed these tests; vacuum wat sustained from
day 5 until the end, in day 9.

6.3.4 Sixty-Hour Test

The sixty hour test may be best characterized as uneventful. There were
no indications of a possible fault at any time. The cooling water and radiated
heat reasonably matched the expected rf loss. The power was set at 3.75 kW for
the 60 hours to provide an extra margin over the minimum requirements.

The test was run from 0000 on Tuesday, 8 February to 1200 on the
following Thursday. The following describes the tests. At the end, a short
period of higher power was enacted.

Time Parameter Comments
Day 1
0000 Power Raised to 3.6 kW CW in 4 steps_over 4.5 minutes,
Waveguide pressure at 0.67x10"3 N/m2(0.5x10"3 Torr.)
0200 Then to 3.75 kW after 20 minutes.
VSWR 1.17
0110 Cooling Water turned on; plate hot spot at 363°K (90°C). See
Figure 6.5 for nominal temperatures held through tests.
0120 Waveguide 5.86x10~3 N/m? (4.4x10’5 Torr) peak.
pressure
0320 Pressure propped to 2.67x10-3 N/m2 (2x10%3 Torr); tank at 1.07

x10-4 N/m2 (0.8x10-6 Torr). Tended to vary with small
changes in cooling water rate.

0720 Pressure 1.73%10-3 N/m? (1.3x10"3 Torr), hot spot at 363°K(90°C)
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1500

2400

Day 2

1200

2400

Day 3

0600

1200

1230
1240

1250

1304

1305

1306

1310

Pressurae

No changes

Pronsura

Temporaturo

Prassura

Temperature
Pressure

Complete 60 hours
Pressure

Temperature
Magnetic Field
Power
Temperature
Pressure

Pressure

Power
Power
Pressure
Power
Pressure

Power

1,33x10°9 N/m? (1x10°5 Torr), Tank at 6,7x10°% N/m?
(0,5%1076 Torr),

Hot Spot to 3689K (95°0),

1,33x10"3 N/m? (1.0x1075 Tore), Tank at 8x103 N/m?
(0.6x10-6 Torr).

3639K (900C) at hot spot.,

9.3x10"% N/m? (0,7x10"3 Torr), Tank at 6.7%x10"3 N/m?
(0.5%10=6 Torr).

Held at 3689K (95°C)
1.33x10°3 N/m2 (1x10"3 Torr).

1.33x10°3 N/m2 (1x10"5 Torr), Tank 6,7x1075 N/m?
(0.5%10-6 Torr)

Hot spot at 368°K (95°C)

100 Gauss applied for 8 minutes. No effect
Raised to 6.5 kW

To 380°K (107°C) at hot spot

Rising

To 1.6x10~2 N/m? (12x10~5 Torr), temperature is 380°K
(107°C) at hot spot.

To 7.2 kW

To 9.0 kW for 10 seconds

To 1.33x10°2 N/m? (10x10"3 Torr)

Back to 3.6 kW

To 2.67x10°2 N/m (2x10~5 Torr) in 5 minutes

Off
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Caleulationa ware performed on the reverse pawer, VBWR, cooling, and
magnetic finld,

Revorse Power: Meter voading of 0,60 mw with a =30 dB couplar and A 16 dB

pad; roversa power im 24 watta. Forward powor was 3750 watta.

VEWR:  1.17

Radiatton Cooling: Assume o, ™ 0.1, temporaturo averages ahout 3439K (70°¢) with
2930K 220505 ambiont

W

0.1 (2 x .610m x .915m) (57 % 1079 (343% - 293%
0.1 (2 x 24" x 36") (36.8 x 10°12) (3434 - 293%)
82 watto.

Water Cooling:

W = 1.16 x 103ce (liters) per hour x A°K
= 1,16 x 10 x 179
= 200 watts

pPower Dissipated for 3 dB loss:

W= 068 x 3750
= 225 watts.

The difference can be ignored for a calculation of this nature where €
was not measured and the average plate temperature may change considerably
with changes in cooling water rate.

Magnetic Field: The magnetic field scaling from the 12 CHz requirement to the

.36 Gz test frequency was based on determining the initial velocity of an electron
which will just graze the far broadwall in the 12 GHz case, assume the same initial
velocity for the 8.36 GHz case, and determine the corresponding field which would
again make the electron just graze the far wall. TFigure 6.6 shows the 8.36 GHz
gcaled magnetic field requirement, and compares it with the measured field actually
used. The test field is slightly larger down to about the one Gauss level; beyond

this, it should have a negligible effect.

6.4 RF LEAKAGE TESTS

6.4.1 Requirement

The leakage from the waveguide assembly was to be less than -80 dBwW
relative to a 1.5 kW signal at 12 GHz (an original specification of -90 dBW
was relaxed to -80). The same figure was assumed for the second harmonic
except that signal would be no more than 15 watts, and considerably less for
a good TWI., Thus the total radiation integrated over a sphere surrounding
the waveguide assembly should show a total leakage of less than:

fundamental -111.76 dB

second harmonic -91.76 dB
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/Sellod 12 Gllg Field
K'B = 3500 (a/2)?

Gaussn
ﬁb
Moasured Field
14 ' a = wvaveguide
Tube height
qunge N N
1 ' 10 100

z/a

Figure 6.6. Test Magnetic Field

This can be measured at points on the far-field sphere and integrated.
However, the leakage was not devactatle at that distance with the test setup
used. The test horn was placed at the component, which increased sensitivity
by about 10 dB in this case, and the power detected could then be assumed to
be a point source. All point sources would then be added for a worst case.

6.4,2 Facilities

The tests were first performed in a shielded room. The effect of no
rf absorbing material on the room's walls was to make the location of the
leakage points uncertain. This turned out to be only a minor problem here
because all points of leakage turned out to be at flanges except for the termination
holding bolt on the reverse power coupler; tightening eliminated this problem.
Thus tests in an anechoic chamber were not required and the screen roem tests were
adequate.
? The test equipment assembled is shown in Figure 6.7 for the fundamental
frequency tests and Figure 6.8 for the second harmonic tests. The rf source
was fed through a waveguide window which was soldered in place to provide an
rf-tight connection.

The second harmonic signal of 50 mw was fed into the wdveguide assembly
through WR62 to WR112 tapers; one gave & TEjq mode and the second provided
a coupling of t e TEy mode.
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Figure 6.8.

6.4,3 Sensitivities

6.4.3-1 Fundamental

The test cquipment of Figure 6.8 had o noise level of 1.6 x
A 10 watt signal gave a meter

Y
260"
dn )

at 8,36 CHz

e - .
Seientific !
Atlanta i

i 1600
Receiver
R r

_ HP 415E
t VSWR Mete: l

-60

Test Arrangement - Harmonic RF Leakage

10-13

watts. The calibration is shown on the Figure.
reading of -60 dB when attenuated 133 dB, and a =65 dB reading was noted with
no input.
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An estimate of the effective attenuation or leakage of the wavegulde
asiembly can be parformed by using the onc-way transmission formula:

wP (xmt) G . G2 . )2
(rev) (4 R)2

whare R is the far field distance for the Narda horn used. This horn had a
maximum dimonsion of 7.5 em (3 inches) so

2
R= %‘%—- - 288 . 32,3 cn (12,7 tn)

The leakage G1, if uniform over the spheroid surrounding the waveguide assemble,
would be obtained from:

-13 o LI0W) Gy (31.6) (12.96
1.6 x 10 1.67 x 10

or Gy = -111.9 dB

This is about the maximum level of leakage permitted but there is no
leeway to show any margin existing. The decision was to move the horn of the
detector into the near field and assume the power variation is 1/R. Thus placing
the receiving horn at about 3.18 cm (1-1/4 inch) from a possible leakage point
would increase the sensitivity by about 10 dB. For a worst case them, the
sources would be added for the most intense level. The total radiation leak-
age would be assumed to be the sum of the individual point sources observed.
Thus the basic sensitivity was considered to be about =122 dB.

6.4.3-2 Second Harmonic

The second harmonic was checked similarly. A different receiver head
was used which had a noise levsl of about 2 x 10-13 watts, and the horn gain
was 17 dB, Far field from 2 D resulted in an 27.9 cm (11 inch) distance for .
d=5 cm (2 in.) and = 1.8 em (,707 inches). Then

2 x 10713 = (50 x 10~3) 63 (50) (3.24)
1.256 x 10

Gy = 3.1 x 1079

and

= -85 dB

This is less than the desired sensitivity of -91.76 dB, so the horn again was
moved into the near field. At 2,8 em (1.1 in), the estimated sensitivity was

Gy = -954dB
which 1s adequate for the current program.

Note that the harmonics are heavily attenuated in the harmonic filter,
40 to 60 dB, so no significant leakage source is expected beyond this component.
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6.4.4 Measurements
6.4.4-1 Fundamental RF Leakage

The process of determining rf leakage was one of guccessively re-
fining the measurement method and the corrective measures. The initial tests
showed leakage from the rf source window into the screen room; it was
eliminated by using a soldered flange to remove the stray leakage.

Following this, several sources of leakage seemed to be present.
These were traced to the two power monitor detector flanges which had been
shorted and to the second transmitter terminal at the diplexer. The shorting
flanges were thought to be adequate without additional facing since a gasket
was used and the flange on the wavegulde assembly had been faced. This was
not the case and some 56C conducting epoxy was applied to two of the junctions,
and a soft copper shorting plate put om the third. These are not of concern
since the final system should have both halves of a flange junctions faced
carefully. Other flanges, in general, had no detectable leakage.

T.e exception was the flange between the optical sensor input
section and the reverse power monitor input flange. There appeared to be some
leakage from the flange and also from the back of the flange which had been
heliarc welded. Dip brazing would have avoided the latter problem. A final
system would also have required refacing of the flange, Some 56C conducting
epoxy was used for expediency here at both the junction and the back of one
flange.

Following this, no rf leakage could b2 detected in the assembly,
using the test horn at a distance of about one inch from all susceptible
points. None of the components had any indication of leakage through the
vents; optical and multipactor sensors also did not radiate a detectable
signal. The flanges not showing leakage had to be tightemed to about the
1imit o° hand tightening with an Allen wrench to achieve the no-leakage
condition.

6.4.4-2 Second Harmonic RF Leakage

The second harmonic signal was attenuated sufficiently by the com-
bination harmonic filter and diplexer that no signal was detectable at the
open output waveguide. The only significant source was the mounting bolt on
the reverse power wonitor termination. This was tightened and all signal
disappeared. Both the TEjg and TEgy modes were checked.

6.4.5 General Conclmgsions

The waveguide components as developed have no significant sources of
rf leakage. The recommendations are:

1. All flanges should be carefully faced, and lapping may be
considered. Gaskets are suitable, but only if the flanges are

154

SIS TTTIEE IR

Lo e o




=2

flat to a fraction of a mil and the flanges are heavily tightened.

2. The photodiode mounting at the input to the waveguide assembly is
. not beyond cutoff to third and higher harmonics. This diode should
have appreciably more rf attenuation materlal around the diode
leads to insure no higher harmonic leakage.
|
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PRECEDING PACE DLAWL 10T FILMED

APPENDIX I, ELECTRICAL BREAKDOWN PREVENTION

A special breakdown test section was fabricated and tested for multipacting
characteristics, as described in Section 5.7, The question arises: What can be
done to eliminate multipactor breakdown in a component when it occurs?

The preferred approach is always to change dimensions to operate remotely
from the breakdown conditions. That is, the gap of the breakdown should be
increased so the breakdown operating conditions of Figure 5.39 are avoided. 1In
some cases, like for a waffle-iron harmonic filter, this is not always feasible.

Two other approaches have been considered elsewhere in the past, and will be
mentioned here for record purposes. The first approach was a coating of low
secondary emission material, With such a material on the broadwall of the wave~
guide, an electron accelerating to the opposite wall would remove aa average of
less than one secondary electron, and the multipactor effect would never build up.
At least four materials are known which can accomplish this (ref. 18): tungsten
carbide, titanium carbide, vanadium boride, and titanium boride. 1In a separate
program, this approach was evaluated. The principal problem was the rf losses in
the coated waveguide section., For a half wave long section of waveguide with
tungsten carbide on one wall, the loss was measured to be over four times that of
a standard waveguide., This becomes serious when the multipacting region is a small
gap device. For a low height waveguide with a .018 cm (.007 in) between the broad=~
walls, as used in this program, the insertion loss was about 0.65 dB, or 14%, With
the tungsten carbide on one surface, the lcss from previous data would be about 57%.
Thus this is not considered suitable for a high power system where surface multi-
pacting might occur., The technique would be applicable to points and lines that
are subject to breakdown and where the currents are limited in extent.

A second approach, considered in a previous program (ref. 19), involved
perforating one wall with holes to reduce the area by 50% or more. The perforated
area is then backed by a biased electrode so only half the electrons accelerated
to this broadwall of the waveguide will hit metal and generate secondary electrons.
The effect is to reduce the secondary emission ratio to less than unity.

A check on this type of operation was performed in two other programs, one at
200 Mz (ref. 19) and the second at 8,36 GHz, following somewhat the test procedures
of Section 5.7. At 200 MHz, the onset of multipaction was chamged from 5.7 watts
with no perforations to 10,8 watts with one surface partly perforated (less than
50%). In the case of the 8,36 GHz, the problem was more difficult in that a small
gap, like the ,018 em (.007 in) in the present program, required holes of a similar
size or smaller. Otherwise multipactor breakdown would occur in spots and the
perforation would be ineffective. In addition, the holes should not be too thick
or the electriec field of the biased back-up electrode would be ineffective. A
perforated surface was prepared by photo-etching to create holes of ,025 em
(.010 in.) diameter in a .025 cm (.010 in.)thick section of copper plate as used
for a broadwall of the waveguide. The process tended to mechanically distort the
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{initially flat surface, but it was stabilized for testing purposes by a small
piece of dielectric inaide the waveguide and knifc-edge brace above the section,
The perforated section tended to be lossy, as would be expected, but was only
about twice that of plain copper, also about what would be oxpected, Thus in a
,018 cm (.007 in.) high waveguide section, the loss with the perforated section
would be 1.5 dB (30%) versus 0.65 dB (14%) for plain copper.

An interesting aspect of both approaches was that the multipactor breakdown
was still evident, but the magnitude was low and never to the point to result in
tripping of the protective circuitty. In the case of the tungsten carbide, there.
is a possibility that some gas was trapped in the flame=spray process used in
depositing the material, which was about ,0025 em (.001 in) thick. Also, it
had only a 90% purity which could have contributed to its lower effectiveness.
The loss would still be significant, however. Initial tests showed a substantial
outgassing, but tests were run up to a 2 W level where the reflected signal
turned the transmitter off. Signals were present on the multipactor probes from
about the 700 to 800 watt level, but never of high intensity. With higher purity
of tungsten carbide, this effect should decrease.

The perforated wall testing included a measurement of current through the
backup biased electrode behind the perforated area. Initial tests showed about
2.5 microamperes with a +40 volt bias, and a detectable light signal by the photo-
diode. The multipactor probes showed a small output at about the 1 kW level but it
was quite small up through 2.5 kW. The +40 volt bias was changed to zero volts,
then to =70 volts, and finally to as much as =300 volts. These would reflect the
electrons back where they would tend to be picked up by the grounded perforated
plate rather than go through and return into the waveguide., Any that did go
through would not be in synchronism to increase the multipactor effect. Finally,
the negative field may have been strong enough to act as a biased broadwall which
can also eliminate multipactor breakdown by not letting the electrons traverse the
waveguide height. The final test at zero volts bias went to over 7 kW with no
catastrophic breakdown, although some electron flow was observed. The general
conclusion was that this technique is effective, but further effort would be
desirable to assess the effect of the little breakdown bursts on the signal, either
in terms of noise or increased VSWR. The perforated wall approach would be ideal
for the waffle~iron type harmonic filter where the top broadwall could be perforated
just in the small area over each post while leaving the rest of the surface un~
changed.

Surface contamination during the course of the experiment from vacuum pump
oil or other surfaces may have been responsible for the failure of the test fixture
to clean up completely and cease multipacting, a@s expected, after the initial
cleanup period. Further investigation into this area with a cleaner system might
further resolve the degree of effectiveness of the perforated surface technique for
multipactor suppression.




APPENDIX II, OQUTGASSING OF CHOMERICS 1224 MATERIAL

The problem of leakeproof seals for flanges in a wavegulde assembly has
been considered elsewhere in terms of off=the=shelf gaskets. The twe types
considered most suitable were the Chomerics, using Choseal 1224 material, and the
aluminum type used in this program and described in Section 3,3.1=3, The aluminum
type is patterned after a Parker Seal with some modifications.

The possibility of Chomerics 1224 gaskets has been explored in texrms of
determining the outgassing resulting after suitable baking in a vacuum, The seals
were later used in the test facility with no serious problems. The outgassing
measured was relatively low in the overall system, and appeared to be from some
part of the system, probably the harmonic filter terminatioms, which were very
sensitive to power level. On the basis of this situacion, the use of Chomerics
gaskets appears feasible as long as they are suitably processed before high power
is turned on,

Three samples were tested at 32.3°K, 373°K, and 423°K (50°C, 100°C, and
150°C) respectively. The weight loss rate was checked after about 200 hours and
was about 40 parts per million per hour at that time for operation at 4230K (150°C),
and 14 and 2 parts per million per hour for temperatures of 3730K 100°C and 3239K
50°C respectively. These might be significant for a large piece of material but in
the waveguide assembly, the exposed material is the inside perimeter of the wave=
guide 8.22 cm (3.238 inches) at 8.36 GHz and 5.71 cm (2.250 inches) at 12 GHz,

‘multiplied by the compressed thickness, about .064 cm (.025 inches).

A rough calculation was performed to estimate the equivalent pressure of the
outgassing and sublimation from the material at the 40 parts per million per hour
rate. The sample used in the outgassing/sublimation tests weighed 9.72 grams,
which translates to 0.81 x 1023 moleca}es if the density of the material is about
four times that of water, or 12 x 107“° grams. This is considered satiafactory
for the purpose of this calculation. With a deterioration rate of ,00004 per hour,
then the number of molecules per hour is 3.24 x 1018, or 0,9 x 1015 per second,
The sample area was 24.1 em?, so particles per em? were 3.73 x 1013 per second.

This emission of particles can be related to gas density if the emission
velocity of the particles is known. This can be estimated from the energy relations:

Amvi=3/2kT

where k = 1,4 x 10~16 erg/°K and T° will be assumed to be 350°K (77°C). Then the
molecule velocity is:

v = 35,000 cm/sec.
Thue the molecular density in a cubic centimeter at the material surface is:

density = 1,07 x 10°
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Referring to charts, thia is equivalent to & gas prassure of about
pm4x 1076 N/md (3 x 1078 Torr),

In the case of the 12 GHz waveguide flange gasket, the exposed area is only 0.4 cm%
and the material amergei {nto & relatively large volume, The molecules per second
are thus about 1.5 x 10 3, The pressurz froQ a single vent, per Figure 5.4, 1s
estimated roughly to be about 1,3 x 10=* N/m (10"6 Torr) for a single 0.254 cm
(0.1 inch) diasmeter vent, and less for more vents.

This calculation shows that a low outgassing material like in the Chomerics
1224 gasket would be acceptable for space if an {nitial baking is performed and a
reasonable number of vents are included in the waveguide components.
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APPENDIX III, DIPLEXER DESIGN COMPUTER PROGRAMS

A. Circular Waveguide Tschebycheff Filter (CHEBFIL2)

Brogram (BASIC)

SOLD CHEBFILZ

READY
SLIST

03701772 16347

00010
00020
00025
00030
00035
00040
00050
00060
00070
00080
00090
00100
00105
00106
00107
00108
00109
00110
00120
00130
00140
00150
00160
00170
00180
00190
00200
00210
00220
00230
00235
00240
00242
00250
00252
002%4
00256

DIM FC60)» LC60)s GC603» MCEQ)s» ACS0)

READ FO, B, D

READ N1, Al

READ N, B}

READ TS, S5

PRINT "CIRCULAR WAVEGUIDE TSCNEBYCHE?F FILTER"

PRINT

PRINT “CENTER FREQUENCY =3 FO’ YMHZ'*s*s BANDWIDTH =3

PRINT Bs “MMZ™
PRINT "WAVEGUIDE DIAMETER ='*3 D3 "INCHES" '

PRINT

PRINT “"“NUMBER OF CAVITIES ='"3 N13 '3 RIPPLE LEVEL =°''s

IF TS = 3 THEN 1S0 ' Als "DB"
IF TS <» 5 THEN 110

PRINT

PRINT

GO T8 330

PRINT . .. to

PRINT “FREQUENCY*®, *“OMEGA P*, "ATTENUATION"

PRINT *  MHZ", “RADIANS", "  DB"

PRINT : :

LET C = 2.99793E4 '

LET P1 = 3.14159265

LET P2 = 1.8412

LET L1 = C2#P1/P2)#D/2

FOR J = =N TO N

LET I = J ¢ N+ 1 .

LET FCI) = FO & JeBI |

LET LCI) = C/F(1)/2.54

LET GCI) = LCII/SQRC1 = CLCID/L1)92)

NEXT J

LET J1 = B/2/81

IF (J1 = INTCJ1)) <> O THEN 260

LET Gl = GC=J1 ¢ N + 1)

LET G2 » GCJ1 + N + 1)

LET GO = G(N + 1)
. .
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(I11.A cont.)

00260
00262
00264
00266
00270
00272
00274
00280
00282
00285
00290
00292
00293
00294
00295
00296
00298
00300
00302
00305
00307
00310
00312
00315
00318
00320
00321
00322
00323
00324
00325
00326
00327
00328
00329
00330
00332
00335
00336
00340
00341
00342
00343
00344
00345
00350
00360
00362
00370
00372

162

LET F1 = FO - B/2 :
LET F2 = FO + B/2 :
LET W1 s C/F1/2.54 .
LET W2 = C/F2/2.54

LET GI = W1/SQRC1 = (Wil/L1)¢2) :
LET.G2 = W2/SQRCI = (wWa/L1)t2) b
LET GO = G(N + 1) {
LET M1 = 1.0 . 3
LET K2 = EXPCA1/44343) - |

FAR 1 = 1 T2 (2¢N +1)
LET M(CI) =
LET M2 =3 ABSC M(I) )
IF M2 » 1.0 THEN 305
IF 2 = 0O THEN 298

oxMI%C(GO =GC1))I/ (Gl - 62)

LET Tt = ATNC SQR(1 = M2¢2)/M2 )

G2 T2 300
LET T1 = P1/2

LET ACI) = 4.343%L2G(1.+ K2#CASIN1*T1)t2)

G2 T2 310
LET T2 = L3GC M2 +

LET ACI) = INTC1000%A(1) ¢ O.
LET MCI) = INTC1000#M(1) ¢ 0.
If TS = 3 THEN 320

PRINT FCI)s M(1)» ACI)
NEXT 1

PRINT

PRINT

IF TS5 = 1 THEN 450
IF TS = 2 THEN 330 °
IF TS = 3 THEN 330
PRINT

PRINT

LET TS = S

G2 I3 40

PRINT "FREQUENCY
PRINT MHZ"

{F S = 5 THEN 342
1F S5 = 1 THEN 344
PRINT® 50
G3 T3 350 '
PRINT* 5 4
G3 T2 350
PRINT"

G3 T2 350
PRINT®

DIM P(60)
READ S$» LS
FOR 1 = 1 T2 (24N + 1)
LET P$ 2 LS

40

1.0 0.8

SQR(M2t2 =1) ) -
LET ACI) = 4.3438L2GC1 + K2#( CEXP(N1¥T2) + EXPC-NIAT2))/2)12 )

$3/1000
5371000

30
3

0.6.

‘--...Q.’.ﬂ-‘--~"..-.--.

ATTENUATION IN DB"

20 10 o*
2 l 00‘
0.4 De 2 n*

'-Q.-...‘Q.---.-“‘
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(TIT.A Cont.)
00290 LET PS = INT(SOSACLIIZEY ¢ Ge8)

00382 IF PS » S0 THEN 39¢
00384 LET JS s 8] «PS ~
00386 CHANGE PS T2 P

00388 LET P(JS) » 42 .
00390 CHANGE P TO PS

00398 PRINT -F(1)s S8s PS

" 00400 NEXT'1

00410 PRINT

00412 PRINT

00420 DATA 12500, 30» 0.833
00425 DATA 3, 0.021

00430 DATA 13, S

00435 DATA 4, 50

00440 DATA ™

00442 DATA "+ . .
00450 END

READY

Printout

$3LD CHEBFIL2

READY

00420 DATA 12%00, 120, 0.833
00425 DATA 4» 0.2

00430 DATA 11, 15

00435 DATA 4» SO

$ SAVE CHEBFIL2

READY

$BASIC
03/01/72 17812

CIRCULAR WAVEGUIDE TSCHEBYCHEFF FILTER

CENTER FREGUENCY = 12500 MMZs BANDWIDTN & 120 MHZ

”
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(TI1.A Cont.)

A TS RS BT T

o k i]-' o

E W AVEGUIDE DIAMETER = 0.833 INCHES ‘
i NUMBER 2F CAVITIES = 4 § RIPPLE LEVEL = 0.2 DB ‘
! |
: F REQUENCY OMEGA P . * ATTENUATION
| MHZ RADIANS DB
i 12335 -2.832 39,32
12350 =24567 364153
4 12365 -2.304 32.035
: 12330 -2.043 27.321 :
g 12395 -1.783 21,781 %
j; 12410 ~1.524 15.023 3
" 12425 ~1.266 64635 ;
o 12440 -1.01 0.273
2 12455 «0.756 0+184 .
1 12470 -0.503 '04053 |
p 12485 -0.251 04057 §
g 12500 0 0.2 !
: 125195 0249 0.058 :
: 12530 0. 497 0.049
; 12545 0.744 0.191
; 12560 0.99 0.141
2 12575 1.234 54503
a 12590 1477 13.612
, 12605 1718 20,239
ﬁ 12620 1.959 254642
X 12635 24198 30.205
- 12650 2.436 344165 -
§ 12665 2,673 37.668
:}.i
| CIRCULAR WAVEGUIDE TSCHEBYCHEFF FILTER
g CENTER FREQUENCY = 12500 MHZ3 BANDWIDTH = 120 MHZ
. WAVEGUIDE DIAMETER = 0+833 INCHES
NUMBER OF CAVITIES = 4 3 RIPPLE LEVEL = 0.2 DB
; »
’
~
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(I1T,.A €ont.)

F REQUENCY . ATTENUATION IN DB
i MHZ
: S0 40 30 20 10 0
‘ Q------..-0-.--.--..*-..--.---*-..---.--Q...-..-.-Q
- 12335
12350
12365
12380
12395
12410
12429
12440
12455
12470
12485
12500
12515
12530
12545
12560
12575
o 12590

! 12605

L

#*

12620
12635
12650
12665

*00**0*000#0**000*#{000

e 6 6 8 6 8 & ¢ & o 0 s & o o O e o o o o o #

e 6 0 0 0 06 0 0 0 0 0 0 0 00 00 0 e
e 6 6 o 4o © 060 0 s @ 0 0 0 0 000 0 B0
00_000000000000000000.00
ooo'ooo***.-**fffﬁoo.ooooo

Ej TIME 0.78 SECs O

READY
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B, Diroctional Tachnbychoff Filter Deaign (CHERFIL3) ;

_H
le
i
)

Y

i .
O §1.151 CHEPFILS g
£, ne/spus7e 17103 |
1 i
N b
e 00010 hkab ¥0, B )
s 00020 READL bs AUs EO b
A 00030 hraL Ni, Al f
0004 kkal K10 X
00050 PRINT "DIRECTIONAL 1SCHFRYCHFFF FILTFK DESIGN" )
0NN60 PRINI 4
00070 FRINT "CFEN1FR FREQUENCY =3 FO3 “NMHZ"3"} RANDWIDIN ='"3 B3 y
000KO PRINT “VHZ" )
00090 FRINT "WAVEGUIDE DIAMETER ="3 N3 *“INCHES" i
00100 PRINT ;
00110 PRINT “EFEC1 WAVERUIDE DIv: A ="3 A0 '» B =3 RO3 "INCHES" ;
00120 PRINT %h
00130 PRINT "NUMAFR OF CAVITIiES ="3 N1} "3 RIPFLE LFVEL ='3 A1l3 !
00140 PRINT "hIRY i
00150 #KINT “UNLODADED CAVITY Q ="; QO
NO160 LF1 C = 2.99793E4
00170 LEI P1 3+14159265 : “
. 0U1s0 LFEI P2 = 1e8412 1
b I 00190 Lk L1 (2*P1/r2)*D/2 :
DT 0u200 LE1 F1 FO - B/2
B 00210 LE1 F2 = FO + 1B/2
v 00220 LET W1 C/F1/2.54
o 00230 LK1 W2 = C/F2/2.54 -
T noesn LET Gl = ©1/SQRC1 = (V1/1.1)12) o
. 00250 LK1 G2 = W2/SER(1 = (Wa/L1)r@)
' nne60 LET WO = C/F0/2.54

00270 1.E1 GO WO/SQR(1 = (WO/L1)12)
: 00280 LE1 R} W1/SQRC1 = (W1/(2%A0))t2)

. ; 00290 LK1 K2 WR/SQRC1 = (WR/(2+A0))12)

n NO300 LE1 kO LO/SAQRCL = (W07 (2%A0))12)
= 00310 LE1 GS SOR(GI*GR)
- 00320 LET VS G5/SARCY + (BFS/11)12)

L 00330 LET RS W5/SQRCY1 = (W5/7(2%A0)) 12)
|- 00340 LE1 D2 1/Q0

3 00350 LE1 v2 17SQRCEXPCALZ44343) = 1)

b 00360 LET Ma& (LUG(M2 + SQR(M212 + 1)))/4
i 00370 LET S4 (EXPIML) = FXP(=Ma))/2
BRI 00380 LE1 F§ (Gl - G2)/GS

0w © 00390 LET C1t PRI *SUXFB N SR

00400 LEL CP? (1 + 3e41%5412)*FH12

l’llllllllll!lllllllllllllﬂllllllllllllllllll"lll'll

oy 00410 LE1 C3 = S4%(1¢69 ¢ 2061%5412)*F813 o

\ 00420 LE1 Ca (0125 + S412 + SUTUIFFEIA ‘

g’ 00430 LFEL DY c1/72 - h2 .

P :
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00440
00450
004a60
00470
004K0
00490
00800
00810
00520
00530
00540
00550
00560
00570
00580
00590
00600
00610
00620
00630
00640
00650
00660
00670
00680
00690
00700
00710
00720
00730
00740
00742
00744
00746
00750
00752
00754
00756
00760
00770
007480
00790
00800
oosio
o080
00K39
00K40
O0OHSO
00#6K0
0070

Cont..)

LET
LK1
LE1
LED
LK1
LET
LE
LF1
LF1
LF1
LF1
LE1
LET
LET
LET
LE1
LF1
LE1
LE1
LE1
LF1
LET
LE1T
LFET
LET
LE1
LF1
LET
LE1
LET
LET
LE1
LFET
LE1

D4
Ké4
K3
K1
Ka
]
131
Re
N3
NS
H3
H4
H1
H2
SS
St
s
Le
Al
X0
Q1
B6
cé6
N6
Dé
H6
HO
R3
SO
11
K5
K7
Ké
K8

FRIN
FRINT
PRINI
PRINT
PRINI
PRINT
PRINI
PRIN1
PRINT
PRINT
PRIN1
PRINI
PRIN1
PRINI
PRIN
PRINT

SOR(KD)

SORCK4)

A(Wa/G5) 18701
MS/K1

MS/K2

AwD13/7442

2xN/GS

N3/ (B1%NS.-+ 2.344)
N3/ (B2%NS + 2+344)
EXP(LOG(H3)Y/3)
FEXPCLOGC(H4Y/3)

GS/ (4*%F1)
SS*ATN(2/B1)
SS*ATN(2/RA)

G572 = $2 = S
ATNC(2%A0/RS)
X1#A0/P1

1/7D14

(2%P1/7Q1) 12%(G5/WS) 14

27%A0 t3*BO*D12%GS
BxP1 12%xRS%CSINCX1)) 12
(NA6/D6)*C6H
EXF(LOGC(H6)/6)
(N3/HOt3 = 2e344)/N5
SS*ATN(2/B3)

G572 - S1 - SO

SQRCKS)
SQR(KT7)

uuuaunnnnnnnnnnunnunnnnnnnnnnlnmnm

"WAVELENGTH IN Alk ="3 W03 "INCHES"

“CIKC GUIDF WAVELENGTHS IN

"GL =3 G
" GC ="} 603 "3
' G2 ="3 G2

MFAN GO

“RFCT GUIDE WAUFLFENGTHS IN

" Kl =3 Ri
“ KO ="3 RO3 "3 MEAN RO
*  KP 3 RA

SQR(CH -~ KasDI12) = Diwp?

SQR(B6 + (B6/2)12) - B6/2

D113 + A%NE1AXDR ¢ GeDiaDAIA + DAY
(CA ~ CAareDY + DAY + D4IZIDY

- DR

INCHES®

G5

(G2 - Ka = DIt2 = 4%D1xD2 - Dh212)/2
(C3 = P2%K4xD1 = 2%D1#D212 = 2%D1124D2)/(2%(D1 + 123

=93 65

INCHES"

RS =3

RS
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(III B Cont, )

QOHKO PRINT "DNESIGN CONSTANTSY
NNKIN PRINT 2

00900 LFRINT ® DR vy DR %, §4 ="3 S43 ", FR =" FE .o

00910 PRINI !

E 00920 PRINT ™ C1 ="3 €13 %, CR =" 2 f

! 00930 PKING " €3 ="3 €33 ", C4 =U3 C4 :

. 00940 PRIN !

E 00950 FRING * L1 =3 i3 ", LOADED Q1 ="3 @1 '

! 00960 PRINT :

. 00970 PRINT * K1 ="3 Ki3 ", K2 ="} K2 i
. 00972 PRIN1 *

00974 FRINT " ALT K1 FROM EQ 2 ="3 K6
00976 PRINT * ALT K1 FROM EQ 3 ="3 K#
00980 PRINI

¥
- el . ¥ Do 0 F e R o TS ERESHIE A 4 ~

\ 00990 PRINT "1RIS SUSCEPTANCES AND HOLFE SIZES" g
po 01000 FRINT L
i 01010 PRINT " FQUIV RO ="3 B33 ", B1 ="3 Bl3 ", B2 ="; RP l

e 01020 PRIN1T N
}Eﬁ N1030 PRINT " HO ="3 HO3 ", H1 ="; Hi3 *» H2 =" He3 "INCHES" ~

N 01040 PRINT :
S R 01050 PRINT " CAVITY LENGTHS"
2 01040 PRINT _
ff‘ﬁ 01070 PRINT * SO ="3 S03 ", S1 ="3 S13 ", S2 =' se :
T N10¥0 PFINT |
Wl " 01090 PRINT " L1 ="; Lis ", L2 ="; L23 “INCHES" &
oofi i 01100 PrRIN1 :
o 01110 PRIN1 “WAVEGUIDE C1R LINF OFFSET" R

01120 PKIN1

01130 PRINT " X0 ="3 X03 “INCHES"

01140 PRINI

01150 DATA #350, 92

01160 DALA 1250, 1.122, Qelt97
01170 DATA 45 0.2

01180 bLAlTA 10000

01190 END

READY

Printout

D IRECT IONAL TSCHERYCHEFF FILTER DESIGN
CEMIER FREQUENCY = 8350 MHZ3 BANDWIDIH = 92 MHZ
VAVEGUIDE DIAMETER = 125 INCHES

kECT VAVEGUIDF DIvt A = 14122 » R = 0.097 INCHES
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(11IT.B Cont.)
NUMBER OF CAVI11ES = 4 3 RIPFLE LEVEL =

UNLUADED CAVI1Y @ = 10000

WAVELENG1H IN Alk = 141352 INCHES

CIRC GUIDE WAVELENGTHS IN INCHES

Gl = 1.90635
GO = 1.88758 3 MEAN GO = G5 = 1.88771
G2 = 1.86926

RECT GUIDE WAUFLENG1HS IN INCHES
Rl = 1.83678
KO = 1.81998 3 MFEAN KO = RS = 1.82009
R2 = 180353

NESIGN CUNSTANTS

D2 = 0.0001 » S4 = 0.587461 » FB = 1

Cc1 0.030128 » C2 = H.40475 E-4
C3 = 115466 E=~S » C4 = B.78361 E-H

D1 = 0.014964 » LOADED Q1 = 66.8271
K1 = 1.51326 E-2 » K2 = 1.24503 E-2

AL1 K1 FRUOM FQ 2 1.50922 E=?
ALT K1 FROM EQ 3 = 1.50922 E-2

IRIS SUSCEPTANCES AND HOLF SIZES
EQUIV BO = 157041 » Bl = 23.5902 »
HO = 0.68067 » H1 = 04346324 » H2 =
CAVITY LENGTHS
SO = 0.13597 » S1 = 1.27054 E-2 », S2
Lt = 04795181 » L2 = 0492069 INCHES
WAVEGUIDE C1R LINF OFFSE]

X0 = 0317618 INCHFES

TIMF 0«51 SECe

0.2 DB

¢96495 k-2

B2 = 2R.6724

0.325867 INCHFS

2 1.04A14 E-2
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i . 7 X
SR .
1 N C. 1Iris Hole Diameter Correction by Cohn's Corrected Equations (HOLCOR2) o

i, M
-], | :
5 ]
;‘ t Program (BASIC) . '
= R :
S AN130 NATA 0,300, NN10, 6 :
= “ o
» . . b
! t fSAVFE HOLCOR®? i;
L RFADY %
)
SLIST i
na/n1/72 15218 12
1
q

0NNIN DIV MC11)5 DCID) :

NNO12 DIV PCI1)s SC11) ‘
AANtT4 DIV RCI1Y, TCLD)

0N016 DIV NC11)s HCI1)

nND20 DIM CC11), FC11) ,

n0030 PRINT “IRIS HALE DIA- CIRRECTION PY GOWN'S CIRRFCTED FOS™
00031 PRINT FAR SEVFRAL INITIAL DIAVEIERS®

nnNN32 PRINT \ :

00034 PRINT "  J's " MAG POL"s ' D INCHFS'", * C3RRECTION®
nNn36 PRINT - . '
nanan LFT T = 0.N30 &
ANNSO LET %N = 1441352 ~

NNOSK KFAD D1, D2, N1 ‘

nNN6N FOR J = 1 T3 N1

NONE2 LFT DCJY = N1 + ¢ = 1)%*D2

NON6S L.FT MCJY = (DCJIIIT3/6 ’

00070 LET CC.Y €1 = (1<T*NCJI/Z7WNIE2

00NRN LFT F(J) = FXPC (1.6%T/DCJII*SQRC CCJ) )/N.4343 )

s

I
{
;

nnnNon LFT PG veJyzcen
non9g2 LET R€J) MODIRFCD)
nON9a LFET NCID) PCII*EC))

nninn LET SCJ4) FXPCLLAGCE*P(.)))/3)

nning LFT 16N FXPCLOGCE6*R(.III/3)

NNIN4 LFT HCI) = EXPC(LOGC6*NC1))I/I)

NOTIN PRINT Js MCJYs  DCJYs *° NONF®

0N112 PRINT * ' PCJIY» S€J)s " SIZE ALONF
0N114 PRINT " *s RC€JYs TCI)» " T ALONF®
ANL16 PRINT ™ ', NCJY» KCI), ' SIZE AND T®
NOt11& PRINT

NN120 NEX1

N013N DATA 0.300, D.N10s 6

00150 FND

na NN w N
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2 an R LY :

(I1I.C Cont.)

Printout

1RIS WOLE D]A CERRECTIEN, BY COWN'S ESRRFCTED EQS
FOR SEVERAL INITIAL DIAMETERS |

J

N

TIME 0.32 SFC.

~AG POL -

0.0045 .
S$.17347
6.34503
T.29462

4.96517
S«7667S
6+91208
B8.02794

$5.46133
6+41NR7
751179
B8.81783

E-3
E-3
E-3

£=-3
E«3
E-3
E-3

F-3
F~3
£~-3

F-3.

5.9895 E-3.

7410932
Re1aS11
9.66796

6455067
T+R6589
B.81288
1.05823

T« 14SR3
Re6RU63
9.51598
115651

E-3
F-3

D INCHES

0.3

0314276
0.336404
0.352413

0.31°

N.32%857
Ne346141
0+363R47

0.32

00337564
0355876
N.375409

0+33

0(349403
0.365608
N.387105

Neda

0+361382
0.375338
0.39R8943

035
0.373509
N«3RSOKS
Nes&1093

CARRECTION

NONE
S1ZE ALONF
T AL2ZNE

SIZF AND T -

.NONE
SI1ZE ALONF.

T ALONE
SIZE AND T

NINE

SIZE ALONE
T ALONE
SIZF AND T

NONE

S1ZE ALONE
T ALONE
SIZE AND T

NGNF

S1ZF ALANF
T ALINE
ST1ZE AND T

NONE

S1ZF AL2NF
T ALANF
S1ZF AND T
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APPENDIX IV, DC HIGH VOLTAGE BLOCKING FLANGE FILTER DESIGN PROGRAMS .

The following Fortran programs were used for computing the element values of the
bandstop filter sections of the DC high voltage blocking flange, Section 5.8, .

A. One Resonator Case

FEATY ) : |
SLIST WGCH1

¥9/24/70 150350 ' ﬁ
b
2010 *CALCULATE LINE IMPEDANCES OFA A 1-SECTIUN CHOKE LESIGN R

¢OE2C *BASED ON FAGES 32 - 35 OF NOTEBOOK 4967 C(MTI=12, #1s» Fe6) i

P0037 DIMENSION ZSTUB(3),2(2,3) t
¢on4at KEADSYAsFEs DELFsF1KRAT, GAsG1,UG25 G35 G4 ;
GQL45 Fi1=(F@=-DELF) /F1LAT i
GEOSC P1I =314159265 B

(0060 SCALE=COTANCC(PI/Z2¢6)*(F1/F D)
SPLTE LSTUECLI=1e@/(YA/(SCALEXGE*GL))
RORTS ZA=1e./7A

(U111 ZE=1e/YAXGE*063

A0126¢ FRINTS"Z5TUb= "2 ZSTURC 1) » LLINE="»2C152) o
50130 ERINTe™2STUE="48T0LC2)s AL InE="24(08s 3) : §
GOlar PRINTS"Z5TUB="2751UBC3)» "ALLUAL=" 4D 1
(1015¢ PLINTS™SCALE="s SCALE, "“/SOURCE='">ZA - t

Beloe LI0P
G176 END
B. Two Resonator Case

AEALY
«LI51 wGCH2

e

posLu/ (@B 15079

36616 *CSLCULATE LIWE I4PECANCES UF A Tw) SECTIUN CHUKE DESIGN
(rEeH kKBASED UN PAGES 32 = 35 OF NOTEBUUK #967 (M11=12s #1s Peb)
cende DIMENSION 4STUBC3YHSG(253)

D040 BEADS YAs FOs DELF M 1LhA1s GG G115 G2 030 G4

Ot 4n F1=(F0=DELF) /F10A’

WpESn 11 =31415926H

06y SCALEsCUTANCCRIZ2eM*(F1/70))

Cooqe GLtUECLI=21e/C A% o+ 1o/ C SCALE*GU41i1)))

VAl ab=1e/YA

(090 4C102)21e0/CYAKC Lo P+ SCRLE*GL¥GL)) )
VWDl L51Ub(2)=leu/C Y A% GHI Z/CLCALLXGR)

P11l SbB=le/YAXGA%XGY

GOI20 Friwit"4s51ul="48108¢ 120 "L INE="4C102) .o
AP TS0 FREINISTALTUB= s 25102 s "aLINE="» 402 3)
S04 TRINTS L1 UB="H401URBCYI, '.'/'.L.L‘JﬂLEJ“)Z;B

COlsY RIS YsCaLE=" SCALEs "iZlLuUill='22A ’ >

SWI60 STuUP : -

eI eND ,
!-;
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(IV Cont.)

c. Three Resonator Case
$LIST WGCM3

! @0/24/70 16+784

00710 *CALCULATE LINE IMPEDANCES OF A THKEE SECTION CHOKEDESIGN |
: 00020 *BASED ON PAGES 32 - 35 OF NOTEBUUK 4967 (MT1=12, #1s Pe6) |
; @0P030 DIMENSION ZSTUBC3)»4(2s3) |
00040 KEAD:YAs F0s DELFs F1RATs CBs G1s G2y (35 G4 ;
@0o4S Fl=(F@=DELF)/F1RAl |
00N5H Pl =3+14159265 !
PUG6Q SCALE=COTANC(PI/2¢0)#CF1/F0)) *
60070 ZSTUBC1)=1e/CYA*Clet1e/C SCALEXGA*G1)))
QURTS ZA=1e/YA _ : ;
: PGS0 Z¢152)=1eB/CYAKC 1o A+ SCALEXGR*G1)) ;
& 00091 ZSTUBC2)=1e0/CYAXGH) /¢ SCALEXG2)

%
’
VY BBLAD ZC2s3)=1e/CCYARGAIHC 1 o4 SCALEXGIHGA) /G4)
o MB110 ZSTURCB)=1e0/((YAKGRI *C 1eB+1 o0/ C5CALEXGI*GA)) /64D
4 00111 ZB=G4/(YA*GO)
N 20120 PRINTS "ZSTUB="sZ5>TUB(1)s “ALINE="5Z(1,2)
1 80130 PRINTS“ZSTUB="»ZSTUBC2)» “ZLINE="52(253)
. 00142 PRINTE"ZSTUB=">ZSTUB( 3, *4LLOAD=">2B
ME15¢ PRINT:"SCALE=", SCALE, "ZSUUKCE='"»ZA
. #0160 STOP .
! @@17@ END R
¥ :
w |
| b
. 5
1
i -
!
o"‘” e F.:'f‘
| ‘
j
3
:},E . Lol
| '
b .
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