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I

PREFACE
I

This report presents the 9438 Low-Level Traveling Wave Tube
Amplifi er (LLTWTA ) anomaly i nves tig ation w i th the resul ting conclus ions
and reconmendations. The 9438 satellite is still in operation , using

the redundant LLTWTA , and is providing all desired coninunications service .
It was not possible to state definitively the exact cause of the 9438
failure . Rather , a set of candidate failure modes was identified which
coul d have cause d the observed fail ure signature . Each of these was
examined during the investigation , and a judgment was made concerning
the lik el ihood of such a failure occurr ing in LLTWTAs scheduled for use
on future DSCS II satellites . It was concluded that all of the identified

3 failure modes were isolated in nature , not likely to recur. Hence ,
no reconinendations are made concerning future LLTWTAs.
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3’. 1. INTRODUCTION

A failure of a low-level traveling wave tube amplifier (LLTWTA) occurred
in August 1977 on 777 SatellIte 9438. A detailed investigation of this
anomaly has been conducted . This investigation included analysis of tele-
metry data , failure simulation testing on a breadboard LLTWTA , rev iew of
past failure history , rev iew of application , derating , and part testing
of crit ical parts , review of the TWT heater configuration and critical
dimensions . The results of this investigation are suninarized in this report,
along with conclusions as to the nature of the orbit failure and reconinenda-
tions for future activities regard i ng LLTWTAs on the 777 satellites.

1 .1 ANOMALY DESCUPTION

On 28 Augus t, at approximately O700Z, DCA notified the STC that 9438
narrow coverage coninunications had been lost at 0650Z. An emergency support
was scheduled . When telemetry became available (at 0723Z), it was noted

that the NCLLTWTA-2 had low readings on all telemetry parameters. That

~~ 
amplifier was coninanded OFF , then ON. All parameters had the same low
values , whereupon the -1 amplifier was coniiianded ON at 0806Z. DCA reported
coninunications were restored.

L _ _  
__ _

1.2 TELEMETRY DATA

No telemetry is available for the time at which the anomaly occurred .
The data that is available for the failed TWIA - the last pass prior to the
anomaly and the emergency pass after the anomaly - is sumarized in Table 1.
The data indicates decreases in all TWTA voltages and currents . The
ca thode current and hel ix current are probably zero , although the values in

the table are those derived from telemetry calibration data . Obviously ,
the negative value for helix current is impossible, and it should be
considered zero. It has been generally concluded that the cathode current
really is zero, also.

The data does establish one fact: this anomaly is qu ite different from

those previously encountered wi th HLTWTAs. In those anomalies , a l l TWTA
parameters read zero counts , indicating the TWTA was off either by operation

‘ 
of an overcurrent trip c ircuit or due to a blown fuse (or poss ibly a fa i lure
of the turn—on circuit). In the case of the LLTWTA , at least part of the

power supply circuits are receiving power and functioning to some extent.

I
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H

1.3 SYSTEM INTERFACES

The HLTWTA functions ~s the driver amplif ier for the HLTWTA 5 in the
EC and NC coninunications transmitte rs on the 777 satellite . An identical

backup unit is provided for each operating amplifier , making a total of
four LLTWTAs on each satellite . The functional location of the LLTWTAs
within the 777 transponder is shown in Figure 1. The major interfaces
between the satellite and the TWTAs are coninand , telemetry , structura l ,

thermal , and primary power.

1.3.1 Coninand Interface

The ON comand for the LLTWTA is a steady state +5 VOC signal supplied
by the SLA. As shown in Figure 2 , this signal is supplied from the 5 VDC out-
put of the SLA converter through rel ay contacts in the SLA. Signal return

for this ON coninand is through the TWTA , SLA , and despun platform structure .
It should be noted that the only circuitry in the SLA peculiar to an m di-
vidual TWTA are the two printed circuit board traces and one wire connecting
that TWTA to the coninon +5 VDC source used to provide the ON command volt-
age for all TWTAs .

1.3.2 Telemetry Interface

Five telemetry measurements are available from each LLTWTA; input
current, helix voltage , filament voltage , helix current , and cathode p

current. Interface schematics for each of these measurements are shown
in Figures 3 through 7. It should be noted at this point that the he lix
current, cathode current , helix voltage and filament voltage measurements
are cross-strapped in the satellite harness with the correspondi ng measure-
nient from the redundant amplifier. Since only one of each pair of re-
dundant amplifiers is on at a time , the effect of this cross-strapping
arrangement is to place a parallel passive resistive load across the
telemetry output of the operating tube . The effect of this parallel load
on measurement accuracy is accounted for when the telemetry circuits are
calibrated by the amplifier vendor.

1.3.3 Mechanical Interface

The LLTWTAs are mounted to the satellite platform with four screws

$ inserted through feet at the corners of the amplifier chassis into plat-
form inserts. A l ayer of RTV is applied to the platform prior to

- - - .  .
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installing the TWTA . The RTV is used to insure intima te thermal contact
between the baseplate of the TWTA and the satellite platform .

1.3.4 Elec trical Power Interface

Fused primary power is distributed to each LLTWTA i ndependently from
the Power Distribution Unit (PDU) on the spinning platform . Details of
this distribution scheme are shown in Figure 8. The prima ry power from L
the PCU is regulated at 32.4 +0.2 VDC whenever the satellite is in
sunlight not recharging the batteries after an eclipse. During each eclipse
and for several hours thereafter , the primary bus goes through one vol tage
cycle from 32.4 V to approximately 26 V and back to 32 V. This voltage
cycle occurs 45 times in one eclipse season , two eclipse seasons per year.

The nominal primary current load at 32.4 V is approximately 190 ma
for a LLTWTA . The slip rings are rated for continuous operation at
3 A each. Two are used in parallel for each TWTA .

- :~~~ .~~~~~~~
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2. ANAL YS I S OF TELEMETRY DATA

The ampl i fier parameters given in Table 1 are direct copies of the
numerical values derived from the calibration curves in use at the SCF.
Cal i bration curves are derived from ones used during satellite integration
which are themselves derived f rom vendor supplied calibration curves
developed duri ng factory testing of the TWTA power supply. Al so, it must
be kept In mind that the satellite telemetry system is a dig ital one with
a quantization of 20 niV per count . The factors which can obscure the actual
value of the measured TWTA parameter when it is deduced from satellite
telemetry vol tages Include the following :

1. The telemetry conditioning circuits in the TWTA 1 s have a

sl ightly temperature sensitive transfer function . 4

2. Only one calibration curve for each parameter is used In

the satellite calibration file duri ng Integration and Test
(I&T). This curve is an average one drawn approximately through
the center of the temperature spread for each parameter. i -

3. Only a limi ted amount of computer storage capacity is avail -
able for telemetry calibrations both in the I&T file and
the SCF. Hence , some colliproinises are required in matching
the stored cali bration curves to the measured vendor curves.

4. The quantizing factor of the satellite telemetry system Is 20

mV/count.

In l ight of these factors a telemetry uncertainty analysis was performed
which is presented in Table 2. The detailed calibration curves , and
computer equivalents are contained in Appendix A. An additional entry
included in Table 2 is a listing of the change in telemetry vo l tages and
associated parameters .

An initial analysis of the telemetry data in Table 2 indicated the
heater voltage on the NT had fallen sufficiently to stop cathode emissions
The small amount of apparent cathode current Indicated by telemetry after
the anomaly is due to the fact that the cathode current telemetry conditioning H
circuit in the TWT has an output of approximately 2.0 V when the cathode

E current Is in fact 0. The change In cathode vol tage telemetry is caused
by a change in the telemetry signal conditioning circuit transfer function
when the cathode current goes to zero or slightly above. This circuit uses

13
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a saturated reactor to sense the cathode voltage which is also sensitive
to changes in cathode current. Hence , the apparent slight reduction in
cathode current after the anomaly can be explained by the loss of beam
current.

Due to the redundant current measurements included in the satellite
system, it was possible to obtain an independent check that an anomaly had
occurred within the TWTA which reduced its input current. The main bus
current monitor measures the total satellite load being supplied by the
Power Control Unit (PCU), exclusive of battery charging current. The data
from this monitor confirmed that the bus load had been reduced by 70 to
120 ma after the TWTA anomaly. Further , it showed a s imi lar decrease
when the NCLLTWTA No. 2 was comanded off. The uncertainty in these changes
is due to the quantizing of the main bus current monitor which is 60 ma per
telemetry count. This data did confirm the apparent reduction in TWTA
input current after the anomaly and the approximate value of the residual
current being drawn by the TWTA after the anomaly.

The main emphasis of the subsequent failure investigation was directed
at identifying specific failure modes in the TWT power supply heater
circuit which could produce the observed failure signature . This circuit
consists of a linear regulator and a DC to AC converter , plus the TWT
filament.

~1
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3. BREADBOARD TESTING AND SIMULATION

A series of failure simul ation tests were performed on a breadboard

mode l of the TWTA power supply operating with a TWT load. During the

course of these tests attempts were made to recreate the telemetry voltage

si gnature of the orbit failure by simulating various external and internal

failures . Opens and shorts of various active components with in the power

supply were simulated. Also certain partial short circuit (overload) and

partial open ci rcuit (series resistance ) faults were simulated both wi th-

in and external to the power suppl y. A schematic diagram of the LLTWTA
is included in Appendix B for reference.

3.1 EXTERNAL FAILURE MODES
‘a

As discussed in Section 1.3 , the LLTWTA has two primary interfaces

with the satellite electrical system whose malfunction could cause mis -

operation of the amplifier. The first of these is the coniuand interface ;

the second , primary power. The tests on the coninand interface were performed

by reducing the command voltage from 5 V to the point where anomalous

‘ 

performance was observed. The results of this test are given in Table 3.
As can be seen, it was not possible to reproduce the orbit anomaly sig-
nature . The tests on the power interface were performed by inserting a
seri es resistance in series with the prima ry power source to the TWTA
and gradually increasing the resistance . This was done to simulate a pos-
sible slip -ring failure where the series resistance of the slip ring in-
creases with time . This test, summarized in Table 4, also did not
reproduce the orbit anomaly characteristic.

3.2 INTERNAL FAILURE MODES

The internal failure mode testing was done in several phases , using
data from the initial tests to indicate more refined follow-up tests to
be performed . This report will not attempt to trace this chronology, but
will discuss the test results on a functionally allocated basis. The
tests were primarily concerned with three areas: TWT and associated
wiring faults , failures of the high voltage module , and fai l ures of the
heater voltage linear regulator.

4;
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3.2.1 Faults in the TWT and Associated Wiring

A series of tests of various opens and shorts of the TWT heater, cathode,
and helix were conducted , the results of which are presented in Table 5.
As can be seen from the data summar i zed i n Tab le 5, none of these fa il ure
modes appeared to match the signature of the orbit anomaly. One or more
of the resultant telemetry readings was significantly different from the
corresponding orbit value. The closes t fa i lure mode was a heater short of
somewhere between 5 and 7 c~. The change in input current was close to the

minimum value indicated by orbit telemetry , and the change in filament
voltage telemetry close to the maximum value. Because of this , a specific
review was performed of the heater geometry. The review , summari zed
elsewhere in this report , concluded this type of partial short appeared
very unlikely.

3.2.2 High Voltage Module Failures

The resul ts of the tes ts performed s imula ting var ious fai lure modes in
the power supply high voltage module are given in Table 6. As with the

— results of the fault tests reported in Table 5, no fa i lure mechani sm wa s
tested that gave a very close approximation to the F8 orbit anomaly.

Two fa i lure modes were , however , tantalizingly close to matching the
orbit anomaly. These two modes occur when one of the high voltage rectifier
diodes in the heater converter is replaced with a small (3 

~~
) resistor or is

shunted by a 3 c~ resistor; i.e., CR1 or CR2 in the high voltage module partially
shorted . In this case, the input current drops almost as much as indicated
by orbit telemetry (67 ma in test versus a minimum of 70 ma in orbit).
Also , the filament voltage telemetry becomes grossly inaccurate (an indicated
value of approx imately 2 V from cal ibration curves , versus an actual val ue
of .38 to .46 V measured). This is due to distortions of the wave shape
of the filament voltage when one output rectifier diode is no longer
rectifying . This wave shape distortion depends on the degree of saturation of
the filament voltage transformer with CR1 or CR2 partially shorted , and woul d
vary greatly from unit to unit and as a function of the impedance of the
shorted diode . Therefore , a partial short of CR2 or CR1 in the high

— voltage module cannot be ruled out as the cause of the orbit anomaly.
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3.2 .3 SemIconductor Module Failures

The final group of failure simulation tests were performed on the
linear regulator and telemetry boards in the semiconductor module. A
suninary of the results of these tests is given in Table 7. As with the
previous two sets of tests , none of the specific failure simulations
yielded a characteristic signature identical to the one in orbit. However,
it becomes apparent that the orbit failure signature could be very closely
reproduced under the condition where the heater voltage decreased to the
point where the TWT beam is extinguished . A test of three similar TWT5
showed that this occurred when the heater voltage was at 2.6, 2.85, and
2.9 V. The heater voltage in the flight TWTA is indicated to be as low
as 2.70 V by telemetry . Thus , this data is consistent with the hypothesis
that the beam has been extinguished in the flight TWT by a failure in

- 
- the linear regulator which has reduced the heater voltage to 2.7 to 3.0 V.

This level of heater voltage would exist if the series regulator output
voltage had been reduced to about 13 V from its nominal value of 17.5 V.

A specific failure mode which did not appear likely is an open or

short of the transistors (Al-Ql0 and Al-Qll) used to drive the primary
windings of the heater high voltage transformer. The test results showed
this type of failure produced grossly different symptoms from the one

experienced in orbit.

A number of component failures could reduce the linea r regulator
output to the signatured values. These can be listed :

• A shift in value of semiconductor module SIT
R6 from a nominal 5 ~ to 10 s~

• A partial short (50 to 75 
~~

) of A2-CR2O or A2-CR21

• A reduction in gain in A2-Q2

• Any failure in the sense and control circuitry which

- 

- controls A2-Q2 and hence regulates the output voltage
of the linear regulator.

The most likely parts in the linear regulator are the elements in the

pass ci rcuit; i.e., the first three listed above . Hence, these were selec ted
for additional investigation described in subsequent sections of this report.

22

~~~~~~
- - -  — —--- -.-

~~~~
-— — -- -----—.— —--—--.---—- —---—- — - —~~~~~~ —a—— ~~~~~~~~~~~~ 

~~~ ~~& 4~~_4 )~~~~~~ - -4 ~ - - . -~~~ ~~~ ~~~~~~



pp - - -  
r—

x -J
0 ~~ 0 ~~ 9-

~ 
lED 

_C~~~~ 0
I-. I- ~~ U W U )

X 
~~8 ~

-— L-~~~~~- ---!-~
--

~~ ~!!~
~

~~~~~~~ ~‘ ‘° P..
_ _ _  --—-- - --— p - 4 U U
ID .- L)

. _ a = ‘U 0)
x .~~~1.4 15 lE a. Cl 414 .- 40 (.4
4- I-. .0 Dl 01 40 0 ID 40 01

2 ~ 2 !~ ! 2 
___  

O .~.~~~~~+J
0) .,-

a a a a
~~~~~~ ~~~~~~~~~

Cl 0 Cl 0+  4 0) 0)

2 £ ~~~~~~~~• . - .

—- —-—- . —~~~~ —- ____  ____  U 40 C- W E O

a a a aa  a a  ~~~~~~~~~
o ‘

~~ o 0 5- .,...
.45 * 414(14 .-. rn p.& p, -~~~ ~~~

_____ — -— ----_—- C 0. 0)
— (14 P. PS 414 40 0 411 ‘U 40 5-

4- -~ ‘0 I~~ a. * a. 40 I..
In 15 — (Id III .- 114 ( I t O .—
— — — - - -- - - -  V 40a a a a a a a a 0 4’ 4—

4- P. ID o. ., ..- a. 0~ 40 Z

I I I I I I I I I 5 - _ f l
f l O W

— In 141 40 a. PS 40 ‘,~~ P4 — -: ~ (II — P.. — •..- 5- >-,
p.~ (-4 — I ,.. (14 — 4 0 0 4 )

_ _  _ _  —
III

5-41- .’-
p.. a p a a a  p a  a a a .  0 fl.C

P. 0~~ P4~ O ~ 8~ U 0)
I.-~~~~ I.~ 411 415 411 4 .-(-4 4 1 4 1  414 - _  P S I

-— — — — — — — ___

U. . PS PS In P In ~~ (.4 (‘I I (14 — In •,~ C Vt
— I ~~~~~ _ —..i ~-. — —.———-—- .4-

~~~~ a U aa aa  a a aa  a a a a
~~~~ 

_ _ _  

~~~~~ 
_ _ _

~~~~!i~~~~~iI !~~~ 

~~~~~~~~~~~~o ~~~W 0 . C
a

-. 
-
~

~~~~
— — .- a. 

$~ I.4 E — 0)
a -~~ ~W

~~ ~~ ~~~~ !~
E ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~

23

~

- - -

~

- - - ---



-- — - 
- 

~~~~~~~~~~~~~~~~ - ~~~~~~~~~~~~~~~~~~~~~~~~~~~ 

- 
-
~~~~~

I- I- 
—

~~~~~

4- ..I —I ..I I.-
U.S 8 U.S 1.4~~-I U.

CD 4 - C D  ID ID SID ... .1.- .
= 4— I- 5 I- I- 5 4-

10 5 ..J 10 —45 /4 2 -i 0)

~~~

5;

* IC; ..; ~~- .4-.— _ _  — 4’In
— = a p p 

~ 
0)

15 (14 (14 In ‘0 40 —

a a ,
41- 0 114 I LU

V— _ _ _  _ _ _  — C
4- Ill 0 41~ — 40 ‘0 (0

S -.4 10 * — * 414 PS (I)
~~ . j  

~~ .0 Cl (.4 ø .
- . - - - (14 (14 - (It

PS — at

p a  a >  a a a  a p a a a a a

* * P. (1) 441 (1440 — 0 (11 Dl — 40 *040 ** — 04 01 41- — ~~ 0 PS 145 9-
(~) 4  DIn In OP. P S I  41.1 P. .- PI 0

>p
4- In * 0 414 Dl 414 In - -

(1 C 8 ~ (U
U. 4-P. PS (

~ 
. - 414 414

a a a z a a a a a
~ ? ~~; ~— (14 — I P. + I — 4

1..~~~~
__  ___  ___  ___  ___  

I....
4-. P. 0 Cl P. 40 40 40

I • P. 141 In III 
—— _z___ — — =—. I

-
40

I—

Cl — Ifl j Ul

~ ~~ ~~~~~~~ ~~~I&~~ ~~~~~~~~~~~~~~~

4,

~1~ _ _ _  _I*_ ~~~~~~ - ~~~~~~ 
_ _ _  

~~~~~~~~~ 
i

~~ _

l 

~~~~~~~~~

24

- 

_ _ _ _

- - I ~~~ - - —
~~~~ s....

—~---~~~~~~~-— ——a-- ~~~~ - - — - — —



-— - - 

~~~~~~~~~~

-- - - -

4. PARTS REVIEW

The analysis and testing performed during the investigation identified

certain specific parts which could be the source of the F8 orbit
anomaly. Each of these was viewed in detail In order to attempt to

reach an assessment as to relati ve likelihood of occurrence and the like-
lihood that a similar failure or failures could be expected in the LLTWTAs

on inventory for F9-Fl2. - The potential failure modes i dentifi ed for review
were the fol lowi ng:

• Partial short of the TWT heater
(1

• Partial short of CR1 or CR2 in high voltage module

• Gain degradation of pass transistor in linear
regulator (A2-Q2)

• Partial short of bias diodes in semiconductor
module , A2-CR2O and A2-CR21

• Partial short of output fi l ter capacitor , C16

4.., • Partial short of linear regulator fi l ter capacitor , C8

The coi led heater i s made of tungsten w i re whi ch i s cataphoriti ca l ly c

coated with aluminum oxi de. The heater is encased in a split cup made of
alumi num oxide . One end of the heater is spot welded to the cathode body . Il

The other end of the heater passes through a small diameter hole in the
aluminum ox ide cup, then through a larger di ameter hole i n the metall i c
heat shield , and is spot welded to a tab on a cross-member wh i ch connects
to the heater ri ng on the gun body . The critical portions of this assembly
are Illustrated in Figure 9. From an examination of the geometry, it ap-
pears the only l ikelihood of a short of any signifi cance is where the heater
lead passes through the aluminum heat shield. Contact at this point, suf-
ficient to cut through the aluminum oxide coating, could result in a non-.

impedance short. H~vever, the possibility of this type of short is very
remote, particularly since the clearance hole in the metallic heat shield
is specifical ly made larger than the matching hole in the aluminum oxide H

cup. This si tuation , supported by the l ack of previous failures of this
heater assembly, was Judged to be a very unlikely source of the orbit
anomaly.
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The rectifier diodes (CR1 and CR2) are IN 5417s built to JANTX

requirements and upgraded to JANTXV parts at the vendor ’s. No i rregular i t ies
existed in the component test data. These diodes are metallurgicall y
bonded, and no potential defects were observed in the OPA sample.

The first components selected for analysis in the semiconductor
modules were the pass transistors in the linear regulator (A2—Q2). This

device , a 2N2907A, is bought as a JANTXV part . The component test data
and DPA on the 1~t of these devices used in this build of LLTWTAs were
excellent, wi th no irregularities. In addition , the vendor reports no
known failure history of this type of part .

The bias diodes (A2-CR2O and A2-CR21) in the semiconductor module
are IN4l48s bought as JANTX parts and upgraded to JANTXV standards by the
vendor. These di odes are a compress ion contact rather than metallurgically
bonded design and are subject to some misalignment. However, it was con-.

cluded that the upgrading inspection and X-ray process has removed any badly
aligned diodes and tilted dice so that shorting or partial shorting of
these parts as a failure mode is remote.

Two capacitors were also investigated . One (C8) is the output filter
capacitor on the heater voltage source to the TWT, and the other (A2-C16)
the output fi lter capacitor on the linear regulator. A partial short of

ei ther one , if stabilized at the proper equivalent resistance , coul d cause
the orbit anomaly. Both of these are tantalum capacitors , one a sol id
tantalum (C16) and the other a sintered mode (wet slug) polarized tantalum
capacitor. The screening and DPA data for C16 showed no anomalous or non-
typical indications. Hence, a failure of this part would appear very
unl ikely.

The second capacitor type (C8) had one device of the 12 used for lOt
qualifica tion show a higher than specified (1.8 ma versus 1 ma) leakage

current after an 8-hour vibration exposure . However, during the subsequent

l ife test (2,000 hours ), the leakage current values were within specified
limits. Since the leakage current remained low during the life test, it
was concluded that vibration is not a cause for device failure or reason
for concern .

The manufacturing data package for the failed LLTWTA was reviewed in detail

to determine whether some irregulari ty had occurred during the buildup and
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ground testing which coul d possibly explain the orbit failure . Although
the data packages documented various squawks and associated rework activities ,
,the corrective actions taken at the time by the TWTA manufacturer seemed
appropriate . There was no reason to feel that this TWTA had not been buil t
and tested properly.
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5. CONCLUSIONS

Because it was possible to contrive several different failure modes
which yielded signatures similar to the limited satellite telemetry data ,
it was not possible to pinpoint one specific cause for the orbit anomaly.
However , all evidence at hand indicated the failure had occurred somewhere
in the TWT heater or the heater power supply. This includes either the
linear regulator , the DC to DC conver ter , or the TWT heater. The
piece part failures which most closely fit the flight telemetry signatures
are: a partial short of bias diode CR20 or CR21 , a change in value of
R6, or a gain reduction in Q2 or any parasitic path which effectively
results in the same degradation of the linear regulator circuit in the
semiconductor module. Each individual failure mode which could have caused F.

this anomaly was judged to be extremely remote. Also , no ev idence was F ,.

found which would indicate there was any sort of defect in the F8 LLTWTA
or any of the units in inventory for F9 through Fl2. The conclusion is
that this failure should be considered isolated in nature , not subject
to repeat. No corrective action for the LLTWTAs in inventory for F9
through Fl2 is reconinended .
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