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D e vc 1 o pxn c n t of 

HIG €3 - T Eh4 P E  rLci T U RE GAS - F 1 L LED 
C E RAMI C RECTI FIE lis, T I3 ’I’ L4 T RONS , 

AND VOLTAGE-REFERENCE TUBES 

I -  
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c 

by E. A. Baum and N.  D. Jones 

SUMMA l<Y 

The work effort on this  contract  was directed toward establishing the 
technology f o r  operating g a s  thyra t rons ,  diodes and voltage regulator  tubes 
in  a h igh- tempera ture ,  high-vacuum environment.  
a r e a s  requir ing solution were :  

The ma jo r  problem 

1 )  Cathode design 
2 )  E lec t ron  emiss ion  f rom gr id  and anode 
3)  Elec t rode  sputtering and g a s  clean-up 
4) Ceramic -me ta l  s e a l s  

Thc bas i c  approach on this  p rogram was based  on the r e su l t s  of 
investigations conducted during Phase I of the overa l l  high-temperature  
gas  tube p r o g r a m  (Contract  NAS3-2548). The designs of the thyra t ron  and * 
diode tubes uti l ize a high puri ty  alumina c e r a m i c  envelope. 
s e a l s  were  fabr ica ted  by using high-temperature  metall izing and palladium- 
cobalt brazing alloy. These  sea ls  w e r e  operated for  over  1200 hours at 
800OC. 
gas  clean-up due to sputtering and  to  minimize g r i d  and anode emiss ion .  
The  cathode is a bar ium-oxide type emi t t e r ,  approximately 70 cm2 in  
a r e a ,  and designed such that the hea te r  is external  to the tube. Gas f i l l  
i s  100 mic rons  of senon.  

The c e r a m i c  

Both the gr id  and anode were fabricated from graphite to minimize 

Endurance t e s t s  were  conducted under varying conditions of voltage, 
cu r ren t  and frequency in the tcrnperature range  of 750 to 800 C. Or,e tube 
W ~ Z S  opcrated at 15 a m p e r e s  average cu r ren t ,  
1200 h o u r s  a t  SOO°C. T e s t s  out lo 375 hours  were  conducted a t  2000  vol t s  
peak inverse  vol tage,  2 .  5 amperes  average ,  and 3200 cyc les  pt’r second.  

0 

150 volts,  60 c y c l e s  f o r  over  

1 
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t h i s  tinie no fu r the r  rcduction in recovery tirile i s  apparclit. 
that a n  equilibrium condition exis ts  \rhere the amouni of g a s  being evolved 
f r o m  the sput tered sur faces  i s  cqui \~alent  to the a m n u n t  sul2jcct to  clear,- 
up. Tests conducted under pl iasc-rctard conditions a r e  requi red  before  a 
complete evaluation of gas  clean-up can be made.  

This indicates  

Investigations were  made  and endurance tests run on neon-filled 
0 

regulator  tubes at  t empera tu res  to 800  C.  
th i s  design w a s  125 volts,  with less  than a 4-percent  var ia t ion ove r  the range 
of 2 5  to 75 mi l l i amperes .  T h e  regulation, A V / & ,  ~ 7 ~ s  fc.;;;d t o  bc S. CS 
volts p e r  mi l l iampere  over  this  s a m e  c u r r e n t  range. 
the regulation was less  a t  800 C than a t  lower t empera tu res .  Endurance 
tests out to 1500 hours  a t  a nominal 50-inil l iainpcre c u r r e n t  indicate that 
the p r i m a r y  mode of fa i lure  is due to a gas clean-up mechanism.  
fa i lure  the running voltage gradually inc reased  until thc d ischarge  extinguished. 

The noriiial running vcltage f o r  

It w a s  a l s o  found that 
0 

P r i o r  to  

2 



IN T ROD U C, TI ON 

This f inal  r epor t  on Contract NAS3-6469 covers  the period of 15 
December  1964 through 26 January 1966. 
was d i rec ted  toward  establishing the validity of the technology and design - 

concepts es tabl ished on Contract  NAS3-2548 f o r  the development of high- 
t empera tu re  c e r a m i c  r ec t i f i e r s ,  thyra t rons ,  and voltage-regulator tubes.  

The work effort  on the contract  

The per formance  objectives of the p r o g r a m  were  as  follo\vs: 

1)  Thyra t ron  and rect i f ier  tubes hasring a continuous rating of 
2000 volts,  1 5  amperes ,  2 0 0 0  PIV, 3200 cyc les ,  operating 
at 400 C to 8 0 0  C in a vacuum environment.  0 0 

2)  Voltage-regulatoi. tubes haviilg a rating of 120 volis DC, 
50 m i l l i a m p e r e s ,  and 3-percent  accuracy  over  a c u r r e n t  
range  of 2 5  to  75  mi l l iamperes ,  operating at 40OoC to  
800°C in vacuum. 

T h e  thyra t rons  and  rec t i f ie rs  fabr ica ted  during this  p r o g r a m  were  
given a s e r i e s  of e l ec t r i ca l  s r d  endurance t e s t s  ur,der varying voltage ZEC! 
load conditions. These  performance t e s t s  were  conducted o v e r  a f requency 
r ange  of 60 to  3200 cycles  p e r  second and at  tube t empcra tu res  up to 800 C 
L,n a x-acuum envirocineiit.  The electrical  t e s t s  per formed during this con- 
t r a c t  w e r e  l imited to  separa te  high-voltage ai?d high- c u r r c r t  operation du.e 
to  l imitat ions of the  tes t  equipinert. 
mechanica l  shock t e s t s .  

0 

Tubes a l so  successfcl ly  passed  35 g 

Voltage-regulator tubes were give-r, a s e r i e s  of t e s t s  a t  tei-nperatures 
f r o m  250 C to 800 C anibieiit in vacuzm. EndErance t e s t s  were conducted 
at 800 C ambient  in vacuuim a t  50 mi l l i amperes  direct  cu r ren t .  

0 o 
0 
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THYRATRON AND RECTIFIER TUBES 

TECHNICAL APPROACH 

I -  

1 -  

This  progra in  i s  a continuation of t1,e work per formed on Contract 
NAS3-2548. The  work effort of Contract NAS3-2548,  in the a r e a  of high- 
t empera tu re  xenon-filled rec t i f ie rs  and thyratron tubes,  consisted of a 
study of the bas i c  problems associated with tube designs capable of operat-  
ing under environniental conditions of high te inperature  and high vacuum. 
The ma jo r  a r e a s  of i n t e re s t  coilironting development of rec t i f ie r  and thyra-  
troll tubes f o r  high-temperature  (to 800 C) operation a r e :  

0 

1) Cathode design 
2) 
3 )  
4) Ceramic -me ta l  seals 

Elec t ron  einission f r o m  gr id  and anode 
Elec t rode  sputtering and g a s  clean-up 

Hot-cathode gas  r ec t i f i e r s  arid thyratrons a rc  general ly  capable of 
high-current ,  high-voltage operation. The thyra t ron  differs  f r o m  the gas  
diode only i n  the s ta r t ing  mechanism.  I n  a thyratron,  once the d ischarge  
has been s t a r t e d  by the gr id  pulse,  tube c u r r e n t  is cont'rollcd by the ii-nped- 
ance of tlie ex te rna l  c i rcu i t .  After the gr id  has f i red ,  i t  i s  surrounded by 
a posit ive ion sheath which shields i t  f r o m  the plasma. Any changc i n  gr id  
potential  only changes t h e  sheath thickness without influcnciiig the main d is -  
charge  cha rac t e r i s t i c s .  The tube regaiiis control only a f te r  the anode volt- 
a g e  has  been dr iven negative for  a sufficient t ime to al low the residua? 
ionization to dccay t o  a point w t e r e  the field due to the z r id  potential can 
extend into t h e  cathode region. Deionization t ime o r  recovery t ime of a 
given tube s t r u c t u r e  dc tc rmincs  tlie operating frequency. Recovery t ime 
i n  gene ra l ,  depends on the gas  p r e s s u r e ,  tube cu r ren t ,  e lectrode distance,  
and gr id  potential. 
f r equency  rec t i f ie r  applications,  e lectrode dis tances  and gr id  s t ruc tu re  
dimensions are iiiiniimized t o  shorten the ion diffusion t imes .  

To produce short  recovery t imes  in  i i ivertcr and high 

Cathodes and E lec t ron  Einiss ion f r om Aiiode and Grid 

5 
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is  adjacent to the cathode and a positivc ion sheath is between the rcgat ive 
sheit11 and the neut ra l  plasmd. 

. increasing the cu r ren t  so that cathode operation is t e n z ~ ~ ~ ~ t u ~ ~ - I i r ~ i i 1  vd, a 
..ingle positive-ion sheath f o r m s  in f ront  of the cathode and causes  an in- 
crease in cathode potential drop. 
r e su l t  in ion bombardment  o f  the cathode sur face ,  resul t ing in excess ive  
cat?iode sputtering and stripping o€ the oxide-coated cathode sur iac  e .  
i s  caused by ions acce lera ted  through the cathode potcl;tial drop. 

If the circui t  inipcdance is lowered,  thereby 

Any additioiial i nc rease  in c u r r e n t  nizy 

This  

Eispenser- type cathodes have an advantage over  the typical oxide- 
coated cathode used in conimercial  gas  tubes in that the emiss ion  cha rac t e r -  
istics are not permanently changed by ion bombardment ,  since the emiss ive  
m a t e r i a l  i s  replenished f rom the bulk cathode. 
assoc ia ted  with a d i spenser  cathode a r e  the relat ively high evaporation r a t e  
and the higher hea te r  power requi red  to obtain the operating t empera tu re .  
Evaporsn ts ,  principally ba r ium and/or  bar ium oxide, lower the work function 
of the other tube e lec t rodes ,  causing electron emiss ion  f r o m  the anode and 
gr id .  At operating tempera tures  above 400°C, emiss ion  f r o m  the anode and 
g r id  can become appreciable ,  result ing jn the inability of the tube to hold off 
inverse voltage and, in the Cdse 01 the Lhyratron, causing l o s s  o i  g r id  con- 
t ro l .  Al l  f ac to r s  considered,  the oxide cathode was sclected f o r  use in gas 
tubes f o r  the NAS3-6469 program. 

The main disadvantages 

1,2 Based on data in the l i t e ra ture  and investigations on the NhS3-2545 
progi-aiii, g raphi te  was selected a s  t h e  eiectrode ma te r i a l  f o r  both g r ~ d  and, 
ar,ode because ba r ium on graphite is  a coiiiparatively poor e lec t ron  emi t t e r .  
Also,  the r a t e  of b a r i u m  evaporation f rom graphite is coinpal-ately high. 
Both fac tors  tend to minimize electzon emiss ion  f r o m  a graphlie sur face  
subjected to b a r i u m  evaI:o ration. 

1 .  J .  A.  Champion, ___ The S y p r e s s i o n  - of Screen  Grid E m i s s i o r  ---- by Carbon; 
Br i t i sh  Journa l  of Applied’ Phys ics ,  - 7,  3 3 5  (1956). 

2. G. A. E s p e r s o n  and J. TV. Rodgers,  11-1------- Studies on Grid Emissioiz; IRE 
Transac t ions  on Elec t ron  Devices,  E D - 3 ,  No .  2 {April  195h; .  

6 



Electroclc Sputtering and G a s  Clean-Up 

The te rm "gas c lean-up"  denotes the loss of ga5 in a gas discharge  
In i n e r t  gas-f i l led t u l l e s ,  g a s  clean-up i s  u s u a l l y  clue to rnatcr ia l  device.  

sput te red  f r o m  the anode by ion boi-nl>ardment. 'i'his problem can be e s p e r i -  
mental ly  evaluated mos t  readi ly  by operat ing the tubc fo r  long per iods under 
high inverse  voltage conditions. Grapliitc is a l s o  a good choice for  the elec- 
t r o d e  ina te r ia l s  in that  the sputtering rate is low compared to m e t a l s ,  and 
any  sput te red  l a y e r  would not be expected to pernianently t r a p  g a s  at a wall  
t empera tu re  of 8OOuC. 

Ceramic-Meta l  Sea ls  

During the  NAS3-2548 program,  severa l  me ta l - ce ramic  sca l  s amples  
f ab r i ca t ed  f r o m  3/4-incli d i ame te r  a lumina were  tes ted a t  800°G in a vacuum 
environment  f o r  up to  3750 hour s .  Test diodes w e r e  a l s o  successful ly  fabr ic -  
ated tising 2-inch d i ame te r  a lumina bodies.  Several me ta l - ce ramic  seal ing 
techniques w e r e  employed, and t e s t  r e su l t s  were  ve ry  encouraging. Based 
011 exper iencc  f r o m  tlie NAS3-2548 p rogram,  the sea l  sys t em f i r s t  chosen 
f o r  the subject p rog ram (nTAS3-6469) was a 74-percent  aluimina body with 

h i  g 11 t e mpe r a tu r err III o 1 y b d e n uin - m ang a ne s e me t a1 1 i z i n g and a s ub s e q ue  n t 
b r a z e  of palladium-cobalt  a l loy .  This  sys t em,  however ,  was not re l iable  
because  of alloying between the palladium-cobzlt  b r a z e  m a t e r i a l  and the 
1rieiallizing. 
appl ied,  resul t ing in a higkly reliable high-teinperaturc  seal. * 

A high- t e m p e r a t u r e  metall izing technique v a s  subsequently 

DESIGN 

Thyra t rons  fabr ica ted  f o r  this program lvere of two designs,  "Design I" 
sho\\,.n i n  F i g u r e  1 aiid "Desigz 11:' shown in F i g u r e  2. 
same envelope outs ide d i ame te r ,  and the graphite gr ids  and  anodes a r e  
ident ical ;  the mechanica l  supForts  f o r  these two e lec t rodes  a r e  a l so  ve ry  
similar in both des igns .  
tube,  and F i g u r e  4 depicts  the internal s t ruc tu re  and  C O ~ T I ~ O I I ~ ~ I ~  pa r t s .  Note 
that  Design I1 is m o r e  compact  than Design I e v e n  
ode i s  rnore than twice a s  l a r g e  a s  i t s  Design I counterpar t  ( s e e  "Calhode 
Design" which fol lows) .  
f igura t ion  and t\vel\-c subsequent tubes \ \ e r e  f a b r i c a t e d  usiiig Dc-sign 1 3 .  

Both designs have the 

F i g u r e  3 presen t s  an  external  view of a Design I1 

t1,ough the Design I1 cath- 

Elght  ea r ly  tubes were  gencrdlly of Design I con- 



cathode operated sat  i sf a c lo 1- il y in s ho t - t  - te  rim t c s t s , e v p c  ri enc e i n d i  cate s 
that the a s soc ia i cc~  cnlissioii clellsit-). 0~ 0 .  5 ayerag<: an lpcrcs  p e r  cm2  i s  111g11 
where long l ife and r c l i a h i l i t y  a r e  iiiipo1-tant. 
embodying ten la rge  fins as the ma jo r  cmitting sur face  was designed aiid 
fabr ica ted .  This design i s  shown isometr ical ly  in F i g u r e  5 ,  and  the cLthode 
shield and hea te r  parts a r e  shown i n  F igu res  6 and 7. Two versions of this 
cathode were  used, one with an ei-niltiiig a r e a  of 73 cm2 and the o ther  62 c m  . 
The l a t t e r  vers ion had na r rower  f i n s  to accommodate cathode shielding (see 
"Cath~;dc S?iielC: E c s ~ ~ I I " ,  which ioi iowsj .  
endurance tests were  of the finned vers ions;  no difference i n  perforniance be- 
tween 7 3  cm2 a n d  62  c m 2  vers ions  w a s  noted (or  expected) in l@@@ h o u r s  t ime 

The re forc ,  a cathode design 

2 

Aii tubes operated on long- te rm 

I -  
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Figure  2 - Design  I1 T h y r a t r o n  
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Figure 3 - Externa l  View of Design I1 Thyra t ron  

. 
! -  

.I 

I .  

Figtlre 4 - 1 ; i t e ~ n t i J  S t r u c t u r e  of Des ign  I1 T l l y r a i r o n  
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FIMNED CATHODE , 
A - /  

1.60" 

WIDE 
x 1.20" LONG IN 
EACH SHIELD 

F i g u r e  5 - Cathode a n d  Shield S t ruc ture  of Des ign  11 Thyratron 

F i g u r e  6 - Cathode a n d  SI-otted Shield f o r  Design 11 Thyratron 
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This  cathode design a l so  embodies a i io t l~ r r  fea ture  worth noting. 
cen ter  cylinder is a vacuum-tight m e m b e r  w h ~ c h  se rves  as p a r t  of t h e  
vacuum cnvelope, so the hea ter  is "external" to the gas  tube. 
a t e s  the problem of heater  voltage causing ionization of tube g a s ,  with r e -  
sultant loss of g r id  control.  
heated by waste heat  in a sys t em,  e .  g. heat could be fed into a "stud" to  
f i t  in  the cathode. 

The 

This e l imin-  

Also, this  design zldapts readily to  being 

The h e a t e r  a s s e m b l y  shown in F i g u r e  7 has  a tungsten wi re  helix 
W U U I ~  un dn a lumina  support .  
pin sea ls  b razed  into a header  which can be removed and replaced as  a unit, 
without dis turbing the gas  tube vacuum seals. 

- - - - - .. The hea te r  leads a re  connected to c e r a m i c  

It should be noted that  in addition to the bar ium-oxide cathode, other 
cathode s y s t e m s  w e r e  considered for  the thyra t ron  such  a s  bar ium-tungstate  
and thoriated-tungsten. 
and was evaluzted on Contract  NAS3-2548. 
tungsten s y s t e m  is a l s o  discussed i n  the F ina l  Repor t3  f o r  Contract  NAS3- 
2548. 
t empcra tu re  required to obtain the n e c e s s a r y  emission density. Since one 
of the aims of the p r o g r a m  was  to minimize hea te r  power requi rements ,  
this approach  gave way to  the barium-oxide sys tem.  

The tungstate cathode i s  a comparatively new device,  
The possible use of the thoriated-  

The main disadvaoiage with the l a t t e r  Lpproacli is the high cathode 

Briefly,  the barium-oxide sys tem h a s  these  principal advantages: 
1) pzrts a r e  r ead i ly  and quickly fabricated a s  compared to the o ther  systems-, 
2) overall,  it is l e s s  c r i t i ca l  of processing methods and  of the inevitable 
minute  amounts  of contaminants in  completed tubes,  and 3) it is a t  l e a s t  a s  
efficient,  thermal ly ,  a s  the tungstate system and much m o r e  efficient than 
the Ihoriated sys t em.  Pr inc ipa l  disadvantage is  a n  inability to withstand 
s e v e r e  ion bombardment  o r  a r c ing  which occasionally occurs in ga s-f i l led 
tubes.  
er,ough to  offset  the l o s s e s  i n  a r e a  due to bombardment.  

However,  bar ium-oxide cathodes can be shielded and a r e  made l a r g e  

Cathode Shield Design 

As-ys the usual  prac t ice  in thyratrons,  the cathode was well  shielded to 

All  tubes were  designed with a 
minimize  ion boinba rdiiient of the bar ium-  oxide coating and to reduce evapor-  
a t i o n  of caillodc matel- ia ls  on gr id  and anode. 

12 
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cup-shaped cathode shield and an end shield ( a  disc)  a s  sho\vn in F i g u r e s  1 
and 2. 

called "tightly bafflcd" , wLi1e tubes without slotted shields a r e  called 
1 1  open" tubes. E a r l y  tubes contained shields  with slots a s  s m a l l  as 0. 260  
inch in  width, but baffling appeared to be too "tight", a s  indicated by hard  
s ta r t ing  cha rac t e r i s t i c s ,  so  the  slot  width was increased  to 0 . 4 2 0  inch. 

In addition, two slotted shields ( s e e  Figures  5 ,  6 :  and 7)  w e r e  added 
Tubes witli slotted shields  a r e  . to nine of the thyra t rons  fabricated for  tes t .  

Tube Envelope Design 

0 
The  extension of operating t empera tu res  to  the 800 C rangc requi red  

s t a t e - of - the - a r t a d  va n c e s i n  c e r a mi c - to - m e t a1 s e a1 i n g t e c h ni q u e s . 
s ider ing  that t h e r e  i s  l i t t le  experience in operating vacuum-tight meta l -  
c e r a m i c  envelopes in the 800 C tempera ture  range,  some difficulty was 
experienced in the in i t i a l  envelope, 

C o n - 
0 

Despite indications f r o m  the p re l imina ry  work per formed on meta l -  
c e r a m i c  s e a l s  under  Contract  NRS3-2548, the sealing sys tem f i rs t  t r i e d  f o r  
t hese  tubes r e su l t ed  in ve ry  poor sea l s .  The sys t em employed init ially in- 
volved 94-percent  alumina ce ramics  , molybdenum-based metall izing 
palladium-cobalt  brazing alloy, and molybdenum o r  kovar metal members .  
Th i s  sys t em fa i led  completely because it was impossible  to  ackieve a rapid 
braz ing  cycle with the l a r g e  pa r t s  involved, as compared to the smaller 
p a r t s  used in the  NAS3-2548 program,  where  this system was successfill.  
Metal lographic  examination of tllese poor seals showed that the palladium- * 

cobalt  brazing al loy dissolved the metal l iz ing from the c e r a m i c ,  apparent ly  
a t  such  a time-dependent r a t e  tkat it p resented  no prpblem witkL the s m a l l e r  
parts brazed  i n  a f a s t e r  schedule. 

As a n  expedient t o  produce usable tubes f o r  t e s t ,  the brazing alloy and 
metal l iz ing s y s t e m  w e r e  changed to one which experience indicated to be 
re l iab le  , i. e .  copper-  gold brazing a l l o y  and a "low-temperature" molyb- 
denum-based metal l iz ing.  The f i r s t  tubes tes ted  used this  seal sys tem.  

A second p rob lem became evident when tubes were  put on tes t :  the 
0 

in te re lec t rode  r e s i s t ance  of tllese e a r l y  tubes a t  800 C was much lower t h a n  
n o r m a l  thyratroii  c i r cu i t s  a l l o w  fo r .  
to low bulk r e s i s t a n c e  of the 94-percent alumina cerani ics  a t  high tenil>cr- 
a t u r  e .  
a r e  gix7en in F i g u r e  8. Early t ubes  a l s o  shoxvcd some v isua l  evidcncc of 
evaporat ion frc:i-n thc c o ~ ~ y ~ c r - g o ? d  b y a z i n g  allo)-, a s  espectcd.  Al though this  
i s  not z i  shcrt-tej-Ii2 pro',>Iein, i t  v,r,ould c o ~ i i r i b u t c  to  lr>\:er rcliiibility and 
s h o r t e r  tube l i fe .  

It v a s  found that tElis is p r imar i ly  due 

C u r ve s s ho\:;ing nic a s u r erne n t s of bulk r e  s is  tan c e ve r s u s teinpe r a t  u r e 

Anolk,cr fac tor  weighing against  the  copper-gold lour- 

1 3  
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t empera ture  molybdenum metall izing s e a l  sys t em i s  the genera l  axiom that 
brazed sea ls  do not operate  long and reliably n e a r  the i r  melting points, due 
pr imar i ly  to the t ime- tempera ture  dependence of metal lurgical  changes in 
the alloys involved. 

These f a c t o r s  dictated a second change in the seal ing sys tem.  Except 
f o r  the factor  of low bulk res i s tance ,  it inight have appeared prac t ica l  to  u se  
a high-temperature  active-alloy s e a l  sys t em (i. e .  , t i tanium based)  which 
h a s  proved re l iab le  on o the r  high-temperature  tube p r o g r a n ~ s . ~  However, 
Ihe bulk res i s tance  problem indicated the need f o r  a change in c e r a m i c  
ma te r i a l .  

To accomplish a l l  these objectives,  it was decided to convert  to a seal- 
ing sys t em recent ly  developed in the Mate r i a l s  Technology Unit of the G . E .  
Tube Department.  This s y s t e m  employs a much higher purity alumina body 
f o r  ce ramic  p a r t s  - -  a Lucalox':' type alunlina wliich r equ i r e s  higher t emper -  
a t u r e  process ing  and m o r e  costly fabr icat ion techniques. The alumina body 
is designated as t y p e  A976, with a puri ty  of 99t- percent  and bulk res i s t iv i ty  
of at l c a s t  20 t i m e s  that  of the 94-perceilt alurri ina at 8 0 0  C, based on tube 
performance.  This sealing sys tem involves a tungsten-based metall izing 
technique, and the use  of palladium-cobalt  b raz ing  alloy f o r  a subsequent 
b r a z e  at approximately 1300 C. 
ing sys t em was used for  tube Nos. 9 through 20,  including all tubes operated 
on long- te rm endurance t e s t s .  
tubes  suffered a f a i lu re  attr ibutable to me ta l - ce ramic  seal fa i lure .  4 

0 

0 The A976/ tungs ten /pa l lad ium-~obal t  s ea l -  

It should be noted that  none of these  twelve 

A thi rd p rob lem a r e a  became evident during ea r ly  experiments:  molyb- 
deliuin meta l  m e m b e r s  w e r e  dissolved by molten palladium-cobalt  unless  
t empera tu re  and braz ing  t ime were  very  carefully controlled. The k o v a r i  
pa3lLdiuin-cobalt s y s t e m  is much l e s s  critical. in this r e spec t ,  so kovar was 
subst i tuted fo r  molybdenum fo r  all me ta l - ce ramic  seals. 

:;Registered t r ade -name  of General  E lec t r i c  Company 

. 
4. F i n a l  Technical Summary  Report ,  Vapor-Filled Thermionic  Converter  

Adaterials and Joining Pro1,lenis - P l a s m a  Research  Per t inent  to 
Therimionic Converter  Operation; Kcporting period 3 5 Nov.  
Dec. 1962;  p repa red  by General E lec t r i c  C o .  Power Tube D ~ p a r t ~ m e n t  
f o r  RuShips under Contract  NObs-86220. 
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Parenthe t ica l ly ,  it should be noted that one molybdenum nlcinber was 
retained in the tube envelope, i . e .  the anode support ( s e e  Figure  2 ) .  The 
kovar tubGIation i s  b razed in to  the iiioI).Lrienuin a n o d e  support  using a copper-  r ich 
platinum-copper alloy. Two tube envelope fa i lures  occur red  a t  this b raze  
during this  p r o g r a m ,  one a f t e r  an endurance run of 1100 hours  (tube No. 13) .  
This  is a weak point in the s t ruc ture  Lvhich should be co r rec t ed .  

TESTS 

As i n  any  p r o g r a m  directed to  the development of ha rdware ,  the c ruc ia l  
item is rel iabi l i ty  of performance in a rea l i s t ic  application t e s t ,  i. e .  "Endur-  
ance Tests"  as defined here .  The m o s t  rea l i s t ic  and definitive t e s t  fo r  a 
thyra t ron  tube is a t e s t  at maximum tube rating. Equipment could not be 
made  avai lable ,  however ,  t o  make a fu l l - sca le  application t e s t ;  therefore ,  
with the cognizance of NASA, the m a j o r  endurance t e s t s  were  run  pa r t ly  at 
fu l l  r a t ed  c u r r e n t  but at low voltage, and par t ly  a t  f u l l  ra ted  voltage and 
lower  cu r ren t s .  While this i s  a compromise between the des i rab le  and the 
prac t ica l ,  it does  allow a good measurement  of tube capability. 

Thyra t ron  endurance t e s t s  were  conducted in vacuum chambers  at p r e s -  
s u r e s  of approximately lo- '  t o r r .  Average tempera ture  of the tube envelope 
was approximately 75OoC f o r  all endurance t e s t s .  The testing a r r angemen t s  
were  of two different  types.  
chamber ,  with radiat ion shields  for heat insulation, a s  shown in F i g u r e s  9 
and 10. The second type, shown in F i g u r e  11, included a small vacuum 
chamber  with an ex te rna l  oven in a i r .  
g l a s s  wool. 
a s  F i g u r e  12. 

One type consisted of an oven in the vacuum 

The insulation was of quar tz  felt  and 
An ove ra l l  view of a typical endurance t e s t  station is included 

Thyra t ron  endurance t e s t s  conducted during this p rogram are  s u m m a r -  
ized in Table  I. 

Rated C u r r e n t  Tests 
.e* 

These t e s t s  w e r e  conducted p r imar i ly  a t  60-cycle l ine voltage with 
approximately 150 peak inve r se  volts applied to the tube. The  tube was oper -  
ating essent ia l ly  as  a r ec t i i i e r  i n  this ca se  (because anode voltage was applied 
to  the  g r i d  through a high-impedance c i rcu i t  u-hich liinitcd gric: cu r ren t ) .  
Tubes  were  opera ted  at ra tcd ave rage  currctnt of 1 5  a m p e r e s ,  and a pcak cc?r- 
r en t  of appros in i a t c ly  47 amperes .  

A s  equipment  cou jd  be f reed  f r o m  o t h e r  t c s t s ,  t\>?>e.j v;erc a1.o opera ted  
at 3200 cycles  and approximatc>ly 150 peal; invcrsc  volts,  a t  15 a v e r a g e  

16 
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F i g u r e  9 - Thyra t ron  Equipped wi th  V a c u u m  Gage Being 
Set U p  fo r  Endurance Test 

P 
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Figure  10 - Thyratron Installed in a Vacuum Type Oven 
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F i g u r e  11 - Endurance  Test  Station with External Type  Oven 

c 

F i g u r e  12 - Overa l l  View of T y p i c a l  E n d u r a n c e  Test  Station 
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a m p e r e s ,  f o r  comparat ively shor t  t imes .  
t rol led by varying gr id  bias  so that g r id  control charac?er i s t ics  could be mea-  
sured .  F r o m  the standpoint of tube endurance,  these t e s t s  a r e  indistinguish- 
able f r o m  60-cycle fu l l -cur ren t  t e s t s ,  with the exception of 3200-cycle oper -  
ation. 
cu r  rent.  

In these t e s t s  the tubes were  con- 

N o  problems were  esperienccd with 3200-cycle operat ion at  ra ted  

Such tes t ing pe rmi t s  evaluation of two of the c r i t i ca l  p a r a m e t e r s  of 
tube operation; i r  e.: m.a-intenance d cathode en~issisr, ? e c d  2x2 maintznznze 
of vacuum in tegr i ty  of the tube envelope a t  operating tempera ture .  
c r i t i ca l  p a r a m e t e r s  - -  i. e .  , maintenance of g a s  p r e s s u r e  and back emiss ion  
f r o m  gr id  and anode - -  can only be evaluated under high-voltage operating 
conditions. 

The other 

The bar ium-oxide cathode was chosen in  preference  to a d ispenser  type 
cathode because of i t s  higher  efficiency. 
and gr id  m a t e r i a l  having a high rate of evaporation (of ba r ium)  f rom i t5  s u r -  
f ace  at operating t empera tu re  in o rde r  to  minimize electron emiss ion  at ope r -  
ating t empera tu re .  This  approach, however,  r equ i r e s  extensive ? recess ing  
of the e lec t rode  p a r t s  to prevent  poisoning of the cathode, s ince the high- 
t empera tu re  of the tube p a r t s  would inc rease  the amount of extraneous gases  
passing to  the cathode. Small amounts of chemical ly  active materials a r r i v -  
ing at the cathode can cause  a decrease  in  emiss ion  cha rac t e r i s t i c s .  
carbon dioxide, and halogen compounds a r e  par t icular ly  notorinius in this 
r e spec t  

The approach was to use an  anode 

Oxygen, 

* 

The gaseous d ischarge  which occur s  in thyra t ron  operation r e su l t s  in  
ions which a r e  e lec t ros ta t ica l ly  driven to  the cathode, so  that maintaining a 
d ischarge  may  s e r v e  both to contaminate the coating and to physically damage 
the coating due to ion bombardment.  Phys ica l  damage occur s  at ion energ ies  
above 20 volts.  

Barium-oxide cathodes a r e  subject to deter iorat ion with t ime  due to 
several f ac to r s .  
c l ines  with t ime.  
t o  i n c r e a s e  the e l ec t r i ca l  res i s tance  of thc coating. 
a r e  acce le ra t ed  by dra\ving current  th rough the coating. 
ance  of the coating, the cathode tempera ture  i n c r e a s e s  with inc reased  cur ren t .  

First, the r a t e  of production of f r e e  ba r ium gradually de- 
Second, some  of the chemical  compounds produced s e r v e  

Both of these  phenomena 
Because of the r e s i s t -  

2 1  





The voltage drop  VD of a gaseous discha.rge tube can  be expressed  as :  

VD = Vi t Vp t VR t Vf 

where: Vi = Ionization potential of the gas  (12. 14 volts f o r  xenon) 

= 

VR = 

Plasma drop (perhaps one volt fo r  these  tubes)  

IR drop  due to  cathode coating res i s tance  (coating r e s i s t -  
ance  is about 0 . 0 7  ohms to 0. 10 ohms f o r  acceptable  pe r -  
formance  for  these tubes)  

= E x c e s s  voltage drop which ex is t s  only if  the e lectron sheath 
at the cathode i s  depleted and a finite e l ec t r i c  field appears  
at the cathode emitting sur face .  This  occur s  when cu r ren t  
demanded of the tube exceeds reasonable  overload rat ings,  
o r  when cathode emiss ion  de ter iora tes .  

vP 

Vf 

I .  

c . 

Vi and V a r e  constant in  a gas  tube at no rma l  gas  p re s su re .  VR and 
P Vi cannot be measu red  separa te ly ,  although the values of each  can b e  de- 

duced f r o m  data taken. The sum of VR + Vf is also a d i rec t  indicator of 
cathode emiss ion ,  s ince res i s tance  inc reases  as the cathode de ter iora tes  
and Vf i n c r e a s e s  when cathode emission dec reases .  Thus a voltage drop 
i n c r e a s e  with life is  a m e a s u r e  of coating res i s tance  inc rease  and of de- 
c reas ing  cathode emiss ion  capability. 
ma te ly  15 volts r ep resen t s  the upper l imi t  of good thyra t ron  operat ion.  

F o r  a xenon tube, a drop  of approxi- 

Since the changes in  tube drop shown in F i g u r e  1 3  do not signify any 
cathode deter iorat ion,  the cathodes in  these  tubes would appear  to  be adequate 
f o r  at least 1000 hour s  l i fe .  

Maintenace of Vacuum Integrity 

The t e s t s  a t  ra ted  c u r r e n t  were probably the principal and m o s t  signifi- 
cant  tests of physical  deter iorat ion of the tube envelope. 
to  80 percent  of the power dissipated i n  the tube is anode and g r id  dissipation; 
t he re fo re ,  the fu l l - cu r ren t  t e s t s  duplicate the t h e r m a l  conditions of a full- 
power t e s t .  
c e r a m i c  s e a l s ,  b r a z e s ,  and welds a r e  a l l  ve ry  much affected by tempera ture ,  
the duplication of actilal operating tempera ture  i s  impor tan t .  
cycling a l s o  tends to acce le ra t e  deter iorat ion.  Each  tube on fu l l -cur ren t  
test was turned off f o r  s e v e r a l  minutes,  approximately one t ime per  day, 
until the anode t empera tu re  decreased t o  nea r  \.;all t empera tu re ,  slid then 
the tube w a s  starter! again.  

Approximately 75 

Since the physical p rocesses  leading to  deter iorat ion of metal-  

Tempera ture  
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c . 

As an  indication of the need to  t e s t  the tube envelope under the m o s t  
rea l i s t ic  conditions, i t  should be noted that the f i r s t  eight tubes experienced 
envelope f a i l u r e s .  
s i m i l a r  to those used  previously for  s h o r t - t e r m  t e s t s  a t  high t empera tu res .  
The h is tory  of tubes  that were  iiot endurance tes ted i s  suinmarized in Table XI. 
As noted previously,  the envelope design improvements  implemented in tube 
N o s .  9 through 20 markedly  improved the durabili ty of the tube envelope. 

These  tubes were fabr ica ted  using gold-copper sea l s  

High-Voltage Tests 

These  t e s t s  were  conducted p r imar i ly  at 1700 to 2000 peak inverse  
volts and 3200 cyc les  with occasional operat ional  checks a t  400 ,  1000, and 
2000 cycles .  
c u r r e n t  about 9 a m p e r e s .  
voltage, g r id  voltage,  and cathode c u r r e n t  were  monitored by oscil loscope 
to  enable daily monitoring of operating cha rac t e r i s t i c s .  
t r a c e s  of high-voltage operat ion a r e  shown in F i g u r e  14. 
of tube Operation evaluated in high voltage t e s t s  include gas  clean-up, e l ec -  
t r o n  emiss ion  from gr id  and anode, and e l ec t r i ca l  inter lectrode leakage.  

The average  cu r ren t  was approximately 3 a m p e r e s  and the peak 
Anode Tubes were  controlled by varying gr id  b i a s .  

Typical oscil loscope 
Cr i t ica l  p a r a m e t e r s  

The clean-up rate in  gas  diodes and thyra t rons  depends upon the degree  
of ionization at c u r r e n t  cessat ion and on the r a t e  of application of i nve r se  
voltage. 
posit ive ions bombarding the anode, o r  o ther  sur faces  at a n n d e  potential, 
the bombarding ions "sput ter"  atoms f r o m  the bombarded sur faces  and de-  * 

posit them on adjacent  tube surfaces .  
metals a r e  ve ry  efficient a t  trapping gas  molecules  within the meta l  la t t ice .  

When these conditions resu l t  in l a r g e  numbers  of high-energy- 

When sput te red  as descr ibed ,  m o s t  

Since the degree  of ionization a t  c u r r e n t  cessat ion depends upor- the 
r a t e  of change of c u r r e n t  j u s t  pr ior  to the application of in:rerse vol?age, the 
comniutation f ac to r ,  C F ,  is customari ly  used to descr ibe  susceptibil i ty to 
gas  clean-up f o r  industr ia l  thyratron o r  diode applications.  
f ac to r  i s  expres sed  as: 

The commutation 

The dV/dt  t e r m  defines the ra te  of r i s e  of inverse  voltdge a t  c u r r e n t  
cessa t ion  (commutat ion) ,  and dj /d t  defines the r a t e  of dec rease  of c u r r e n t  
j u s t  p r i o r  to corr:niutation. Thus,  g a s  clean-up d c p e n d s  upon frequency,  
wave s?i;Lpe, and peak in-rrerse vol tage appl ied to the t u L c .  
f ac to r  for  a 3209-cyclc s ine L v a v e ,  2OOO-PIV, 1 5 - a m p c r e  opcration w a s  
graphica!ly dt-rived froin the oscil lc\sco;~c t r a c e s  shewn iri F i g u r e  14 an2 - L x r a s  

Thc commutation 
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ONE - P C Y C L E  7 
ZERO VOLTS 

ZERO CURRENT 

U P P E R  TRACE : ANODE V O L T S  - 20 V O L T S  / DIVISION 
LOWER TRACE : T U B E  CURRENT - 5 A M P E R E S /  DIVISION 

I TIME p-4 
ZERO VOLTS -__--- 

I- . ~ ---.. cI1" 

ZERO CURRENT 

UPPER T R A C E :  A N O D E  VOLTS - 400 V O L T S  / D I V I S I O N  
LOWER T R A C E :  T U E E  CURRENT - 5 AMPERES / D I V I S I O N  

U P P E R  T R A C E :  A N O D E  VOLTS - 400 V O L T S  / D I V I S I O N  
LOWER TRACE; GRID VOLTS - 10 V O L T S  / D I V I S I O N  

Figure 14 - Oscilloscope Traces  of High-Voltage Opcrat ion 
of Tube No. 6 
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9 approximately 100 vol t -amperes/rnicrosecond 2 . The most  s e v e r e  indus t r i  
thyratron 60-cycle applications a r e  a t  about 200 vol t -amperes  /microsecond 
per  cycle.  Thus ,  f o r  the commutation fac tor  of 100 ,  a t  3200 cycles ,  sput te r -  
ing  would be approximately 3200/(2 x SO), or about 26 t imes  worse  than the 
most  severe  indus t r ia l  thyratron applications.  

The t e s t s  conducted under this  phase of the program,  at approximately 
20 percent of fu l l - ra ted  cu r ren t ,  a r e  about 20 percent  a s  s eve re  as a t e s t  at 
ful l - ra ted c u r r e n t  and voltage. 
up,  compared to operat ion a t  full ra t ings,  it was considered des i r ab le  to 
accurately m e a s u r e  gas  p r e s s u r e  in  the tubes.  
a t tempts  were  made to monitor  g a s  p r e s s u r e  in thyra t rons  on endurance 
test using a g l a s s  thermocouple vacuum gage sea led  onto the exhaust tubul- 
ation. 
thermocouple gage sea led  to the tubulation. 
thyratrons so equipped, the vacuum gage failed ea r ly  in l ife.  Two fa i lu re s  
were  caused by d ischarges  to the thermocouple e lements  which resu l ted  in 
a comparatively heavy cu r ren t  that  burned the delicate e lements  out. 
a t tempt  made to  isolate  the thermocouple e lement  a l so  resul ted in burn out 
of the gage e lements .  

To compensate f o r  this  slow rate of clean- 

To accomplish this ,  t h ree  

In F i g u r e  9, tube No. 14 is shown s e t  up f o r  endurance t e s t  with a 
Unfortunately, in  all t h ree  

An 
' 

In the other case  the g l a s s  envelope failed.  

Lacking the d i r ec t  measurement  of gas  p r e s s u r e  by vacuum gage, 
o ther  indicators  of gas  p r e s s u r e  were  investigated.  
low gas p r e s s u r e  is tube voltage drop,  which will be somewhat higher at 
very low gas p r e s s u r e s  than at no rma l  gas  p r e s s u r e s .  
noted in any of the five tubes run on high-voltage endurance t e s t s .  
indicator  is deionization t ime,  measu red  as the time requi red  for  the gr id  
to  regain control  and cut off the tube a f t e r  anode voltage goes negative. 
These  " r ecove ry  t ime" t e s t s  a r e  descr ibed  in a l a t e r  section. 

One crude indicator  of 

This  effect  was not' 
A bet te r  

Recovery time t e s t s  on tube Nos. 16 and 19 indicate f a s t e r  deioniza- 
tion time after high-voltage operation f o r  ove r  100 hours  , which points to  
s o m e  gas  clean-up. This  is not too surpr i s ing ,  s ince there  was definite 
v i sua l  evidence that meta l  had been sput tered on the wal ls  of all tubes 
t e s t ed  f o r  even a few hour s  a t  high voltage. Since the principal t a rge t  of 
the ions which produce sputtering is the anode, the sou rce  fo r  the sput tered 
metal is apparent ly  the nickel anode shield. It is  planned to replace the 
sh ie ld  with a graphi te  m e m b e r  in  future  designs.  

In sii.mxnary, the gas clean-up problem f o r  h igh- tempera ture  gas  tubes 
h a s  not b5en completely resolved by tliese t e s t s ,  but indications a r e  that g a s  
c lean-up i s  not a catastrophic  f a i l i zg  of this tube dcs iga .  The cred i t  fo r  
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modera te  s u c c e s s  should be  at t r ibuted par t ly  to the graphi te  e lectrodes.  
Graphite has the lowest  sputtering rate of ma te r i a l s  useful for e lec t rodes  
( s e e  F i g u r e  15). Also the molecular s t ruc tu re  of the sput te red  graphite 
should not t r a p  g a s  effectively because of the amorphous s t ruc tu re  of the 
sput tered l a y e r .  In the past ,  the use  of me ta l  e lec t rodes  in s imi l a r  g a s  
tubes at high frequency and voltage has been notably unsuccessful.  

2.5 

2.0 

c 

8 1.5 
\ 
v) 
5 
0 c s 
0 
d g 1.0 

0.5 

0 
100 3 0 0  400 600 7 

ION ENERGY (ev) 

F i g u r e  15 -- Sputtering Yields in Xenon 5 

5 .  Data f o r  this f igu re  extracted f r o m  General  I~4i"lills Inc. Report  No. 2309,  
Sputtering Yield Data in  the 100-600 cv Energy  Range, July 15, 196%.  -- 
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P r o b l e m s  re la ted  to  sputtering can a l so  be reduced by providing a 
minimrim prac t ica l  spacing between the gr id  and anode, thereby minimizing 
deionization time after commutation. 

Another  method employed to  minimize gas  clean-up i s  the use  of a . 

The modifications made in the Design I thyratron to accom-  "hollow anode". 
modate  a hollow anode a r e  shown in F i g u r e s  16 and 17. The advantage of 
the hollow anode configuration is  that most of the ma te r i a l  sput tered f r o m  
the ..r,cdfl: arri."res at anether 
to  re -sput te r ing ,  which then r e l eases  gas  t rapped by the initial sputtering 
action. Tube Nos. 5 and 7 were  of the hollow anode var ie ty ,  and ea r ly  p e r -  
fo rmance  was similar to  the other thyra t rons .  The possible shortcoming of 
this s t r u c t u r e  i s  that the dis tance between the gr id  and anode is l a r g e r  than 
the o t h e r  designs,  meaning longer deionization t ime and therefore  some limit 
on pe r fo rmance  at higher  f requencies .  
ope ra t ed  proper ly  at 3200 cyc les ,  indicating that the l imi t  is  beyond this  f re -  
quency. The hollow anode trial was a backup effor t ,  i n  case  of gas  clean-up 
p rob lems  with the Design I1 tube on endurance t e s t s .  

of the ansde siiiface -w-1iei-e it is subject 

However,  both tube Nos .  5 and '7 

ELECTRICAL INTERELECTRODE LEAKAGE 

It should be noted as an adjunct to the sputtering situation d iscussed  
above that two endurance- tes t  tubes (Nos. 12 and 15) developed objectionable 
grfd-morl_e electrical leakage.  This is believed to be due to spct ter ing f r o m  
the n icke l  shield. As discussed  previously,  this problem can  be alleviated 

- 
by converting to a graphi te  anode shield.  

Another  f ac to r  causing increEsed e l ec t r i ca l  leakagc is that cathode 
0 evaporzuts  mig ra t e  throughout t h e  tube in te r ior  at 800 C and coat c e r a m i c  

envelope sur faces .  
trical leakage being *consistently higher than grid-anode leakage, despi te  the 
longe r  gr id- to-  cathode alumina insulator.  

This  phenomena probably accounts f o r  grid-cathode e lec-  

- . ELECTRON EMISSION FROM GRID AND ANODE 

All endurance t e s t s  were  monitored f o r  evidence of e lectron emiss ion  
f r o m  grid and anode. 
g r id  r e s u l t s  in  loss of gr id  control of forward  voltage, while anode emiss ion  
r e s u l t s  in  breakdown of the tube in  the inverse  direct ion ("ercback").  
d u r a n c e  t e s t  tubes were  checked daily f o r  sLch control fa i lure .  

The onset  of appreciable  e lectron emiss ion  from the 

En-  
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F i g u r e  16 - Hollow Anode Tube St ruc ture  
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F i g u r e  17 - Hollow Anode Parts . 
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As discussed  in  the f ina l  report' f o r  Contract  NAS3-2548, the use of 
any  ba r ium s y s t e m  cathode in combination with a high operatir,g tempcr-  
a t u r e  c r e a t e s  a c r i t i ca l  problem a rea  with r ega rd  to gr id  and anode cmis -  
sion. Also, z s  discussed,  graphite has des i rab le  e lectron-emission cha r -  
ac t e r i s t i c s ,  and  e lec t ron  emission declines going f r o m  a n  electrode teniper-  
a tu re  of 750 to 90OoC. 
ful l -current  operat ion (anode tempera ture  es t imated a s  g r e a t e r  than 900 C)  
resul ted in  less anode emiss ion  than noted in  low-curren t  high-voltage t e s t s  
where the anode tem-perzhre V.QC l c ~ e r .  

This  has  been borne out in endurance t e s t s  since 
0 

Anode emiss ion  is usually the m o r e  objectionable phenomenon in  
thyratrons and the only problem of this s o r t  in rec t i f ie rs  where there  is no 
grid. Anode emiss ion  can r e su l t  in a gaseous a r c  o r  "spark" discharge in  
the inve r se  direct ion,  by which a la rge  portion of the c i rcu i t  energy can be  
suddenly diss ipated in  the tube,  sometimes destroying it. This  dischzrge 
can be indirect ly  init iated by a very sma l l  e lectron cu r ren t  (mic roamperes )  
emit ted f r o m  the anode, and resu l t s  in a high-voltage "glow" type discharge 
in which high-energy ions bombarding the anode generate  e lectrons a t  the 
anode sur face  and maintain the glow discharge;  such cnnditioEs can lead to  
localized heating at  the anode and r e su l t  i n  destruct ive a r c  o r  "spark" 
dis cha r ge s 

Since in te re lec t rode  e lec t r ica l  leakage makes measurement  of anode- 
emiss ion  cu r ren t s  i m p s  sihle w-rl-er operating conditiolis , the incidence of 
anode emiss ion  is deduced f r o m  the voltage waveform monitored on a n  
oscil loscope. 

4 

Two tubes fai led due to apparent  a rc ing  to the anode s t ruc ture ,  involv- 
ing the nickel anode shield r a t h e r  than the graphite anode. 
the c e r a m i c  envelope c racked  due to heat  shocl: t ransmi t ted  to the ce ramic  
envelope through the me ta l  anode support  members .  
while being t r ea t ed  f o r  f a i lu re  to f i r e  properly,  by increasing cathode tem-  
p e r a t u r e  by approxiniately 200°C; this may have increased  anode emission.  
Tube No. 14 fa i led during the night while not being monitored but, when 
opened f o r  evaluation, had a melted a r e a  on the nickel znode shield adjacent  
to the c rack  in the c e r a m i c  envelope, indicating a n  a r c  as descr ibed above. 
This  of fe rs  adGitiona1 incentive f o r  redesigning the anode shield s t ruc ture .  

In  both c a s e s ,  

Tube No. 12 failed,  

* 

. 

6 .  E. A. Eaum,  Dcvelopment of High-Temperature  -- Ccrarriic Rect i f iers ,  
--L---___- T h  r ra t rons ,  and Voltage RegSu1atc.r Tubes; Report No, T; ihSA  CR-54303,  
pp 19-33; p r z p a r e d  by Genera l  E lec t r i c  Company for NASA under Con- 
t r a  c t N AS 3 - T, 5 4 8. 
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Grid e m i s s i o n  was perhaps even worse  than anticipated. Apparently,  
eve ry  metal  m e m b e r  in the grid-cathode section of the gas  tube can become 
-a good electron e m i t t e r  under conditions rea l ized  by operating the tube at 
t empera tu res  approaching 80OoC. 
i s t i c  resul ted.  However,  the occurrence of gr id  emis s ion  without l o s s  of 
g r id  control indicates  that  the graphite g r id  i s  a comparat ively poor e lec-  
t r o n  emi t te r .  Th i s  offers  another reason  f o r  replacing me ta l  m e m b e r s  with 
graphite where feas ib le ;  the gr id  emiss ion  situation should improve  great ly .  

A r a t h e r  e r a t i c  gr id  control c h a r a c t e r -  

The usua l  range of gr id  emission cu r ren t  was 0. 01  to 0. 1 ampere .  
However, in  one exceptional case  (tube No. 14) s e v e r a l  a m p e r e s  of g r id  
c u r r e n t  could be  obtained f o r  a short  t ime.  This  was apparently a m a t t e r  
of unintentionally a r r iv ing  at very well optimized conditions of coverage by 
cathode evzporant  and of gr id  tempera ture .  

GRID CHARACTERISTICS 

As mentioned previously,  graphite e lec t rodes  were  used in an at tempt  
to  maintain high work function sur faces  on the g r id  and anode under opera t -  
ing conditions. 
istic. A posit ive voltage is requi red  
on the gr id  to ini t ia te  the discharge,  and the gr id  voltage is essent ia l ly  inde- 
pendent of anode voltage. Typical g r id  cha rac t e r i s t i c s  a r e  shown in F i g u r e s  
18, 19 and 20.  The  g r id  cha rac t e r i s t i c s  a r e  a l s o  independent of f requency up 
to  3200 cyc les ,  indicating that the deionization t ime is l e s s  than 150 micro--  
seconds.  

. 

The gr ids  were  designed to  have a positive control cha rac t e r -  
This is a so-cal led "tight" s t ruc tu re .  

A posit ive g r id  charac te r i s t ic  is one means  of minimizing problems 
due to gr id  emis s ion ,  s ince  the tube can be controlled without having the gr id  
voltage appreciably negative with r e spec t  to the cathode. In this c a s e ,  no 
grid-cathode d ischarge  can be established. This  e l iminates  at least one-  
half of the loss -of -cont ro l  problem resul t ing f r o m  g r id  emiss ion ,  because  
the grid-to-anode d ischarge  is l e s s  likely to occur  due to  a lower incidence 
of cathode evaporants  in the anode-grid region. 

RECTIFIER OPERATION 

Since r ec t i f i e r  per formance  can be a lmos t  duplicated using a thyra t ron  
s t r u c t u r e ,  an evaluation of such performance was made by m.eans of the 
xenon thyra t ron  s t r u c t u r e  shoum in F igu re  2 .  This  i s  accomplished by oper -  
ating the thyra t ron  in a rec t i f ie r  c i rcui t  with the ca thode  and anode connected 
as a rec t i f ie r ,  and \ v i t h  the  gr id  connected to the anode by a r e s i s t o r  to limit 
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Figure 18 - DC Gr id  Character is t ics  of Tube No. 2 
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Figure  19 - G r i d  Character is t ics  of Tube No. 4 
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GRID FIRING VOLTAGE- VOLTS 

F i g u r e  20 - G r i d  Characteristics of Tube No. 6 
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gr id  cu r ren t  to about 0. 1 ampere  and thus avoid overheating the gr id  s t r u c -  
ture .  Tube No .  13 was operated in this mode f o r  over  1000 hours .  Since 
rectifier operat ion can be duplicated ve ry  closely in  this  manner ,  it was not 
considered n e c e s s a r y  to undertake making the requi red  design changes,  and 
fabricat ing and tes t ing m o r e  tubes to  fu r the r  verify rec t i f ie r  performance.  

, 

Compared  to  a rec t i f ie r  of s imi l a r  design, a thyra t ron  operated in  the 
r ec t i f i e r  mode would have 1 to 2 volts higher  forward  voltage drop ,  which 
means a slightly - higher  anode wattage to diss ipate  and s l igh t ly  lower effir- 
iency.. If these  minor  points a r e  not considered objectionable, it may well  
be m o r e  p rac t i ca l ,  f o r  reasons  of econoniy, to  use thyra t rons  as r ec t i f i e r s  
r a t h e r  than making two tubes f o r  such applications in eventual space  power 
p r o g r a m s .  

CATHODE SHIELDING FACTOR 

A tightly baffled thy ra t ron  has ,  in  effect ,  two g r ids .  In addition to  the 
g r i d  so designated,  the shielding around the cathode can be considered a g r id  
at cathode potential .  
should be ref lected in  gr id  charac te r i s t ics .  One would have expected that 
tube No. 2 and tube No ,  4 (of open shield s t ruc tu re )  would be alike in  g r id  
c h a r a c t e r i s t i c s ,  and that  tube No. 6 (tightly baffled) would requi re  a much 
h igher  posit ive g r id  voltage; however,  the g r id  cha rac t e r i s t i c s  of tube No. 6 
differed l i t t le from tube No. 2 o r  No.  4 ( s e e  F i g u r e s  18, 19 and 20) .  
No. 5 and tube No. 7 ,  a lso  of open s t ruc tu re ,  were  similar in gr id  
characteristics. 

This  means  that  changes in the shielding s t ruc tu re  

Tube 

In  gene ra l ,  among endurance tes ted  tubes,  the m o s t  prevalent  and 
m o s t  s table  g r id  cha rac t e r l  s t i c  conditions were  similar to  those exhibited 
b y  tube No. 6 ,  both f o r  I'open" tubes and fo r  tightly baffled tubes.  
of var ia t ion  between the two s t ruc tu res  suggests  that  the grid-cathode dis-  
cha rge  is init iated f r o m  a surfac'e outside of the a r e a  of the cathode and 
s lo t ted  shields .  

The lack  

Tvbe No. 8 was tightly baffled, s i m i l a r  to tube No. 6 ,  but was difficult 
to  f ire at all. 
due to an envelope leak. Tube No.  9 ,  which had tight baffling, exhibited 
s o m e  anomalous g r id  charzc te r i s t ic  behavior ,  varying considerably with 
tube l i fe ,  a s  plotred i n  F i g u r e  21. Poss ib le  rezsons  fcr such  anom-alous 
behavior  a r e  d iscus  sed  below. 

This was  par t ia l ly  negated by the e a r l y  fa i lure  of tube No. 8 
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TEMPERATURE E F F E C T S  

A t empera ture  anomaly f i r s t  observed in  tube No. 6 was subsequently 
found to be typical behavior f o r  all the tubes. 
cha rac t e r i s t i c s  immediately a f te r  cessat ion of the discharge and again two 
minutes l a t e r .  
tube. 
eve ry  half cycle) ,  the required grid voltage was l e s s  than 5 volts. 
measurement.: were =-..de zherzt t..vc z i r , u t e s  d t z r  the :.;be had been iiii--iied 
off ,  the tube would control at about 10 to 15 volts positive on the gr id;  ap- 
proximately ten volts difference was typical. This  effect was independent 
of anode voltage above 200 volts and of frequency f r o m  60 to 3200 cycles ,  
and only slightly dependent on wall t empera ture  f r o m  550 to 75OoC. The 
shif t  in  f i r ing voltage is apparently a step-function, and usually occurs  10 
to  60 seconds a f te r  tube cu r ren t  is  cut off. 
at a tube cu r rcn t  of 10 to  15 amperes  than at 2 to 5 amperes .  

F igu re  20 shows the grid 

The l a t t e r  charac te r i s t ic  was no rma l  fo r  a cold s tar t ing 
As the curve shows, when the tube was f i r ing continuously (i. e . ,  

If the 

It was somewhat m o r e  prevalent  

When the tube is conducting, the discharge hea ts  the anode, gr id ,  and 
cathode-shield s t ruoture .  
behavior descr ibed  above is due to anode or grid tempera ture  changes. This  
e f fec t  is more reasonably initiated f r o m  the cathode -shield s t ruc tu re  because: 
(1) it opera tes  in  the tempera ture  range of appreciable  e lec t ron  emiss ion  for 
bar ium on nickel,  (2) the g r id  voltage requi red  tcj fire the tube is too low to  
ini t ia te  a d ischarge ,  and ( 3 )  the ca thode  shield is of small e n ~ ~ g h  r n . 3 ~ ~  to 
change t empera tu re  rapidly in the a r e a  n e a r  the center  hole in the cathode 
shield ( s e e  F i g u r e  4). 

It is considered irnprnhable that  the anomdous  

e 

The hypothesis fo r  th i s  anomaly is that the discharge is initiated in a 
region where e l ec t r i c  field f r o m  the anode penet ra tes  the gr id .  If cathode 
evaporants  condense out on the shield sur face  direct ly  under the g r id ,  th i s  
s u r f a c e  could ac t  in  a manner  s imi la r  to  a cathode. The tempera ture ,  and 
the re fo re  the emiss ion  f r o m  this  shield,  would be sufficiently high immediately 
a f t e r  the tube is cut off to maintain a discharge.  With the tube off f o r  a t ime,  
the shield would cool, and not be able to furn ish  enough emiss ion  to start a 
d ischarge ,  thus preventing breakdown f r o m  occurr ing.  If this is the case ,  it 
is suggested that  when the tube is cozlducting, the positive gr id  voltage r e -  
qu i red  to f i r e  d rops  to a value necessa ry  to s t a r t  a discharge f r o m  the cath- 
ode shield.  
cathode. 

As the cu r ren t  builds up, the discharge extends to the main 

Other  Sntcrcstirig o5servations a lso f i t  this hypothetical picture.  
some  tubcs v~pj-c operated for  relatively loIig periods of t ime a t  high voltage 

When 
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and a t  3200 cyc le s ,  the gr id  voltage required to f i r e  displayed a tendency to 
inc rease .  In  some  c a s e s ,  the grid f i r ing voltage inc reases  to as high as 
200 volts. The gr id  control voltage could be reduced by rais ing the cathode 
tempera ture  200°C f o r  a few minutes. 
ished cathode evaporants  on the shield s t ruc tu re .  

It is believed that this action replen- 

Moreove r ,  some  observations were made under phase - re t a rd  conditions, 
in which tube f i r i ng  is prevented until la te  i n  the positive half cycle. 
these conditionst  the initial i n E  energies  d ~ r i ~ g  the i~nizatiz:: t i ~ e  (break- 
down) can at ta in  re la t ively high values s ince a high anode voltage is available 
when the tube f i r e s .  These  energetic ions bombard the cathode-shield s t r u c -  
t u re  causing sput ter ing f r o m  the surface.  
phase - re t a rd  conditions,  hard  s tar t ing developed in  a ma t t e r  of a few hours .  
This  effect  might a l so  be the resul t  of gas  clean-up. 

Under 

When tubes were  operated under 

Another deviation appeared occasionally in tubes afflicted by ha rd -  
s ta r t ing ,  i l lustrat ing the tightness of the gr id  s t ruc ture .  Tubes requiring 
50 t o  100 posit ive g r i d  volts to s t a r t  would someti-mes es tab l i sh  a cathode-to- 
g r id  d ischarge  without f i r ing  the tube, at a cu r ren t  of 0. 1 o r  m o r e  amperes 
and 15 to 25 volts drop.  
current di rec ted  to  the a r e a  of the g r i d  s lo t s ,  it is thought that  the source  
of e l ec t ron  c u r r e n t  emis s ion  is n o t  n e a r  the cathode proper ,  the cu r ren t  is 
being emit ted f r o m  the outside of the cathode shield,  probzbly near the 
alumina envelope. This  phenomenon i l l u s t r a t e s  again that any  metal sur fzce  
can become a n  e l ec t ron  emi t t e r  a t  those t empera tu res  where bar ium cathodd 
evaporants  can occur .  

Since the tube should inevitably f i r e  with such a 

RECOVERY TIME TESTS 

These  tests w e r e  made  with d -c  anode voltage zpplied and with the 
tube conducting. 
anode by the s imple  RC c i rcu i t  shown in  F igu re  22. 
cha rge  into the plate supply and charge to the plate supply voltage a t  a 
logar i thmic  t ime  r a t e ,  as shown graphically in F igure  2 3 .  If the tube is 
not deionized by the t ime  the capacitor voltage reaches  12 volts posit ive,  
the tube will continue conducting, o r  if deionization is accomplished, the 
tube will  cut off, and the minimum recovery  time can be determined f rom 
the RC t ime constant and froii i  the relationship: 

A pulse  of negative voltage (100 volts)  was applied to the 
The czpzci tor  will d i s -  
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The recovery  t ime is a function of tube cu r ren t  and g a s  density,  be- 
cause the degree  of ionization is a function of cu r ren t  and the diffusion r a t e  
of ions is influenced by gas  density. F i g u r e  24 includes a s e r i e s  of curves  
i l lustrat ing recovery  t ime as a function of average tube cu r ren t  f o r  tube 
Nos .  16 and 19. The init ial  data were taken af te r  a few hours  of operation. 
The lower curve ,  f o r  tube No. 19, was taken af te r  150 hours  of high-voltage 
operat ion at 3200 cycles  p e r  second. The curves f o r  tube No. 16 were taken 
a f t e r  650 hours  of low-voltage operation at 60 cycles and no high-voltage 
operat ion.  Successive curves  were a l so  taken a f t e r  250 hours  and 375 hours  
of high-voltage operation at 3200 cycles  p e r  second. 
tube was 1050 hours .  

Total  on-t ime of this  

A reduction in  recovery t ime occur red  in both tubes init ially,  even 
though tube No. 16 was not operated at high voltage during the first 650 
hour s .  
375 h o u r s  of high-voltzge 3200-cycle opcrztion. This indicates that g:as 
clean-up e a r l y  in life is not due to t he  ?iiLh inverse voltage but rat?ier to 

Successive curves on tube No. 16 show li t t le o r  no dec rease  out to 
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another mechanism such a s  sorption of the f i l l  g a s  by the thoroughly out- 
gassed  graphite gr id  and anode. 
grid potential f o r  a constant 1 5 - a m p e r e  average cur ren t  for tube N o s .  15, 
16, and 19. The ini t ia l  xenon p res su re  in  a l l  th ree  tubes was 100 microns .  
The data  on tube No. 15 was taken a f te r  600 hours  of low-voltage operation. 

F igu re  25 is a plot of recovery t ime ve r sus  

PULSED EMISSION TESTS 

Pulsed  emiss ion  t e s t s  were made by applying 1 / 2  cycle of 60-cycle 
l ine voltage once p e r  second to  the tube under t e s t .  
to evaluate the  e lec t ron  emission capability of the cathode at various peak 
cu r ren t s ,  but  at low average current .  
cathode capability at higher  cu r ren t s  than a r e  feasible  when the tube is oper -  
a ted continuously, since at high average cu r ren t  the electrodes would quickly 
become overheated,  o r  the cathode could be damaged by ion bombardment 
resul t ing from excessive tube drop. Peak  emiss ion  tes t s  given an  indication 
of the gene ra l  condition of the barium - -  oxide cathode. Cathodes tend to  
act ivate  when emitt ing l a rge  cur ren ts ,  a s  shown in F igu re  26. The tube drop  
at a steady 15 average  a m p e r e s  is much lower than the pulse t e s t  d- ata curve.  
This effect is due t o  heating of the cathode at high average cur ren ts .  

These t e s t s  were  m a d e  

This provides an emission t e s t  of 

More typical  peak emission data is shown in F igure  27  f o r  tube No. 16. 
Two curves  a r e  plotted,  at 10 and 60 hours  of , l i fe ,  i l lust rat ing some cathode 
activztion a s  indicated by a decrease  in the cathode coating res i s tance  "R" 
(the slope of the curve) .  Again, typical s teady-state  operation is bet ter  than 
"peak" data,  a s  shown. 

CURRENT OVERLOAD CAPACITY 

The b a s i s  €o r  estimating the maximum cur ren t  that  can be safely dr ,ayn 
f r o m  t:hese cathodes is found i n  pulse-emission s tudies  of oxide  cathode^,^^ 8 
which show that c u r r e n t  capability is  a n  exponential function of pulse length 

7 .  W .  E. Danforth, and W. E. Ramsey, Decay of Thermionic Emission of 
Barium-Stront ium Oxide Cathodes During Space-Charge-Limited Operation, 
Phys ic s  Review, 7 3 ,  1244- 1245, 1947. 

R. h4. Mathrson and L. S .  Nergaard,  The Decay and Recoverv ---L_------- of Pulsed. 
Emiss ion  of B a r i u m  Oxide-Coated Cathocies. Journa l  of Appl ied  PhlTsics. 

8. 

, 

23 ,  8 6 9 - 8 7 5 ,  1952. 
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(time). 
a graphical extrapolation can be readily made from existing data to the 
desired operating frequencies as represented by  the length of a single half- 
wave pulse in microseconds. This is plotted in Figure 28. The two data 
points are: (1) 150 amperes at 60 cycles (see "Pulsed Emission Tests") and 
(2) data obtained using a 10-microsecond pulse of voltage to draw current 
from a 30 cm2 "Design I" cathode, where 10 amperes or more per crn2 was 
obtained. According to this extrapolation, maximum peak current f o r  a 
single half-cycle pulse would range from 300 amperes at  400 cycles to 475 
amperes at 3200 cycles. Overloads lasting 2 to 3 cycles should be limited 
to perhaps 200 and 320 peak amperes, respectively. 

Since an exponential function is a straight line on a semi-log graph, 

CATHODE HEATER CHARACTERISTICS 

Barium-oxide cathodes are very sensitive to temperature. At exces- 
sively high temperature s ,  barium evaporation and chemical deterioration 
a r e  accelerated, and at excessively low temperatures, emission capability 
faIls rapidly, leading to ion bombardment or "sparking" damage to the coat- 
ing in gzs tubes. Therefore, the temperature characteristic of the cathode 
-versus heater voltage was checked before the Design I or  Design 11 tubes 
were operated. 

current and wattage versus heater voltage at 500 and 75OoC. 

This characteristic is  shown in Figure 29  f o r  Design I1 
. cathodes, at various tube wall temperatures. Figure 30 illustrates heater 

Note that "start-up" conditions will  generate some systems problems 
here. 
temperature, at 5OO0C wall temperature, is  more than twice that required 
for a 750°C wall. 

For example, the heater input wattage for an ideal 83OoC cathode 

ELECTRODE MATERIALS 

The principal advantages of graphite as a material f o r  grid and anode 
were discussed above, i . e . ,  
ants, and 2) a low sputtering yield in a noble gas discharge. Some note 
should also be taken of problems 'incurred by using graphite electrodes. 

1) a high re-evaporation rate of cathode evapor- 

One obvious lack is mechanical strength, compared to metals. This l 

is usually a minor problem, circumvented by designing heavier sections 
and better sup2ort. Also,  fabrication techniques a re  limited because rieither 
welding nor brazing is feasible. 

I 

48 



. 
c 

c 
c 

. 
. 

L 

400 CYCLES 

l-& 

I 

X c 
0 
2 w 
J 

2000 CYCLES I 
E ' I S 2 0 0  CYCLES 

I 

F i g u r e  28 - S i n g l e - P u l s e  C u r r e n t  CsFsbili ty of Thyratrons wi th  
63-CM2 C a t I ~ d e s  

., 49  



. 

c 
c 

: 

c 

100 

901 

u 
0 
I 

w 
E 
3 5 80C 
W 
0. 
I w 
I- 

7 0 0  

600 

t i  E AT E R 1’0 LTAG E - VOiTS 

/ 

9 

Figure 29 - Cathode Tempera tu re  vs .  Heater Volts f o r  Design IT. 
Cathodes 

50 



I6 

14 

13 

I2 

u) 
w 

a 
I 

I- z 
w 
0: 

0 
p: 
w c 
4 w 
X 

I ’  

P 

5 I( 

! 

€ 

- 

750-C WALL TEMP 

7 5 0  *C W A L L  TEMP 

-rtr 3 4 HEATER 5 VOLTS 6 7 

30 

60 

4 0  

20 

002 
5 
K 
w e a 

6-3 

40 

20 

. 

0 
F i g u r e  30 - Heater  Curren t  and ?‘:attage Cbarzcteristics at 500 C 

0 
and 7 5 3  C Ambient f o r  Design II Cathodes 

51 



I t  would appea r  that a t  l eas t  two mechanisms a t  work in g a s  tubes 
r e su l t  in select ive t r anspor t  of graphite e lectrode mater ia l .  The sput te r -  
ing of the anode ma te r i a l  by positive ion bombardment a t  commutation has  
a l ready  been discussed.  
principally on the gr id  and anode, as can be seen in  F igu re  31 which depicts 
tube No.  9 a f t e r  endurance tes t s .  
of "soot" could r e su l t  i n  flaking of the coating and thereby cause e r r a t i c  
short ing problems.  The re  a r e  other graphi te- t ransport  mechanisms in 

inside the cathode shield. 
f r o m  tube Nos. 9 and 13 af te r  endurance tes t s .  
select ive graphi te  deposits in a r e a s  n e a r  the cathode is as follows: 

This  resul ts  in l ine-of-sight deposits of "soot", 

The accumulation of a very  heavy layer  

e*.,i#Jence suck; 2 s  zxtcnsivc: d C p G 3 ~ t S  iieai L1-- --&1-- = -  . .  ----1'-- 
Lllr; L d L I l U U t 3 ,  plll lLipdlly 

Figure 3 2  depicts the in te r ior  of the shields  
A hypothesis to explain 

The res idua l  oxygen and carbon monoxide in the tube can generate  
a n  oxygen cycle due to dissociation of CO by electrons of 11. 11-volt energy,  
which a r e  available in  a xenon discharge: 

The negative oxygen ion will dr i f t  to  the anode o r  gr id  during the t ime of 
the main  d ischarge ,  which means that  the oxygen would preferent ia l ly  re- 
combine with graphi te  at the g r i d  o r  anode to f o r m  more  CO and thereby 
continue an  "oxygen cycle". The neut ra l  C atom would tend to randomly 
depGsit out on s u r f z c e s  n e a r  the  main plasma.  
potential of C is 11.26 vol ts ,  so some carbon may become C t  before de- 
positing, making the cathode s t ruc tu re  a preferen t ia l  deposit s i te .  Since 

w h e r e  11 - 12 
e v  e lec t rons  are mos t  dense,  the graphite would deposit  in  the cathode r e -  
gion. This may explain why the soot deposits in  the shield of tube No.  9 
( s e e  F igu re  32) ,  and on other tightly baffled tubes,  conforms to the image 
of the s lots  in the slotted cathode shield.  Open tubes,  such as tube No. 13 
(F igu re  32) ,  have no such graphite pat tern,  and more  soot ex is t s  on the 
cathode proper .  

P y r o li tic Inf i l t ra ted Graphite 

However, the ionization 
a 

. .  
l c n l ~ a t i s ~  V ~ ~ C L I ? ~  be m ; ~ s t  prouau k-kle ncar thc cathode shzath, 

Approximately half of the tubes that were  endurance tes ted had porous-  
graphi te  anode and gr id  parts infil trated with pyroli t ic graphi te ,  and the r e -  
maining tubes uti l ized plain vacuum-fired porous graphite.  Based on the 
s h o r t - t e r m  t e s t s  conducted under Contract  Nr lS3-2543,  i t  appeared that the 
inf i l t ra ted  material produced less I '  sooting" and l e s s  tendcnc-9 to  damage 
cathode ernis si03 capability (due to coritaminznts evolved f r o m  the graphi te) .  

h. 5 2  
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Figure 31 - Anode and Grid of Tube No. 9 after Endurance Tes t s  
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Figure 32 - Cathode Shields of Tube Nos. 9 and 13 af te r  Endurance T e s t s  
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However,  the endurance t e s t s  conducted in this p rogram showed few signific- 
an t  differences between plain and infil trated ma te r i a l .  

SHOCK TESTS 

As outlined in  the cont rac t  requi rements ,  two Design I1 tubes w e r e  
shock tes ted at 35g with a half-sine pulse of 8 mil l iseconds duration. 
w e r e  zpplied three times in each  direct ion,  in  th ree  mutually perpendicular  
axes, f o r  a total  of 18 shocks.  
in F i g u r e  33. 

Shocks 

The shock mount f ixture  and tubes are  shown 

Tube Nos .  15 2nd 20 w e r e  shock tes ted.  Tube No. 15 is exactaly as 
shown in F i g u r e  2,  

by means  of small channel-shaped p ieces ,  

and tube No. 20 differs  only in cathode shielding (the 

20 is  of Itopen" 

~ 

~ 

slot ted shields a r e  not used ,  and the end shield is  welded to the cathode f ins  

sh ie ld  s t ruc ture) .  

I 

i. e .  tube No. 

In addition to  an e l e c t r i c a l  hea t e r  t e s t  before  and af te r  shock, the 
tubes  were  X-rayed  in two m-utuall-y perpendicular  planes before  ar,d a f t e r  
shock testing. These  X- ray  photos a r e  shown in F i g u r e s  3 4  and 35. 
evidence of change resu l t ing  f r o m  shock is apparent  on any of the e lements .  

N o  

I 

DISCUSSION 
I 

There are a number of a r e a s  requir ing fu r the r  effort  to improve  re- ~ 

l iabil i ty of h igh- tempera ture  g a s  thyra t rons  f o r  applications in  the 10, 000-  
hour life range. Recommendations f o r  fu r the r  work a r e  outlined below. 

To prodace a m o r e  meaningful evaluation of tube life, longer  endur-  
ance t e s t s  should be per formed.  It is a l s o  important  that  t e s t s  be conducted 
a t  ful l  tube voltage and c u r r e n t  ra t ings,  to  evaluate gas clean-up m o r e  fully. 
I n  this vein, a m o r e  accu ra t e  m e a s u r e  of gas  clean-up r a t e  can be  obtained 
with a gas  p r e s s u r e  gage ;  a P i r an i  gage e lement  attached to the cathode 
sh ie ld ,  but well shielded f r o m  the ma in  plasma,  would be a good choice. 

As discussed- in  this repor t ,  it appea r s  that  m o r e  extensive use of 
graphi te  would be advantageous,  both in  r ega rd  to sputtering problems and 
to  redsce  unwanted electron emission. To accoi-nplish this, some redesign 
is required.  
this dcsigr,, all sur faces  subject  to positive ion bcmbardment  are essent ia l ly  
cove red  by g r a p h i t e  members .  
cont i ihu tc  to electror,  emission are covered b y  graphi te ,  which should  im- 
prove  the problcm. 

A sketch of the proposed design i s  shown iis F igure  3 6 .  In 

T h i s  also means that su r f aces  which m a y  
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The anode shield in the proposed redesign i s  connected to the gr id  to 

Additional shielding adjacent to the insulating c e r a m i c  
Note that the envelope design mus t  a l so  be 

shield the insulating ce ramic  f rom the principal s o u r c e  of sput tered mater ia l ,  
the graphite anode. 
can be provided, if necessary .  
changed a t  both the cathode and anode ends,  to allow the l a r g e r  graphite 
pieces  to be a s sembled  into the tube. 

The weak point of the Design I1 envelope i s  the b raze  between the tubu- 
lation and molybdenum anode support ,  where two tube fa i lures  occurred .  
The proposed redes ign  of F igu re  36 util izes a kover-to-kovar weld to r e -  
place the tubulation b raze ,  and provides f o r  a b raze  to the molybdenum anode 
support  as a mechanical / therrnal  connection. A threaded stud is a l so  brazed 
on ex terna l  to the envelope t o  provide an  external  mecl ianical / thermal  anode 
connection. 

It is  poss ib le  that  s ame  improvement in the "sooting" problem can be 
accomplished by employing schemes which reduce the l eve l  of oxygen in the 
tube,  based  on the "oxygen cycle" postulated f o r  this phenomenon. 
probib le  s o u r c e  of oxygen is the porous graphite,  which adsorbs  gas  pro-  
portional to  the sur face  a r e a  of the s t ruc ture .  Solid pyroii t ic graphi te ,  being 
a dense  non-porous s t ruc tu re ,  would produce l e s s  gas  and should be be t te r  
in this r e spec t  than the porous graphite infil trated with pyroli t ic graphite 
used  in this p rogram.  To effectively take advantage of this property,  all 
graphi te  p a r t s  should be of solid pyroli t ic graphite.  
should have the "AB" c rys t a i  (the high t h e r m a l  conducting direction) parai i$  
t o  the tube axis to take advantage of the the rma l  proper t ies  of pyroli t ic 
graphi te .  
chemical ly  pump oxygen and other  gases .  

One 

Moreover ,  the  anode 

A second possible approach is to provide a "getter" which will 

Exper ience  in re la ted  p rograms  (Contract NAS3-6005 and in te rna l  
company-funded worlcf indicates  that  the sooting problem and e lec t r ica l  i n t e r -  
e lec t rode  leakage problem can be improved by using a gas  f i l l  which com- 
bines  readi ly  with oxygen (xenon is iner t ) .  
the vapor  from the meta l  thallium as a gas  f i l l  had l e s s  indication of these 
p rob lems ;  these l imi ted  tes t s  also indicate that thallium is compatible with 
p re seng tube  ma te r i a l s .  
p rob lems  because the vapor is supplied f r o m  a pellet  of me ta l  held in  a 
r e s e r v o i r  a t  the lowest  tcrxiperature in the tube ( 4 0 0  to 700 C f o r  thal l ium).  

F o r  example,  a thyra t ron  using 

Also,  the me ta l  vapor is  not subject to clean-up 

0 

In any subsequent p rogram,  early tubes should be used to evaluate 
s t r u c t u r e s  designed to minimize unwanted electron emiss ion  and tube con- 
t r o l  cha rac t e r i s t i c s  where cr i t ical  S U I  f aces  a r e  essent ia l ly  a l l  graphi te .  
Th i s  moans eliminating slotted sh ie lds  around the cathode i n  the e a r l y  tubes 
to  maximize- the iccidence of cathode evapornnts  a t  c r i t i ca l  surfaces. 

I 
I 

I 

I 
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Figure 3 3  - Thyratron in Shock Test  Fixture 
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Figure 34(a) - X-Rays of Tube No. 15 Before Shock Test 
4 s  
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Figure 34(b) --. X-Rays  of Tube No. 15 After Shock Test 
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Figure 35(a) - X-Rays of Tube No. 20 Before Shock Test 
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Figure 35fb) - X--Kzys of Tube No. 20 After Shock Test 
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Figure  36 - Improved Thyratron Design 
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CONCLUSIONS 

This p r o g r a m  has  demonstrated the feasibil i ty of operating thyra t rons  
0 and rec t i f ie rs  at tube envelope t empera tu res  approaching 800 C with peak 

voltage rat ings of 2000 v o l t s , f o r w a r d o r i n v e r s e ,  
second and a c u r r e n t  rating of 1 5  average  amperes .  
t r o n  envelope has per formed well in that  no envelope fa i lures  occur red  at 
me ta l - ce ramic  seals o r  at metal- to-metal  welds during endurance t e s t s .  
The finned-design barium-oxide ca thode  alsc perfcrr-ec! well at fu!! rate6 
c u r r e n t  and therefore  should be  adequate f o r  fu r the r  t e s t s .  Operation at 
2000 peak volts has not presented se r ious  gas  clean-up problems.  
of graphi te ,  which produced good r e s u l t s  in the electrodes of the present  
design should be pursued  m o r e  extensively i n  fu ture  shield designs.  

a t  400 to 3200 cyc les  pe r  
The "Design 11" thyra-  

The use  
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VOLTAGE REGULATOR AND REFERENCE T U B E S  

GENERAL 

.' 

Voltage- regula tor  and voltage - re ference  tubes constitute two principal 
applications of the  cold-cathode glow discharge phenomenon. The region of 
cperation f o r  a vo!tage-regiilaior device is in  the no rma l  glow portion of the 
vol t -ampere cha rac t e r i s t i c .  In  this region, the tube voltage is pract ical ly  
independent of tube cu r ren t  over  a f a i r ly  l a rge  range,  and the cu r ren t  density 
is constant. If the cu r ren t  is  increased sufficiently until the cathode is com- 
pletely covered b y  the glow, then any fu r the r  i nc rease  in cu r ren t  r equ i r e s  
a n  increase  in c u r r e n t  density, resulting in an  inc rease  in  tube drop. 

The c r i t e r i o n  f o r  a reference tube operating at high tempera ture  is 
that  the d ischarge  voltage be  stable with tempera ture .  
charge shows a s m a l l  negative tempera ture  coefficient over  the t empera tu re  
range of 25 to lQ@OC. Typiczlly, '  however,  the tubes tes ted on this p rogram 
have shown negative t empera tu re  coefficients up to 250 C. 

TUBE DESIGN 

Generally the d is -  

0 

t 

Figure 37 S ~ O W S  a cross-sect ional  view of tbe regulator  tube design . 
The e l ec t rode  geometry is coaxial, with a minimum anode-to-cathode 

t e s t ed  on this p r o g r a m ,  and Figure 38 is a photograph of the completed 
tube. 
s p c i n g  of 0. 015 izch. This provides the breakdown gap f o r  s tar t ing.  
cathode is a molybdenum cup formed f r o m  0.010-inch shee t  stock. 
inside d iameter  of the cup is  0.470 inch, and the height is 0. 355 inch. 
provides  a t o t a l  cathode a r e a  of 4 crn2 and a maximum cur ren t  capacity of 
approximately 8 0  to  100 mi l l iamperes  f o r  the no rma l  glow region. 

The 

This  
The 

The anode i s  a kovar tubing brazed  to a nickel support  and extends to 
Both the anode within 0.015 inch of the bottom of the molybdenum cathode. 

and cathode suppor t s  a r e  welded to nickel sea l  f langes.  
b r a z e d  to the a l u m i n a c e r a m i d  body by utilizing a t i tanium, nickel- r ich active 
alloy sea l  which is  effected at 1280OC in.vac'uum. 
allowed the r egu la to r  tube to be fabricated with a single b raze  cycle.  The 
palladium cobalt  seal using high purity alumina is not required because of 
the low applied voltage in  this  case.  

The s e a l  f langes a r e  

The m e  of this active alloy sea l  

0 
Tube p rocess ing  consis ted of vacuum f i r i n g  to 900 C for one hour.  

Typica l  tube pressure during exhaust was 2 :< 10-7 t o r r ,  znd af te r  bakcout 

6 5  



FERMICO EXHWST TUCULATION 
AND ANODE 

MOLYBDENUM CUP 
CATHODE 

NICKEL SEAL FLANGE 

Figure 37 - Cross-Sectional View of High-Temperature  
Regulator Tube 



. 
I ? 

the p r e s s u r e  would drop  to 
pe ra tu re ,  with typical loadings of 60 t o r r .  

t o r r .  Gas loading was done a t  room t e m -  

I A total of 11  voltage regulator tubes were  made during the p rogram.  I 
I The first five tubes  failed during init ial  t e s t s  due to vacuum leaks  that 

developed in the f inal  pinch-off. The pinch-off on the exhaust  tubulation 
wa5 made  by pinching the 0.  010-inch wall kovar  and welding. The leaks  
were  t r aced  to pinch-weld s e a l s  made on the tubulation n e a r  the tube where  
the t empera tu re  of the tubulation was approximately equal to the bakeout 
t e m p  ratiire. 
ently in regions where  the tubulation t empera tu re  did not exceed approxim- 
ately 50OoC. 

EXPERIMENTAL RESULTS 

I , 

It, was fcun:! that kak- t igh t  piiicll-uuiis couid be made  consis t -  

F i g u r e  39 shows a s e r i e s  of typical vol t -ampere cha rac t e r i s t i c s  taken 
at 80OoC. T h e s e  cu rves  represent  the init ial  vol t -ampere cha rac t e r i s t i c s .  
Considering the portion of the curve f r o m  25 to 75 mi l l i amperes  a s t ra ight  
l ine,  the slope v a r i e s  f r o m  0 .06  vo l t s /ma  to 0.08 vol t s /ma.  This is l e s s  
than a 4-percent  voltage variation ove r  the 50-mil l iampere range. 
initial running voltage,  at 50 mi l l i amperes ,  was  in the range of 125 volts,  
a2 percent.  

The 

Tube Nos. 6 and 7 were  the first two voltage-regulator tubes on endur-  

I 

l 

ance  test, accumulating a total  of 358 hour s  and 403 hours ,  respectively.  
This includes 128 hour s  on both tubes at t empera tu res  below 45OOC. The 
next two tubes placed on endurance t e s t  were  loaded to a 16- tor r  p r e s s u r e  
at room tern-perature. These tubes failcc! a f te r  $2 hours ai 8 u u  L f o r  tube 
No. 8 and 6 3  hours  f o r  tube No. 9. 
clean-up. Tube Nos. 10 and 11 were  loaded to 60- tor r  neon at room tem- 
pe ra tu re .  Tube No. 10 init ially showed oscil lations in  the vol t -ampere  
cha rac t e r i s t i c  of approximately 13 volts and a n o r m a l  running voltage, at 

50 mi l l i amperes ,  of 127. 5 volts.  The  slope, - A v ,  over  the range of 25 to  

75 mi l l i amperes ,  was '0 .  08 vol t /ma.  
two dis t inct  modes  of operation were  apparent .  
approximately 150 hour s ,  a t  50 mil l i amperes ,  is shown in F i g u r e  40. Upon 
increas ing  the tube cu r ren t ,  a voltage jump of 7 volts would  o c c u r  in the 
range of 35 to 45 mi l l iamperes .  
age  of this tube was due to the glow extending over  patches of varying work 
function on the nlolybdenuni cathode. Typical variations of this  kind a re  no 
more than about 1 volt. Since this tube init ially had 2 high running voltage 

nno- 

F a i l u r e  of both tubes was  due to gas  

I 
AI 

During the f i r s t  700 hour s  of operation, 
The volt ampere -cu rve  at 

It is  unlikely that the s t ep  variation i n  volt- 
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and showedlarge amplitude oscil lations,  i t  is m o r e  likely that these  effects 
were  due e i the r  to poor processing of the molybdenum cathode, which r e -  
sulted in l a r g e  variations in  the emiss ion  cha rac t e r i s t i c s ,  or to  g a s  im- 
pur i t ies  which were  eventually clezned-up, This  i r regular i ty  pe r s i s t ed  to 
approximately 750 hours ,  when the charac te r i s t ic  curve changed to  that 
shown in  Curve A of F i g u r e  41. 
to  that  shown i n  Curve 13 of F igure  41. 
before fa i lure ,  the running voltage gradually increased  above 150 volts.  
this point, the  discharge extinguished, and the tube could not be r e s t a r t ed .  
Examination o€ the tube a f te r  fa i lure  showed the ~ t r i i r t i ~ r e  to  be le& tight. 

After  1510 hours ,  the cha rac t e r i s t i c  changed 
During the last 60 hours  of operation 

At 

F i g u r e  42 shows the initial vol t -ampere cha rac t e r i s t i c  f o r  tube No. 
11 at 80OoC. 
loaded to  60 t o r r  at room tempera ture .  
l a ted  at 8OO0C was 780 hours .  
i s t i c  curves  taken during the final 1.90 hours  of operation. 
taken  at in te rva ls  of 593, 743, and 768 hours .  Although the slope of the 
cu rve  did not va ry  significantly, 0. 02 vol t /ma to 0.05' vo l t /ma,  the running 
voltage inc reased  f r o m  124. 5 volts, a t  50 ma, to  136 volts. 
typical  mode of fa i lure  fo r  all tubes and is indicative of a g a s  clean-up 
mechanism.  
leak.  

The slope of this  curve is 0. 08 vol t s /ma.  This  tube was a l so  
The total number  of hour s  accurnu- 

The curves  were  
F igu re  4 3  shows three vol t -ampere cha rac t e r -  

This  was the 

None of the endurance tubes showed fai lure  due to a vacuum 

The curves  shown in Figure  44 r ep resen t  the vol t -ampere  cha rac t e r -  
A thermocouple was attached 

W i t h  the tube 

0 
i s t i c  at wall t empera tu res  of 270 and 800 C. 
t o  the cathode flange f o r  measuring the cathode tempera ture .  
mounted in  the oven and no hea t  applied, the wall t empera tu re  reached 
316OC and the cathode 424OC f o r  a tube cu r ren t  of 50 ma. The regulation, 

, over  the range of 25 to  75 ma is 0. 13 vo l t /ma . .  When the wall t emper -  AV 
AI 
- 

0 
a t u r e  was  r a i sed  to 800 C f o r  the s a m e  cu r ren t ,  the cathode t empera tu re  
inc reased  to 835 C and the regulation, over  the s a m e  cu r ren t  range,  was  
0.08 vol t /ma.  This was charac te r i s t ic  of all the tubes tes ted ,  i. e . ,  the 
regulation was be t te r  at the higher tempera ture .  

0 

ENDURANCE TESTS 

Investigations were  made  and endurance t e s t s  per formed on neon- 
0 

f i l l ed  regulator  tubes a t  an ambient tempera ture  of 800 C .  
mounted in the t e s t  station a s  shown in F igu re  45, with two tubes p e r  station. 
The  tube wall t empera ture  w2s maintained by a tungsten radiation hea te r  
placed around the tube.  
3 l i t e r / s econd  ion pump,  moun ted  on the t e s t  chzm'uer, held the cha,rnber 

The tubes were  

A complete t e s t  station is  sho-\.;n in F i g a r e  46. An 
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Figure 45 - Two-Tube Test Station 

75 



3 

i 

F i g u r e  46 - High-Tempera ture  Regulator Tube Test Station 
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p r e s s u r e  during the  endurance runs a t  l e s s  than 
of the exhzust and processing station, recording equipment, and a single 
endurance t e s t  s ta t ion is shown in F igu re  47. 
age,  and cu r ren t  could be monitored continuously, and an  x-y plotter was 
used f o r  periodic checks on the volt-ampere charac te r i s t ic .  

t o r r .  A photbgraph 

The tube t empera tu re ,  volt- 

DISCUSSION 

The r e su l t s  of extended operating t e s t s  at 8OO0C on the c e r a m i c  
voltage-regclztor P I ~ E  shows the present  s ea l  configuration to be a rel iable  
s t ruc ture  f o r  800 C operation. The resu l t s  indicate that the regulation of 
the designed tube can be held within the l imi t s  of 0 .06  to 0 . 0 9  vol t /ma f o r  
a n  operating t empera tu re  of 800 C ,  with a 60- tor r  f i l l  p r e s s u r e .  At lower 
t empera tu res ,  the regulation inc reases  to as high a s  0. 15 vol t /ma.  
nominal running voltage with neon as the f i l l  gas  ( a t  60  t o r r )  and a molyb- 
denum cathode is 125 vol ts ,  k 2  percent at 50 ma. 
was found to be within i 2  percent  f r o m  the nominal running voltage, at 50 
ma, f o r  the c u r r e n t  range of 25 to 75 mi l l iamperes .  

0 

0 

The 

The voltage var ia t ion 

The regulation w 2 s  seen to improve over  the des i red  cu r ren t  range a t  
the higher tube t empera tu re .  
a t u r e s  a l a r g e r  t e m p e r a t u r e  difference ex is t s  between the wall and the cath- 
ode for the p r e s e n t  s t ruc tu re .  
density in  the cathode fall region of the discharge,  then a t  higher gas t em-  
pe ra tu re  (tube t e m p e r a t w e )  the relative change in  gas  density in  the cathode' 
region, due to i n c r e a s e d  cu r ren t ,  would be l e s s  than the change associated 
with lower tube t empera tu res .  In this ca se ,  the regulation may 3e  improved 
by providing a structure in which the cathode can be maintained at a near ly  
constant t empera tu re  which approaches the environmental  t empera ture .  A 
s t ruc tu re  of th i s  kind is shown in F igure  48. 

Data obtained indicates that  at low t emper -  

If the operat icg voltage depends on the g p s  

The endurance t e s t s  indicate that the p r imary  mode of fa i lure  can be 

This  
When a n  ion s t r ikes  the 

at t r ibuted to a gas clean-up mechanism.  
running voltage gradual ly  increased  until the discharge extinguished. 
genera l ly  occur red  over  a period up to 150 hours .  
cathode sur face  , its energy  is sufficient to ex t rac t  an electron thereby 
neutral iz ing the ion and re leas ing  a second electron giving r i s e  to secondary 
emission. 
a l s o  be  re leased ,  the sputtering rate  being invcrscly proportional to the 
p r e s s u r e .  
glow s e t s  jn, the sput ter ing increases  due to  the higher  tube drop .  

P r i o r  to fa i lure  in  eve ry  c a s e ,  the 

If the energy is  g rea t  enocgh a n  atom of cathode mz te r i a l  can 

Once the p r e s s u r e  is reduced to  the range where the abnormal  



F i g u r e  47 - Overall View of Exhaust Process ing  Station for Regulator Tubes 
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CONCLUSIONS 

c 

3 

i 

The nominal running voltage of the voltage - regulator  tube de signed 
on this p rogram,  using neon as the f i l l  gas  a t  60 t o r r  p r e s s u r e  and a molyb- 
denum cathode, was 125 volts f 2  percent  ove r  the cu r ren t  range of 25 to 75 
mil l iamperes .  

The endurance t e s t s  conducted showed the sea l  s t ruc tu re  to be rel iable  
The mode of fa i lure  indicates a gas clean-  f o r  extended operat ion at 80OOC. 

up mechanism,  result ing in a gradual i nc rease  in the running voltage. 
regulation of the  cyl indrical  tube geometry wzs  irr,prcvcd at 800°C: opera t -  
ing t empera tu re  as compared with that at 300 C.  Design changes as sug- 
ges ted  in the previous section would be expected to improve the regulation 
as a re su l t  of improved heat  flow f r o m  the cathode. 

The 

0 

TUBSLATION AND ANODE 

CERAMIC SHIELD 

CERAMIC SEAL 

CATHODE CYLINDER 

F i g u r e  48 - Proposed  High-Temperature  Voltage Regulator Tube 
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HIGH-TEhlPERELTIJRE GAS-FILLED 
CERAMIC RECTIFIERS, THYRATRONS, 

AND VOLTAGE-REFERENCE TUBES 

by E. A. Baum and N .  D. Jones 

ABSTRACT 

This  r epor t  covers  the work per formed on the development of 
r e c t i f i e r s ,  thyra t rons  and voltage-regulator tubes f o r  operation at up to 
800 C in vacuum. 
c u r r e n t s  to 15 a m p e r e s  average ,  2000 peak i nve r se  volts and a t  f requencies  
to 3200 cycles  p e r  second. Endurance t e s t s  were  run on tubes operating in  
vacuum a t  p r e s s u r e s  of l e s s  than 10-6 t o r r  and t empera tu res  of 750 c to 
80OoC. 
use  of graphite e lec t rodes  f o r  reduction of gr id  and anode emiss ion  and to  

0 
Per fo rmance  and endurance t e s t s  were  conducted at 

0 

The designs of the rec t i f ie r  and thyra t ron  tubes i s  based on the 

‘minimize  gas  clean-up. 

0 Voltage-regulator tubes were tes ted  a t  800  C in  Lacuum. The no rma l  
runriing voltage f o r  60 t o r r  neon pres su re  w a s  125 vol ts ,  with approximately 
a 4 percen t  voltage var ia t ion over the range of 25 to 75 mil l iamperes .  . 
Tubes  were  a l s o  endurance tes ted a t  50 mi l l iamperes  with the longest oper -  
ating time being 1510 hours  a t  800 C. 
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