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SECTION 1 

INTRODUCTION 

This  i s  the  f i r s t  semiannual r e p o r t  of  p r o g r e s s  under NASA C o n t r a c t  

NAS7-514, a n  18-month program t o  improve t h e  o u t p u t  performance o f  

low tempera ture  thermionic  c o n v e r t e r s  ( i . e . ,  e m i t t e r  tempera ture  less 

t h a n  2000 K) by a s y s t e m a t i c  i n v e s t i g a t i o n  of  op t imized  i n t e r e l e c t r o d e  

spac ing  and of  e l e c t r o d e s  y i e l d i n g  a low work f u n c t i o n  c o l l e c t o r .  

Vapor-deposited rhenium has been s e l e c t e d  as the  f i r s t  c a n d i d a t e  mate- 

r i a l ,  s i n c e  i n  a d e p o s i t  w i t h  a p r e f e r r e d  o r i e n t a t i o n  of  (0001) rhenium 

shou ld  have t h e  h i g h e s t  b a r e  work f u n c t i o n  of the  e l e m e n t a l ,  metall ic 

s u r f a c e s .  Those materials posses s ing  a h i g h  b a r e  work f u n c t i o n  have 

e x p e r i m e n t a l l y  demonstrated a low work f u n c t i o n  i n  t h e  cesium covered 

c o n d i t i o n .  To c h a r a c t e r i z e  the un i fo rmi ty  of t h e  vapor -depos i t ed  

rhenium s u r f a c e ,  t h e  EOS the rmion ic  emiss ion  microscope has  been modi- 

f i e d  t o  o p e r a t e  a t  h i g h e r  tempera tures  and magn i f i ca t ions .  

t o  s u r v e y i n g  t h e  s u r f a c e  un i fo rmi ty ,  the  microscope i s  be ing  modi f ied  

t o  i n c l u d e  measurement of  the  work f u n c t i o n  of i n d i v i d u a l l y  s e l e c t e d  

g r a i n s .  

o f  gua rd - r inged  d e s i g n  w i l l  be u t i l i z e d  t o  measure t h e  average  ba re  

work f u n c t i o n  of s e l e c t e d  s u r f a c e s .  From the r e s u l t s  o b t a i n e d  on t h e s e  

two d e v i c e s ,  vapor-depos i ted  rhenium emitters which demonst ra te  the  

h i g h e s t  b a r e  work f u n c t i o n ,  and the h i g h e s t  degree of p r e f e r r e d  o r i e n t a -  

t i o n  and  s u r f a c e  un i fo rmi ty  w i l l  be s e l e c t e d  f o r  f u r t h e r  e v a l u a t i o n  i n  

a v a r i a b l e  parameter t es t  v e h i c l e .  

0 

I n  a d d i t i o n  

To supplement t h e  microscope s t u d y ,  a vacuum emiss ion  v e h i c l e  

The t e s t  v e h i c l e  e v a l u a t i o n  w i l l  c o n s i s t  mainly of t h r e e  areas of 

i n v e s t i g a t i o n .  

work f u n c t i o n .  Second, t h e  v o l t a g e  o u t p u t  ve r sus  i n t e r e l e c t r o d e  spac ing  

w i l l  be measured and compared t o  the r e c e n t l y  a c q u i r e d  d a t a  from 

The f i r s t  w i l l  be the measurement of a minimum c e s i a t e d  
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p o l y c r y s t a l l i n e  rhenium. F i n a l l y ,  t h e  t es t  v e h i c l e  w i l l  be i n s t r u -  

mented and tested as a thermionic  c o n v e r t e r  f o r  op t imized  performance, 

p a r t i c u l a r l y  i n  the  low e m i t t e r  tempera ture  r eg ion .  The r e s u l t s  from 

t h e s e  t h r e e  s e t s  of measurements w i l l  i n  t u r n  be a p p l i e d  t o  the  d e s i g n ,  

f a b r i c a t i o n ,  and t e s t  of  h igh  performance low tempera ture  c y l i n d r i c a l  

c o n v e r t e r s .  

The work accomplished t o  d a t e  on t h i s  program i s  sumnarized b r i e f l y :  

a .  

b. 

C .  

d .  

The EOS v a r i a b l e  parameter tes t  v e h i c l e  has  been demonst ra ted  
t o  be s u f f i c i e n t l y  v e r s a t i l e  t o  o p e r a t e  a t  wide s p a c i n g s  and 
low emitter tempera tures  w i t h o u t  e x t e n s i v e  r e d e s i g n .  

Reproducible d a t a  from c o n v e r t e r  hardware and tes t  v e h i c l e s  
have s u b s t a n t i a t e d  the  h y p o t h e s i s  t h a t  a h i g h e r  ba re  work 
f u n c t i o n  material y i e l d s  a lower c e s i a t e d  work f u n c t i o n .  
And, of  equa l  importance,  a lower c o l l e c t o r  work f u n c t i o n  
y i e l d s  co r re spond ing ly  h i g h e r  power o u t p u t .  Th i s  i n c r e a s e d  
power o u t p u t  i n  the  case o f  low t empera ture  the rmion ic  con- 
v e r t e r s  can  exceed 30 p e r c e n t  of p r e s e n t l y  a v a i l a b l e  power 
d e n s i t y  o u t p u t  achieved  w i t h  t h e  more u s u a l  c e s i a t e d  
molybdenum c o l l e c t o r s .  

The p r e s s u r e - d i s t a n c e  or "pd" p roduc t  of  16.0 f 0 . 8  m i l - t o r r  
i s  independent of  emitter t empera tu re  o r  c o l l e c t o r  material. 

Two u l t r a  h igh  vacuum d e v i c e s  have been des igned  and f a b r i -  
c a t e d  f o r  the  purpose of c h a r a c t e r i z i n g  and a s s e s s i n g  t h e  
q u a l i t y  of vapor-depos i ted  rhenium s u r f a c e s  p r i o r  t o  commit- 
t i n g  them as e l e c t r o d e s  i n  a the rmion ic  c o n v e r t e r .  Essen- 
t i a l l y  two t ypes  of measurements w i l l  evo lve  from t h e s e  
d e v i c e s :  q u a l i t a t i v e  the rmion ic  emis s ion  images o f  t h e  
e l e c t r o d e  s u r f a c e  which w i l l  i n d i c a t e  t h e  deg ree  of  s u r f a c e  
u n i f o r m i t y ,  and q u a n t i t a t i v e  measurements of the  e l e c t r o d e  
work func t ion .  

A s e p a r a t e  t a s k  devoted t o  t h e  t h e o r e t i c a l  a n a l y s i s  of  t h e  expe r imen ta l  

d a t a  supplements t h e s e  expe r imen ta l  i n v e s t i g a t i o n s .  During t h i s  r e p o r t  

p e r i o d  t h e  a n a l y t i c  e f f o r t  has  been devo ted  t o  examinat ion  of  t h e  very  

c l o s e  spaced cesium the rmion ic  c o n v e r t e r  which o p e r a t e s  i n  t h e  space 

cha rge  mode w i t h  d u a l  e m i t t i n g  e l e c t r o d e s .  This  a n a l y s i s  i s  be ing  

7118-SA- 1 2 



extended  t o  l a r g e r  spac ings  t o  desc r ibe  a thermionic  c o n v e r t e r  o p e r a t -  

i n g  i n  the  p r e i g n i t i o n  mode. Subsequent e f f o r t  w i l l  be devoted t o  

t h e  r e g i o n  of  o n s e t  i o n i z a t i o n ,  p o s i t i v e  column format ion ,  and t h e  

c o l l e c t o r  shea th .  
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SECTION 2 

ELECTRODE MATERIALS EVALUATION (TASK I) 

Two spec ia l -pu rpose  dev ices  a r e  being assembled t o  e v a l u a t e  c a n d i d a t e  

e l e c t r o d e  m a t e r i a l s .  

has  been des igned  and b u i l t  t o  measure t h e  average  ba re  work f u n c t i o n  

The f i r s t  dev ice ,  a vacuum emiss ipn  v e h i c l e ,  

( e f f e c t i v e )  f o r  s e l e c t e d  e m i t t e r s  of vapor -depos i t ed  rhenium. The 

second d e v i c e ,  t h e  EOS thermionic  emiss ion  microscope, has  been modi- 

f i e d  t o  i n c l u d e  a s p e c i a l  l e n s  and h igh  v o l t a g e  s e c t i o n  t o  examine 

the  f i n e  g r a i n  s t r u c t u r e  of vapor-depos i ted  rhenium. I n  a d d i t i o n ,  a 

Faraday cup w i l l  be inco rpora t ed  i n t o  t h e  emiss ion  microscope f o r  t h e  

purpose  of measuring t h e  work func t ion  ( e f f e c t i v e )  of i n d i v i d u a l  g r a i n s .  

For a l a r g e  number of  g r a i n s ,  t h e  average  v a l u e  of t h e s e  i n d i v i d u a l  

measurements w i l l  p rov ide  a comparison t o  t h e  average  measurement from 

t h e  vacuum emiss ion  v e h i c l e .  

The d e s i g n  of t h e s e  dev ices  allows f o r  t r a n s f e r  of t h e  e n t i r e  e m i t t e r  

subassembly from one v e h i c l e  t o  t h e  o t h e r .  The re fo re ,  c h a r a c t e r i s t i c s  

o f  a s e l e c t e d  e m i t t e r  s u r f a c e  w i l l  be measured and observed i n  both  

d e v i c e s  b e f o r e  be ing  connnitted t o  a v a r i a b l e  parameter t e s t  v e h i c l e .  

The major  e f f o r t  on t h i s  t a s k  has  been i n  the  d e s i g n  and f a b r i c a t i o n  

o f  t h e  two v e h i c l e s .  The fo l lowing  s u b s e c t i o n s  d e s c r i b e  the  des ign  

g o a l s ,  s p e c i a l  f a b r i c a t i o n  c o n s i d e r a t i o n s  and o p e r a t i o n a l  f e a t u r e s  of 

bo th  d e v i c e s .  

2.1 THERMIONIC EMISSION MICROSCOPE 

F i g u r e  2 - 1  i s  a n  assembly drawing of the  modi f ied  microscope i n d i c a t i n g  

t h e  l o c a t i o n  of  the  Faraday cup and h igh  m a g n i f i c a t i o n  l e n s e s .  I n  i t s  

7 1 18- SA- 1 5 
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completed form, the emiss ion  microscope w i l l  be capable  of lOOOX mag- 

n i f i c a t i o n ,  0 .1  micron r e s o l u t i o n ,  and ca thode  t empera tu res  of  2000 K 

i n  a vac - ion  pumped environment of  t o  10 t o r r  background p r e s -  

s u r e .  F igu re  2-2 i s  a photograph of t h e  thermionic  emis s ion  microscope 

s t r u c t u r e  w i t h  the  v a r i o u s  components of  i n t e r e s t  i d e n t i f i e d .  The 

s t r u c t u r a l  m a t e r i a l  i s  s t a i n l e s s  s t e e l  type 304 f l anged  t o g e t h e r  w i t h  

Var ian- type  f i t t i n g s  and mounted wi th  h igh  v o l t a g e  A l i t e  i n s u l a t o r s  

t o  p e r m i t  complete bake-out b e f o r e  o p e r a t i o n .  The microscope, as 

assembled on a 140 l / s e c  vac- ion  pump, has  been checked f o r  s t r a y  

magnetic f i e l d  i n t e n s i t y .  The presence of a 2 o r  3-gauss magnetic 

f i e l d  could  d i s t u r b  the  e l e c t r o n  beam t r a j e c t o r y  and r e s u l t  i n  poor 

q u a l i t y  images on t h e  sc reen .  A gauss meter (R.F. Lab, I n c . )  measure- 

ment i n  t h e  microscope i n t e r i o r  shows a 0.15 t o  0.25-gauss f i e l d  which 

i s  e s s e n t i a l l y  t h e  E a r t h ' s  magnetic f i e l d .  

0 

-9 

F i g u r e  2-3 d e s c r i b e s  the a x i a l  p o t e n t i a l  d i s t r i b u t i o n  of t h e  modi f ied  

l e n s  system. The cathode i s  h e a t e d  i n d i r e c t l y  by e l e c t r o n  bombardment. 

I n  t u r n ,  the t h e r m i o n i c a l l y  e m i t t e d  e l e c t r o n s  a r e  drawn through the 

g r i d  and a c c e l e r a t e d  i n t o  the sc reen  s e c t i o n .  The a luminized  s c r e e n  

w a s  purchased  from the  Video Color Corpora t ion  a s  a nonbrowning phos- 

phor s c r e e n  which w i l l  w i ths t and  30 k i l o v o l t  e l e c t r o n  bombardment. A s  

i n d i c a t e d  i n  the  f i g u r e ,  a beam d e c e l e r a t i n g  c o l l e c t o r  i s  used i n  con- 

j u n c t i o n  w i t h  t h e  Faraday cup.  

F i g u r e  2-4 i s  a photograph o f  the high tempera ture  tan ta lum g r i d ,  the 

copper  g r i d  mounting p l a t e ,  and two of the  s t a i n l e s s  s t e e l  l e n s e s .  

A l l .  c o r n e r s  and c u t o u t s  i n  these  p a r t s  a r e  f u l l y  contoured  t o  reduce 

h i g h  l o c a l  f i e l d s  and the accompanying p o s s i b i l i t y  of f i e l d  emission. 

The l e n s e s  c o n t a i n  a c e n t r a l  a p e r t u r e  which i s  nominally 0.080 inch 

d i a m e t e r  w i t h  a W.002 inch t o l e r a n c e .  However, the e l l i p t i c i t y  of 

t h e  h o l e  i s  c r i t i c a l  t o  the  focus ing  a c t i o n  of t h e  l e n s ,  and a round- 

n e s s  t o l e r a n c e  of  0,0004 inch  i s  r e q u i r e d  f o r  minimum a b e r r a t i o n  of 

7 118- SA- 1 7 
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t h e  beam. A p r e c i s i o n  gauge company w i l l  p rovide  t h e  f i n i s h  honing ,  

i n s p e c t i o n ,  and c e r t i f i c a t i o n  of these a p e r t u r e s .  

2.2 VACUUM EMISSION TEST VEHICLE 

The second phase i n  t h e  c h a r a c t e r i z a t i o n  and e v a l u a t i o n  of vapor- 

d e p o s i t e d  rhenium e l e c t r o d e  s u r f a c e s  w i l l  c o n s i s t  of measurements of  

t h e i r  vacuum the rmion ic  e l e c t r o n  emission. These measurements w i l l  

be performed i n  a guard r i n g ,  p l a n a r  emis s ion  v e h i c l e  under u l t r a h i g h  

vacuum c o n d i t i o n s .  The s p e c i f i c  purpose of t h e s e  measurements w i l l  

be t o  o b t a i n  t h e  average  Richardson and e f f e c t i v e  work f u n c t i o n  v i a  

Scho t tky  p l o t s  . 

The vacuum emiss ion  v e h i c l e  h a s  t h r e e  major components: emitter sam- 

p l e  s t a g e ,  guard  r i n g ,  and c o l l e c t o r .  The sample s t a g e  is des igned  t o  

accommodate t h e  same emitters used i n  t h e  the rmion ic  emiss ion  micro- 

scope  and w i l l  have  p r o v i s i o n s  f o r  h e a t i n g  t h e  sample by e l e c t r o n  bom- 

bardment t o  over  21OOOC. Sample tempera tures  w i l l  be  measured by a 

c a l i b r a t e d  o p t i c a l  pyrometer focused i n  a 1 O : l  hohlraum l o c a t e d  i n  t h e  

s i d e  of t h e  sample and p a r a l l e l  t o  t h e  e m i t t i n g  s u r f a c e .  The sample 

s t a g e  w i l l  be  

measurements. 

The c o l l e c t o r  

of  40 m i l s  o r  
2 c e n t r a l  2 cm 

work f u n c t i o n  

o p e r a t e d  a t  a below-ground p o t e n t i a l  du r ing  t h e  emiss ion  

e l e c t r o d e  is mounted paral le l  t o  t h e  sample a t  a spac ing  

less ,  and w i l l  i n t e r c e p t  t h e  e l e c t r o n  emiss ion  from t h e  

of t h e  e m i t t e r  s u r f a c e .  Due t o  t h e  a n t i c i p a t e d  h i g h  

of vapor  depos i t ed  rhenium, t h e  e l e c t r o n  emiss ion  may 

n o t  exceed more t h a n  a few mi l l iamperes  a t  t h e  h i g h e s t  t empera ture .  

Consequent ly ,  t h e  a p p l i e d  p o t e n t i a l  r e q u i r e d  f o r  s a t u r a t i o n  will b e  of  

t h e  o r d e r  of 10 v o l t s .  However, t o  d e f i n e  t h e  Schot tky  l i n e ,  i t  is  

expec ted  t h a t  t h e  a p p l i e d  v o l t a g e  may approach two k i l o v o l t s .  

a n t i c i p a t e d  t h a t  t h e  Schot tky  enhancement of t h e  s a t u r a t e d  c u r r e n t  a t  

a s p a c i n g  of 40 m i l s  w i l l  be only about 20 p e r c e n t .  

It is  

7 1 1 8- SA- 1 11 



The c o l l e c t o r  i s  h e a t e d  d i r e c t l y  by r a d i a t i o n  from the sample and by 

emiss ion  e l e c t r o n s  d i s s i p a t i n g  energy  ga ined  from t h e  a p p l i e d  f i e l d  

between e m i t t e r  and c o l l e c t o r .  At t h e  h i g h e s t  v o l t a g e  and c u r r e n t  

l e v e l s ,  t h i s  amounts t o  over 50 wat t s  which w i l l  be r e j e c t e d  the rma l ly .  

The p resen t  des ign  of  t h e  c o l l e c t o r  s t r u c t u r e  i n c l u d e s  a r a d i a t i o n  f i n  

w i t h  approximately 80 cm2 coa ted  w i t h  Rokide "C". This  r a d i a t i n g  a r e a  

w i l l  adequate ly  c o n t r o l  t h e  thermal ba l ance  of t h e  c o l l e c t o r  and a l l o w  

i t  t o  o p e r a t e  a t  t empera tures  less t h a n  500°C. 

The guard r i n g  i s  spaced c o n c e n t r i c  . to ,  and about  5 m i l s  from, t h e  

c o l l e c t o r  as i n d i c a t e d  i n  F ig .  2-5.  It  cove r s  t h e  area of t h e  sample 

n o t  covered by the c o l l e c t o r .  

w i t h  a r a d i a t o r  f i n  which w i l l  o p e r a t e  a t  about  50OoC. 

The guard r i n g  a l s o  w i l l  be provided  

The e l e c t r o n  emiss ion  c u r r e n t s  t o  t h e  guard  r i n g  and c o l l e c t o r  w i l l  be 

metered independent ly .  The e lec t r ica l  l e a d s  t o  t h e s e  components w i l l  

be o p e r a t i n g  a t  p o t e n t i a l s  w i t h i n  a f r a c t i o n  of a v o l t  o f  t h e  ground 

p o t e n t i a l .  Th i s  type o f  o p e r a t i o n  minimizes t h e  p o s s i b i l i t i e s  f o r  

sys t ema t i c  c u r r e n t  measuring e r r o r s  due t o  l eakage .  To f u r t h e r  mini -  

mize leakage c u r r e n t s  a c r o s s  t h e  mounting i n s u l a t o r s ,  a n u l l  c i r c u i t  

has  been devised  which guards  the  c o l l e c t o r  c u r r e n t  l e a d s .  

71 18-SA- 1 12 
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SECTION 3 

ELECTRODE MATERIALS EVALUATION (TASK 11) 

A s  a starting point for this investigation, a variable parameter test 

vehicle previously built and tested by EOS for high temperature therm- 

ionic performance was operated at lower emitter temperatures (i.e., from 

1327OC to 1735 C true hohlraum) to establish the test vehicle usefulness 

outside the range of the original design goals. This test vehicle 

which was designed to operate at 200 to 400 amperes, steady-state, and 

interelectrode spacings varying from 0.0001 to 0.015 inch has been 

described elsewhere (Ref. 1, 2). 

0 

Figure 3-1 displays the relatively massive structure of the test vehicle 

necessary to accommodate the high current loads. In the absence of 
such current loads, the possibility existed that the collector might 

not operate at a high enough temperature to permit full optimization. 

Moreover, even if the collector temperature could be optimized, it 

was possible that some portion of the vehicle proper such as the seals 

or guard ring structure would operate at a temperature near or below 

the cesium reservoir temperature and preclude control of the cesium 

vapor pressure. Finally, and perhaps most critically, the question 

remained whether or not the single-convolute niobium bellows was 

capable of 0.020-inch excursions, a spacing arbitrarily selected 

which would enable power output optimization at emitter temperatures 

as low as 125OOC. 

From the data presented in the following paragraphs, it has been well 

established that the original design of the test vehicle accommodates 
an adequate range of variation in thermionic parameters for the purpose 

of this investigation. Summarized, the range of operation from these 

test vehicles has been: 

7 118-SA-1 15 
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0 - 1735 C to 1327OC true hohlraum (although the 
emitter was operated in excess of 2150 C during 
rhenium evaporation processing of the collector) 

emitter T 

- 48OoC tb 1000°c *collector 

Spacing - < 0.0001 to 0.026 inch 

Tcesium 

Jcur rent 

- 127OC to 503OC 

2 A/cmL to 180 Alcm' 

The initial design of the EOS variable parameter test vehicle has thus 

provided the present program with a high-precision, high-reliability 

design for characterizing the low emitter temperature (i.e.,< 2000 K) 
region of converter operation. 

0 

3.1 INTERELECTRODE SPACING AT L W  EMITTER TPlPEWTURES (< 2000'K) 
FOR THE RHENIUM-RHENIUM/MOLYBDENUM ELECTRODE SYSTEMS 

It was previously noted that the characterization of this electrode 
system at higher emitter temperatures had been completed. 
trode system of rhenium-molybdenum has been determined to be unstable. 

That is, high temperature operation of the emitter provides a suf- 

ficient amount of evaporated rhenium on the collector surface to 
change the work function from a cesium-on-molybdenum system to a 

cesium-on-rhenium system. Subsequent long term,low temperature oper- 

ation of the device resulted in the diffusion of the evaporated rhenium 

into the molybdenum collector substrate resulting in a final collector 

system consisting of cesium-on-molybdenum. The quantitative difference 

between these electrode systems is 0.080 volt, as measured in the test 

vehicle and reproduced independently in a fixed-spacing converter of 

rhenium-molybdenum electrodes. 

The elec- 

To maintain a stable system of rhenium-rhenium electrodes in the 

presence of diffusion, the rhenium emitter was periodically operated 
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0 at temperatures as high as 2200 C for 3 hours (with the cesium reser- 

voir heater turned off) to insure at least a two or three monolayer 

coverage of rhenium on the collector surface. 

The data from a previously examined rhenium-rhenium system compares 
within 1 or 2 percent of the rhenium-evaporated rhenium-on-molybdenum 

system (Ref. 3). Hence the low temperature data reported for the 

rhenium-rhenium/molybdenum system is to be considered, within the 

experimental error, a rhenium-rhenium system. 

Perhaps the most useful data from a variable parameter test vehicle 

is the voltage output versus interelectrode spacing for constant 

currents, constant emitter temperature, constant collector tempera- 

ture, and constant cesium vapor pressure. For if these element 

temperatures are truly maintained constant and the spacing between 

electrodes precisely determined, some important phenomenological 

information as well as engineering optimization data.is present in 

one display. Figure 3-2  is a typical representation of voltage output 

versus interelectrode spacing for a high temperature case of 

Temi t t er 
spaced electrodes may be identified as resembling an electron space- 

charge type of operation wherein the voltage output drastically 

increased with decreasing spacing. Secondly, a region of onset of 

ionization is observed, which leads to an optimum spacing for maximum 

power output at maximum output voltage. Finally, a region of the 

characteristic is observed wherein the voltage output decreases more 

or less linearly with increasing spacing indicative of a positive 

column in the more usual gas discharges. 

0 
= 1735 C, From this figure, the region of extremely close- 

At lower emitter temperatures and over a wide range of cesium reservoir 

temperatures, the same general phenomenon is observed with the pressure- 

distance product, "pd", at the point of optimum voltage output remaining 

7 1 18 -SA- 1 18 
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invariable at approximately 16 mil-torr within the limits of experimen- 

tal error. Figures 3 - 3  through 3-9 show the data acquired in the low 

emitter temperature region. All data plotted are dc data taken under 

steady-state conditions of operation. It is interesting to note the 

continuous depression of the voltage minimum in these data as a func- 

tion of decreasing emitter temperature, an example of losing contact 

potential difference between emitter and collector. In fact, it may 

be seen that at the condition of very low emitter temperatures and close 

spacing a voltage must be applied to support the electron current flow 

between emitter and collector. 

Table 3-1  summarizes the pd products from these curves with three 

additional sets of data included from previous investigations (Ref. 3 ) .  

The average pa product from these data is computed to be 16.0 mil- 

torr dO.8 mil-torr. It may be noted from the curves and the tabu- 
lated data that the pd product is independent of emitter tempera- 

ture. The optimum pd product is also independent of the collector 

material as shown in Fig. 3-10, the comparison curve of the Re-Re 

and Re-Mo systems. Although there is a difference in the maximum 

voltage outputs, the maxima occur at the identical spacing. 

From these preliminary measurements, it appears that the pd product 

of 16 mil-torr 33.8 mil-torr is a constant for thermionic converters 

regardless of emitter material, collector material, or range of tem- 

perature operation. It may be further inferred from these data that 

the ionization processes in an arc-mode converter occur in the volume 

between electrodes both at high and low emitter temperatures. 
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emitter T 

1327OC 

1427OC 

1427OC 

1527OC 

1527OC 

1527OC 

1627OC 

1735OC 

1735OC 

1735OC 

TABLE 3-1 

SUMMARY OF PRESSURE-DlSTANCE DATA 

cs res 

289OC 

29loC 

303OC 

3 10°C 

32OoC 

33loC 

33loC 

33 l0C 

T 

344OC 
3 5OoC 

P cs - 
1.33 torr 

1.43 torr 

1.96 torr 

2.35 torr 

3.01 torr 

4.02 torr 

4.02 torr 

4.02 torr 

5.30 torr 

6.06 torr 

pd 
16.7 mil-torr 

15.7 miI-torr 

15.6 mil-torr 

16.8 mil-torr 

15.9 mil-torr 

15.7 mil-torr 

15.7 mil-torr 

15.7 mil-torr 

15.9 mil-torr 

16.3 mil-torr 

3.2 SIGNIFICANCE OF A MINIMUM COLLECTOR WORK FUNCTION 

Figure 3-10 is representative of the central thesis of this program: 

namely, the demonstration of increased thermionic converter perform- 

ance attributable to a minimum collector work function. An average 

difference of 70-80 millivolts between the two sets of data is 
readily seen at the optimum spacing of 3.8 to 3.9 mils. 

spacings of 1-2 mils the voltage difference is somewhat less, poss ib ly  

because the collector temperature is difficult to control in this 

region which can account for 0.1-0.2 mil changes in the spacing. At 

the very close spacings of less than 0.0005 inch the collector tem- 

perature is easily controlled and the voltage difference is again 

near 70-80 millivolts. Since the electron current flow and electrode 

surface temperatures are maintained constant while taking data from 

the vehicle, the only varying heat transfer quantity to the collector 

is gas atom conduction. The problem of  controlling the collector 

At closer 
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temperature  as a f u n c t i o n  o f  i n t e r e l e c t r o d e  s p a c i n g  i s :  a t  v e r y  c l o s e  

spacings t h e  h e a t  t r a n s f e r  by cesium atom gas  conduct ion i s  spac ing  

independent and fo l lows  t h e  c l a s s i c a l  l a w s  developed by Knudsen, a t  

spacings from 0.5 t o  2 . 0  m i l s ,  h e a t  t r a n s f e r  measurements sugges t  t h a t  

cesium atom gas conduct ion i s  spac ing  dependent ,  and f i n a l l y ,  a t  l a r g e r  

spac ings  t h e  h e a t  t r a n s f e r  by gas  atom conduct ion i s  c o n s t a n t .  

C o l l e c t o r  work f u n c t i o n  measurements were t aken  from t h e  t e s t  v e h i c l e  

i n  both t h e  molybdenum and t h e  rhenium-on-molybdenum c o n f i g u r a t i o n s ,  

t h e  d i f f e r e n c e  between the  two be ing  70 t o  80  m i l l i v o l t s .  T h e r e f o r e ,  

from two independent se t s  of measurements ( v i z . ,  v o l t a g e  o u t p u t  v e r s u s  

i n t e r e l e c t r o d e  spac ing  and s a t u r a t e d  emission)  t h e  lower v a l u e  of 

c o l l e c t o r  work f u n c t i o n  l e a d s  t o  h i g h e r  power o u t p u t .  

I n ' a d d i t i o n  t o  t h e  d a t a  from t h e  t e s t  v e h i c l e s ,  two p l a n a r  thermionic  

c o n v e r t e r s  were f a b r i c a t e d  and t e s t e d  d u r i n g  a p r e v i b u s  program which 

v e r i f i e d  t h e  o b s e r v a t i o n  of i n c r e a s e d  power o u t p u t  r e s u l t a n t  from a 

lowet. . co l l ec to r  work f u n c t i o n .  

a t  a f i x e d  i n t e r e l e c t r o d e  spac ing  o f  3 . 8  m i l s ,  one of which 

had a rhenium e m i t t e r  and rhenium c o l l e c t o r ,  t he  o t h e r  a rhenium 

e m i t t e r  and molybdenum c o l l e c t o r .  A t  0.8 Vdc t h e  rhenium-rhenium con- 

f i g u r a t i o n  o u t p u t  i s  15.2 t o  15.3 watts/cm2 v e r s u s  13.6 t o  13.7 wa t t s /  

c m  fo r  t h e  rhenium-molybdenum c o n f i g u r a t i o n ,  a 10 p e r c e n t  i n c r e a s e .  

A t  0.7 Vdc t h e  performance i s  21.0 watts/cm2 i n  the  rhenium-rhenium 
2 system as  opposed t o  18.6 watts/cm from t h e  rhenium-molybdenum s y s -  

tem, a 12 pe rcen t  i n c r e a s e .  The i n c r e a s e  i n  c o n v e r t e r  power o u t p u t ,  

Ap, due t o  a dec rease  i n  c o l l e c t o r  work f u n c t i o n ,  AE, a t  c o n s t a n t  

c u r r e n t  i s  g iven  by 

Both c o n v e r t e r s  were b u i l t  t o  o p e r a t e  

2 

Ap = I A E ,  s i n c e  A I  = 0 

o r  

s i n c e  p = I E .  
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For AE = 80 millivolts (the difference between a rhenium collector 
surface and a molybdenum collector surface), the increase in power 

0 080 
0.80 

output at 0.8 Vdc is = 10 percent, the increase at 0.7 Vdc is 
0.080 - = 12 percent, both of which agree with the aforementioned 0.70 
measurements. A s  a point of interest to low temperature thermionics, 

where the converter voltage output may be in the 0.4V to 0.5V range, 

it is readily seen that the advantage of a rhenium collector surface 

over a molybdenum collector surface is 15 percent more output at 0.5 

volt and 20percent more output at 0.4 volt. 

In terms of the present program, an oriented vapor-deposited coating 

of rhenium free from processing contaminants such as fluorides or 

chlorides would yield a minimum cesiated work function of about 1.35 

volts. In turn, this is approximately an increase of  80 to 90 milli- 

volts of voltage output over an ordinary polycrystalline rhenium col- 

lector surface. For a low temperature converter operating at 0.5V out- 

put, an oriented vapor-deposited rhenium collector substrate could 

produce 40 percent higher output power than a polycrystalline ~ o l y -  

bdenum collector substrate. The estimate of 1.35 volts is based on two 

assumptions which are: (1) a bare work function or vacuum work func- 

tion of 5.1-5.3 volts for oriented vapor-deposited rhenium, and 

(2) existence of the same trend between bare work function and minimum 

cesiated work function which has been experimentally observed for 

Nb, Mo, and Re. 

A s  a final part of the effort directed toward evaluating electrode 

materials, a comparison of the optimized performance available from 

a cesiated rhenium collector converter system was made with the opti- 

mized performance from an oxygen additive system. The data for the 
oxygen additive system w a s  obtained from the final report on JPL 

Contract 351262 and is shown in Fig. 3-11 along with cesium-only data 

taken from the EOS variable parameter test vehicle. The emitter 
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t empera tu re ,  i n  bo th  c a s e s ,  i s  t h e  e m i t t e r  s r l r face  t empera tu re ;  t h e  

v o l t a g e  ou tpu t ,  i n  bo th  c a s e s ,  i s  the  t e r m i n a l  v o l t a g e ;  and f i n a l l y ,  

t h e  spac ing ,  i n  bo th  cases ,  i s  5 m i l s .  I n  each c a s e ,  t h e  c o l l e c t o r  

and cesium r e s e r v o i r  temperatures  a r e  opt imized f o r  maximum o u t p u t .  

The a d d i t i v e  system employs tungsten-molybdenum e l e c t r o d e s  w h i l e  t h e  

cesium-only system employs rhenium-rhenium e l e c t r o d e s ,  and h e r e i n  

l i e s  t h e  impor t an t  d i f f e r e n c e  between t h e  two. The rhenium c o l l e c t o r  

p rov ides  t h e  lower c o l l e c t o r  work f u n c t i o n  and consequent ly  b e t t e r  pe r -  

formance. I n  f a c t ,  80 m i l l i v o l t s  more v o l t a g e  ou tpu t  w a s  observed on 

t h e  rhenium c o l l e c t o r  system a t  each c u r r e n t  l e v e l  from 20 t o  70 

amperes than was r e p o r t e d  on t h e  a d d i t i v e  system. 

During the  cour se  of t h e  VPTV e v a l u a t i o n  of vapor -depos i t ed  rhenium 

f u r t h e r  comparisons w i l l  be made between t h e  a d d i t i v e  and n o n a d d i t i v e  

systems.  A t  t h e  p r e s e n t ,  however, a s  F ig .  3-11 i n d i c a t e s ,  g r e a t e r  

performance is  a v a i l a b l e  from t h e  s imple r  p o l y c r y s t a l l i n e  rhenium 

c o l l e c t o r  system t h a n  from any o t h e r  known thermionic  c o n v e r t e r  

c o l l e c t o r  excep t  perhaps a n  o r i e n t e d  o r  s i n g l e  c r y s t a l  c o l l e c t o r .  The 

e q u a t i o n s  f o r  i nc reased  ou tpu t  which were d i s c u s s e d  p r e v i o u s l y  a r e  

s t i l l  a p p l i c a b l e  h e r e ;  f o r  example, t h e  expected i n c r e a s e  i n  o u t p u t  

a t  0.4 v o l t  i s  - = 20 pe rcen t .  From t h e  f i g u r e ,  t h e  a d d i t i v e  

d a t a  y i e l d  41 amps a t  0.4V o r  8 .2  t ra t t s lcm . 
0 080 
0.40 2 The EOS cesium-only 

n L 
c o n v e r t e r  y i e l d s  41 amps a t  0.48V o r  9.8 wat ts /cm , 
i n c r e a s e  over  8.2 wat ts /cm . I f ,  i n s t e a d  of ho ld ing  t h e  c u r r e n t  level  

c o n s t a n t ,  t h e  v o l t a g e  l e v e l  i s  he ld  c o n s t a n t , t h e n  t h e  i n c r e a s e  of t h e  

n o n a d d i t i v e  system over t h e  a d d i t i v e  system i s  35 p e r c e n t .  

a 20 p e r c e n t  
2 
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3 . 3  OPTIMIZED CONVERTER PERFORMANCE AT LOW EMITTER TEMPERATURES FOR 
THE RHENIUM-RHENIUM ELECTRODE SYSTEM 

Summarized in this section is the optimized converter performance at 
low emitter temperatures (-’ 2000 K) from the variable parameter test 

vehicle in the rhenium-rhenium electrode configuration. The data, 

shown in Figs. 3-12 through 3-16, should be reviewed with the follow- 
in8 in mind: 

0 

..’ ,? 

a. All output current and voltage is dc steady-state as ob- 
served on 0.1 percent accurate meters. Voltage output is 
measured at the converter terminals. 

b .  All emitter temperatures are measured with a calibrated 
micro-optical pyrometer sighted on a 1O:l depth-to- 
diameter hohlraum. The temperatures quoted are true 
hohlraum, not surface corrected. 

mined by a guarded collector. 

dial indicators. 
The dc output was reproducible within 1 to 2 percent over 
the 1000 hours of test vehicle operation before delivery 
to JPL. 

c .  The active emitter area is 2.0 square centimeter as deter- 

d. Interelectrode spacings were determined with d.1 mil 

e. 

0 The power output at 1527 C (true hohlraum) is 7.2 watts/cm2 at 

0.5V; 9.2 watts/cm 

output at 1427 C (true hohlraum) is 4.1 watts/cm2 at 0.4V and 

2 at 0.4V; and 10.5 watts/cm2 at 0.35V. The power 
0 

L 5.4 wnttslcm at 0.3V. 
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SECTION 4 

ANALYSIS' AND INTERPRETATION (TASK 111) 

4 . 1  INTRODUCTION 

The primary o b j e c t i v e  of Task 111 i s  t o  fo rmula t e  a t h e o r e t i c a l  

d e s c r i p t i o n  o f  thermionic  c o n v e r t e r  performance and app ly  i t  t o  a n  

a n a l y s i s  and c o r r e l a t i o n  o f  t he  parametric v e h i c l e  d a t a  of Task I1 

and t h e  d a t a  a c q u i r e d  i n  Task I .  S p e c i f i c  t o p i c s  t h a t  w i l l  r e c e i v e  

p a r t i c u l a r  a t t e n t i o n  i n  t h i s  t a s k  a r e :  (1) t h e  s i m i l a r i t y  l a w s  o f  a 

cesium vapor d i s c h a r g e ,  (2)  t h e  i o n i z a t i o n  mechanisms i n  a cesium 

plasma, and ( 3 )  t h e  c h a r a c t e r i s t i c s  of t h e  c o l l e c t o r  s h e a t h .  Task 111 

w i l l  proceed i n  roughly t h r e e  s t a g e s ,  each s t a g e  cove r ing  one o f  t h e  

r e g i o n s  of p a r a m e t r i c  v e h i c l e  o p e r a t i o n  as d e f i n e d  by the  t y p i c a l  o u t -  

p u t  v o l t a g e  i n t e r e l e c t r o d e  spacing curve,  V(d),  shown i n  F i g .  4-1. 

Region I o f  F i g .  4-1 i s  des igna ted  t h e  e l e c t r o n  space charge r e v i o n  

and ex tends  from z e r o  i n t e r e l e c t r o d e  s p a c i n g  t o  the  minimum of V(d) 

i d e n t i f i e d  as t h e  plasma o n s e t  p o i n t .  I n  r e g i o n  I ,  the  o u t p u t  v o l t a g e  

a t  s m a l l  i n t e r e l e c t r o d e  spac ings  i s  governed p r i m a r i l y  by space charge 

c r e a t e d  by e l e c t r o n s  emi t t ed  by both emi t te r  and c o l l e c t o r  i n  the  

absence  o f  s i g n i f i c a n t  numbers of cesium i o n s .  The t h e o r e t i c a l  model 

a d a p t e d  f o r  t h e  f i r s t  a n a l y s i s  of t h i s  r e g i o n  i s  the  double vacuum 

d i o d e .  Th i s  model i s  undoubtedly v a l i d  a t  ve ry  small spac ings ,  b u t  i t  

w i l l  have t o  be augmented as  the  spacing approaches the  onse t  p o i n t  

from below by i n c l u d i n g  the  i n f l u e n c e s  of e x c i t e d  cesium atoms and 

cesium p o s i t i v e  i o n s .  

A t  i n t e r e l e c t r o d e  spac ings  n e a r  t h e  p l a s m a  o n s e t  p o i n t  and above, t he  

v o l t a g e  o u t p u t  curtre beg ins  t o  d i s p l a y  c h a r a c t e r i s t i c s  o f  a cesium 
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plasma diode.  For t h i s  r e a s o n ,  r eg ion  I1 between t h e  plasma o n s e t  

p o i n t  and t h e  maximum of  V(d) ( i d e n t i f i e d  a s  t h e  optimum o u t p u t  p o i n t  

i n  F i g .  4 - 1 )  i s  d e s i g n a t e d  t h e  t r a n s i t i o n  r eg ion .  I t  i s  i n  t h i s  

r e g i o n  that  t h e  p l a s m a  becomes f u l l y  developed. Region 111 i s  d e f i n e d  

by t h e  remaining p o r t i o n  o f  tlie ou tpu t  cu rve  beyond t h e  optimum power 

p o i n t  and i s  des igna ted  the  p o s i t i v e  column reg ion .  

During t h i s  r e p o r t  p e r i o d ,  t he  Task 111 e f f o r t  was d i r e c t e d  mainly t o  

the  a n a l y s i s  o f  r e g i o n  I .  The l i t e r a t u r e  on both s i n g l e  and double 

vacuum p l a n a r  d iode  space cha rge  h a s  been reviewed,  and s p e c i f i c  a p p l i -  

c a t i o n  o f  double diode space cha rge  theory t o  c lose - spaced  cesium 

d iodes  i s  complete.  The approach i s  s i m i l a r  t o  t h a t  o f  Dugan (Ref. 4 ) .  

4 . 2  THEORY OF THE VACUUM DOUBLE DIODE 

The a n a l y t i c a l  problem c o n s i s t s  o f  (1) d e r i v i n g  a n  e x p r e s s i o n  f o r  t he  

e l e c t r o n  space charge d e n s i t y  i n  t h e  i n t e r e l e c t r o d e  space due t o  e l e c -  

t r o n  emis s ion  from the  e l e c t r o d e s ,  both o f  which a re  p a r t i a l l y  coa ted  

w i t h  cesium, and (2 )  combining t h i s  expres s ion  wi th  P o i s s o n ' s  e q u a t i o n  

t o  d e r i v e  t h e  e l e c t r o s t a t i c  p o t e n t i a l  energy as  a f u n c t i o n  of p o s i t i o n  

i n  the  i n t e r e l e c t r o d e  space .  The problem i s  t r e a t e d  i n  one dimension, 

t h e  e m i t t e d  e l e c t r o n s  a r e  assumed t o  be Maxwellian and t h e  f low,  

c o l l i s i o n l e s s .  For a double vacuum diode o p e r a t i n g  i n  a r e g i o n  o f  

a p p l i e d  p o s i t i v e  v o l t a g e  , the  e l e c t r o s t a t i c  p o t e n t i a l  w i l l  have the  

form shown s c h e m a t i c a l l y  i n  F i g .  4-2.  Although t h e  space charge 

p o t e n t i a l  shown i n  Fig. 4-2  is  t y p i c a l  of a d iode  o p e r a t i n g  w i t h  a n  

a p p l i e d  v o l t a g e ,  the a n a l y s i s  of Task 111 will i n c l u d e  the  more con- 

v e n t i o n a l  diode o p e r a t i o n  i n  t he  power producing quadran t .  I n  t h a t  

case,  t he  Ferini l e v e l  o f  the  c o l l e c t o r  w i l l  be below the Fermi l e v e l  

of  the  e m i t t e r  i n  F ig .  4 - 2 .  
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The symbols used i n  F ig .  4-2 and i n  the  fo l lowing  d i s c u s s i o n  are 

l i s t e d  i n  Table 4-1. 

4 . 2 . 1  ELECTRON SPACE CHARGE I N  A DOUBLE DIODE 

A t  t h e  emi t t e r  ( z  = 0: refer  t o  Fig.  4 - 2 ) ,  t h e  complete Maxwellian 

v e l o c i t y  d i s t r i b u t i o n  of t h e  e l e c t r o n s  i s :  

F(u,v,w) = n ( m ~ n k T ~ ) ~ / ~  exp [-m(u2 + v 2 + w2)/2kTe], 
eo L 

where u , v ,  and w are the  x , y ,  and z components, r e s p e c t i v e l y ,  o f  t he  

e l e c t r o n  v e l o c i t y ,  F(u,v,w) i s  the  number of e l e c t r o n s  i n  the  i n c r e -  

m e n t a l  v e l o c i t y  range dudvdw, and n i s  the e q u i l i b r i u m  e l e c t r o n  den- 

s i t y .  The d e n s i t y ,  n i s  r e l a t e d  t o  t h e  work f u n c t i o n  of  t h e  

emitter and t h e  a b s o l u t e  temperature by 

e o  

eo ’ 

(2) 
3 3 / 2  n eo = (2 /h  ) (27mkTe) exp (-ecPe/kTe). 

Th i s  d e n s i t y  i s  used a p p r o p r i a t e l y  when no e l e c t r o n  c u r r e n t  i s  be ing  

drawn from t h e  e m i t t e r ,  a c a s e  approached i n  p r i n c i p l e  on ly  when 

’e - rr ~e m 
t r o d e  space i s  such t h a t  a l l  e l e c t r o n s  e m i t t e d  are  drawn away from 

t h e  e m i t t e r  w i t h o u t  r e t u r n  (V 

be (1 /2)  neo. 

a l l  v a l u e s  of u and v from --a t o  +J; b u t  w i l l  c o n t a i n  w components 

from 0 t o  -p o n l y .  For in t e rmed ia t e  c a s e s  such a s  t h e  one d e p i c t e d  

i n  F i g .  4-2 where some emi t t ed  e l e c t r o n s  a r e  r e t u r n e d  t o  the  emi t t e r  

because  o f  a f i n i t e  p o t e n t i a l  minimum, the  d e n s i t y  a t  t h e  emi t t e r ,  

- V * 30. When the  p o t e n t i a l  d i s t r i b u t i o n  i n  t h e  i n t e r e l e c -  

= Ve - T ) t he  e l e c t r o n  d e n s i t y  w i l l  m e 
I n  t h i s  c a s e  the v e l o c i t y  d i s t r i b u t i o n  w i l l  c o n t a i n  

n e w  , i s  
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TABLE 4-1 

LIST OF SYMBOLS 

c =  

d =  

e =  

h =  

k =  

m =  

n c W  = 

- - n c m  

- - n e m  

n =  m 

c d  

e o  

- - n 

n - - 
s =  

uI 
v J  = 
W 

;} = 
z 

z =  m 
F(u,v,w) = 

F(u,v,w,V) = 

- - 
JC 
J =  

e 
J =  

- 
Tc - 

Te - 
- 

s u b s c r i p t  r e f e r r i n g  t o  c o l l e c t o r  e l e c t r o d e  

i n t e r e l e c t r o d e  spac ing  

s u b s c r i p t  r e f e r r i n g  t o  e m i t t e r  e l e c t r o d e :  -e = e l e c t r o n  
charge 

Planck c o n s t a n t  

Bo 1 tzmann cons t a n t  

e l e c t r o n  mass 

e l e c t r o n  d e n s i t y  due t o  e l e c t r o n  flow from c o l l e c t o r  

e l e c t r o n  d e n s i t y  due t o  e l e c t r o n  flow from emi t te r  

e l e c t r o n  d e n s i t y  a t  p o t e n t i a l  minimum due t o  e l e c t r o n  
flow from c o l l e c t o r  

e l e c t r o n  d e n s i t y  a t  p o t e n t i a l  minimum due t o  e l e c t r o n  
flow from emi t te r  

t o t a l  e l e c t r o n  d e n s i t y  a t  p o t e n t i a l  minimum 

e q u i l i b r i u m  e l e c t r o n  d e n s i t y  a t  c o l l e c t o r  s u r f a c e  

e q u i l i b r i u m  e l e c t r o n  d e n s i t y  a t  e m i t t e r  s u r f a c e  

dummy v a r i a b l e  i n  d e f i n i t i o n  of e r r o r  i n t e g r a l  

x , y ,  and z components o f  v e l o c i t y  

r e c t a n g u l a r  c o o r d i n a t e s  

c o o r d i n a t e  of p o t e n t i a l  minimum 

v e l o c i t y  d i s t r i b u t i o n  f u n c t i o n  

t o t a l  energy d i s t r i b u t i o n  f u n c t i o n  

e l e c t r o n  c u r r e n t  d e n s i t y  f lowing  from c o l l e c t o r  

e l e c t r o n  c u r r e n t  d e n s i t y  f lowing from emi t te r  

t o t a l  e l e c t r o n  c u r r e n t  d e n s i t y  

c o l l e c t o r  temperature 

e m i t t e r  temperature  
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TABLE 4-1  

LIST OF SYMBOLS (contd)  

e l e c  t r o s  ta  t i c  p o t e n t i a l  

ou tpu t  o r  a p p l i e d  p o t e n t i a l  

e l e c t r o s t a t i c  p o t e n t i a l  a t  the  c o l l e c t o r  s u r f a c e  

e l e c t r o s t a t i c  p o t e n t i a l  a t  the e m i t t e r  s u r f a c e  

e l e c t r o s t a t i c  p o t e n t i a l  a t  t h e  p o t e n t i a l  minimum 

r a t i o  of  e m i t t e r  t o  c o l l e c t o r  tempera ture  

r a t i o  of e l e c t r o n  d e n s i t i e s  a t  the p o t e n t i a l  minimum = 
n / n  c m  em 
p e r m i t t i v i t y  of f r e e  space 

d imens ionless  p o t e n t i a l  energy  

d imens ionless  p o t e n t i a l  energy  r e f e r r e d  to  c o l l e c t o r  
tempera ture  

d imens ionless  p o t e n t i a l  energy  r e f e r r e d  t o  e m i t t e r  
temper a t u r  e 

Debye l e n g t h  f o r  e l e c t r o n  space charge  

d imens ionless  coord ina te  

d imens ionless  coord ina te  of  c o l l e c t o r  s u r f a c e  

d imens ionless  i n t e r e l e c t r o d e  spac ing  

d imens ionless  coord ina te  of e m i t t e r  s u r f a c e  

e l e c t r o n  work func t ion  of c o l l e c t o r  

e l e c t r o n  worlc func t ion  of e m i t t e r  

7 1 18- SA- 1 47 



where 

r 1 

and 
?1/2 

e r f ( $ / 2 )  = ( ~ / T T ’ ’ ~ )  dr exp (-s 2 ) d s  

0 
(5) 

i s  the  e r r o r  i n t e g r a l .  S ince  e r f  (0) = 0 ,  and e r f  (i-) = 1, the  c a s e s  

o f  no e l e c t r o n  flow (equ i l ib r ium)  and e l e c t r o n  flow w i t h  no r e t u r n  t o  

t h e  emitter d i scussed  above a re  s a t i s f i e d  by E q .  3 .  

Equat ion 3 i s  t h e  e x p r e s s i o n  f o r  t he  d e n s i t y  a t  z = 0 o n l y .  To f i n d  

t h e  d e n s i t y  i n  the  i n t e r e l e c t r o d e  space where t h e  p o t e n t i a l  i s  V(z ) ,  

t he  d i s t r i b u t i o n  f u n c t i o n  i s  w r i t t e n  t o  i n c l u d e  the  v a r i a t i o n  i n  

p o t e n t i a l :  

w i t h  V V(z).  The e l e c t r o n  d e n s i t y  as a f u n c t i o n  o f  V(z) i n  t h e  space 

between the  e m i t t e r  (z = 0) and t h e  p o t e n t i a l  minimum ( z  = z ) i s  

ob ta ined  by i n t e g r a t i n g  F(u,v,w,V) ove r  a l l  u and v from --Q, t o  +*, and 

over  the v e l o c i t y  w from -w t o  m y  where 

m 

1 

2 
1 

(7)  - -  - e(V - Vm). 
2 

The v e l o c i t y  w i s  t h e  minimum v e l o c i t y  i n  t h e  -Sz d i r e c t i o n  a n  e l e c t r o n  

s t a r t i n g  a t  the  p l ane  a t  z (0  <. z %< z ) must have t o  p a s s  over t h e  poten-  

t i a l  minimum. A l l  e l e c t r o n s  s t a r t i n g  i n  the  p l a n e  a t  z w i t h  v e l o c i t i e s  

i n  the  +z d i r e c t i o n  g r e a t e r  than w p a s s  the  p o t e n t i a l  minimum and 

proceed i n t o  the  i n t e r e l e c t r o d e  space between zm and the  c o l l e c t o r .  

1 

m 

1 
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These e l e c t r o n s  do no t  r e t u r n  t o  t h e  e m i t t e r  and consequen t ly  c o n t r i b -  

u t e  t o  the space charge on ly  i n  t h e  r e g i o n  of  t h e  emi t t e r  d u r i n g  t h e i r  

t r a n s p o r t  from the  emi t t e r  t o  z . Since they do n o t  r e t u r n  t o  the  

e m i t t e r ,  t h e  d i s c r i b u t i o n  o f  t he  w component of  v e l o c i t i e s  a t  t he  

e m i t t e r  does not  c o n t a i n  v e l o c i t i e s  g r e a t e r  t han  ' w1 I ' d i r e c t e d  i n  the  

- z  d i r e c t i o n .  

m 

S i m i l a r l y ,  the  d e n s i t y  of e l e c t r o n s  i n  the  i n t e r e l e c t r o d e  space 

between z and the  c o l l e c t o r  (z = d) w i l l  be found by i n t e g r a t i n g  

Eq. 6 over  a l l  u and v ,  and ove r  w from +w t o  m. The r e s u l t s  are:  
m 

1 

f o r  0 < z z and m '  

r 1 '  1 / 2  ne (z )  = (neo/2) exp - (e/ltTe) (Ve-"Ce-V) J I l - e r f  [(e/kTe) 

f o r  z 

A t  z = z both E q .  3a and E q .  8b y i e l d  

< z < d .  Note t h a t  E q .  8a reduces t o  E q .  3 a t  V = Ve - -.- 4 . m e 

m y  

I t  w i l l  be convenient  t o  e x p r e s s  Eqs.  8a and 8b i n  terms of n 

i n s t e a d  o f  n and t o  use  t h e  n o t a t i o n  
em 

eo 

71 = e(V-V,) /kTe . 
'e 

Eqs. 8a and 8b then can be w r i c t e n  

7 118- SA- 1 49 



where the  p o s i t i v e  and n e g a t i v e  s i g n s  a re  f o r  the c o o r d i n a t e s  z 

r e s p e c t i v e l y  . 
’ zm 

A s imi la r  s e t  o f  e x p r e s s i o n s  i s  de r ived  i n  t h e  same manner f o r  t he  

e l e c t r o n s  e m i t t e d  by the  c o l l e c t o r  f o r  t h e  space between the  c o l l e c t o r  

and z a n d  f o r  the s p a c e  between z and t h e  e m i t t e r .  These a r e :  
1;: m 

where the  n e g a t i v e  and p o s i t i v e  s i g n s  a r e  f o r  z z . The d e f i n i t i o n s  

o f  t i  and ‘ic a r e  analogous t o  n and ‘r 
m 

i n  E q s .  9 and 10; t h a t  i s  c m  em ‘e 

TI = e(V - Vm)/kTc 
C 

and 

The t o t a l  e l e c t r o n  d e n s i t y  i n  the  p l ane  a t  z i n  the  i n t e r e l e c t r o d e  

space i s  the  sum o f  the  d e n s i t i e s  g iven  by E q s .  11 and 1 2 .  L e t t i n g  

B = n / n  cm em 

and w r i t i n g  

Tc = (1/2) Te 

s o  t h a t  = w c  t he  Lotal  e l e c t r o n  d e n s i t y ,  n ( z ) ,  i s  ‘L e’ 

The s u b s c r i p t  e has been dropped from 7 s i n c e  TI :low r e l e r s  only t o  

Lhe e m i t t e r  and i s  d e f i n e d  by E q .  10. 
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4 . 2 . 2  POISSON'S EQI'ATION FOR THE DOUBLE D I O D E  

P o i s s o n ' s  Equat ion ,  

d2V/dz2 = (e /EO)n 

where n e n ( z ) ,  can be  w r i t t e n  i n  d imens ionless  form by u s i n g  -, a s  t h e  

dependent  v a r i a b l e  throughout  and r e p l a c i n g  t h e  z c o o r d i n a t e  by 

where h i s  t h e  Debye l e n g t h  f o r  e l e c t r o n  space  cha rge .  X i s  g iven  by 

2 1 1 2  h = (eokTe/e n ) 
e m  

- 3  
which, f o r  n i n  (meters)  and ', i n  meters, i s  

em 

1/2 F. = 69 .O (T /n ) e e m  

It i s  f r e q u e n t l y  u s e f u l  t o  expres s  >. i n  terms of t h e  t o t a l  e l e c t r o n  

d e n s i t y  a t  t h e  space  charge  minimum, n (=nem + n ).  Equation 20 i s  

t h e n  
m cm 

i n  t h e  n o t a t i o n  used h e r e .  

The f i n a l  d imens ionless  form of Poisson ' s  equa t ion  i s  

< 
where t h e  p o s i t i v e  and nega t ive  s igns  a r e  f o r  ' > o .  
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4 . 2 . 3  COMPUTER SOLUTIONS OF POISSON'S EQUATION 

Although Po i s son ' s  equa t ion  i n  t h e  form of Eq. 2 1  can be i n t e g r a t e d  

once in  c l o s e d  form, t h e  second i n t e g r a t i o n  m u s t  be c a r r i e d  ou t  numeri- 

c a l l y .  T h e r e f o r e ,  t h e  i n t e g r a t i o n  was programmed f o r  t h e  CDC 3100 com- 

p u t e r  a t  E l e c t r o - O p t i c a l  Systems, I n c .  A t y p i c a l  fami ly  of 71 v e r s u s  

computer s o l u t i o n s  f o r  a tempera ture  r a t i o  n, = 2.022 and s e v e r a l  

va lues  o f  B i s  shown i n  F i g .  4 - 3 .  This  t empera tu re  r a t i o  ( a )  w a s  

s e l e c t e d  t o  match exper imenta l  c o n d i t i o n s  of v a r i a b l e  parameter v e h i c l e  

experiments performed e a r l i e r .  

S ince  t h e r e  i s  no 5 p r i o r i  way t o  e s t a b l i s h  t h e  r a t i o  Q wi thou t  knowing 

t h e  p o t e n t i a l  d i s t r i b u t i o n ,  an i t e r a t i v e  procedure  has t o  be used t o  

compute a v o l t a g e  o u t p u t - v e r s u s - s p a c i n g  cu rve  t o  compare w i t h  e x p e r i -  

mental d a t a .  The procedure has been e s t a b l i s h e d  and programmed f o r  

t h e  computer. B a s i c a l l y ,  i t  invo lves  s i x  s t e p s  and r e q u i r e s  numer ica l  

i n p u t s  on s i x  parameters  ob ta ined  from exper iment .  The exper imenta l  

parameters a r e :  

a .  e m i t t e r  t empera tu re ,  T 

b. c o l l e c t o r  t empera tu re ,  T 

c .  e m i t t e r  work f u n c t i o n ,  '- 

d .  c o l l e c t o r  work f u n c t i o n ,  ': 

e .  d iode  c u r r e n t  d e n s i t y ,  J 

f .  i n t e r e l e c t r o d e  s p a c i n g ,  d 

e 

C 

e 

C 

For a given N = Te/Tc ,  t h e  s t e p s  i n  one i t e r a t i o n  a r e :  

a .  

b .  Using CY, T e ,  J ,  and C,, compute n . This  s t e p  u t i l i z e s  an 

S e l e c t  a t r i a l  va lue  of  t h e  r a t i o  B ,  say 81. 

e x p r e s s i o n  f o r  t h e  d iode  c u r r e n t  8 z n s i t y  which i s  d e r i v e d  by 
summing t h e  c u r r e n t  d e n s i t i e s  from each e l e c t r o d e .  The c u r -  
r e n t  d e n s i t i e s  a r e  
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FIG. 4 - 3  NORMALIZED POTENTIAL D I S T R I B U T I O N  (v) VERSUS NORMALIZED 
COORDINATE (i) I N  THE INTERELECTRODE SPACE FOR THE 
CASE OF a: = 2.02215 AND SEVERAL VALUES OF 8 .  
(a: and p a r e  de f ined  i n  the  t e x t )  
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e n  (21T /mn) 1/2 J =  c e m  e 

and 

- - -en (2kTc/xm) 1/2 
Jc c m  

Using t h e  d e f i n i t i o n s  of  ci and p ,  t h e  t o t a l  c u r r e n t  d e n s i t y  
can  be w r i t t e n  

J = e(2kTe/nm) em (1 - $/a: 1/2) 

Thus ,  

n = J(nm/2e2kTe)1/2(1 - fi/a 1/2) -1 em 

c .  Using a va lue  of neo computed w i t h  Eq.  2 and t h e  va lue  of  
n computed w i t h  Eq. 23, compute t h e  r a t i o  neo/2nem. T h i s  
r a t i o  i s  r e l a t e d  through Eq. 9 t o  t h e  d i f f e r e n c e  i n  p o t e n t i a l  
(and i t s  e q u i v a l e n t  d imens ion le s s  1) between t h e  e m i t t e r  
s u r f a c e  and t h e  p o t e n t i a l  minimum. Consequent ly ,  t h i s  compu- 
t a t i o n  and t h e  cu rve  of F i g .  4 - 3  f o r  t h e  t r i a l  p e s t a b l i s h e s  
a po in t  on t h e  a b s c i s s a  of  F i g .  4 - 3  t o  t h e  l e f t  of t h e  poten-  
t i a l  minimum. L e t  t h i s  p o i n t  be denoted  by :e. 

C a l c u l a t e  nCd/2ncm = ncd/2gnem by t h e  same procedure  used i n  
s t e p  C .  The e q u a t i o n  f o r  ncd i s  i d e n t i c a l  t o  Eq. 9 w i t h  
and Tc s u b s t i t u t e d  f o r  pe and T,. 
second p o i n t  on t h e  a b s c i s s a  of  F i g .  4 - 3  t o  t h e  r i g h t  of t h e  
p o t e n t i a l  minimum; c a l l  t h i s  p o i n t  i c .  

C a l l  t h i s  r a t i o  Sd .  

of p i s  too  s m a l l :  t h a t  i s ,  t h e  d imens ion le s s  i n t e r e l e c t r o d e  
spac ing  c a l c u l a t e d  u s i n g  p 1  i s  s m a l l e r  t han  t h e  a c t u a l  dimen- 
s i o n l e s s  s p a c i n g ,  d/k.  
p i s  t o o  l a r s e .  

e m  

d .  

T h i s  s t e p  e s t a b l i s h e s  a 

e .  Using t h e  expe r imen ta l  va lue  of d ,  compute d / k  u s i n g  Eq.  20.  

f .  Compare - c  - 3, w i th  :d. I f  i c  - > i d ,  t h e  t r i a l  v a l u e  

I f  r C  - T, .. j d ,  t h e  t r i a l  v a l u e  o f  

Thcsc s i x  s t c p s  a r c  r epea ted  u n t i l  a t r i a l  p i s  found which y i e l d s  Sc - 
f = -  T h i s  c s t a b l i s l w s  t h e  proper  p and t h e  c o r r e c t  p o t e n t i a l  d i s -  - e  - d '  
t r i b u t i o n  f o r  t h c a  s i x  expc r imen ta l  c o n d i t i o n s  i t emized  above.  When 

the  proper p i s  found,  t he  d i f f e r e n c e  between t h e  d imens ion le s s  p o t e n t i a l s  
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a t  t h e  s u r f a c e  of t h e  e l e c t r o d e s  i s  de termined .  Conver t ing  t h e  dimen- 

s i o n l e s s  p o t e n t i a l s  t o  d imens iona l  form y i e l d s  t h e  d iode  e l e c t r o d e  

s u r f a c e  p o t e n t i a l  d i f f e r e n c e ,  V = Va + (9, - cpc. 
g ene ra t ed  o u t p u t  v o l t a g e ,  i s  obta ined  by s u b t r a c t i n g  t h e  c o n t a c t  poten- 

t i a l  d i f f e r e n c e  , cpe - qC,  from V .  

o u t p u t  v o l t a g e  a p p r o p r i a t e  f o r  t h e  given i n t e r e l e c t r o d e  s p a c i n g ,  d .  

t h e  a p p l i e d  o r  'a a 

The n e t  r e s u l t  t h u s  i s  a c a l c u l a t e d  

P r i o r  t o  s e t t i n g  up t h e  computer program f o r  t h e  i n t e r a t i v e  procedure ,  

each  s t e p  w a s  c a r r i e d  o u t  w i t h  a desk c a l c u l a t o r  f o r  a s p e c i f i c  c a s e .  

Although t h e  r e su l t s  a r e  p r e l i m i n a r y ,  i t  appea r s  t h a t  t h e r e  i s  agreement 

w i t h i n  exper imenta l  e r r o r  between t h e  computed v a l u e  of V and t h e  

expe r imen ta l  v a l u e  o b t a i n e d  from t h e  v a r i a b l e  parameter t es t  v e h i c l e .  

These r e su l t s  w i l l  be d i s c u s s e d  i n  a subsequent r e p o r t .  

a 
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