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SECTION 1 

INTRODUCTION 

The progress  descr ibed  i n  t h i s ,  t he  f i r s t  q u a r t e r l y  r e p o r t ,  i s  be ing  

performed under 3pL Contract  952217, a 12-month, t h r e e - t a s k  program of 

advanced thermionic conver te r  development. 

The f i r s t  t a s k  c o n s i s t s  of an i n v e s t i g a t i o n  of s i n g l e  c r y s t a l  rhenium 

e l e c t r o d e s  or  o the r  r e f r a c t o r y  materials f o r  t he  purpose of y i e l d i n g  a 

low work func t ion  c o l l e c t o r  sur face .  Spec i f i c  i n v e s t i g a t i o n s  inc lude  

vacuum emission veh ic l e  determinat ion of t he  e f f e c t i v e  and Richardson 

work func t ions  a s  well a s  q u a l i t a t i v e  and q u a n t i t a t i v e  examination of 

e l e c t r o d e  su r faces  us ing  a thermionic emission microscope. Metal-  

l u r g i c a l  examinations inc lude  x r ay  d i f f r a c t i o n  and meta l lographic  and 

spec t rographic  ana lyses .  These same e l e c t r o d e s  w i l l  then be i n v e s t i -  

gated i n  a v a r i a b l e  parameter t es t  veh ic l e  f o r  minimum work func t ion  

and optimized power output .  Based upon v a r i a b l e  parameter t es t  veh ic l e  

d a t a ,  a p lanar  conver te r  w i l l  be f a b r i c a t e d  and t e s t e d  f o r  t h e  purpose 

of comparing tes t  veh ic l e  t o  conver te r  performance. 

Task I1 c o n s i s t s  of the i n v e s t i g a t i o n  of vapor-deposi ted tungsten-20 per-  

cen t  rhenium a l l o y  e l ec t rodes  i n  the same manner as i n  Task I ,  i . e . ,  

u t i l i z i n g  vacuum emission,  e l e c t r o n  emission microscope, and v a r i a b l e  

parameter v e h i c l e  eva lua t ions  w i t h ,  however, the  subsequent f a b r i c a t i o n  

and t e s t i n g  of two p lanar  conver te rs .  

Task 111 completes the program e f f o r t  wi th  the  des ign ,  f a b r i c a t i o n ,  

and tes t  of c y l i n d r i c a l  thermionic conver te rs  f o r  t h e  p r i n c i p a l  purpose 

of providing a d i r e c t  performance comparison between p lanar  and c y l i n -  

d r i c a l  conve r t e r s .  

4006-9-1 1 





SECTION 2 

ELECTRODE MATERIALS EVALUATION (TASK I) 

Two s p e c i a l  purpose devices  prev ious ly  designed and b u i l t  by EOS f o r  

e l e c t r o d e  m a t e r i a l  eva lua t ion  a r e  be ing  u t i l i z e d  i n  Task I inves t iga -  

t i o n s .  The f i r s t  device ,  a vacuum emission v e h i c l e ,  i s  employed t o  

measure t h e  average e f f e c t i v e  ba re  work func t ion  of candida te  e l e c t r o d e  

m a t e r i a l s  The second device ,  the  EOS thermionic emission microscope, 

con ta ins  a Faraday cage f o r  t h e  measurement of t he  e f f e c t i v e  work 

func t ion  of i nd iv idua l  g ra ins  and a phosphor screen  f o r  d i sp l ay ing  the  

f i n e  g ra in  s t r u c t u r e  f o r  v i s u a l  observa t ion  and subsequent emission 

micrograph documentati'on. The average value of a l a r g e  number of i n -  

d iv idua l  Faraday cage measurements then provides a comparison t o  the  

average measurement from t h e  vacuum emission veh ic l e .  E lec t ron  e m i s -  

s i o n  scans of the  e l ec t rode  su r face  a r e  a l s o  cons t ruc ted  f o r  i n v e s t i -  

g a t i o n  of e f f e c t i v e  work func t ion  v a r i a t i o n s  wi th in  s i n g l e  g r a i n s  and 

across  g r a i n  boundaries .  

For Task I ,  the  emission microscope was modified t o  ope ra t e  a t  a mag- 

n i f i c a t i o n  of approximately 8 0 X  t o  accommodate the  r e l a t i v e l y  l a r g e  

g r a i n s  of t he  s i n g l e  c r y s t a l  rhenium and (110) s i n g l e  c r y s t a l  molybdenum 

e lec t rodes .  The modi f ica t ion  procedure involved the  removal of the  

p r o j e c t i o n  l ens ,  thus sho r t en ing  the  d i s t ance  from the  immersion l ens  t o  

t h e  phosphor screen  and reducing the  magni f ica t ion .  The d e c e l e r a t i n g  

co l lec tor /Faraday  cage assembly w a s  r e loca ted  i n  another  p a r t  of the  

microscope t o  accommodate t h e  phosphor screen  placement. Figure 2-1 i s  

a schematic of the  p re sen t  modified emission microscope wi th  vo l t age  

ranges ind ica t ed .  

4006-4- 1 3 
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2.1 ( 110) SINGLE CRYSTAL MOLYBDENUM 

2.1.1 ELECTRON EMISSION MICROSCOPE INVESTIGATION OF (110) MOLYBDENUM 

S ing le  c r y s t a l  molybdenum with the  (110) c r y s t a l  plane o r i e n t e d  p a r a l l e l  

t o  t he  su r face  was chosen f o r  i n v e s t i g a t i o n  i n  the  modified e l e c t r o n  

emission microscope 

The e f f e c t i v e  work func t ion  of (110) molybdenum was determined by in-  

d iv idua l  Faraday cage measurements and by scanning techniques.  The 

d i f f e r e n c e  i n  work func t ion  ac ross  low angle g r a i n  boundaries w a s  

a l s o  determined. A rough e s t ima te  of the  e f f e c t  of r e c r y s t a l l i z e d  

g r a i n s  of s c r i b e  l i n e s  upon the  o v e r a l l  e f f e c t i v e  work func t ion  was 

made. The primary ob jec t ive  of the  emission microscope measurements 

i s  t o  provide a comparison of e f f e c t i v e  work func t ion  wi th  vacuum e m i s -  

s i o n  veh ic l e  measurements and o the r  techniques re ferenced  from the  

l i t e r a t u r e .  

The molybdenum s i n g l e  c r y s t a l  was e l e c t r o n  beam welded onto a molyb- 

denum support  s t r u c t u r e  f o r  mounting i n  the  microscope. The emission 

su r face  was f ine-pol i shed  with Linde alumina A and B ,  then diamond 

sc r ibed .  Figure 2-2 i s  a sketch of a po r t ion  a t  t he  c e n t e r  of t h e  

s u r f a c e ,  The c e n t e r  square i s  0.050 i n .  pe r  s i d e ,  and t h e  o the r  s c r i b e  

l i n e s  a r e  0.025 i n .  a p a r t .  Two wires, e x a c t l y  2 i n .  a p a r t ,  were spot  

welded t o  the back of t he  phosphor screen  holding p l a t e  f o r  magnifica- 

t i o n  de te rmina t ion .  By choosing a po in t  on a s c r i b e  l ine  co inc iden t  

with one wire  and moving it t o  co inc ide  with the  second w i r e ,  t he  mag- 

n i f i c a t i o n  could be d i r e c t l y  determined by simultaneous readings  of 

v e r n i e r s  on the  d r i v e  mechanism. The exac t  magni f ica t ion ,  as a r e s u l t  

of  the  prev ious ly  descr ibed  modi f ica t ions ,  i s  dependent upon the volt- 

ages appl ied  t o  the  g r i d  and anode po r t ion  o f  the  l ens .  The performance 

o f  the Faraday cage w a s  cha rac t e r i zed  by vary ing  the  d e c e l e r a t i n g  

4006-4- 1 5 
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Figure 2-2.  Molybdenum Single  C r y s t a l  (110) O r i e n t a t i o n  as Seen 
on C r y s t a l  Surface Showing Low Angle Grain Boundary. 
Magnif icat ion 1 1 X  
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vo l t age  and p l o t t i n g  i t  as a func t ion  of Faraday cage c u r r e n t .  The 

g r i d  vo l t age  w a s  200 v o l t s  and the  a c c e l e r a t i n g  vol tage  w a s  12,250 v o l t s  

f o r  the  curve shown i n  Fig.  2-3. I t  can  be seen  t h a t  i n  the  range of  

ope ra t ion  o f  the  d e c e l e r a t i n g  g r i d  vol tage  ( i . e . ,  180 t o  220 v o l t s ) ,  

t h e  Faraday cage c u r r e n t  c o l l e c t e d  i s  independent of the d e c e l e r a t i n g  

vol tage .  

The second phase of t h i s  i n v e s t i g a t i o n  involved t h e  r e c r y s t a l l i z a t i o n  

and g r a i n  growth of the  work-hardened s i n g l e  c r y s t a l  s u r f a c e ,  and t h e  

measurement of e l e c t r o n  emission wi th  c a l c u l a t e d  e f f e c t i v e  work func- 

t i o n  va lues  f o r  c h a r a c t e r i z i n g  t h e  (110) s i n g l e  c r y s t a l  m a t e r i a l .  

Returning t o  F ig .  2-2 ,  t h e  i r r e g u l a r  l i n e  through the  ske tch  of t h e  

c r y s t a l  f ace  approximates the  p o s i t i o n  of a low angle  g r a i n  boundary. 

The mapping was accomplished by recording the x-y v e r n i e r  s e t t i n g s  of 

t h e  d r i v e  mechanism as  the  sample was dr iven  t o  fol low the  g ra in  bound- 

a ry .  Sc r ibe  l i n e  i n t e r s e c t i o n s  were then used a s  r e fe rences  i n  p l o t -  

t i n g  the  boundary. The l e t t e r s  r e f e r  t o  po in t s  where x-y s e t t i n g s  were 

recorded.  The numbers i n  var ious  a r e a s  a r e  f o r  re ference  f o r  emission 

micrographs and Faraday cage measurement l o c a t i o n s .  

F igure  2-4a i s  an emission micrograph of a rea  #2 on Fig .  2-2 taken 

wi th  the  sample a t  a temperature of 1564 C .  A l l  temperatures r epor t ed  

a r e  t r u e  hohlraum temperatures .  The sample had been h e a t  t r e a t e d  a t  

1564OC f o r  t h ree  hours .  

var ious  l i g h t  g r a i n s  where recovery and r e c r y s t a l l i z a t i o n  have taken 

p lace .  The dark  spot  i n  the middle and cont inuing  t o  the  bottom of 

the  micrograph i s  the  Faraday cage holder .  

from t h e  s c r i b e  l i n e s  may be e i t h e r  m a t e r i a l  pu l l -out  from po l i sh ing  

o r  thermal e t c h  p i t s .  The low angle g ra in  boundary can be seen by 

0 

The s c r i b e  l i n e s  can be seen a s  c o n s i s t i n g  of 

Other white  spo t s  away 

no t ing  the  s l i g h t  d i f f e r e n c e  i n  background i n t e n s i t y .  When comparing 

the  low angle  g r a i n  boundary i n  F ig .  2-4a wi th  area #2 shown i n  Fig. 2-2, 

4006 -Q - 1 7 
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a. 1564OC After  3 Hours a t  1564OC. Magnified 8 8 X  

b.  1564OC Af te r  8 Hours a t  1564OC and 2 Hours a t  1717OC. 
Magnified 84X 

Figure  2-4. E lec t ron  Emission Micrograph of Molybdenum 
(110) S ing le  C r y s t a l  
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563 

1717OC A f t e r  16 Hours a t  1564OC, 2.5 Hours a t  1 7 1 7 O C ,  
2.5 Hours a t  1768OC, and 1 Hour a t  1923OC. Magnified 82X 

Figure  2-4. E lec t ron  Emission Micrograph of Molybdenum 
(110) S ing le  C r y s t a l  (contd) 

10 



t h e  l o c a t i o n  wi th  r e s p e c t  t o  t h e  two i s  i n v e r s e ,  s i n c e  t h e  image pro- 

duced on t h e  phosphor screen  of t h e  emission microscope i s  i n v e r t e d  

with r e s p e c t  t o  t h e  a c t u a l  sample s u r f a c e .  F igure  2 4 b  i s  an  emission 

micrograph of a r e a  #2 a f t e r  8 hours  a t  1564 C and 2 hours  a t  1717  C. 

Figure 2-4c shows t h e  same area a f t e r  16 hours a t  1564 C ,  2-112 hours  a t  

1717OC, 2-1/2 hours  a t  1769OC, and 1 hour a t  1923OC. 

secondary r e c r y s t a l l i z a t i o n  has  taken p lace  a s  t h e  s i n g l e  c r y s t a l  

mat r ix  has  grown a t  t h e  expense of t he  r e c r y s t a l l i z e d  g r a i n s  due t o  

s c r  i b  i n g  . 

0 0 

0 

Considerable 

Emission measurements were made of var ious  a r e a s  of t h e  sample on 

e i t h e r  s i d e  of t h e  low angle  g r a i n  boundary and on small  g r a i n s  of 

t h e  s c r i b e  marks. Table I shows indiv idua l  Faraday cage emission 

measurements with c a l c u l a t e d  e f f e c t i v e  work func t ion  v a l u e s ,  t h e  

temperature of  t h e  sample a t  which they were taken,  and t h e  c o r r e -  

sponding a r e a  r e f e r r e d  t o  F ig .  2-2. The " l e f t "  o r  "r ight"  i n d i c a t e d  

bes ide  a r e a  numbers s i g n i f i e s  which s i d e  of t h e  low angle g r a i n  bound- 

a r y  t h e  measurement was taken. 

The work func t ion  values  c a l c u l a t e d  i n  Table I from Faraday cage e m i s -  

s i o n  measurements, a t  a given temperature ( i . e . ,  e i t h e r  a t  1990 K o r  

a t  1837 K) and on the  same s i d e  of the  low angle g r a i n  boundary a r e  i n  

every  case  w i t h i n  experimental  e r r o r .  The a r e a  t o  t h e  l e f t  of t h e  low 

angle  g r a i n  boundary i n  F ig .  2-4 appears l i g h t e r  i n  t h e  emission micro- 

graphs than t h e  a r e a  t o  t h e  r i g h t ,  and t h i s  observa t ion  i s  c o n s i s t e n t  

with the  emission measurements and e f f e c t i v e  work func t ion  c a l c u l a t i o n s  

of Table  I .  The work func t ion  of t he  dark a r e a  i s  i n  every case ( f o r  

a given temperature) lower than the  ad jacent  l i g h t  a r e a .  Emission 

measurements were made i n  a r e a  #2 a t  1990°K and i n  a rea  $5 a t  1637'K 

on each s i d e  of t h e  low angle g r a i n  boundary w i t 1 1  the  measured a r e a s  

i n  each case  be ing  adjacent  t o  one anotlier and less  than 0.010 i n .  

from the g r a i n  boundary. The d i f f e r e n c e  i n  work func t ion  ac ross  t h e  

g r a i n  boundary i n  a rea  +2 a t  1990 K was 0.07 e V  and i n  a r e a  $5 a t  

1837OK was 0.09 e V .  

0 

0 

0 



TABLE I 

EFFECTIVE WORK FUNCTION OF THERMIONIC (110) SINGLE CRYSTAL 
MOLYBDENUM DETERMINED FROM ELECTRON EMISSION MICROSCOPE 

FARADAY CAGE MEASUREMENTS 

Magnbf i c  a t i o n  

8 2x 

82x 
82x 
82X 
82X 
8 8X 
8 8X 
8 8X 
8 8X 
8 8X 
8 8X 

Sample Faraday Cage 
Temperature Current  

(OK) Area Number (amps) 

1990 
1990 

1990 
1990 
1990 
1837 
1837 
1897 
1837 
1837 
1837 

1 ( l e f t )  

3 ( r i g h t )  

4 ( r i g h t )  

2 ( l e f t )  

2 ( r i g h t )  

5 ( l e f t )  

5 ( r i g h t )  

6 ( l e f t )  

9 ( l e f t )  

3 ( r i g h t )  

4 ( r i g h t )  

3.6 x 10-'@ 

2.62 x 10-l' 

2.82 x lom1' 
3.2 x lom1' 
2.35 x lo-'' 
2.43 x lom1' 
1.30 x lom1' 
1.6 x 
1.72 x 10"' 

2.2 x 

2.2 x 10. -11 

9,, f (ev) 

4.82 
4.90 
4.88 
4.85 
4.92 
4.84 
4.94 
4.91 
4.90 
4.86 
4.86 

Figure 2-5 i s  an e l e c t r o n  emission microscope scan ac ross  the  low angle  

g ra in  boundary i n  a rea  #5, a s  shown i n  the  emission micrograph, F ig .  

2-6. The sweep speed was approximately 0.0001 in .  per  second. The 

g ra in  boundary appears t o  be about 0.001 in .  from p la t eau  t o  p l a t eau ,  

but as Fig. 2-6 shows the  g r a i n  boundary is  a t  a 45' angle  t o  the  survey 

d i r e c t i o n  (survey d i r e c t i o n  w a s  from l e f t  t o  r i g h t  i n  Fig.  2-6) which 

would tend t o  r e v e a l  a s l i g h t l y  wider boundary thickness  than a c t u a l l y  

e x i s t s .  From the  scan,  the  high emission a r e a  c u r r e n t  i s  approximately 

3 x 10"l amp, t he  low emission a r e a  2 x lom1' amp. 

l a t i o n  produces e f f e c t i v e  work func t ions  of 4.79 eV and 4.88 e V ,  respec-  

t i v e l y .  

cage emission measurement from each s i d e  of t he  low angle  g r a i n  boundary 

i n  a r e a  #5 (see Table I) a r e  wi th in  experimental  e r r o r .  

Subsequent ca lcu-  

These va lues ,  when compared with e a r l i e r  i nd iv idua l  Faraday 

4006-Q-1 12 
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Figure  2-6. E lec t ron  Emission Micrograph of (110) S ing le  C r y s t a l  
Molybdenum Low Angle Grain Boundary a t  1564OC Af te r  
Heat Trea t ing  f o r  8 Hours a t  1564OC. Magni f ica t ion  
84X 
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Figure  2-7 is  an e l e c t r o n  emission microscope scan from l e f t  t o  r i g h t ,  

according t o  Fig.  2-2 ,  ac ross  a r e a s  # 3 ,  #5, and # l o .  
taken ac ross  t h e  sample where t h e  low angle  g r a i n  boundary i n t e r s e c t s  

t h e  s c r i b e  l i n e  (po in t  D a s  shown i n  F ig .  2 - 2 ) .  This  i s  a l s o  shown i n  

F ig .  2-7 ,  where t h e  average background c u r r e n t  drops o f f  a f t e r  the  scan 

passes  through s c r i b e  l i n e  2. 

The scan was 

The sp ikes  n o t  l abe led  are caused by 

h igh  emission from m a t e r i a l  pu l l -out  dur ing  po l i sh ing  o r  from thermal 

e t c h  p i t s .  These small  a r e a s  a r e  a l s o  v i s i b l e  on any of t he  emission 

micrographs.  The scan was taken a f t e r  h e a t  t r e a t i n g  a t  1564 C f o r  1 8  

hours ,  a t  1717OC f o r  2 - 1 / 2  hours ,  a t  1768' f o r  2 - 1 / 2  hours  and a t  

1923OC f o r  1 hour ,  

much less than f o r  t h e  o the r  t h r e e  s c r i b e  l i n e s .  This  i s  because 

secondary r e c r y s t a l l i z a t i o n  was n e a r l y  complete over  t he  reg ion  where 

the  scan was made. The peak c u r r e n t s  c o l l e c t e d  when c r o s s i n g  s c r i b e  

l i n e s  I, 2 ,  and 4 a r e  no t  shown i n  F i g .  2-7 b u t  i nd iv idua l  e lectrom- 

e te r  readings  were recorded a s  fol lows:  (I) 1.0 x 10 amp, ( 2 )  

2.0 x 10 

0 

The i n t e n s i t y  from s c r i b e  l i n e  3 is  seen  t o  be 

-10 

- 10 amp, ( 4 )  2.6 x 10''' amp. The r e spec t ive  c a l c u l a t e d  e f -  

f e c t i v e  work func t ions  are: (1) 4.62 e V ,  ( 2 )  4.53 eV, and ( 4 )  4.48 e V .  

The approximate average c u r r e n t  t o  the l e f t  of t h e  low angle  g r a i n  

boundary i s  2.8 x amp and t o  the  r i g h t  i t  i s  1.85 x amp. 

The corresponding e f f e c t i v e  work func t ions  a r e  4.83 e V  and 4.91  e V ,  

r e spec t ive ly .  These va lues  compare favorably  w i t h  the  e l e c t r o n  e m i s -  

s i o n  scan of F ig .  2-5 ac ross  the  low angle g r a i n  boundary from which 

e f f e c t i v e  work func t ions  of 4.79 e V  and 4.88  eV were c a l c u l a t e d .  The 

d i f f e r e n c e  i n  the  two s e t s  of values  i s  (4.91-4.88) 0.03 e V  on t h e  

high emission s i d e ,  thus  showing t h a t  the work func t ion  va lues  from 

two d i f f e r e n t  scan loca t ions  a r e  wel l  wi th in  experimental  e r r o r  

(10.04 eV) . 

Three r ecen t  experimental  de te rmina t ions  of the work func t ion  of (110) 

molybdenum are l i s t e d  i n  Table 11. The repor ted  va lues  are Richardson 

work func t ions  and t h e  A cons tan t s  are repor ted  h e r e  s i n c e  i t  w a s  

4006-4-1 15 
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necessary t o  conver t  t he  Richardson work func t ions  t o  e f f e c t i v e  work 

func t ions  (A = 120 amps/deg2-em ) t o  make exact comparisons wi th  the  

va lues  determined from t h e  e l e c t r o n  emission microscope measurements. 

The temperature ranges over which t h e  Richardson p l o t s  were made are 

a l s o  l i s t e d  wi th  t h e  appropr i a t e  work func t ions  i n  Table 11. 

2 

TABLE I1 
WORK FUNCTIONS OF (110) MOLYBDENUM FROM LITERATURE 

@ Richardson (ev) A (amps/deg 2 2  - c m  ) Converted @,f f (eV)  

5.10 10.05 (1) 270 k20 ( 1700°K-21000K) 4.98 fO .05 

5.00 10.05 ( 2) 125 f15 ( 1700°K-20000K) 5 .OO fO .05 

4.90 k0.07 (3)  125* ( 1600°K-19000K) 4.90 k0.07 

ib Not given i n  paper.  

The e f f e c t i v e  work func t ion  va lues  of Table I can be compared wi th  the  

e f f e c t i v e  work func t ion  va lues  of Table  11. 

s i d e  of t h e  low angle  g r a i n  boundary i s  seen t o  compare w e l l  (wi th in  

experimental  e r r o r )  wi th  the  l i t e r a t u r e  va lues .  

The h igh  work func t ion  

2.1.2 VACUUM EMISSION VEHICLE MEASUREMENTS OF (110) MOLYBDENUM 

Upon completion of the  e l e c t r o n  emission microscope measurements, the  

same s i n g l e  c r y s t a l  molybdenum sample w a s  removed from the  emission m i -  

croscope and mounted i n  the  vacuum emission v e h i c l e  f o r  average e f f e c t i v e  

work func t ion  de termina t ions ,  t he  main o b j e c t i v e  being t o  provide a com- 

pa r i son  wi th  the  emission microscope measurements. A second o b j e c t i v e  

w a s  t o  o b t a i n  a rough estimate of t h e  e f f e c t  of the  r e c r y s t a l l i z e d  g r a i n s  

of t he  s c r i b e  l i n e s  upon the  o v e r a l l  e f f e c t i v e  work func t ion .  

Figure 2-8 shows t h r e e  vacuum emission veh ic l e  Schot tky p l o t s  with the  

square r o o t  of t h e  appl ied  f i e l d ,  ,jE, versus e l e c t r o n  c u r r e n t ,  I .  

I n t e r e l e c t r o d e  spacings w e r e  determined exper imenta l ly  a t  t he  l i s t e d  

- 

4006-4-1 1 7  
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Figure 2-8. Schottky Plots of Molybdenum (110) Single Crystal; 
Scribe Lines on Surface as per Emission Microscope 
Experiments 
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temperatures ,  thereby  provid ing  va lues  from which t o  c a l c u l a t e  t h e  

e l e c t r i c  f i e l d .  On each of t he  curves an  experimental  Schot tky s lope  

was f i r s t  drawn a s  a c c u r a t e l y  a s  p o s s i b l e  through the  " l inear"  po r t ion  

of t h e  curve .  The e f f e c t i v e  work func t ion  was then computed. F igu re  

2-8 shows Schot tky p l o t s  taken of t h e  (110) molybdenum with t h e  s c r i b e  

l i n e s  e x a c t l y  a s  t h e  sample was when removed from t h e  emission microscope. 

F igure  2-9 shows t h r e e  Schot tky p l o t s  taken of the  same sample a f t e r  

taking a s u r f a c e  c u t  t o  remove the  s c r i b e  l i n e s ,  w i th  subsequent f i n e  

po l i sh ing  wi th  Linde alumina A ,  B,  and C ,  and a moderate e l e c t r o e t c h  

i n  a 5 percent  sulphochromic a c i d  t o  remove any work-hardened material 

from t h e  sur face .  The sample w a s  then re turned  t o  the  vacuum emission 

veh ic l e  and vacuum outgassed a t  2250°K f o r  1 hour p r i o r  t o  the  Schot tky 

de termina t ions  a I n  F ig .  2-9 experimental  Schottky s lopes  were drawn 

and t h e  work func t ion  was c a l c u l a t e d .  To determine the  accuracy of 

the  s lopes  exper imenta l ly  ex t r apo la t ed  t o  zero f i e l d ,  t h e o r e t i c a l l y  

determined s lopes  were superimposed upon the t h r e e  curves of F ig .  2-9. 

The agreement i s  seen t o  be e x c e l l e n t .  The t h e o r e t i c a l  s lopes  were 

c a l c u l a t e d  from the  well-known Schot tky equat ion:  

l o g  JRs = l og  JR + (1.912/T) ,$ 

where JR i s  the  zero f i e l d  Richardson c u r r e n t ,  and J 

c u r r e n t .  

i s  the  Schot tky 
RS 

Table I11 g ives  comparisons among work func t ions  obtained from the  vac- 

uum emission v e h i c l e ,  the  averaged e l e c t r o n  emission microscope measure- 

ments from Table I f o r  t he  l e f t  s i d e  of the  low angle  g r a i n  boundary, 

and some r e c e n t  l i t e r a t u r e  va lues  determined by Richardson p l o t s  con- 

ve r t ed  to e f f e c t i v e  work func t ions .  

4006-4-1 19 
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TABLE 111 

COWARISON OF EFFECTIVE WORK FUNCTION OF (110) 
SINGLE CRYSTAL MOLYBDENUM BY EOS VACUUM EMISSION VEHICLE, 

EOS ELECTRON EMISSION MICROSCOPE, AND LITERATURE VALUES 

Method 

EOS Vacuum Emission (Scribed)  

EOS Vacuum Emission (Scribed) 

EOS Vacuum Emission (Scribed)  

EOS Vacuum Emission 
(Pol i shed  and Etched) 

EOS Vacuum Emission (Scribed)  

EOS Vacuum Emission (Scribed)  

EOS E lec t ron  Emission Microscope 

EOS E lec t ron  Emission Microscope 

Richardson P l o t  (Ref. 1) 

Richardson P l o t  (Ref. 2) 

Richardson P l o t  (Ref. 3) 

Te 

2001°K 

1947'K 

1874OK 

2003'K 

1953'K 

1903'K 

L990°K 

1837'K 

1700 - 2100°K 

1700 - 2000°K 

1600 - 1900°K 

4.83 10.04 

4.84 50.04 

4.80 10.04 

4.85 f0.04 

4.84 fO.04 

4.82 10.04 

4.90 f0.04 

4.89 10.04 

4.98 &0.05 

5.00 10.05 

4.90 10.07 

It  can be seen i n  Table 111 t h a t  t he  d i f f e r e n c e  i n  e f f e c t i v e  work func- 

t i o n  by vacuum emission measurements between the  sc r ibed  and the  pol ished 

and etched (110) molybdenum i s  wi th in  experimental  e r r o r .  But ,  over  t h e  

temperature range,  t h e  work func t ion  of t he  sc r ibed  sample i s  c o n s i s t -  

e n t l y  lower. Th i s  i s  reasonable  and expected s i n c e  i t  can be r e c a l l e d  

from the  emission microscope measurements t h a t  the sc r ibed  a rea  exposed 

r e c r y s t a l l i z e d  g r a i n s  of o r i e n t a t i o n s  d i f f e r e n t  from the (110) mat r ix ,  

thus g r a i n s  of lower work func t ion  and h igher  emission c a p a b i l i t y .  An 

exac t  " sc r ibed  area" could no t  be determined s i n c e  many of t he  g r a i n s  

had a l r eady  undergone secondary r e c r y s t a l l i z a t i o n  and re turned  t o  the  

(110) ma t r ix  o r i e n t a t i o n  by the conclusion of the  emission microscope 

experiments.  

4006-4- 1 2 1  



The e f f e c t i v e  work func t ion  d e t  rmined by vacuum emission mea urements 

and by e l e c t r o n  emission microscope Faraday cage measurements a r e  seen 

t o  be wi th in  experimental  e r r o r  i n  every case .  

func t ions  l i s t e d  from e l e c t r o n  emission microscope measurements a r e  

averaged over f i v e  ind iv idua l  Faraday cage va lues  from d i f f e r e n t  a r e a s  

of t he  (110) s i n g l e  c r y s t a l  mat r ix  f o r  each temperature ind ica t ed .  The 

e f f e c t i v e  work func t ions  determined i n  t h i s  work a r e  wi th in  experimental  

e r r o r  of t he  l i t e r a t u r e  va lues  i n  n e a r l y  every case .  The apparent ly  

c o n s i s t e n t l y  lower va lues  of the  EOS emission v e h i c l e  work can be e a s i l y  

reconci led  when i t  is  r e c a l l e d  t h a t  t he  (110) s i n g l e  c r y s t a l  has  a low- 

ang le  g r a i n  boundary d iv id ing  the  sample almost equal ly  i n t o  two ha lves .  

The e f f e c t i v e  work 

The high work func t ion  s i d e  of t he  low-angle g r a i n  boundary y i e lded ,  by 

e l e c t r o n  emission microscope measurements (from Table I ) ,  average e f f e c -  

t i v e  work func t ions  of 4.90 e V  a t  1990°K and 4.89 e V  a t  1837OK, w e l l  

w i th in  experimental  error of the l i s t e d  l i t e r a t u r e  va lues .  

2 .2  RHENIUM SINGLE CRYSTALS 

2.2.1 X-RAY AND METALLOGRAPHIC ANALY Sf S 

An at tempt  was made by the  Linde Crys t a l  Products  Divis ion of Union 

Carbide t o  grow a boule of s i n g l e  c r y s t a l  rhenium with the  (0001) plane 

o r i en ted  p a r a l l e l  t o  t he  end face  of t he  boule .  The boule  produced was 

unique i n  t h a t  the  diameter was l a rge  enough so t h a t  d i s c s  could be c u t  

o f f  f o r  t e s t i n g  and subsequent incorpora t ion  i n t o  thermionic devices  

of meaningful emission a r e a .  Linde Crys t a l  Products  furn ished  EOS wi th  

a schematic approximately reproduced a t  4 : l  i n  F ig .  2-10, showing t h a t  

t he  boule was comprised of seven g r a i n s .  Laue back r e f l e c t i o n  X-ray 

p a t t e r n s  were then produced by Linde t o  determine the  o r i e n t a t i o n  of 

each of t h e  seven g r a i n s ,  with the  r e s u l t s  t abu la t ed  i n  Table I V .  The 

r e l a t i o n s h i p  of t he  c r y s t a l  plane normal of each g r a i n  with r e spec t  t o  

the  boule f a c e  normal i s  given by a t ilt  angle  i n  the  x and y d i r e c t i o n s .  

4006-4-1 22 
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The d i r e c t i o n  i n  which a second plane normal l i es  wi th  r e s p e c t  t o  the  

boule  f ace  i s  given by 

Af te r  t he  X-ray a n a l y s i s  was completed ( r e s u l t s  i nd ica t ed  i n  Table I V )  

i t  was ev iden t  t h a t  t h e r e  was cons iderable  depa r tu re  of some of t he  

g ra ins  from a (0001) boule  f a c e  o r i e n t a t i o n .  

i n  a goniometer and t i l t e d  so t h a t  a r e a  #1 of F ig .  2-10 had i t s  (0001) 

plane p a r a l l e l  t o  t h e  p lane  of t h e  sl ice and t h e r e f o r e  p a r a l l e l  t o  t he  

d i s c  f ace .  Area #1 was thus chosen t o  d i s p l a y  e x a c t l y  a (0001) c r y s t a l  

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

g ra ins  shown i n  F ig .  2-11 i n d i c a t i n g  t h a t  t h e r e  were a cons iderably  

l a r g e r  number than o r i g i n a l l y  i d e n t i f i e d .  Thus, except  f o r  t he  l a r g e r  

g r a i n s  such a s  a r e a s  #1, # 4 ,  #5, and #7, it  i s  probable t h a t  the  o r i -  

e n t a t i o n  over  va r ious  reg ions  i s  d i f f e r e n t  from t h a t  l i s t e d  i n  Table  I V .  

The boule was then  mounted 

Subsequent mechanical and e l e c t r o p o l i s h i n g  exposed t h e  

F igure  2-12 i s  a photomicrograph of rhenium sample No. 1 which had been 

f i n e  pol i shed  with Linde alumina A ,  B ,  and C ,  and vacuum-fixed a t  215OOC 

f o r  two hours .  Af t e r  annea l ing ,  i t  was observed t h a t  po r t ions  of t h e  

mi r ro r  f i n i s h  had apparent ly  evaporated o r  d i f fused  leaving  behind a 

s u b s t r a t e  e x h i b i t i n g  the  c i r c u l a r  machine marks assumed removed by the  

mechanical po l i sh ing  procedures.  I n  Fig.  2-12, t he  machine marks are 

v i s i b l e  and s m a l l  a r e a s  t h a t  look l i k e  s c a l e s  on the  su r face  are ac tu-  

a l l y  areas of  h igh  po l i sh .  

A s  a f u r t h e r  i n v e s t i g a t i o n ,  sample 11, which was a l s o  given a f i n e  

mechanical p o l i s h ,  was e l ec t ro -e t ched  i n  a 75 percent  s u l f u r i c  a c i d  

s o l u t i o n  long enough t o  remove the pol i shed  l a y e r .  Figure 2-13 shows 

c l e a r l y  t h a t  the  machine marks a r e  present  i n  t h e  s u b s t r a t e .  

The conclusion drawn i s  t h a t  f i n e  po l i sh ing  of rhenium which has  a p r i o r  

work hardened su r face  by gr inding  only  smears m a t e r i a l ,  f i l l i n g  the  

su r face  i r r e g u l a r i t i e s ,  b u t  does no t  remove the su r face  i r r e g u l a r i t i e s  

4006-4-1 25 



Figure 2-11. Rhenium Single Crystal Sample I1 High-Polished with 
Linde Alumina A, B, and C y  Vacuum-Annealed at 2150OC 
for Two Hours, and Electropolished in a 75 Percent 
Sulphuric Acid Solution. Magnification 4X 
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Figure 2-12. Rhenium Single Crystal Sample I High-Polished 
with Linde Alumina A, B y  and C y  and Vacuum- 
Annealed at 2150°K for 2 Hours. Magnification 1OX 
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Figure 2-13. Rhenium Single Crystal Sample I1 High-Polished-with 
Linde Alumina A, B, and C, Electro-Etched in 75 Per- 
cent Sulphuric Acid Solution. Magnification 1OX 
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of the work hardened l aye r .  

annea l ing  gave r ise t o  a s u f f i c i e n t  evapora t ion  o r  d i f f u s i o n  of  t he  

pol i shed  su r face  l a y e r  t o  expose the  now f u l l y  annealed g r ind ing  r idges .  

Thus, t o  i n s u r e  t h a t  a smooth s u r f a c e  remains a f t e r  vacuum annea l ing ,  

a series of  coarse  t o  f i n e  po l i sh ing  papers  should be used t o  remove 

the  g r ind ing  r i d g e s  before  f i n e  pol i sh ing .  

f i n e  p o l i s h i n g  may a l s o  achieve the  same r e s u l t s .  

g r ind ing  r i d g e s  were removed by e l e c t r o p o l i s h i n g .  

ready f u l l y  annealed a t  215OoC f o r  2 hours.  

This i s  the  reason  t h a t  subsequent vacuum 

Elec t ropo l i sh ing  before  

I n  Fig.  2-11 t h e  

The sample w a s  a l -  

2.2.2 ELECTRON EMISSION MICROSCOPE INVESTIGATION OF SINGLE CRYSTAL 
RHENIUM 

Rhenium sample I1 w a s  e l ec t ropo l i shed  and mounted i n  the  e l e c t r o n  

emission microscope. The a r e a  i d e n t i f i e d  i n  photomicrograph Fig.  2-14 

corresponds t o  the e l e c t r o n  emission micrograph composite of Fig.  2-15. 

The numbered g ra ins  on Fig.  2-14 correspond t o  the  numbered g r a i n s  on 

the ske tch  of  Fig.  2-10. Each emission micrograph o f  the composite of 

F ig .  2-15 w a s  accompanied by a Faraday cage c u r r e n t  measurement from 

which the work func t ion  was ca l cu la t ed .  I n  Table V, those measurements 

taken w i t h i n  g r a i n s  No. 1 and 4 corresponding t o  t h e  composite area 

a r e  l i s t e d .  The averaged e f f e c t i v e  work func t ion  f o r  g r a i n  No. 1 (which 

i s  supposed t o  be e x a c t l y  a (0001) c r y s t a l  o r i e n t a t i o n )  i s  5.26 eV. 

The averaged e f f e c t i v e  work func t ion  of  g r a i n  No. 4 i s  4.92 eV.  

i s  of i n t e r e s t  t o  note  t h a t  Wichner and P i g f ~ r d ' ~ )  have r epor t ed  an e f -  

f e c t i v e  work func t ion  f o r  (0001) rhenium of 5.56 e V  from experiment. 

I t ,  t h e r e f o r e ,  appears  t h a t  g r a i n  No. 1 repor t ed ly  c u t  t o  e x h i b i t  t he  

(0001) c r y s t a l l o g r a p h i c  plane i s ,  i n  a c t u a l i t y ,  o f f  a x i s .  

It  

Accompanying the composite of Fig.  2-15 are t h r e e  e l e c t r o n  emission 

c u r r e n t  p r o f i l e s ,  t h e i r  l oca t ions  shown by the l i n e s  drawn through the  

composite. Approximate average e f f e c t i v e  work func t ion  va lues  are i n -  

d i c a t e d  by var ious  s e c t i o n s  of the  p r o f i l e s .  High p l a t eaus  on the  
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Figure 2-14. Photomicrograph of Rhenium Sample I1 High-Polished with 
Alumina A, B y  and C y  Vacuum-Annealed at 2150OC for Two 
Hours, and Electropolished in a 75 Percent Sulphuric 
Acid Solution. Magnification 4X 
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TABLE V 
EFFECTIVE WORK FUNCTION OF GRAINS NO, 1 AND 4 (SAMPLE 11) 

CORRESPONDING TO EMISSION MICROGRAPHS OF THOSE 

TENPERATURE 2053 K. 
AREAS SHOWN IN FIG. 2-15 COMPOSITEc; MAGNIFICATION 86X. 

Grain No. 1 
2 J amps/m 

0 

0.729 
0.774 
0.61 
0.674 
0.647 
0.565 
0.483 
0.638 
0.574 
0.524 
0.506 
0.583 
0.574 
0.528 
0.473 

0.492 
0.465 
0.520 
0.546 
0.546 
0.510 
0.555 
0.611 
0.665 
0.601 
0.701 
0.783 
0.783 
0.692 
0.729 
0.747 
0.856 
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*v - 
5.23 
5.22 
5.27 
5.25 
5.27 
5.28 
5.31 
5.25 
5.27 
5.28 
5.30 
5.27 
5.27 
5.29 
5.31 

5.30 
5.31 
5.29 
5.28 
5.28 
5.29 
5.28 
5.26 
5.25 
5.27 
5.24 
5.22 
5.22 
5.24 
5.23 
5.23 
5.20 

Grain No. 4 
J’ amps/m 2 

0 

4.28 
4.19 
4.92 
4.37 
3.92 
3.10 
4.28 
2.87 
3.73 
5.28 
4.83 
4,128 
4.64 
4.01 
3.82 
3.64 
4.28 
3.73 
4.19 
3.84 
3.66 
4.84 
3.82 ’ 

2.91 
3.20 
3.64 
3.64 
4.01 
4.01 
3.96 
3.46 
3.46 
3.10 
3.11 
3.0 
3.05 
2.73 

31 

*v 

4.92 
4.92 
4.89 
4.91 
4.94 
4.97 
4.92 
4.99 
4.96 
4.88 
4.89 
4.92 
4.91 
4.93 
4.94 
4.95 
4.92 
4.94 
4.92 
4.94 
4.94 
4.94 
4.94 
4.99 
4.96 
4.95 
4.95 
4.93 
4.93 
4.93 
4.95 
4.94 
4.98 
4.97 
4.98 
4.98 
5.00 



S 

Figure 2-15. Mapped Composite of Rhenium Single Crystal Sample I1 
Area with Current Profiles. Magnification 86X 
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Figure 2-15. Mapped Composite of  Rhenium S ing le  Crys t a l  Sample I1 
Area wi th  Current P r o f i l e s .  Magnif icat ion 8 6 X  (contd) 
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p r o f i l e s  denoted g r a i n  boundary e x h i b i t e d  va lues  of c u r r e n t  g r e a t e r  

than  t h a t  shown on the  diagram due t o  l i m i t a t i o n s  of the  c u r r e n t  scale. 

The dark areas o f  the  composite can be seen  t o  correspond 'to low c u r r e n t  

emission and t h e r e f o r e  high work f u n c t i o n ,  while  t he  l i g h t  a r e a s  e x h i b i t  

h igh  emission and low work func t ions .  

emission a r e a  t o  a high emission area (or v i c e  versa)  does not  appear 

extremely sharp ,  the reason being t h a t  wide g r a i n  boundary reg ions  have 

been c r e a t e d  by e l e c t r o p o l i s h i n g .  

scans and compared wi th  the same r e g i o n  of the  composite. 

The t r a n s i t i o n  reg ion  from a low 

This e f f e c t  can  be observed on the  

I n  genera l ,  t he  work func t ions  i n d i c a t e d  i n  Tab'le V are the same as 

those on the  c u r r e n t  p r o f i l e s  f o r  t h e  p a r t i c u l a r  g r a i n s  examined ( i . e . ,  

No. 1 and 4 . ) .  

2.2.3 VACUUM EMISSION MEASUREMENTS OF SINGLE CRYSTAL RHENIUM 

The e f f e c t i v e  work func t ion  of the rhenium was determined experimental ly  

by vacuum emission v e h i c l e  measurements a f te r  the  var ious  s u r f a c e  prepa- 

r a t i o n s  mentioned i n  Subsection 2.2.1: (1) pol ished wi th  Linde A, B, 

and C alumina powders t o  a mir ror  f i n i s h ,  (2) pol i shed  a5 i n  (1) and 

e l e c t r o e t c h e d ,  ( 3 )  pol i shed  as i n  (1) and e l e c t r o p o l i s h e d .  A f t e r  a l l  

s u r f a c e  p r e p a r a t i o n s ,  the samples were chemically c leaned i n  hydrochlo- 

r i c ' a c i d  and t r i p l e - b o i l e d  i n  d i s t i l l e d  water. 
vacuum-annealed a t  2150 C f o r  2 hours  before  vacuum emission tests were 

begun. 

Each sample was then 
0 

Figures  2-16, 2-17, and 2-18 are Schottky p l o t s  corresponding t o  the  

th ree  prepara t ions  mentioned. The e f f e c t i v e  work func t ions  a r e  w i t h i n  

experimental  e r r o r  (k0.04 e V )  i n  every case fo r  a given temperature,  

i n d i c a t i n g  t h a t  the s u r f a c e  prepara t ions  do not  have any s i g n i f i c a n t  

e f f e c t  upon the experimental  r e s u l t s .  Table V I  i s  a resume of the  d a t a  

of Figs .  2-16, 2-17, and 2-18. 
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TABLE V I  

EFFECTIVE WORK FUNCTION #'eff* FOR RHENIUM 
SINGLE CRYSTALS SAMPLE NO. I AND 11 FROM 

VACUUM EMISSION VEHICLE MEASUREMENTS 

Fine P o l i s h  Fine P o l i s h  
TOK Fine P o l i s h  (I) E l e c t r o e t c h  (11) E l e c t r o p o l i s h  (I) 

1953 

2003 5.09 

2073 5.20 

2101 5.05 

2153 5.07 

2.50 

5.13 

5.10 

5.12 

5.08 

5.08 

5.09 

5.20 

5.05 

5.07 

*Estimated geff M.04 eV.  

Since g r a i n s  No. 1 and 4 i n  sample I1 toge ther  c o n s t i t u t e  w e l l  over 

50 percent  of the s u r f a c e  examined, i t  i s  probably v a l i d  t o  a t tempt  

some comparisons between the  e l e c t r o n  emission microscope r e s u l t s  and 

the vacuum emission v e h i c l e  tes t  r e s u l t s .  I n  Subsect ion 2 .2 .2 ,  t h e  

averaged e f f e c t i v e  work func t ion  from e l e c t r o n  emission microscope meas- 

urements f o r  g r a i n  No. 1 was found t o  bg 5.26 e V ,  and f o r  g r a i n  No.  4 ,  
4.92 e V .  The average of these  two numbers i s  5.09 eV, which compares 

very favorably w i t h  the  vacuum emission r e s u l t s  repor ted  i n  Table V I .  

Because of t he  l a rge  number of g r a i n s ,  a more p r e c i s e  comparison between 

the  two methods of i n v e s t i g a t i o n  w a s  found t o  be imprac t ica l .  

The r e s u l t s  of these  measurements show t h a t  t h e  rhenium samples inves-  

t i g a t e d  here  e x h i b i t  an e f f e c t i v e  work func t ion  which i s  no h igher ,  and 

i n  most cases  lower, than  those repor ted  i n  e a r l i e r  work(5) on vapor 

deposi ted rhenium. 

2.3 VAPOR-DEPOSITED RHENIUM VARIABLE PARAMETER TEST VEHICLE 

A v a r i a b l e  parameter tes t  vehic le  wi th  vapor-deposited rhenium e l e c t r o d e s  

w a s  f a b r i c a t e d  and performance t e s t ed .  Vapor-deposited sample I1 
w a s  the  e m i t t e r  and vapor-deposited sample I V ,  t he  c o l l e c t o r .  
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The i n t e r e l e c t r o d e  spacing and p a r a l l e l i s m  i n  the  v a r i a b l e  parameter 

v e h i c l e  are e s t a b l i s h e d  by independent ly  applying a fo rce  t o  t h r e e  

spr ing-loaded rods  of a d i f f e r e n t i a l  th read  d r i v e  mechanism, Ccmtact 

between the  emitter and c o l l e c t o r  i s  i n d i c a t e d  by a drop i n  t h e  output  

v o l t a g e  of t he  device.  When momentary o r  s l i g h t  con tac t  i s  made, t he  

emitter temperature  decreases  and the  c o l l e c t o r  temperature inc reases .  

The f i r s t  t a s k  c o n s i s t e d  of op t imiz ing  the  dc c u r r e n t  ou tput  of t h e  ve- 

h i c l e  as a func t ion  of  spacing,  cesium r e s e r v o i r  temperature ,  and c o l -  

l e c t o r  temperature.  The opt imiza t ions  of c u r r e n t  were performed a t  two 

d i f f e r e n t  ou tput  ou tput  vo l t ages  and emitter temperatures  which were 

s e l e c t e d  f o r  comparison t o  prev ious ly  t e s t e d  thermionic conve r t e r s .  

Figure 2-19 shows the  r e s u l t s  of t he  c u r r e n t  op t imiza t ion  f o r  an e m i t t e r  

temperature of  1800°K and a cons t an t  vo l tage  output  of 0.4 v o l t .  

Figure 2-20 shows the  c u r r e n t  op t imiza t ion  f o r  an e m i t t e r  temperature 

of  1700°K and a vo l t age  output  of 0 . 3  v o l t .  

The complete op t imiza t ion  a t  a f ixed  output  vo l t age  and cons t an t  emitter 

temperature c o n s i s t e d  of t h ree  p a r t s .  F i r s t ,  the  c o l l e c t o r  temperature 

w a s  he ld  cons t an t ,  the  spacing was f i x e d ,  and the cesium r e s e r v o i r  tem- 

pe ra tu re  w a s  v a r i e d  t o  achieve maximum output  c u r r e n t .  Second, the  

spacing w a s  f i xed  aga in ,  bu t  a t  a d i f f e r e n t  va lue ,  while  the  c o l l e c t o r  

temperature was  h e l d  cons tan t  as before .  

t u r e  w a s  aga in  v a r i e d  t o  o b t a i n  maximum c u r r e n t  ou tput .  

s t e p  w a s  repea ted  f o r  t h ree  o r  four  i n t e r e l e c t r o d e  spacings while  t h e  

cesium r e s e r v o i r  temperature achieved optimized c u r r e n t  ou tput .  

t he  c o l l e c t o r  temperature w a s  va r i ed ,  performing s t e p s  one and two f o r  

each temperature.  Thus, f o r  a given emitter temperature and cons t an t  

The cesium r e s e r v o i r  tehpera-  

The second 

Thi rd ,  
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Figure 2-19. Vapor-Deposited Rhenium Variable Parameter Test 
Vehicle Optimized for Converter S/N 109 Type 
Performance, for an Emitter Temperature of 1798OK 
and a Voltage Output of 0.4 Volt 
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Figure 2-20. Vapor-Deposited Rhenium Variable Parameter Test Vehicle Opti- 

mization for Converter S/N 110 Type Performance, for an Emitter 
Temperature of 1700OK and a Voltage Output of 0.3 Volt 
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ou tpu t  vo l t age ,  the  above procedure produced a complete se t  of opt imi-  

z a t i o n  d a t a  from which the  maximum output  c u r r e n t  could be obta ined  as 

a func t ion  of  t he  v a r i a b l e s :  spacing,  c o l l e c t o r  temperature ,  and cesium 

r e s e r v o i r  temperature .  

The second t a s k  cons i s t ed  of ob ta in ing  output  vo l t age  (V) ve r sus  i n t e r -  

e l e c t r o d e  spacing (d) curves  f o r  comparison wi th  the  p o l y c r y s t a l l i n e  

rhenium emi t te 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, and the  poly- 

c r y s t a l l i n e  rhenium emitter-molybdenum c o l l e c t o r  system curves as shown 

i n  F ig .  2-19. 

t u r e  (1735 fS°C), cesium r e s e r v o i r  temperature (330 fl C), and c u r r e n t '  

The c o l l e c t o r  temperature & 720 flO°C), e m i t t e r  tempera- 
0 

(38A) were the  same f o r  a l l  

depos i ted  rhenium e l e c t r o d e  

e l e c t r o d e  system shows t h a t  

However, from t h e  beginning 

determine e x a c t l y  where t h e  

0.3-0.5 m i l .  Consequently, 

t h r e e  curves.  

system wi th  t h e  p o l y c r y s t a l l i n e  rhenium 

the  performance i s  very  n e a r l y  t h e  same. 

of ope ra t ion ,  i t  was very  d i f f i c u l t  t o  

e m i t t e r - c o l l e c t o r  s h o r t  would occur wi th  

the  r e g i o n  of the  curve of inc reas ing  v o l t -  

A comparison of t h e  vapor- 

age a t  spacings less than approximately 0.5 m i l s  i s  almost nonex i s t en t  

on the  vapor-deposited rhenium curve.  Moreover, e l e c t r o d e  p a r a l l e l i s m  

w a s  d i f f i c u l t  t o  e s t a b l i s h  wi th  0.3-0.5 mi1,and e l e c t r o d e s  no t  i n  p a r a l -  

l e l  a l s o  e x h i b i t  curves  lack ing  an  "upturn" i n  the  e l e c t r o n  space charge 

region.  

From the  beginning of ope ra t ion ,  i t  was very d i f f i c u l t  t o  determine ex- 

a c t l y  when the  e m i t t e r - c o l l e c t o r  s h o r t  would occur as the vo l t age  would 

drop slowly r a t h e r  than  ab rup t ly  t o  zero  a s  e l e c t r o d e  c o n t a c t  w a s  made. 

Spacing w a s  t h e r e f o r e  extremely d i f f i c u l t  t o  se t  as w a s  t he  p a r a l l e l i s m  

o f ' t h e  e l ec t rodes .  Approximately 300 hours  of t e s t i n g  were accomplished 

before  i t  w a s  concluded t h a t  the problem was i n t e r n a l  t o  the  v e h i c l e ,  

Before t h e  f l anges  were c u t  t o  open the  system, the ces iumwas  f rozen  

ou t  i n  the  r e s e r v o i r  by keeping t h e  r e s e r v o i r  i n  l i q u i d  n i t r o g e n  Fshile 
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INTERELECTRODE SPACING (X 103in) 
Figure 2-21. Comparison Plot of Re-Re, Re-Mo, and Vapor-Deposited Re- 

Vapor-Deposited Re Systems Showing Voltage Output Difference 
of 0.060 to 0.080 Volt Over Entire Spacing Range 
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h e a t i n g  the body o f  the  t es t  veh ic l e  w i th  a h o t  a i r  gun. 

t u b u l a t i o n  w a s  then c u t  open, accompanied by a f i r e  f l a s h  as the  cesium 

oxid ized .  The device was then l eak  checked and found t o  be l e a k - t i g h t .  

The cesium 

Upon opening the  t e s t  v e h i c l e ,  i t  w a s  found t h a t  t he  emit ter ,  c o l l e c t o r ,  

and guard r i n g  su r face  had been p a r t i a l l y  jo ined  toge the r  dur ing  f i n a l  

assembly. 

quent ly  pa r t ed ,  bu t  the  e l e c t r o d e  su r faces  were d i s rup ted  i n  such a way 

t h a t  s m a l l  p r o j e c t i o n s  of  metal would make c o n t a c t  and s h o r t  the e l e c -  

t rodes  before  the  plane of the  s u r f a c e s  a c t u a l l y  touched. A microscopic 

examination revea led  t h a t  the su r face  p r o j e c t i o n s  were almost a m i l  

above t h e  e l e c t r o d e  su r face .  This i s  c o n s i s t e n t  w i th  o p e r a t i o n a l  d i f -  

f i c u l t i e s  i n  the  0.5 m i l  t o  0.8 m i l  spacing range. 

During ope ra t ion  and thermal cyc l ing  the  e l e c t r o d e s  subse-  

4006-4-1 44 



SECTION 3 

LOW TEMPERATURE (1 700°K- 18OO0K) CYLINDRICAL CONVERTER (TASK 111) 

Four c y l i n d r i c a l  conver te rs  c o n s i s t i n g  of vapor-deposited rhenium e l e c -  

t r o d e s  a r e  being designed and f a b r i c a t e d  t o  provide performance compari- 

son t o  p lanar  conver te rs  of  the  same e l e c t r o d e  m a t e r i a l  developed under 

NASA Contract  NAS7-514. An i d e n t i c a l  e m i t t e r  a r e a  of 2.0 cm and c o l -  

l e c t o r  area of 1.88 c m  

two geometries.  

2 

2 w i l l  provide a n  exac t  comparison between t h e  

The c y l i n d r i c a l  conver te rs  (S/N 109CA, 109CB, l l O C A ,  and 11OCB) were de- 

s igned f o r  maximum performance a t  the  e m i t t e r  temperatures and i n t e r -  

e l e c t r o d e  spacings s p e c i f i e d  below: 

Design C r i t e r i a  

Co nve r t er Emit ter  I n t e r e  lec t rode  Power 
De s i g n a  t i o n  Temperature Spacing output  

2 

2 
SNlOgCA, 109CB 1800°K 6 M . 6  m i l s  10.5 W/cm 

SNllOCA, l l O C B  1700°K 10 fl m i l s  4.5 W/cm 

The EOS concept of c y l i n d r i c a l  conver te rs  i s  r e a d i l y  adaptable  t o  rad io-  

i s o t o p i c  and out -of -p i le  thermionic systems. B a s i c a l l y ,  t h i s  concept 

allows the  i n d i v i d u a l  conver te rs  t o  be e x t e r n a l l y  connected f o r  series- 

p a r a l l e l  choice hookup. Moreover, each converter  conta ins  a s e p a r a t e  

r e s e r v o i r  which al lows f o r  i n d i v i d u a l  conver te r  t e s t i n g  and opt imizat ion.  

A s  a conceptual a p p l i c a t i o n  of the  c y l i n d r i c a l  conver te r ,  Fig.  3-1 de- 

p i c t s  a f ive-conver te r  h e a t  pipe a r r a y  w i t h  an es t imated  e l e c t r i c a l  

output  of 100 w a t t s  a t  2.0 v o l t s .  Ten such a r r a y s  emanating from a 
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common h e a t  source could provide an unconditioned power of 1 kW (e). 

The key f e a t u r e s  of  t he  f ive-conver te r  a r r a y  are: 

joined by e l e c t r o n  beam welding prea l igned  c y l i n d r i c a l  c o n v e r t e r s ,  cast 
sapphi re  t r i l a y e r  i n s u l a t i o n ,  and a completely p r e t e s t e d  component sys-  

tem i n  the  same manner as t h e  SET genera tor .  

a segmented h e a t  p ipe  

3'1 CONVERTER DESIGN 

The des ign  of the  c y l i n d r i c a l  conver te r  has  been completed. 

shows the  converter design,  There a r e  four  major subassemblies:  (1) 

the  emitterJ (2) t h e  emitter support  s t r u c t u r e ,  (3) the  c a l l e c t o r -  

r a d i a t o r ,  and ( 4 )  p r e f a b r i c a t e d  ceramic-to-metal seals. 

assemblies  a r e  e l e c t r o n  beam welded toge ther  t o  form' the  f i n a l  conver te r  

conf igura t ion .  

Figure 3-2 

A l l  major sub- 

3.1.1 EMITTER SUBASSEMBLY 

The e m i t t e r  subassembly of the  conver te r  i s  formed by the  vapor deposi-  

t i o n  of rhenium on a molybdenum mandrel. Af te r  the  d e p o s i t i o n  p tocess ,  

the  mandrel i s  removed by chemical e tch ing .  The f i n a l  dimensions of 

t he  c y l i n d r i c a l  emitter are obtained by p r e c i s i o n  gr inding .  

shows the  emitter of  S/N 109CA. 

Figure 3-3a 

A s  a design i t e r a t i o n ,  an emitter w i l l  be f a b r i c a t e d  which forms a sec-  

t i o n  of a segmented h e a t  pipe.  

f l u t e d  mandrel so t h a t  a r e p l i c a t i o n  of  the  grooves w i l l  form channels  

on the i n s i d e  diameter of t he  e m i t t e r  subassembly. A c r o s s  s e c t i o n  of 

t h i s  e m i t t e r  i s  shown i n  Fig.  3-3b. A t  each end of  t he  segmented e m i t -  

t e r ,  s t e p s  are made t o  a l low j o i n i n g  (by e l e c t r o n  beam welding) t o  next  

s e c t i o n  of  the  segmented h e a t  pipe (Ref. Fig. 3-1). 

This  w i l l  be formed by machining a 
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BLACKBODY HOLE 10:l 
4 PLACES 

I 

.394 IN. 

Figure 3-3a. Vapor-Deposited Rhenium Cylindrical 
Converter Emitter (S /N  109CA) 
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3 . 1 . 2  EMITTER SUPPORT STRUCTURE 

The thermal  des ign  f o r  the  emitter support  s t r u c t u r e ,  which i s  normally 

r e f e r r e d  t o  as an envelope,  must: (1) act as an e f f e c t i v e  h e a t  choke, 

thermally i s o l a t i n g  t h e  1800°K e m i t t e r  from the  o t h e r  s t r u c t u r a l  members 

of t h e  conve r t e r ,  such as the  ceramic-metal seals,  (2) provide the con- 

v e r t e r  c u r r e n t  pa th  wi thout  l a rge  vo l t age  drop over t he  l eng th  of t h e  

envelope; and (3) mainta in  mechanical i n t e g r i t y  and l eak  t i g h t n e s s .  

The h e a t  choke des ign  r e q u i r e s  balancing the e l e c t r i c a l  l o s s e s  wi th  the  

thermal l o s s e s .  The r a t i o  of  e l e c t r i c a l  t o  thermal l o s s  a! can  be w r i t -  

tea as :  

‘(where r a d i a t i o n  l o s s e s  have been omit ted i n  the  f i r s t  o rde r  approximation).  

In  p r a c t i c e ,  t h e  L/A r a t i o  must be obta ined  t o  minimize cy. 

For c y l i n d r i c a l  geometry, the  above equat ion  is: 

2 
I pln  (ro/ri> 2 

I pln ( ro / r i )  KAT 2mZ - 
2n a 4l-r a Q , -  

where I i s  the  t o t a l  c u r r e n t  pass ing  through the  envelope, p i s  the  re- 

s i s t i v i t y  of t he  material, R i s  the  th ickness  of  t he  material, r i s  

the  i n s i d e  r a d i u s ,  r i s  the  ou t s ide  r a d i u s ,  AT i s  the  temperature drop 

ac ross  t h e  h e a t  choke envelope, and K i s  the  thermal conduc t iv i ty  of 

the material. 

i 

0 

I n  a d d i t i o n  t o  the  thermal des ign ,  the  emitter support  s t r u c t u r e  must 

be considered from a materials s e l e c t i o n  s tandpoin t .  

v ious ly  demonstrated t h a t  t he  s e l e c t i o n  of a rhenium emitter i s  an 

It has been pre-  
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a p r i o r i  s e l e c t i o n  of a rhenium support  s t r u c t u r e  t o  in su re  l o n g - l i f e  

h igh  temperature c o m p a t i b i l i t y  of both members. 

The e m i t t e r  suppor t  s t r u c t u r e  f o r  S/N 109CA design parameters are: 

= 0.0127 c m  (0.005 i n .  t h i c k )  

I = 50 amps 

p = 80 x cm-ohm 

K = 0.48 W/cm-OK (rhenium) 

AT 750' 

r = 0.45 c m  

r = 1.2 cm 
i 

0 

S u b s t i t u t i n g  the  above va lues  i n t o  Eq. 1, the t o t a l  thermal power con- 

ducted down the  envelope i s  58 w a t t s ,  and the  t o t a l  j ou le  h e a t i n g  o f  

t h e  h e a t  choke i s  2.5 w a t t s .  Therefore ,  the t o t a l  power l o s t  down the  

h e a t  choke by conduction i s  56 watts f o r  an  e m i t t e r  temperature of 

1800°K w i t h  a c u r r e n t  of 50 amperes flowing i n  the  e m i t t e r .  

The e m i t t e r  support  s t r u c t u r e  i s  a 0.005-in.-thick rhenium annulus 

which i s  t i t an ium brazed t o  a niobium emitter lead  s t r a p  on the  o u t e r  

diameter of t he  annulus and e l e c t r o n  beam welded on the  i n s i d e  diameter 

t o  the  emitter.  Since the  support  s t r u c t u r e  i s  simply a p l a t e  w i th  a 

ho le  i n  the  middle ope ra t ing  a t  1700 K-1800 K and cons t r a ined  a t  a 

per imeter  which ope ra t e s  a t  1000-llOO°K, the re  i s  the p r o b a b i l i t y  of  

0 0 

warpage. 

Two support  s t r u c t u r e  designs a r e  being considered:  

1. The f i r s t  approach employs a s t r a i g h t  annular  r i n g  wi thout  a 
convolute .  Figure 3-4a shows t h i s  design.  

To determine whether o r  no t  thermal expansion w i l l  cause ex- 
ces s ive  warpage, a thermal mockup of t h i s  s t r u c t u r e  w a s  fab-  
r i c a t e d  and t e s t e d .  

"Y .  

1 

.Y 

I 

i 
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The r e s u l t s  of  t h i s  t e s t  showed t h a t  t h i s  approach i s  f e a s i b l e  
wi th  the  a d d i t i o n  of sapphi re  spacing rods  between the  enve- 
lope and the  c o l l e c t o r - r a d i a t o r  assembly. 

The no-convolution annular  r i n g  approach has  one d i s t i n c t  ad- 
vantage;  i t  i s  a simple geometry which lends i t s e l f  t o  s t and-  
a r d  f a b r i c a t i o n  techniques.  

The a l t e r n a t e  des ign  approach t h a t  EOS i s  cons ide r ing  i s  
shown i n  F ig .  3-4b i n  which the  support  s t r u c t u r e  inco rpora t e s  
a s i n g l e  convolu t ion  t o  act as a bellows f o r  t he  r a d i a l  t h e r -  
m a l  expansion. 

To form a s i n g l e  convolu t ion  bellows s t r u c t u r e  of rhenium 
p resen t s  f a b r i c a t i o n  problems. Rhenium, un l ike  tantalum and 
niobium, work-hardens r a p i d l y  during co ld  forming ope ra t ions .  
Therefore ,  more e x o t i c  f a b r i c a t i o n  techniques must be em- 
ployed such as s p e c i a l  d i e s ,  i n t e r s t a g e  annea l ing  between 
each r educ t ion ,  and s p e c i a l  machining f i x t u r e s  t o  accommodate 
t h e  convolut ion design.  

2. 

3.1.3 COLLECTOR-RADIATOR STRUCTURE 

The c o l l e c t o r - r a d i a t o r  i s  a c i r c u l a r  molybdenum p l a t e  which forms an 

i n t e g r a l  u n i t .  F igure  3-5 i s  a photograph of a finish-machined c o l l e c t o r -  

r a d i a t o r .  The r a d i a t o r  p o r t i o n  of the  assembly i s  shown wi th  a h igh  

emit tance (0.78) coa t ing  of Rokide "C". The r a d i a t i n g  area shown i s  

40 cm2 t o t a l  f o r  two s i d e s .  

The c o l l e c t i n g  su r face  ( in s ide  diameter)  i s  coa ted  wi th  a 0.020-in.-  ' 

t h i c k  vapor depos i ted  rhenium su r face .  The area of c u r r e n t  c o l l e c t i o n  

i s  1.88 sq cm2 corresponding t o  the EOS p lanar  conve r t e r s .  

One problem a r e a  p e c u l i a r  t o  c y l i n d r i c a l  conve r t e r s  i s  the  e c c e n t r i c i t y  

of e l e c t r o d e s .  Where measurements have been r e p o r t e d ,  i n t e r e l e c t r o d e  

spacings of 5 t o  7 m i l s  are sometimes concen t r i c  t o  w i t h i n  only 3 m i l s .  

EOS' experience i n  t e s t i n g  var iab le-spaced  p lanar  e l e c t r o d e s  i n d i c a t e s  

t h a t  skew e l e c t r o d e s  can reduce p o t e n t i a l l y  a v a i l a b l e  power output  den- 

s i t ies  by as much as 25-30 percent  ( the  performance comparison of p lanar  

and c y l i n d r i c a l  geometries i s  v a l i d  as long as e l e c t r o d e  dimensions are 

much g r e a t e r  than i n t e r e l e c t r o d e  spacing) . 
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Figure 3-5. Cylindrical Converter Integral Molybdenum 
Collector-Radiator Assembly 
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Therefore ,  EOS has  incorpora ted  i n t o  the  des ign  a method t o  e s t a b l i s h  and . 

r e t a i n  the  c o n c e n t r i c i t y  of e l e c t r o d e s  dur ing  t h e  f a b r i c a t i o n  processds.  

F igure  3-6 i s  a drawing of t he  c o l l e c t o r - r a d i a t o r  assembly. 

ho le s  d r i l l e d  r a d i a l l y  and p laced  120' a p a r t  are alignment p inholes .  

Pins  are p laced  i n t o  the  ho le s  t o  p r e c i s e l y  set  the  emitter concen t r i c  

t o  the  c o l l e c t o r .  The subassemblies of the  conve r t e r  are e l e c t r o n  beam 

The t h r e e  

welded wi th  the p ins  i n  p lace .  

a r e  plugged and e l e c t r o n  beam welded s h u t  t o  form a vacuum-tight diode 

The p ins  are then  removed and the  ho le s  

assembly, 

Three o t h e r  r a d i a l  ho le s  are d r i l l e d :  one i s  f o r  r eg ion  t r a n s f e r ;  t he  

o t h e r  two are f o r  temperature measurements of  c o l l e c t o r  su r face  v i a  i m -  

mersion thermocouples. The weight of the  i n t e g r a l  c o l l e c t o r - r a d i a t o r  

i s  176 grams. 

For t h e  c o l l e c t o r - r a d i a t o r  design,  i t  i s  necessary t o  c a l c u l a t e  the 

c o l l e c t o r  h e a t  load  t h a t  t h e  r a d i a t o r  must r e j e c t  a t  the des ign  ope ra t -  

i n g  po in t  of 53 amperes ( i .e . ,  approximately 21  wa t t s  f o r  1.88 cm2 a t  

0.40 v o l t s ) .  

The c o l l e c t o r  h e a t  load,  Q t o t a l ,  i s  the  sum of t h r e e  terms: 

- - 
Q t o t a l  Qel h t  + %ad + Q c ~  cond 

The f i r s t  t e r m ,  Qe, ht i s  the  h e a t  generated by the d r i f t  e l e c t r o n  cur -  

r e n t  as it d i s s i p a t e s  the  energy acqui red  by f a l l i n g  through the  poten.- 

t i a l  of the  c o l l e c t o r  work func t ion  p lus  the  random p o t e n t i a l  energy 

i n  t h e  plasma, i . e . ,  

= I ( % o n  + E kTpl/e) Qel  h t  
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* 1.45 f o r  vapor depos i ted  c o n  (%oil where I i s  the  d r i f t  c u r r e n t ,  Cp 

rhenium) i s  the  c o l l e c t o r  work func t ion ,  e kT / e  i s  the random poten- 

t i a l  energy i n  the  plasma. The value of  e i s  chosen a s  1.3,  and T 

i s  s e l e c t e d  to  be 4000'K. 

PI 
PL 

For : I fi 53 amperes 
N 

= 108 w a t t s  Q e l  h t  

The second term, Sad, i s  the ne t  r a d i a t i o n  h e a t  t r a n s f e r  from e m i t t e r  

t o  c o l l e c t o r .  

- 
?ad - 'e f f CA (Te: - T4 c o l l )  

where+ 

n e t  r a d i a t i o n  h e a t  t r a n s f e r  f o r  T 

0.17 and f o r  an area of 2 c m  i s :  

eeff i s  the  e f f e c t i v e  e m i s s i v i t y  of t he  e l ec t rode  system. The 
0 0 

=: 1800 R, Tcoll = 973 K, eeff = e m  2 

* 1 7  w a t t s  Qrad 

The last  t e r m ,  Qcs cond , cesium conduction i s  

cond w 4 .0  w a t t s  Qc s 

f o r  a cesium temperature of  588'K. 

The t o t a l  c o l l e c t o r  hea t  load,  Qtotal, i s  

H 

= 129 w a t t s  Q t o t a l  

With the  computed h e a t  load of -129  wa t t s ,  the  average temperature of 

the  r a d i a t o r  can be c a l c u l a t e d  us ing  the  dimensions of Fig. 3-6. 
the  s o l u t i o n  f o r  a c y l i n d r i c a l  p l a t e  of th ickness ,  J ,  wi th  a hole  i n  

the cen te r  of r ad ius ,  r and the perimeter wi th  r ad ius ,  r , and a thermal 

hea t  f l u x ,  Q,  the  AT i s  expressed as 

Using 

i' 0 
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(Ln ro - Lnri) Q 
K2 rrA AT = 

where K i s  the  thermal  conduc t iv i ty  of t he  material. 

For a molybdenum c o l l e c t o r  t h i ckness ,  A ,  of  0.125 i n . ,  ri = 0.56 c m  and 

r 

h e a t  f l u x  the  temperature a t  the  c o l l e c t o r  r o o t  , ( t op  of Rokide 

p o r t i o n  i n  Fig.  3-5) i s  917'K. 

= 1.9 cm, o p e r a t i n g  a t  a su r face  temperature of 993OK and 129 w a t t s  
0 

"C" 

This  y i e l d s  a AT of  76' from c o l l e c t i n g  su r face  t o  t h e  c o l l e c t o r  base.  

The 1 chosen i n  the  above c a l c u l a t i o n  was the  th i ckness  of  the  s m a l l -  

e s t  c r o s s  s e c t i o n  (i .e. ,  the  a r e a  of the cu tout  f o r  the  niobium weld 

r i n g  and t h e  s i d e  w a l l  spacing ceramic) .  However, i f  i t  i s  assumed 

t h a t  i s  0.227 i n . ,  the  c o l l e c t o r - r a d i a t o r  AT from c o l l e c t i n g  su r face  

t o  the  c o l l e c t o r  base i s  42 . 0 

A r a d i a t o r  of M 40 sq c m  w i l l  re ject  the computed hea t  load of  129 

thermal w a t t s ,  when r a d i a t i n g  a t  a n  average temperature of  910 K and 

an  emis s iv i ty  of 0.78 (Rokide I'Cgl). 

0 

3.1.4 PREFABRICATED METAL-TO-CERAMCC SEALS 

The c y l i n d r i c a l  conver te r  has  two seals which (1) e l e c t r i c a l l y  i n s u l a t e  

t h e  emitter from the  c o l l e c t o r ,  (2) provide . s t r u c t u r a l  support  between 

the  e m i t t e r  and c o l l e c t o r ,  and (3) provide a hermetic  seal  between the  

i n s i d e  of the  device and the  ambient environment. 

Figure 3-7 shows the  p r e f a b r i c a t e d  metal-to-ceramic seal  assembly. The 

seal  assembly i s  designed t o  opera te  r e l i a b l y  at M 1000°K and the seal 

components c o n t a i n  materials t h a t  e x h i b i t  low vapor p re s su res  a t  the  

temperature encountered dur ing  f a b r i c a t i o n  and opera t ion .  
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The metal f langes  are 0.020-in. niobium a c t i v e  a l l o y  ( N i - Z r )  brazed i n  

vacuum t o  a h igh  p u r i t y  alumina i n s u l a t o r  (AL995). The niobium f l ange  

is  formed wi th  a s m a l l  convolut ion t o  a l low f o r  s e l f  f i x t u r i n g  o f  the  

A 1  0 i n s u l a t o r ,  while  braz ing .  2 3  

Also, t he  niobium f l anges  con ta in  r i g h t  angle  bends t o  a l low f o r  a x i a l  

expansion o f  t he  conve r t e r  dur ing  ope ra t ion .  

The p r e f a b r i c a t e d  seals are e l e c t r o n  beam welded t o  the  emitter lead 

s t r a p  and the c o l l e c t o r - r a d i a t o r  weld r i n g  dur ing  f i n a l  conver te r  as- 

sembly. 

3.1.5 CESIUM RESERVOIR 

The cesium r e s e r v o i r  i s  thermally i s o l a t e d  from the  r a d i a t o r  base by 

machining a t h i n  w a l l  s e c t i o n  i n  t h e  r e s e r v o i r  t ubu la t ion .  A h e a t e r  

i s  t i t an ium brazed t o  t h e  r e s e r v o i r  t o  enable  the  cesium p res su re  i n  

the  conve r t e r  t o  be ad jus t ed .  

The tantalum r e s e r v o i r  t ubu la t ion  i s  e l e c t r o n  beam welded as a n  assembly 

t o  a tantalum adapter  which i s  t i t an ium brazed i n  t h e  c o l l e c t o r  r a d i a t o r  

s uba s s emb l y  . 
Thermal des ign  c a l c u l a t i o n s  are obta ined  from cons ide ra t ion  of  h e a t  

. t r a n s f e r  by conduct ion from the  c o l l e c t o r - r a d i a t o r  base t o  the  r e s e r v o i r  

and ( f o r  s m a l l  r a d i a t i o n  loss) i s  given by 

Q = -KAAT/AX 

where Q i s  the  thermal conduction i n  w a t t s ,  K i s  the  thermal conduc- 

t i v i t y ,  and AT/AX i s  d i f f e r e n c e  i n  temperature per  u n i t  l ength  i n  d i s -  

tance along the  r e s e r v o i r .  

.* i 

t 
1 

p " )  

l u "  i 
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Assume t h a t  the c o l l e c t o r - r a d i a t o r  i s  t o  be opera ted  a t  923'K and t h a t  

the  tantalum r e s e r v o i r  i s  t o  be maintained a t  553 K. The tantalum tubu- 

l a t i o n  has  the  dimensions of 0.187 i n .  ou t s ide  diameter  w i t h  a 0.007-in. 

w a l l  f o r  a l eng th  of  1 i n .  

0 

The conduct ion h e a t  t r a n s f e r  t o  a f i r s t  approximation i s :  

Q 0.16 x 4,186 x 0.024 2 cm X 
3 70' 
2.54 
- 

Q = 2.3 watts 

This  amount o f  h e a t  can  be rejected by a Rokide "C" coa t ing  ( c  = 0.78) 

on su r face  a r e a  of 6 cm2 f o r  553 K opera t ion .  0 

3.2 THERMAL MOCKUPS 

3.2.1 EmTTER ENVELOPE THERMAL MOCKUP 

The s i d e  w a l l  spacing i n  the c y l i n d r i c a l  conver te r  between the  envelope 

w a l l  and the c o l l e c t o r  assembly i s  M 12 m i l s  on a s i d e .  

whether t he  d e f l e c t i o n  of  t he  h e a t  choke ( i . e . ,  warpage o r  o i l  canning) 

due t o  thermal expansion, could be of s u f f i c i e n t  magnitude t o  e l e c t r i -  

c a l l y  s h o r t  the envelope t o  the c o l l e c t o r ,  a thermal mockup of the emit-  

t e r  was f ab r i ca t ed  and t e s t e d .  Figure 3-8 is  a ske tch  of the  emi t t e r -  

envelope thermal mockup. 

To determine 

The thermal mockup dimensions correspond e x a c t l y  t o  the  conve r t e r  e m i t -  

t e r ,  e m i t t e r  support  s t r u c t u r e ,  and e m i t t e r  l ead  s t r a p s .  Tantalum w a s  

s e l e c t e d  as the  s t r u c t u r a l  material of the  mockup because i t  has s imi la r  

expansion c h a r a c t e r i s t i c s  t o  rhenium, i t  i s  ingxpensive,  and i t  i s  

e a s i l y  machined. 
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Figure 3-8.  Emitter Heat Choked Envelope, Thermal Hockup 
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The c e n t e r  cy l inde r  which s imula ted  the  emitter had a 1O:l blackbody 

hole  f o r  determining, temperatures  wi th  a micro-opt ica l  pyrometer. The 

emitter support  s t r u c t u r e  cons i s t ed  of  two f l a t  a n n u l i  of 0.005 i n .  

t h i c k  tantalum which were e l e c t r o n  beam welded t o  t h e  emit ter  and t o  

. a n  o u t e r  tantalum r i n g  which s imula ted  the  emit ter  l ead  s t r a p .  The 

f l a t n e s s  of the  e m i t t e r  suppor t  s t r u c t u r e  (as welded) w a s  measured and 

found t o  be f l a t  t o  a t o t a l  i n d i c a t o r  reading  (TIR) of 0.015 i n .  on 

both s i d e s .  

The e m i t t e r  of the  mockup w a s  hea ted  by an  e l e c t r o n  bombardment h e a t e r  

t o  1800°K and the emitter lead  s t r a p  po r t ion  was allowed t o  come t o  

=1050°K by h e a t  s i n k  s t r app ing .  

envelope mockup while  a t  temperature showed no gross  warpage o r  o i l  

canning, and the e l e c t r o n  beam welds remained i n t a c t .  

V i sua l  observa t ions  of the  e m i t t e r  

Af t e r  a number of thermal cyc les  the  u n i t  w a s  taken o f f  t es t  t o  mea-  

su re  the f l a t n e s s  of the  envelope. The f l a t n e s s  of the h e a t  choked en- 

velope w a s  aga in  measured on two s i d e s  and found t o  be f l a t  t o  a T I R  of 

0.013 inch and bowing outward on one s i d e  and f l a t  t o  a T I R  of 0.008 

inch and bowing inward on the second s i d e .  

Although measurement of t he  thermal d e f l e c t i o n  warpage a t  temperature 

was no t  a t tempted,  it is  f e l t  t h a t  t he  co ld  warpage ind ica t ed  by the  

above measurement i s  enough t o  warran t  sapphi re  rods  placed between the  

h e a t  choke envelope and the  c o l l e c t o r - r a d i a t o r  t o  ensure t h a t  the  growth 

a t  temperature be forced  i n  the outwards d i r e c t i o n .  However, s ince  the 

i n t e g r i t y  of the  e l e c t r o n  beam welds i n  the thermal mockup remained 

good, i t  i s  f e l t  t h a t  t h i s  approach w i l l  most l i k e l y  y i e l d  a r e l i a b l e  

envelope design.  
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3.2.2 RADIATOR HEAT REJECTION 

An i n t e g r a l  molybdenum c o l l e c t o r - r a d i a t o r  d i scussed  i n  Subsect ion 3 . 1 . 3  

w a s  f a b r i c a t e d  t o  provide a f u l l - s c a l e  t es t  f o r  r a d i a t o r  h e a t  r e j e c t i o n  

of  the computed c o l l e c t o r  h e a t  load of 129 w a t t s .  

Figure 3-9 shows the c o l l e c t o r - r a d i a t o r  wi th  thermocouple l o c a t i o n s  f o r  

measuring temperature.  

on  two s i d e s  wi th  a n  emit tance of 0.79 (Rokide "C"). The assembly was 

mounted i n  a vacuum system and hea ted  i n d i r e c t l y  a t  the  c o l l e c t o r  su r -  

f ace  by electron%bornbardment. Temperature p r o f i l e s  f o r  four  d i f f e r e n t  

c o l l e c t o r  temperatures  were obta ined  and p l o t t e d  (see Fig.  3-10). 

2 The r a d i a t i n g  area i s  approximately 40-42 c m  

The t o t a l  h e a t  load,  Qtotal, t h a t  the  c o l l e c t o r - r a d i a t o r  re jects  i s  

summed as fol lows:  

- - 
Q t o t a l  Qrad moly -I- Qrad i- Qcond 

: i  
iy 

i s  the h e a t  r e j e c t e d  by r a d i a t i o n  from the  molybdenum where Qrad moly 
c o l l e c t o r  po r t ion ,  Q 
a t o r  (Rokide "C" p o r t i o n ) ,  and Qcond i s  t h e  h e a t  l o s t  by conduction . 
i n t o  the  mounting s t r a p s .  

is the  h e a t  r e j e c t e d  by r a d i a t i o n  from the  r a d i -  r a d  

i s  expressed by Qrad moly' The f i r s t  t e r m ,  

4 
SOT - - 

Qrad moly *mo 1 y 

where c = 

c I =  

A =  

T =  

9 
. 1  

N 

emit tance (molybdenum = 0.1) 

S tefanBol tzmanncons tan t  = 5.66 x wat t s  c m  deg-4 

area of  r a d i a t i o n  (cm ) 

average temperature o f  molybdenum ( K) 

-2 

2 

0 
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F i g u r e  3-10. R a d i a l  Temperature D i s t r i b u t i o n  o f  t h e  C y l i n d r i c a l  
Conver te r  C o l l e c t o r - R a d i a t o r  Assembly as a Funct ion  
of C o l l e c t o r  Temperature 
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The t o t a l  area of the  molybdenum c o l l e c t o r  (from the  c o l l e c t i n g  s u r f a c e  
t o  thermocouple No. 3) is  39 c m  . From Fig.  3-10, curve "A," t he  aver-  

age temperature is - 950°K, t h e r e f o r e  

2 

- 3 9  cm2 x 0.49 WJcm2 Qrad moly 

- 19 watts Qrad moly 

The second term, Qrad, is the h e a t  r e j e c t e d  from the  Rokide p o r t i o n  

of t he  r a d i a t o r .  From curve A ,  the  average temperature of  t he  r a d i -  

a t o r  i s  910°K (obtained f o r  thermocouple No. 2). 

a t o r  i s  42 cm 

"C") ; there  f o r e ,  

The a r e a  o f  the  r a d i -  
2 The emit tance of  t h i s  r a d i a t i n g  s e c t i o n  i s  0.79 (Rokide 

2 3 watts 

c m  
= 42 cm x Qrad 

Qr ad 
P 126 watts 

The f i n a l  term is the  h e a t  conducted down the mounting s t r a p s ,  Qcond. 

It is es t imated  t o  be approximately 15-20 watts. 

The t o t a l  h e a t ,  Qtotal, r e j e c t e d  from the  c o l l e c t o r - r a d i a t o r  i s  160-165 

thermal watts. Therefore ,  the c o l l e c t o r - r a d i a t o r  des ign  can  accommodate 

the c a l c u l a t e d  h e a t  load of 129 thermal watts d iscussed  i n  Subsect ion 3.1.3 
and i n  a d d i t i o n  provide f o r  t he  view f a c t o r  c o r r e c t i o n  when s e v e r a l  

c o l l e c t o r - r a d i a t o r s  are s tacked i n  a genera tor  conf igura t ion .  
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